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Preface

What is in this book and what is not

The purpose of this book is to present those techniques of algebraic topology
which are needed in the presentation of the results on the exponents of homotopy
groups which were proven by Cohen, Moore, and the author. It was decided that
all of the details of those techniques would be completely and honestly presented.

Homotopy groups with coefficient are fundamental to the whole enterprise and
have and will be useful in other things. The 2-primary theory was not excluded
but the fact that certain things are just not true for the 2-primary case reinforces
the eventual restriction, more and more, to the odd primary case and finall to the
case of primes greater than 3. The argument could have been made that the exact
sequences of these groups related to pairs and to fibration are all a consequence
of the fundamental work of Barratt and of Puppe on cofibratio sequences and can
be found as a special case in the books of G. Whitehead or of E. H. Spanier. But
the general theory does not handle the low dimensional cases which correspond to
the fundamental group and the only way to provide an honest uniform treatment
was to present the whole theory in detail. So that is what is done.

Localization has undergone a revolution in the hands of Dror Farjoun and of
Bousfield This new theory is incredibly general. It includes both the classical
theory of inverting primes and of completion. It also includes exotic forms of
localization related to a theorem of Haynes Miller. Some simplification can be
made if one restricts localizations to simply connected spaces or to H-spaces. It
seemed to the author that not much is lost in terms of potential applications by so
doing. The same is true if no appeal is made to the arcane theory of very large sets
and if we restrict Dror Farjouns fundamental existence proof so that the largest
thing we have to refer to is the least uncountable ordinal.

It seemed that localization should be presented in this new incarnation and that
application should be made to the construction of the Hilton—Roitberg examples
of H-spaces, to the loop space structures on completed spheres, and to Serre’s
questions about nonvanishing of infinitel many homotopy groups of a finit
complex. The last application is not traditionally thought to have anything to do
with localization.

Xiii
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The author has been told that the theory of fibration in cubical diagrams is out of
date and should be superseded by the more general theory of limits and colimits
of diagrams. Spiritually the author agrees with this. But practically he does not.
The cubical theory is quite useful and specifi and easier to present.

The theory of Hopf invariants due to James, Hilton, and Toda was central to
the proofs of the firs exponent results for spheres. Since the new methods give
new exponent results, why do we include these? There are several reasons. First,
the 2-primary results of James have been substantially improved by Selick but
they have not been superseded, and the best possible 2-primary bounds have not
been found. In order to have any 2-primary bounds on the exponents for the
homotopy groups of spheres, we still need James; and James and Hilton both give
us the EHP sequences which are still fundamental in the computations of unstable
homotopy theory. This latter reason is also applicable to Toda’s work on odd
primary components. He produces a useful factorization of the double suspension
in the odd primary case which leads to the odd primary EHP sequences.

Samelson products in homotopy theory with coefficient are the main tool in the
proofs of the exponent results of Cohen, Moore, and the author. These products
give the homotopy theory of loop spaces the structure of graded Lie algebras with
the exception of some unfortunate failure of the Jacobi identity at the prime 3.
This theory is included here together with an important improvement on a theory
of Samelson products over the loops on an H-space. This improvement makes
possible a simplificatio of the main exponent proofs.

The homotopy and homology Bockstein spectral sequences are presented in detail
with particular attention paid to products in the spectral sequence and to the
convergence of the spectral sequence in the nonfinitel generated case. It occurred
to the author that no book on Bockstein spectral sequences should be written
without presenting Browder’s results on the unboundedness of the order of the
torsion in the homology of finit H-spaces. Even though these results are well
presented in the paper of Browder and in the book of McCleary, the inclusion of
these results is amply justifie by their beauty and by the remarkable fact that this
growth in the order of the torsion in homology is precisely opposite to the bounds
on the order of the torsion that we fin in homotopy.

The consideration of Samelson products in homotopy and their Hurewicz repre-
sentation as commutators in homology makes it vital to present a general theory
of graded Lie algebras and their universal enveloping algebras. Even though it is
not necessary for our applications, for the firs time we make no restrictions on the
ground ring. It need not contain % We prove the graded versions of the Poincaré—
Birkhoff—Witt theorem and the related tensor product decompositions of universal
enveloping algebras related to exact sequences. There is a similarity between free
groups and free Lie algebras. Subalgebras of free Lie algebras are free but they
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may not be finitel generated even if the ambient Lie algebra is. Nonetheless, the
generators of the kernels of homomorphisms can often be determined.

The actual Eilenberg—Moore spectral sequence plays almost no role in this book.
But the chain model approximations that underlie this theory play an essential role
and are fully presented here. We restrict our treatment to the case when the base is
simply connected. This includes most applications and avoids delicate problems
related to the convergence of the approximations. Particular attention is paid to
products and coproducts in these models. A new innovation is the connection to
the geometry of loop multiplication via an idea which is dual to an idea presented
in a Cartan seminar by John Moore.

In the chapter on exponents of the homotopy of spheres and Moore spaces, most
of the above find application.

Finally, the major omission in this book on unstable homotopy theory is that there
is no systematic treatment of simplicial sets even though they are used once in a
while in this book. They are used to study Eilenberg—Zilber maps, the Alexander—
Whitney maps, the Serre filtration and Kan’s construction of group models for
loop spaces. Too bad, you can’t include everything.

Prerequisites

The reader should be familiar with homology and homotopy groups. Homology
groups can be found in the classic book by S. Eilenberg and N. Steenrod [44] or
in many more recent books such as those of M. Greenberg and J. Harper [49], A.
Dold [33], E. Spanier [123], and A. Hatcher [51]. Homotopy groups can be found
in these books and also in the highly recommended books by G. Whitehead [134]
and P. Selick [114].

Some introduction to homology and homotopy is essential before beginning to read
this book. All of the subsequent suggestions are not essential but some knowledge
of them would be useful and historically enlightening.

The books by G. Whitehead and P. Selick provide comprehensive introductions
to homotopy theory and thus to the material in this book. Whitehead’s book
has an excellent treatment of Samelson products. Many of the properties of
Samelson products were originally proved by him. But all the properties of
Samelson products that we need are proved here.

Spectral sequences are much used in this book and we assume familiarity with
them when we need them. The exposition of spectral sequences by Serre [116]
remains a classic but there are alternative treatments in many places such as the
books of S. MacLane [77], E. Spanier, G. Whitehead, and P. Selick. We regard the
Serre spectral sequence as a basic tool and use it to prove many things. The survey



xvi Preface

by J. McCleary [82] provides an excellent overview of many spectral sequences,
including the Eilenberg—Moore spectral sequence to which we devote much of
this book.

Obstruction theory to extending maps and homotopies is a frequent tool. It is
presented in the book of Whitehead. An important generalization to sections of
fibr bundles is in the book of N. Steenrod [125].

Postnikov systems are used in the treatment of the Hurewicz theorem for homotopy
groups with coefficients Postnikov systems appear in the works of Serre [117,
118]. The standard references are the books of G. Whitehead and E. Spanier. The
treatment in R. Mosher and M. Tangora [98] is brief and very clear.

The main books on homological algebra are two, that of H. Cartan and S. Eilen-
berg [23] and that of S. MacLane [77]. Cartan—Eilenberg’s treatment of spectral
sequences is used in this book in order to introduce products in the mod p homo-
topy Bockstein spectral sequence. MacLane’s book is more concrete and provides
an introduction to the the details of the Eilenberg—Zilber map and to the differential
bar construction.

Ways to use this book

A book this long should be read in shorter segments. Many of the chapters are
self-contained and can be read independently. Here are some ideas as to how the
book can be broken up. Each of the paragraphs below is meant to indicate that that

material can be read independently with minimal reference to the other chapters
of the book.

The firs chapter on homotopy groups with coefficient introduces these groups
which are the homotopy group analog of homology groups with coefficients The
essence of it is captured in the Sections 1.1 through 1.7 which start with the
definitio and end with the mod k£ Hurewicz theorem. It is basic material. When
combined with Sections 6.7 through 6.9 on Samelson products and with some of
the material on Bockstein spectral sequences in Sections 7.1 to 7.6 it leads via
Sections 9.6 and 9.7 on the cycles in differential graded Lie algebras to a proof
of the existence of higher order torsion in the integral homotopy groups of an odd
primary Moore space.

The second chapter on localization is completely self-contained. Sections 2.1
through 2.7 cover the most important parts of the classical localizations and com-
pletions of topological spaces. After that, the reader can choose from applications
of Miller’s theorem to the nonvanishing of the homotopy groups of a finit com-
plex in Section 2.10, applications to the Hilton—Roitberg examples, or to loop
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structures on completions of spheres. This chapter is one of the most accessible in
the book.

The short third chapter on Peterson—Stein formulas is a self-contained introduction
to these formulas and also to the theory of fibre cubes which should be better
known in homotopy theory. It is a quick treatment of fundamental facts about
fibrations

The fourth chapter on Hilton—Hopf invariants and the EHP sequence introduces
many of the classical methods of unstable homotopy theory, for example, the James
construction, the Hilton—Milnor theorem, and the James fibration which underlie
the EHP sequence. It contains a proof of James 2-primary exponent theorem for
the spheres and some elementary computations of low dimensional homotopy
groups. It is an introduction to some geometric ideas which are often used in the
study of homotopy groups of spheres, especially of the 2-primary components.

The fift chapter on James—Hopf and Toda—Hopf can serve as an odd primary
continuation of the fourth chapter. It contains Toda’s odd primary fibration which
give the odd primary EHP sequence and it contains the proof of Toda’s odd
primary exponent theorem for spheres. To study the odd primary components of
the homotopy of spheres, Toda realized that it could be advantageous to decompose
the double suspension into a composition which is different from the obvious one
of composition of single suspensions.

The sixth chapter on Samelson products contains a complete treatment of Samel-
son products in odd primary homotopy groups. As mentioned above, it can be
combined with the Bockstein spectral sequence and material on cycles in differ-
ential graded Lie algebras to prove the existence of higher order torsion in the
homotopy groups of odd primary Moore spaces. Of course, the reader will need
some knowledge of Chapter 1 here.

The seventh chapter on Bockstein spectral sequences contains a presentation of
Browder’s results on torsion in H-spaces which is completely independent of the
rest of the book. It is included because of the beauty of the results and because it
was the firs deep use of the Bockstein spectral sequence.

Chapters 8 and 9 present the theory and applications of graded Lie algebras
and their universal enveloping algebras. Particular attention is paid to free Lie
algebras and their subalgebras. Although this section contains many results of
purely algebraic interest, it also has geometric applications via the Lie algebras of
Samelson products and via the study of loop spaces whose homology is a universal
enveloping algebra. One of the applications of differential graded Lie algebras is
the previously mentioned higher order torsion in the homotopy groups of odd
primary Moore spaces.
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Chapter 10 on differential homological algebra is the longest in the book and
only does half of the theory, albeit it is the harder half. This half deals with
the cobar construction of Adams and the so-called second quadrant Eilenberg—
Moore spectral sequence. The presentation here emphasizes the chain models that
underlie the spectral sequences and which are often more important and useful
than the spectral sequences. Special emphasis is placed on the not so obvious
relation of the loop multiplication to the homological algebra. It is the detailed
foundation chapter for the next section on odd primary exponent theorems and the
loop space decompositions which lead to them.

Chapter 11 on odd primary exponent theorems is the chapter which guides the
book in its selection of topics. It define the central current. It uses almost the
whole book as background material. Nonetheless, it can be read independently
if the reader is willing to use isolated parts of the book as background material.
The necessary background material includes homotopy groups with coefficients
their Bockstein spectral sequences, and Samelson products in them. These are
used to construct the product decomposition theorems which are the basis for the
applications to exponent theorems. Localization is necessary because, without it,
these decomposition theorems would not be valid. Free graded Lie algebras, their
subalgebras and universal enveloping algebras are the algebraic models for the
loop spaces we study and for their decomposition into topological products. It is
difficul to do but it can be read without reading all of the rest of the book.

Finally, Chapter 12 is included because it is the other half of differential homolog-
ical algebra, that which is used to study classifying spaces, and it is arguably the
more important and useful half of the theory. It is also often the easier half and it
contains the beautiful applications of Stiefel-Whitney classes to non-immersion
and non-parallelizability results for real projective spaces. It would have been a
shame not to include it.
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Introduction to unstable homotopy theory

Computation of the homotopy groups 7, (X) of a topological space X has played
a central role in homotopy theory. And knowledge of these homotopy groups has
inherent use and interest. Furthermore, the development of techniques to compute
these groups has proven useful in many other contexts.

The study of homotopy groups falls into three parts.

First, there is the computation of specifi homotopy groups ,, (X) of spaces. This
may be traced back to Poincaré [106] in the case n = 1:

Poincaré: m; (X)/[m1 (X), 71 (X)] is isomorphic to Hy (X).

Hurewicz [62] showed that, in the simply connected case, the Hurewicz homo-
morphism provides an isomorphism of the firs nonzero 7, (X) with the homology
group H, (X) withn > 1:

Hurewicz: If X isann — 1 connected space withn > 2, then 7, (X)) is isomorphic
to H,(X).

Hopf [58] discovered the remarkable fact that homotopy groups could be nonzero
in dimensions higher than those of nonvanishing homology groups. He did this by
using linking numbers but the modern way is to use the long exact sequence of
the Hopf fibratio sequence S' — S% — S2.

Hopf: 73(S?) is isomorphic to the additive group of integers 7.

Computation enters the modern era with the work of Serre [116, 118] on the low
dimensional homotopy groups of spheres . To this end, he introduced a localization
technique which he called “classes of abelian groups.” A firs application was:

Serre: [fn > 1 and p is an odd prime, then the group o, 2,2 (S*" 1) contains
a summand isomorphic to 7./ pZ.

Second, there are results which relate the homotopy groups of some spaces to
those of others.

Examples are product decomposition theorems such as the result of Serre which
expresses the odd primary components of the homotopy groups of an even-
dimensional sphere in terms of those of odd-dimensional spheres, that is:
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Serre: Localized away from 2, there is a homotopy equivalence
QS2n ~ 527171 % QS4n71.

Localization is necessary for some results but not for all. A product decomposition
which requires no localization is the Hilton—Milnor theorem [54, 89, 134] which
expresses the homotopy groups of a bouquet of two suspension spaces 7 (XX V
YY) in terms of the homotopy groups of the constituents of the bouquet XX, 3,
and of the homotopy groups of various smash products:

Hilton—-Milnor: There is a homotopy equivalence
QEX VIY) ~ 05X x Q5(\/ XV AY).
J=0

Third, Serre used his localization technique to study global properties of the
homotopy groups of various spaces. What is meant by this is best made clear by
giving various examples:

Serre: For a simply connected complex with finitel many cells in each dimension,
the homotopy groups are finitel generated.

Serre: Odd dimensional spheres have only one nonfinit homotopy group,
772n+1(52”+1> =7

Serre: Simply connected finit complexes with nonzero reduced homology have
infinitel many nonzero homotopy groups.

Serre [117] proved the last result by using the cohomology of Eilenberg—MacLane
spaces. There is now a modern proof which uses Dror-Farjoun localization and
Miller’s Sullivan conjecture [83, 84].

The study of the global properties of homotopy groups was continued by James
[66, 67] who introduced what are called the James—Hopf invariant maps. Using
fibratio sequences associated to these, James proved the following upper bound
on the exponent of the 2-primary components of the homotopy groups of
spheres:

James: 4" annihilates the 2-primary component of the homotopy groups of the
sphere S?"+1.

James’ result is a consequence of a more geometric result which was firs formu-
lated as a theorem about loop spaces by John Moore. For a homotopy associative
H-space X and a positive integer k, let k£ : X — X denote the k-th power map
define by k(z) = z*.

James: Localized at 2, there is a factorization of the 4-th power map

4 - QSS2n+1 _ Qs2n71 N 9352n+1.
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Toda[130, 131] define new “secondary” Hopf invariants and used these to extend
James’ result to odd primes p, that is:

Toda: For an odd prime p, p°" annihilates the p-primary component of the

homotopy groups of the sphere S*" 1.

Or in Moore’s reformulation:

Toda: Localized at an odd prime p, there is a factorization of the p*-d power map
P QP52 gl L, 3 gRntl

No progress was made in the exponents of the primary components of homotopy
groups until Selick’s thesis [112].

Selick: For p an odd prime, p annihilates the p-primary component of the homotopy
groups of S°.

Selick’s result is a consequence of the following geometric result. Let $3 (3) denote
the 3-connected cover of the 3-sphere S? and let S*”*!{p} denote the homotopy
theoretic fibr of the degree p map p : S?P+! — §2r+1,

Selick: Localized at an odd prime p, Q*(S®(3)) is a retract of Q*S?P+1{p}.

Selick’s work was followed almost immediately by the work of Cohen—Moore—
Neisendorfer [27, 26]. They proved that, if p is a prime greater than 3, then p"
annihilates the p-primary component of the homotopy groups of S?"*1. A little
later, Neisendorfer [100] overcame technical difficultie and extended this result
to all odd primes.

Cohen—Moore—Neisendorfer: Localized at an odd prime there is a factorization
of the p-th power map

p: QZSQn+1 N 5271—1 N QQSQ7I+1.

Let C(n) be the homotopy theoretic fibr of the double suspension map ¥ :
SQn,fl s 9252ﬂ+1.

Exponent corollary: If p is an odd prime, then p annihilates the p primary
components of the homotopy groups m.(C(n)) and p" annihilates the p primary
components of the homotopy groups m,(S*"+1).

For odd primes, Brayton Gray [46] showed that the results of Selick and
Cohen—Moore—Neisendorfer are the best possible. At the prime 2, the result of
James is not the best possible but the definit ve bound has not yet been found.

The main point of this book is to present the proof of the result of Cohen—Moore—
Neisendorfer. We present the necessary techniques from homotopy theory, graded
Lie algebras, and homological algebra. To this end, we need to develop homotopy
groups with coefficient and the differential homological algebra associated to
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fibrations These are applied to produce loop space decompositions which yield
the above theorems.

It is useful to consider two cases of homotopy groups with coefficients the case
where the coefficient are a finitel generated abelian group and the case where
the coefficient are a subgroup of the additive group of the rational numbers.

For a space X and finitel generated abelian group G, 7, (X;G) is define as
the set of pointed homotopy classes of maps [P"(G), X|. from a space P"(G)
to X where P"(G) is a space with exactly one nonzero reduced cohomology
group isomorphic to G in dimension n. This definitio firs occurs in the thesis
of Peterson [104, 99]. These homotopy groups with coefficient are related to the
classical homotopy groups by a universal coefficien sequence.

Peterson: There is a short exact sequence

0 - 7Tn(X) ® G — T (Xa G) - TOTlZ(,]T"*I(X%G) - 0

There is a Hurewicz homomorphism to homology with coefficient
@y (X§ G) — H, (X; G),
the image of which lies in the primitive elements, and a Hurewicz theorem is true.

From this point of view, the usual or classical homotopy groups are those with
coefficient Z.

In the finitel generated case, nothing is lost by considering only the case of cyclic
coefficients If 2-torsion is avoided, Samelson products were introduced into these
groups for a homotopy associative H-space X in the thesis of Neisendorfer [99]:

[, |:m(X5Z/k2) @ 7 (X Z/K7) — 0 (X Z/KZ).

To construct these Samelson products, it is necessary to produce decompositions
of smash products into bouquets:

PIL (Z/p’Z) A Pm (Z/prz) ~ Pn-HrL (Z/p,Z) v Pn+’m—1 (Z/p,Z)

when p is an odd prime. If p = 2, these decompositions do not always exist
and therefore there is no theory of Samelson products in homotopy groups with
coefficient Z/27Z.If p = 3, the decompositions exist but the decompositions are
not “associative” and this leads to the failure of the Jacobi identity for Samelson
products in homotopy with Z/3Z coefficients

The Hurewicz homomorphism carries these Samelson products into graded com-
mutators in the Pontrjagin ring,

¢la, 8] = [pa, 9f] = (da)(9f) — (=1)"" (¢8)(¢a)
where n = deg(«) and m = deg(f).
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Neisendorfer also introduced a homotopy Bockstein spectral sequence to study
the order of torsion elements in the classical homotopy groups.

With few exceptions, the firs applications of homotopy groups with coefficient
will be to the simple situation where the the Hurewicz homomorphism is an
isomorphism through a range. In a few cases, we will need to consider situations
where the Hurewicz map is merely an epimorphism but with a kernel consisting
only of Whitehead products in a range. This is all we will need to develop the
theory of Samelson products in homotopy groups with coefficients where we
avoid the prime 2 and sometimes the prime 3.

For a space X and a subgroup G of the rationals, 7, (X; G) is define as the tensor
product 7, (X) ® G.where, ifn = 1, we require 7,, (X ) to be abelian. Once again,
these homotopy groups with coefficient are related to the classical homotopy
groups by a universal coefficien sequence, there is a Hurewicz homomorphism
to homology with coefficients and a Hurewicz theorem is true. Futhermore, there
are Samelson products for a homotopy associative H-space X and the Hurewicz
map carries these Samelson products into graded commutators in the Pontrjagin
ring.

In the special case of rational coefficient (), the Hurewicz homomorphism satisfie
a strong result of Milnor—Moore [90]:

Milnor-Moore: [f X is a connected homotopy associative H-space, then the
Hurewicz map ¢ : 7.(X; Q) — H.(X; Q) is an isomorphism onto the primitives
of the Pontrjagin ring and there is an isomorphism

H(X;Q) = U(m.(X;Q))
where U L denotes the universal enveloping algebra of a Lie algebra L.

In practice this means that the rational homotopy groups can often be completely
determined and this is one of things that makes rational homotopy groups useful.

In contrast, homotopy groups with cyclic coefficient have not been much used
since they are usually as difficul to completely determine as the usual homo-
topy groups are. Nonetheless, some applications exist. The Hurewicz map still
transforms the Samelson product into graded commutators of primitive elements
in the Pontrjagin ring. This representation is far from faithful but is still non-
trivial. The homotopy Bockstein spectral sequence combines with the above to
give information on the order of torsion homotopy elements related to Samelson
products.

Many theorems in homotopy theory depend on the computation of homology. For
example, in order to prove that two spaces X and Y are homotopy equivalent,
one constructs a map f : X — Y and checks that the induced map in homology
is an isomorphism. If X and Y are simply connected and the isomorphism is in
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homology with integral coefficients then the map f is a homotopy equivalence.
In general, when the isomorphism is in homology with coefficients then the map
f is some sort of local equivalence. For example, with rational coefficients we
get rational equivalences, with coefficient integers Z,) localized at a prime p,
we get equivalences localized at p, and with Z /pZ coeffients we get equivalences
of completions at p. The theorem of Serre, 252" ~ §2"~1 x Q854" ~1 localized
away from 2, and the Hilton—Milnor theorem,

o0
QUEXVIY) ~QSX x Q8 | \/ XV AY |,
j=0
are proved in this way. A central theme of this book will be such decompositions
of loop spaces.

For us, the most basic homological computation is the homology of the loops on
the suspension of a connected space:

Bott-Samelson [13]: If X is connected and the reduced homology of H.(X; R)
is free over a coefficien ring R, then there is an isomorphism of algebras

T(H.(X;R)) — H.(QXX; R)
where T'(V') denotes the tensor algebra generated by a module V.

Let L(V') be the free graded Lie algebra generated by V. The observation that
T(V) is isomorphic to the universal enveloping algebra U L(V') has topological
consequences based on the following simple fact:

Tensor decomposition: [f0 — L; — Ly — L3 — 0is a short exact sequence of
graded Lie algebras which are free as R modules, then there is an isomorphism

ULy, 2UL, ® UL3.

Suppose we want to construct a homotopy equivalence of H-spaces X X Y — Z
and suppose that we compute

H.(X;R)=ULy;, H(Y;R)=UL3, and H.(Z;R) =UlLs,.

Suppose also that we can construct maps g: X — Z and h:Y — Z such
that the product f = po(gx h): X xY — Z x Z — Z induces a homology
isomorphism (where y : Z x Z — Z is the multiplication of Z). Then we have an
equivalence localized in the sense that is appropriate to the coefficients

Here is an example. Let L(z,, ) denote the free graded Lie algebra generated by the
set {z}). Let (z,) denote the abelianization, that is, the free module generated
by the set with all Lie brackets zero. If we localize away from 2 and « is an odd
degree element, then we have a short exact sequence

0= ([z,2]) = L(z) — (x) = 0
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and isomorphisms

H.(Q5" ™) = U(([w,a])), H(S*"™") = U((z)),
H,(Q5*") 2 U(L(x))).
This leads to the result of Serre: Q2.5%" ~ §?"~1 x 54"~ localized away from

2. Thus, Serre’s result is essentially a consequence of just the Bott—Samelson
theorem and the tensor decomposition of universal enveloping algebras.

Consider the following additional facts concerning Lie algebras [27]:

Free subalgebras: If L is a free graded Lie algebra and K is a subalgebra which
is a split summand as an R-module, then K is a free graded Lie algebra.

Kernel theorem: [f K is the kernel of the natural map L(V & W) — L(V) of
free graded Lie algebras, then K is isomorphic to the free graded Lie algebra

L év@' ®W
j=0

where VI =V @V ®--- @V, with j factors.

A direct consequence is the Hilton—Milnor theorem,

QEXVIY)~ 08X x Q% | \/ XY AY |
j=0

In order to study torsion at a prime p, it is useful to consider the Bockstein
differentials in homology with mod p coefficients This leads to consideration of
differential graded Lie algebras.

For example, let P" (p") = S"~! U, €" be the space obtained by attaching an n-
cell to an n — 1-sphere by a map of degree p". Then H.(P" (p"); Z/pZ) = (u,v)
with deg(v) = n and deg(u) = n — 1. The r-th Bockstein differential is given by
B (v) = u, 8" (u) = 0. Thus, the Bott—Samelson theorem gives isomorphisms of
differential Hopf algebras

H.(QXP"(p"); Z/pZ) =2 T (u,v) 2 UL(u,v)

where L = L(u,v) is a differential Lie algebra which is a free Lie algebra. Any
algebraic constructions with topological implications must be compatible with
these Bockstein differentials. For example, the abelianization of L is (u, v).

This is compatible with differentials, leads to the short exact sequence of differ-
ential Lie algebras

0—[L, L] = L— (u,v) =0,
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and the tensor decomposition of universal enveloping algebras

H(QEP"(p"); 2/pZ) = UL = U({u,v)) @ U([L, L]).

But this tensor decomposition can only be realized by a product decomposition of
QX P"(p") when p and n are odd. If we set n — 1 = 2m, then we can prove [27]:

Cohen—Moore—Neisendorfer: If p is an odd prime and m > 1, then there is a
homotopy equivalence

QP2m+2(pr) ~ 52m+1{p7‘} NEY) \/ p2m+2mj+1(p7*)
=0

where S*" 1"} is the homotopy theoretic fib e of the degree p" map p" :
S?m+1 s SQ’UL+1.

The restriction to odd primes in the above is the result of the nonexistence
of a suitable theory of Samelson products in homotopy groups with 2-primary
coefficients

One reason for the above parity restriction is as follows: Suppose the coefficien
ring is Z/pZ with p an odd prime. Only when n is odd (so that u has even
dimension and v has odd dimension) can we write that

[L7 L] = L(adj (u)([vvv]’ ad! (u)([u>v]))j20 =

the free Lie algebra on infinitel many generators with r-th Bockstein differential
given by " (ad’ (u)([v,v])) = 2ad’ (u)([u, v] for j > 0. In this case, the module
of generators of [L, L] is acylic with respect to the Bockstein differential and it is
possible that the universal enveloping algebra U([L,L]) represents the homology
of the loop space on a bouquet of Moore spaces. In fact, the isomorphisms of
differential algebras

H (S Hp" 1 Z/pZ) = U((u,v)),

H.(Q | \/ P ) |z pz) = U (L, L),

j=0
H* (QP2’77L+2 (pT)’ Z/pZ) ~ I
then lead to the above product decomposition for QP> +2(p").

There is no analogous product decomposition for QP> 1 (p"). The situation is
much more complicated because of the fact that [L, L] does not have an acyclic
module of generators when L = L(u, v) with deg(u) odd and deg(v) even. To go
further we need to study the homology H (L, 5").
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Let = be an even degree element in a differential graded Lie algebra over the ring
7, /pZ with p an odd prime, let d denote the differential, and for k£ > 1 defin new
elements

1

m(z) = ad” ' (2)(dz)

pk—1

1 . N age e
or@) = 5 30 p 0" — ) lad’ (@) (de), ad” T (@) (d)
j=1
where (a,b) = % is the binomial coefficient These elements are cycles,

d(1;(x)) = 0,d(oy (z)) = 0, and they determine the homology of the above L via
the following proposition.

Homology of free Lie algebras with acyclic generators: Let L(V') be a free
graded Lie algebra over the ring 7./ pZ with p an odd prime and with a differential
d such that d(V') C V and H(V,d) = 0. Write

L(V) = HL(V),d) & K

where K is acyclic. If K has a basis ., dz,,ys,dys with deg(x,) even and
deg(ys) odd, then H(L(V'),d) has a basis represented by the cycles (x4 ),
o (xa) withk > 1.

This proposition has two main applications. The firs application is to a decompo-
sition theorem which leads to the determination of the odd primary exponents of
the homotopy groups of spheres.

Decomposition theorem: Let p be an odd prime and let F*"*1{p"} be the
homotopy theoretic fib e of the natural map P*"*1(p") — S?"*1 which pinches
the bottom 2n-cell to a point. Localized at p, there is a homotopy equivalence

o0
QF2n+1{pr} ~ §2n-1 o H SQp"nfl{pqul} « QE\/P"’“ (pr)

k=1 «
where
V)

is an infinit bouquet of mod p” Moore spaces.

The second application is to the existence of higher order torsion in the homotopy
groups of odd primary Moore spaces:

Higher order torsion: [f p is an odd prime and n > 1, then for all k > 1 the
homotopy groups Ty, 1 (P*"*1) contain a summand isomorphic to Z./p" ' Z.

The following decomposition theorem is valid:
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Cohen—Moore—Neisendorfer: If p is an odd prime and m > 1, then there is a
homotopy equivalence

QP2m+1(pr) ~ T2m+1{pr} % O \/]Dn(y (pr)
where there is a fib ation sequence

C(n) % H S2pk'n,—l{pr+l} _ T2m+1{pr} _ 52n+1{pr}.
k=1

A corollary of these decomposition theorems is [28]:

2r+1

Cohen—Moore—Neisendorfer: If p is an odd prime and n > 3, then p anni-

hilates the homotopy groups .(P™(p")).
In fact the best possible result is [102]:

Neisendorfer: Ifp is an odd prime and n > 3, then p"+' annihilates the homotopy
groups m.(P" (p")).



1 Homotopy groups with coefficient

In this chapter, we defin homotopy groups with coefficient m.(X;G) for a
pointed space X and an abelian group G. With some small restrictions, these
homotopy groups are covariant functors of X and GG and, most important, satisfy
a universal coefficien exact sequence

0— m(X)®G — m,(X;G) — Tor’(m, 1(X),G) — 0.

First, m,(X; G) is define when G is a finitel generated abelian group and then
the definitio is extended to arbitrary abelian G by using the fact that G is a direct
limit of its finitel generated subgroups.

The guiding principle is that the groups m.(X;G) are related to the groups
74 (X) in much the same way that the groups H,(X; G) are related to the groups
H.(X;7Z).

The definition originated in the thesis of Frank Peterson [104] written under the
direction of Norman Steenrod. Further development occurred in the thesis of the
author [99] written under the direction of John Moore. Moore also influence
Peterson.

These homotopy groups with coefficient satisfy the usual long exact sequences
associated to pairs and to fibratio sequences. They also satisfy long
exact Bockstein sequences associated to short exact sequences of coefficien
groups.

In the case when G = Z/kZ is a cyclic group, we defin a mod k& Hurewicz homo-
morphism ¢ : 7.(X; G) — H.(X; Q) and prove a mod k Hurewicz isomorphism
theorem. The proof of the mod k£ Hurewicz theorem is a consequence of the fact
that it is true when X is an Eilenberg—MacLane space and of the fact that any
space X has a Postnikov system.

We use the usual argument to show that the mod & Hurewicz isomorphism
theorem for spaces implies a similar mod % isomorphism theorem for pairs of
spaces.

11
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1.1 Basic definition
In order to relate integral homology and integral cohomology, it is convenient to
introduce the following two distinct notions of duality.
Definitio 1.1.1.
(A) If Fisafinitel generated torsion free abelian group, let F* = Hom(F, 7).
(B) If T is a finit abelian group, let T* = Hom(T, Q/7Z).
Thus, Z* = Z generated by the identity map 1z : Z — Z and (Z/kZ)* = 7 /kZ

generated by the map which sends 1 to 1/k. It follows that there are unnatural
isomorphisms F* = Fand T* = T.

The following lemma is easily verifie in the cyclic case and hence in all cases.

Lemma 1.1.2. For finitel generated free F' and finit T, the natural maps
F — (F*)*and T — (T*)* are isomorphisms.

Corollary 1.1.3. For finitel generated generated free Fy and Fy and finit T}
and Ty, the natural maps

Hom(Fy, Fy) — Hom(Fy, FY)
and
Hom(Ty,T,) — Hom(Ty, 1Y)

sending a homomorphism f to its dual f* are isomorphisms.

Since @ is a divisible, therefore injective, abelian group, the long exact sequence
associated to the short exact sequence 0 — Z — Q — Q/Z — 0 gives:

Lemma 1.14. For finit abelian T, there is a natural isomorphism T* =
Ext(T,Z).

Let GG be a finitel generated abelian group and let P"(G) be a finit complex
with exactly one nonzero reduced integral cohomology group,

G fork=n

Tk pn . —
H(PH(G)Z) = {O for k # n.

The universal coefficien theorem
0 — Ext(H,(X;Z),G) - H"(X;G) - Hom(H, (X;Z),Z) — 0

combines with the above lemmas to yield:
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Proposition 1.1.5. If G =T @& F where T is finit abelian and F is finitel
generated free abelian, then the reduced integral homology of P" (G) is
T ifk=n-1,
Hi(P"(G);Z) 2 F* ifk=n, and
0 ifk#nn—1

We will leave the question of the uniqueness of the homotopy type of P (G) to
the exercises.

Let M, (G) denote the Moore space with exactly one nonzero reduced integral
homology group in dimension n. It follows that there is a homology equivalence

M, (F*)V M, (T*) = P"(T @ F).

Definitio 1.1.6. If X is a pointed topological space, then the n-th homotopy
group of X with G coefficient is

™ (X; G) = [P"(Q); X].
= the pointed homotopy classes of maps from P"(G) to X.

The two most useful examples of P"(G) are:

If G = Z = the additive group of integers, then P"(Z) = S™ and 7, (X;Z) =
7, (X)) = the usual homotopy groups for all n > 1.
If G = Z/kZ = the integers mod k, then P"(Z/kZ) = P" (k) = S" ! Uy e" =

the space obtained by attaching an n-cell to an (n — 1)-sphere by a map of degree
k. Thus, 7, (X;Z/kZ) is define foralln > 2.

Since P"(G@® H)~ P*(G)V P"(H), it follows that m,(X;G & H) =
mn (X; G) & m, (X; H). Hence, the cyclic case is sufficien to defin , (X; G) for
any finitel generated abelian group G and all n > 2 or, if G is finitel generated
free abelian, n > 1.

But we can also construct P"(G) by free resolutions. Let G be any finitel
generated abelian group which is free if n = 1. Since the case n =1 is trivial
(P(G) is just a wedge of circles), we shall assume n > 2. Let

Oﬁ@ZL@ZHGﬁO
8

«

be a finitel generated free resolution and let
f . \/Snfl N \/Snfl
o 3

be a map such that the induced map f* = F': 3 Z — €, Z indimensionn — 1
integral cohomology. If C'y = the mapping cone of f, the long exact cohomology
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sequence associated to the cofibratio sequence
\/ Snfl L \/ Sn,fl N Cf
el g

shows that Cy is a P (G).

If Y is any homotopy associative co-H-space and X is any pointed space, the
comultiplication v : Y — Y V'Y define a group structure on [Y, X].. The stan-
dard example of a homotopy associative co-H-space is a suspension, W =
S AW, and the double suspension X2W is homotopy commutative. Since
YP"(G) = P"tY(Q):

Proposition 1.1.7. The set 7, (X; G) is a group if n > 3 and an abelian group if
n > 4.

On the other hand, if Y is any pointed space and X is any homotopy associative
H-space, the multiplication p : X x X — X define a group structure on [Y, X]..
The standard lemma is:

Proposition 1.1.8. If'Y is any co-H-space and X is any H-space, then the two
structures on |Y, X, are the same and they are both commutative and associative.

Thus:

Proposition 1.1.9. If X is an associative H-space, the set 7, (X; G) is a group if
n > 2 and an abelian group if n > 3.

Exercises

(1) Let G be a finitel generated abelian group and write G = T' @ F where T is
a torsion group and F' is torsion free. Let X be any finit complex with exactly
one nonzero reduced integral cohomology group which is isomorphic to G in
dimension n. Thus, if n = 1, G = F must be torsion free, T' = 0. Assume X
has an abelian fundamental group. Show that there exists an integral homology
equivalence A V B — X where A is a Moore space with exactly one nonzero
reduced homology group isomorphic to 7" in dimension n — 1 and B is a
Moore space with exactly one nonzero reduced homology group isomorphic
to F' in dimension n, that is, B is a bouquet of spheres. Thus, if X is simply
connected, it is unique up to homotopy type.

(2) (a) By considering the universal cover and the action of the fundamental
group, show that 75 (S \V S?) is isomorphic to the group ring Z[r] where
7= (T)={I,T*,T*? ...} = the infinit cyclic group generated
by T.

(b) Constructing a fake circle: Let o« = (I — 2T') & (S Vv 5?) and let
X =(S'vsHuy, e
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be the result obtained by attaching a 3-cell to the bouquet by the map «.
Show that X has the same integral homology as the circle S' but that

™ (X) = Z[3].

(3) (a) Let P?(Z/kZ) be the standard example given above. Show that the uni-
versal cover of P?(Z/kZ) has the homotopy type of a bouquet of k& — 1
copies of S? and hence that

k—1
m(P*(Z/k2)) =P Z =
i=1

a direct sum of £ — 1 copies of Z.

(b) Show that
7o (P2(Z/kZ)) v S*) = my(P*(Z/KZ)) & Z[7]

where 7 = (T') = {I,T,T?,...,T""'} = is the cyclic group generated
by a generator 7" of order k.

(c) Constructing a fake Moore space: Let a = (I —2T) & m(P?*(Z/
kZ)) Vv S?) and let

X = (P*(z/kZ) Vv S*) U

be the result obtained by attaching a 3-cell to the bouquet by the map
«. Show that X has the same integral homology as the Moore space
P?(Z/kZ) but that

T (X) = m(PX(Z/kZ) ® Z) (2" — 1)Z.

1.2 Long exact sequences of pairs and fibration

Let C'Y denote the cone on a space Y. Suppose (X, A) is a pointed pair and G is
an abelian group such that P"~!(Q) exists. Defin

™ (X, A;G) = [(CP" (@), P" (@), (X, A)]..
This is clearly a functor on pairs.
In general, m, (X, A; G) is a set for n > 3 and, if n > 4, the comultiplication
(CP" (@), P" (@) — (CP"Y(G)vCP" 1(G),P" 1 (G) v P"1(@))
makes 7, (X, A; G) a group.
Of course, 7, (X, *; G) = m, (X; G).
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The restriction map 0 : 7, (X, A) — m,_1(A) fit into the long exact sequence of
a pair:

o (A;G) - (X G) — m (X A5 G) 5, m3(4;G) —
m3(X; G) — m3(X, 4;G) 2, m(4;G) — m(X; G).
Let F — E — B be a fibratio sequence. The homotopy lifting property yields:
Lemma 1.2.1. The projection induces an isomorphism

™ (E, F;G) =N ™ (B; Q).

The long exact sequence of the pair (F, F') becomes the long exact homotopy
sequence of a fibration

.. (F;G) — m(E;G) — m(B; G) 2, w3 (F; G) —
m3(F; G) — m3(B; G) 9, m(F;G) — my(E;G) — ma(B; G).

The extension of the long exact sequence to o (B; G) is an elementary conse-
quence of the homotopy lifting property.

If F'is a topological group and F L EZL Bisa principal bundle with action F' x
E — E, then forall n > 2 there is an action 7, (F'; G) X 7, (F; G) — m,(E; G),
(), 1f]) > [1] * [f]. We have m.([f]) = m.([g]) for [f] and [g] in . (E; G) if
and only if there exists [h] in 7, (F; G) such that [h] = [f] = [g].

Exercises

(1) Show that the long exact homotopy sequence of a fibratio terminates in an
epimorphism at 72 (B; G) if F is simply connected.

(2) Suppose that F' — E — B is a fibratio sequence of H-spaces and H-maps
with m (E) — m(B) and m(E) ® G — m2(B) ® G both epimorphisms.
Show that the long exact homotopy sequence with coefficient can be extended
to terminate in the exact sequence

o m(B;G) - m(F)@G—m(E)® G — m(B)®G — 0.

1.3 Universal coefficien exact sequences

Suppose n > 2. Since P"(Z/kZ) is the mapping cone of the degree k map
k:S"~! — S"~1 the resulting cofibratio sequence

gt b gt B prgpgy Bogn Bogn
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yields for every pointed space X a long exact sequence
o () B (X)L (X Z/KZ) D e (X)) B (X)L

Of course, the map k: " — S induces multiplication by %k on the abelian
homotopy group m, (X) (or the k-th power on the fundamental group 7 (X)).
The map p is called a mod k reduction map and the map 3 is called a
Bockstein.

The above exact sequence is always an exact sequence of sets and an exact
sequence of groups and homomorphisms except possibly at

m2(X) L mo(X;2/k2) L my(X)

when 79 (X; Z/kZ) is not a group. Of course, if X is a homotopy associative H-
space it is always an exact sequence of groups and homomorphisms. In the general
case, we have a substitute which is adequate for many purposes: The natural pinch
map P?(Z/kZ) — P?(Z/kZ) Vv S? yields an action 7y (X) X 79 (X; Z/kZ) —
mo (X5 Z/kZ), (h, f) — hx f. If f,geme(X;Z/kZ), then B(f) = B(g) if and
only if there exists hems (X) such that h x f = g.

If n > 2, there are short exact sequences

7 (X) ' .
0— ot () — 1, (X; Z/kZ) — kernel{k : m,_1(X) — m,—1(X)} — 0.
Since
™(X) o (X)® Z/kZ
ke, (X) = Tn )

kernel{k : m, 1(X) — 7, 1(X)} = Tor’(m, 1(X),Z/kZ),
we can write the universal coefficien sequence in the form in which it generalizes.

Universal coefficien exact sequence 1.3.1. For a pointed space X and n > 2
there is a natural exact sequence

0— m,(X)®Z/kZ — 7,(X; Z/kZ) — Tor’(m, 1(X),Z/kZ) — 0.

If X is connected and the fundamental group is abelian, this suggests a cons-
istent way to extend the definitio of homotopy groups with coefficient to
dimension 1. Set

Wl(X;Z/kZ) = 7T1(X) ®Z/k‘Z
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Suppose X is a nilpotent space with abelian fundamental group. It is a fundamental
result of localization theory that the following are equivalent:

(a) m,(X;Z)isaZ[;] module forall 1 < n < oco.
(b) H,(X;Z)isaZ[}] module forall 1 < n < co.

The universal coefficien theorem for homotopy and homology imply that these
are also equivalent to:

(¢) m(X;Z/kZ) =0 forall 1 <n < oco.
(d) H,(X;Z/kZ) =0forall 1 <n < oco.
Exercises

(1) Let G be a finitel generated abelian group and n > 2. Use the definitio
of P"(G) by free resolutions to show that there is a short exact universal
coefficien sequence

0—m(X)®G — 1, (X;G) — Tor’(m, 1(X),G) — 0.
(If n = 2, assume 71 (X)) is abelian.)
(2) Letp be a prime.
(a) Suppose there is a positive integer r such that
P (X5 Z/p°Z) =0 for all s <.

If OéETOI‘Z(ﬂ'm_l (X),Z/p" z) has order p* with s <r, then there is an
element e, (X;Z/p" Z) which has order p® and such that v maps to «
in the universal coefficien sequence

0— 7 (X)®Z/p'Z — 7 (X;Z/p" Z)
— Tor’(m,, _1(X),Z/p"Z) — 0.

(b) If m,,_1(X) is finitel generated,together with the hypotheses in (a),
show that the above universal coefficien sequence for Z/p" Z coefficient
is split.

1.4 Functor properties

The definitio by free resolutions leads immediately to the following proposition:

Proposition 1.4.1. If f : G — H is a homomorphism of finitel generated abelian
groups and n > 2, then there exists a map F : P"(H) — P"(G) such that the
induced cohomology map F* = f. We shall sometimes write F' = f*.
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Unfortunately, the homotopy class of the map F' is not uniquely determined in all
cases. But we do have:

Proposition 1.4.2. The natural map 0 : [P"(H), P"(G)]. — Hom(G, H) given
by O(F) = F* is a bijection in the following cases:

(a) if H and G are finitel generated free abelian and n > 2.
(b) if H iffinit abelian and G is finitel generated free abelian and n > 2.

(c) if H if finitel generated free abelian, and G is finit abelian, G has odd
order, and n > 4.

(d) if H and G are finit abelian, G has odd order, and n > 4.

Proof: The preceding proposition says that 6 is always a surjection.

Suppose that H = @ H, and G = ©&G. Then
[P"(H), P"(G)]. = &[P" (Ha), P (Gg)]-
in all of the above cases since:
(1) P"(H) = VvP"(H,) implies
[P"(H), P"(G)]. = &[P" (Ha), P (G))-
and

(2) P"(G) = VP"(Gp), dimension P"(H,) = n, and the fact that the pair
(ITP"(Gp),VP"(Gg)) is 2n — 1 connected in cases (a) and (b), 2n — 3
connected in cases (c¢) and (d), implies

[P"(Hq), P"(G)]. = &[P" (Ha), P" (Gp)]
Therefore it suffice to consider the cyclic cases:

(a) [S",S"]. = Hom(Z,Z) = Z, n > 2, which is a classical result true
even forn = 1.

(b) [P"(Z/kZ),S™)« = Hom(Z,Z/kZ) = Z/kZ, n > 2 which is an
immediate consequence of the universal coefficien theorem.

(c) [S", P"(Z/kZ)). = Hom(Z/kZ,Z) = 0,k oddand n > 4: to see this,
it is sufficien to observe that there is a fibratio sequence

F — PY(Z/kZ) — K(Z/kZ,n — 1)

with F f-connected, ¢ = min(2n — 4,n + 2p — 5), where p is
the smallest prime dividing k. Since dimension S" =n </,
[S™, P"(Z/kZ)]. = [S™,K(Z/kZ,n — 1)], = 0.
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(d) [P"(Z/¢Z), P"(Z/kZ)| = Hom(Z/kZ,Z/¢Z), k odd and n > 4:
LetF,G : P"(Z/{Z) — P"(Z/kZ)betwomaps. The firs obstruction
to homotopy of F" and G is in

H""'(P"(Z/{Z); 7y 1 P"(Z/KZ)) = Hom((Z/(Z)", (Z/KZ)")
— Hom(Z/kZ, 7,/ (Z).

The obstruction is just 8(F) — 0(G) = F* — G*. All higher obstruc-
tions vanish by part (c). ]

Corollary 1.4.3. If H is a finit group of odd exponent k and n > 4, then
[P"(H), X]. = 7, (X; H) has exponent k for all spaces X.

Proof: Apply part (d) of the above to the identity map of P"(H). Then use
naturality. Il

Corollary 1.44. If 0> H — G — G/H — 0 is a short exact sequence of
finitel generated abelian groups and n > 2, then there is a cofib ation sequence
P*"(G/H) — P"(G) — P"(H).

Proof: Let f: P"(G/H) — P"(G) be a map which induces the projection
G — H in integral cohomology. The mapping cone C/ is then a P" (H). O
The maps in the above corollary are not always unique up to homotopy. But the

space P™(H) is unique up to homotopy type in case n > 3. In the next section we
will restrict to a short exact sequence of cyclic groups

0— ZNZ L Z/ktZ L 7/kZ — 0

and produce a more specifi construction of this cofibratio sequence.

1.5 The Bockstein long exact sequence

Given any continuous map f : A — B, it is homotopy equivalent to a cofibratio
f:+A— Z; where Z; = the mapping cylinder B Uy (A x I) obtained by iden-
tifying (a,1) = f(a). The map f is the inclusion, f(a) = (f(a),0). This leads
to:

Lemma 1.5.1. Any homotopy commutative diagram

A — X

! !
Y — Z
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is homotopy equivalent to a strictly commutative diagram

A — X1
! !
Yi — 7y

where all the maps are cofib ations and it embeds in a commutative diagram

A — X1 i Xl/A

1 1 1
Yi el Zl — Zl/}/l
1 1 1

Yi/A — Zi/Xi — Zi/XiUs Y
where all the rows and columns are cofib ation sequences. In addition, note that

A — Xl

1 1
Yi — Xiua

is a pushout diagram and there is a cofib ation sequence
X1Ua Y1 =7y - 7Z1/X1 Uy V1.

Proof: First replace A — X and A — Y by cofibration A — X; and A — Y7.
Then use the homotopy extension property of the cofibratio A — X; to make
the diagram strictly commutative. The inclusions X; — X; Uy Y7 and Y] —
X1 Ug Y7 are cofibrations Replace the map X; Uy Y7 — Z by a cofibratio
Xiua YT — 7.

The rest follows by collapsing subspaces. O

For example, the homotopy commutative diagram

1

Snfl N Snfl
Lk | ke
Snfl i) Snfl

yields the homotopy commutative diagram below in which all rows and columns
are cofibratio sequences

N S =
LE LKL ! LE

st Lo gl pZT) — S" -
! | L1 l

A~y
=

P (z/kz) & Prz/kez) & PU(ZNZ) S PYZ/KT) — .
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The bottom row extends to a long sequence of cofibration called the geometric
Bockstein sequence

P (z/k7) & P (z/kem) L PP (z)0m) &

P3(Z/kZ) & PP (Z/K0T) S P3(Z/0Z) — - .

Mapping this sequence to a space X yields the long exact homotopy Bockstein
sequence

7o (X5 Z/KZ) & 7y (X; Z)KUZ) <& 7y (X; Z/4Z)
& ry(X3 /KDY L& 13 (X3 T K0T & 7y (X3 ZJUT) — - - .

Remark. The homotopy commutative diagram of cofibratio sequences is a good
way to see the effect of p,7, and 3 on integral chains. For example, P"(Z/kZ)
has a basis of integral chains: 1 in dimension 0, s, _; in dimension n — 1, e,, in
dimension n. If we look at

Sn— 1 = Sn— 1

Lk Lkl
Snfl L Snfl
! !

PY(z/kZ) & P"(Z/KZ)
we see immediately that B*(sn,l) = {s,1, p_(€n) = €,. Similarly, it is not hard
to verify the commutative diagram

Snfl i Snfl

| ke Le

Snfl L) Snfl
1 1

PY(Z/KMZ) & PY(Z)0T)
and thus Q*(sn,l) = 5,1, ﬂ*(en) = ke,.
It is clear that g*(en) = S,L,é*(sn_l) =0.

Warning. Ifk = /, consider the null composition 7 o p. In the definin cofibratio
sequence, it looks like the map & : P"(Z/kZ) — P"(Z/kZ) which is k times
the identity, but, unless k& is odd, it might not be. For example, the map 2 :
P"(Z/2Z) — P"(Z/27) is not null homotopic.

Exercises

(1) If X is a simply connected space, show that the long exact homotopy Bock-
stein sequence terminates in a sequence of groups and homomorphisms ending
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in an epimorphism
0 — m(X;Z/kZ) & 7y (X 2/ keZ) &
(X3 Z)T) & ey (X3Z/KT) — -

(2) If X is a homotopy associative H-space, show that the long exact homotopy
Bockstein sequence may be extended to a long exact sequence of groups and
homomorphisms

0—m(X)RZ/KZ & 7(X) QLKL L 7\ (X) ® L)L
L (X ZJKE) & 70 (X 2/ K0T -

mo(X; L) L 1y(X ZJKE) — -

1.6 Nonfinitel generated coefficien groups

If n > 2 we can attempt to extend the definitio of 7, (X; G) to the case where G
is an abelian group which is not finitel generated. Any such G can be written as a
direct limit G = lim_, H, of finitel generated subgroups H,,. Any inclusion map
H, - Hj can be “realized” by a map P"(Hj) = P"(H,) which induces ¢ in
integral cohomology. These maps may not be unique up to homotopy. In Section
1.4 we gave some conditions which guarantee uniqueness of these maps up to
homotopy. On the other hand, it may be the case that G is a sequential limit of
finitel generated subgroups and we may just make a choice of the realization of
one stage into the next. We then realize the compositions to be consistent with
these choices and the question of uniqueness vanishes. In any case, we get maps
7 (X; Hy ) — m,(X; Hg) and as long as we have sufficien uniqueness we can
take the direct limit and we defin , (X;G) = lim_, 7, (X; H,). Since direct
limits commute with tensor and torsion products and since direct limits preserve
exact sequences, we still have the universal coefficien exact sequence

0—-m(X)®G — 7, (X;G) — TorZ(W,,,,l(XLG) — 0.

For example, the rationals () are the sequential direct limit of the subgroups %Z.
That is, @ is the direct limit of the two isomorphic sequences

Z C %Z C $Z C ... C HZ C...
|1 12! 1 3! 1 k!
z %z % z AL 05 gz L

Thus,

7rn(X : Q) = hinﬂ'n(X;Z) = hinﬂ-n(X) ® (/::'Z> = 7771(X) ® Q.
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Similarly, if p is a prime, then Z[1/p] is the sequential direct limit of (1/p‘)Z and
T (X5 Z[1/p]) = 70 (X) @ Z[1/p].

We can also consider QQ/Z to be the sequential direct limit of the two isomorphic
sequences

oo o2 oo #Hoc ¢ 2o o c..
| 1 1 |
z/2'7 c Z/37 c 7Z/AZ < ... C Z/KZ C...

Thus,

™ (X;Q/7) = lim 7, (X;2Z/k7Z).
Finally, if p is a prime, recall that Z(p™) = Z[1/p]/Z is the sequential direct limit
of Z/pZ C Z/p*Z C Z/p*Z C ... and thus

o (X5 Z(p™)) = lim m, (X5 Z/p'Z).

Exercises

@) Let p*G={x€G:VYr>0,3y € Gsuchthatp'y =z} and let ,~G =
{z € G : 3r > 0 such that p"xz = 0} = the p-torsion subgroup of G. Show
that

GOLE®) = Gp G, To(G,Z(p)) = G.
and
(Z/pZ) @ Z(p™) = Z/p'Z,  Tor*(Z/p'Z,Z(p™)) = /v Z,
(Z/qZ) @ Z(p™) =0,  Tor™(Z/qZ,Z(p>)) =0
if ¢ and p are relatively prime.
(2) Show that

GoZil/rl = {;;fqg if GZ /zp.zZ/qZ with ¢ and p relatively prime.
(3) Let X be a simply connected CW complex with
(X5 Z[/p]) =0, m(X5Z(p™)) =0
for all n > 2. Show that X is contractible.
(4) Suppose X is a simply connected space. Show that
™ (X;Q/Z) =0 foralln > 2

if and only if 7, (X) is a rational vector space for all n > 2.
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(5) Suppose X is a simply connected space. Show that
m (X;Q) =0foralln > 2

if and only if 7, (X) is a torsion group for all n > 2.

1.7 The mod £ Hurewicz homomorphism

The reduced homology of P" (Z/kZ) is:
(Z/kZ)e, if £ =n,
H/(P"(Z/KZ);Z/kZ) = (Z/kZ)sp—1 ifl=n—1,
0 ifl #n,n—1,
where e,, and s,,_; denote generators of respective dimensions n and n — 1.
Definitio 1.7.1. For n > 2 the mod k£ Hurewicz homomorphism is the map
p:m(X;2/kZ) — H,(X;Z/kZ)

define by ¢(a) = fi(e,) where a = [f] : P"(Z/kZ) — X. Clearly, ¢ is a nat-
ural transformation.

Lemma 1.7.2. Ifn > 3, the Hurewicz map ¢ is a homomorphism.
Proof: Given maps f: P"(Z/kZ) — X and g: P"(Z/kZ) — X, the sum
[f] + [g] is represented by the composition

P(Z/KZ) %> P"(Z/KZ) v P"(Z/kZ) 1Y% X

where v is the comultiplication and f V g is f on the firs summand and is g on
the second summand. Therefore,

o(fl+1g]) = (f Vg)ovilen) = (fV g)len,en)
= fulen) + g:(en) = @([f]) + »([9])- O

Lemma 1.7.3. Suppose X is a homotopy associative H-space. Then the Hurewicz
map ¢ : o (X;Z/kZ) — Hy(X;Z/KZ) is a homomorphism if k is odd or if X
is simply connected.

Proof: Consider the diagonal map A : P*(Z/kZ) — P*(Z/kZ) x P*(Z/kZ).
Write A, (eg) =ea @1+ As1 @51+ 1®eg. If 1 X x X — X is the multipli-
cation of X and [f], [glem2 (X : Z/kZ), then

e([f1+19]) = p o (fe @ g.) 0 Au(ea) = fulea) + gule2) + A(fu(s1) - 94(s1))
= o([fD) + #(lg]) + A(fuls1) - g4(s1))-
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If X is simply connected the last term is 0. Otherwise, consider the twist
mapT : P>(Z/kZ) x P*(Z/kZ) — P*(Z/kZ) x P*(Z/kZ),T(z,y) = (y, ).
Since T'o A = A, it follows that A = — )\, or 2\ = 0. If £ is odd, then A = 0. [J

Remark. Since P?(Z/2Z) is just the two-dimensional projective space, the
well known computation of the mod 2 cup product shows that A =1
and  o([f]+ [g]) = o([f]) + (g]) + fe(s1) - g:(s1) in the case: @:m
(X;Z/27) — Ho(X;7Z/27) with X a homotopy associative H-space.

The Hurewicz map is compatible with the universal coefficien sequences, the
Bockstein sequences, and the action of 9 (X)) on 79 (X; X/kZ). In other words,
the following are commutative for n > 2:

m(X) L m(x:z/kz) L om(X) L (X))

Ly Ly Ly Ly
Hn(X) L Hn(X,Z/kZ) i’ Hn—l(X) L n—1 (X)

i1 (XGZKZ) D m(Xizim)y L ma(GZKZ) D m (X ZJKZ)
Lo Lo Lo Ly

Hoo(X:2/k2) 2 H.(Gzm) L HL(X5Z/kz) L H(X52/k2)

(X)) x m(X;Z/kZ) DT (X R

Lexe Ly
Hy(X) x Ho(X;Z/kz) 2072 g (X z/k7).

The mod k& Hurewicz homomorphism ¢ for pairs is define similarly. The
homology H.(CP" Y Z/kZ), P" Y (Z/kZ); Z/kZ) is a free Z/kZ module with
generators e, and s,_; of respective dimensions n and n — 1. Given [f] in
mn (X, A; Z/KZ), defin o([f]) = f.(en). The maps ¢ are again natural trans-
formations and

m (X;2/k2) — 7w, (X, Z/kZ) 7 (X, A; Z/KZ) 2, Tn-1(A;Z/kZ)
Ly Ly Ly Ly
H,(X;Z/kZ) — Hy(X,*Z/kZ) Hy (X, A:Z/kZ) % H,_i(AZ/KZ)
commute.

Thus, if F — E — B is a fibratio sequence, the following commutes:

(B, % ZKZ) = (B, F;Z/kZ) L e (F;Z/KZ)
Lo Ly Ly
H,(B,xZ/kZ) «— H, (B F,Z/kz) % H, \(F:Z/kZ).
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Exercises
(1) Check that the diagrams in this section commute.

(2) If X is a homotopy associative H-space, check that the Hurewicz map is
compatible with the extensions of the long exact Bockstein sequences to
dimension 1.

(3) If n>2 show that ¢:m,(X;Z/kZ) — H,(X;Z/kZ) is an isomor-
phism if ¢®1:7,(X)®Z/kZ — H,(X)®7Z/kZ and Tor’(yp,1):
Tor”(m, 1(X),Z/kZ) — Tor”(H, (X),Z/kZ) are isomorphisms. (The
only point of this exercise is to check it when n = 2 and 7 (X; Z/k7Z) may
not be a group.)

1.8 The mod % Hurewicz isomorphism theorem

Recall that a connected pointed space X is called nilpotent if the fundamental
group 71 (X)) acts nilpotently on all the homotopy groups m, (X) for n > 1. In
particular, the fundamental group must be nilpotent. In the next theorem, 7 (X)
will be abelian and 7 (X; Z/kZ) is understood to be 7 (X) ® Z/kZ.

Mod % Hurewicz theorem 1.8.1. Let X be a nilpotent space with abelian fun-
damental group and let n > 1. Suppose 7;(X;Z/kZ) =0 forall1 <i<n-—1.
Then the mod k Hurewicz homomorphism ¢ : 71;(X;Z/k7) — H;(X;Z/k7Z) is:

(a) an isomorphism for all 1 < < n.

(b) an epimorphism for i =n + 1ifn > 2.

(c) an isomorphism for i = n + 1 and an epimorphism fori =n +2ifn > 3
and k is odd.

Proof: The strategy of this proof is as follows:

(1) First, for all n > 1, show that it is true for Eilenberg—MacLane spaces.

(2) Second, foralln > 1, show that it is true for a general space by considering
its Postnikov system.

Part (1) The mod k Hurewicz theorem for Eilenberg—MacLane spaces: For an
integer k£ and an abelian group A, we shall write Ay = A® Z/k7Z and ;A =
Tor”(A,Z/kZ). First of all, note that the universal coefficien theorem implies:

Lemma 1.8.2.
Ay ifi=mn,
T (K(A,n),Z/kZ) = < LA ifi=n+1,
0 otherwise.

If p is a prime, the following computation due to Cartan [22] expresses the homol-
ogy of a K(A,1) in terms of exterior algebras F/(V,r) generated in odd degree
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r and divided power algebras I'(WW, s) generated in even degree s. In the cyclic
case it is an immediate consequence of the collapse of the the homology Serre
spectral sequence of the fibratio S! — K(Z/nZ,1) — CP*. The Kiinneth the-
orem extends it to all finitel generated abelian groups. The general result then
follows from direct limits, but something is missing, namely, a construction of
divided powers in the homology of K (A, 1). This can be found in the 1956 Cartan
Seminar [22] or in the book of Brown [21].

Cartan 1.8.3. For all abelian groups A, there is an isomorphism
H,(K(A1);Z/pZ) = E(A,,1) ®T(,A,2).

We firs observe that the Hurewicz theorem is true for K (A, 1) with mod p
coefficients

In dimension n = 1, the mod p Hurewicz map ¢ is an isomorphism for K (A4, 1).
Hence, the mod p Hurewicz theorem is true for K (A4, 1) and n = 1.

On the other hand, if m (K (A4,1);Z/pZ) = A, = 0, then the mod p Hurewicz
map ¢ is an isomorphism in dimensions 1 and 2 and an epimorphism in
dimension 3. Hence, the mod p Hurewicz theorem is true for K (A, 1) and n = 2.
If m (K(A,1);Z/pZ) = o (K(A,1);Z/pZ) =0, then (K (A,1);Z/pZ) =
Hi,(K(A,1);Z/pZ) = 0 for all k> 1. We conclude that ¢ is an isomorphism
in all dimensions. The mod p Hurewicz theorem is true for K'(A, 1) and alln > 1.

Lemma 1.8.4. Ifp is a prime, then

A, if {=2,
»A if {=3,
FQ(AP) if =4
0 ifAp =0and (=5.

Hi(K(A,2);Z/pZ) =

Lemma 1.8.5. If'p is a prime and m > 3, then

A, if L=m,

if =m+1,

if £=m+2andpisodd.
0 A, =0and {=m+3.

H (K (A, m); 2p2) = 7

The above lemmas are a small piece of the complete computation due to Cartan.
They are an elementary consequence of Cartan’s calculation of the homology
of a K(A,1). One uses the path space fibratio K(A,m —1) - PK(A,n) —
K (A, m) and the fact that the Serre spectral sequence is a spectral sequence of
algebras.
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Anyway, the above lemmas assert that the mod p Hurewicz theorem is true for
K(A,1)and alln > 1.

Now, let k be any integer. Since Hy (K (A,1);Z/kZ) = m (K (A,1);Z/kZ) =
Ay, the mod p version implies that the mod k& Hurewicz theorem is true for
K(A,1)andn = 1.

Suppose that 7 (K (A, 1); Z/kZ) = 0. The long exact Bockstein sequence shows
that m; (K (A, 1); Z/dZ) = 0 for any integer d dividing k. Since k can be factored
into primes and the modular Hurewicz theorem is true for primes, K (A, 1), and
n = 2, we can use induction on the number of factors of &, the strong form of the
fi e lemma, and long exact Bockstein sequences to show that, for any integer &,
the mod k Hurewicz theorem is true for K'(A, 1) and n = 2:

Similarly, if n >3 and if m(K(A,1);Z/kZ)=0 for all 1<¢<n-—
1, then 7w (K(A,1);Z/dZ) =0 for all d dividing k and ¢ =1,2. Thus,
m(K(A,1);Z/pZ) = Hi(K(A,1);Z/pZ) = 0 for all primes p dividing &k and
all ¢ > 1. As before, induction on the number of factors of k, the strong form of the
fi e lemma, and long exact Bockstein sequences show that 7, (K (A, 1); Z/kZ) =
Hy(K(A,1);Z/kZ) = 0 for all £ > 1. The mod k Hurewicz theorem is true for
K(A,1)andalln > 1.

Induction on the number of factors of k combines with the strong form of the
fi e lemma and long exact Bockstein sequences to show that the mod k£ Hurewicz
theorem is true for K (A, 1) and all n > 1.

Finally, the path fibratio K(A,m — 1) — PK(A,m) — K (A, m) and the Serre
spectral sequence show that the mod & Hurewicz theorem is true for K (A, m) for
allm > 1landalln > 1.

Part (2) The mod k Hurewicz theorem via Postnikov systems: Let A be an abelian
group on which a group 7 acts. In other words, A is a module over the group ring
Z|x]. Lete : Z[n] — Z be the augmentation epimorphism define by e(g) = 1 for
all g in 7. If I = kernel(e) = the augmentation ideal, then 7 acts trivially on A if
and only if I - A = 0. The action is called nilpotent if /" - A = 0 for some power
I" of the augmentation ideal.

We shall say that A is mod & trivial if A, = 0and ;A = 0.

Lemma 1.8.6. Let0 — A — B — C — 0 be a short exact sequence of abelian
groups. Then:

(a) By = 0implies C}, = 0.

(b) if two of the three groups are mod k trivial, then so is the third.
Lemma 1.8.7.

(@) Ay = 0implies (I" - A), =0 foralln > 1.

(b) rA = 0implies ,(I" - A) =0 for alln > 1.
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The firs of the two lemmas follows from the long exact sequence of the Tor functor.
For the second, it is sufficien to consider the case n = 1. Assume A; = 0. Note
that k(I - A) = (I -kA)=1-A=0. Thus (- A); =0, and, if A = 0, then
W(I-A) S A=0.

In particular, if A;, = 0 then (I" - A/I"™1 . A); =0 for all n > 1, and, if A is
mod k trivial, then (1" - A/I" ! - A) is mod k trivial for all n > 1.

Recall that a space X is called nilpotent if X is path connected, the fundamental
group 71 (X) is nilpotent, and the action of 7 (X) is nilpotent on 7, (X) for
all m > 2. In this case, each homotopy group m,, = 7, (X) has a decreasing
filtratio

T = F1(7Tm) 2 F2(7rm) 2 F3(7r7r1,) 2 F4(7T’m) 2

with each Fy(,,, )/ Fy+1 () having a trivial m; (X)) action and with each decreas-
ing sequence terminating in a finit number of steps, Fy,,, +1(m, (X)) = 0. This
leads to a sequence of principal bundles, a refinemen of the Postnikov system,

K(Fﬂ(ﬂ—m)/Ferl(Wm)am) - Em.[ - Em,éfl
withn > 1and 1 < /¢ < ,,. It begins with

ELO = and Em,O = Emfl,am 1

form > 2.
We have
s (X) ifl<s<m-1
s (Em,é‘) = N Tm (X)/F€+1(7Tm (X)) ifs=m
0 if s > m.
Furthermore,
X = lim E,

m—0o0
and this inverse limit is “finit in each degree.”

Now, suppose that X satisfie the hypotheses of the mod & Hurewicz theorem
for some n > 1, that is, X is nilpotent with abelian fundamental group and
mi(X;Z/kZ) =0 for all 0 < ¢ < n — 1. Then we know that all the Eilenberg—
MacLane spaces K (Fy (7, )/ Fos1(mm ), m) which appear above also satisfy the
hypotheses of the mod k Hurewicz theorem for this n > 1.

In order to perform the inductive step to prove the mod k& Hurewicz theorem, we
need to recall the Serre long exact homology sequence of a fibration Suppose that
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F — E — B is an orientable fibratio sequence of connected spaces with
H;(F)=H;(B)y=0for1<i<n-1

for some coefficien ring R.

The E? term of the homology Serre spectral sequence is

EY, = Hy(B; H(F)) :

Hypr(B)| oo @ -e-
;
Hyy1(F) 0
Ho(F) | 2o 0 = | H,(B; Hy(F))
0 0 0 0 0 0 0
R cee 0 oo H,(B) H,11(B) | Hoya(B) Han11(B)

The firs nonzero differentials are:

dn_l : Hn(B7Hn(F)) - H?nfl(F)
and the transgressions
T = dn+j+1 N Hn+]‘+1(B) — 71,+j(F)

with0 < j <n— 2.
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It follows that we have the Serre long exact homology sequence

HQ’nfl (F) - HQn—l (E) - Hanl (B) 5
Hyp 5(F) — Hyp 9(E) — Hyy o(B) =
H,2(F) = Hyo(E) — Hy19(B) -
H7L+1(F) - n+1<E) - n+1<B> 5
H,(F)— H,(E) — H,(B) — 0.

Suppose now that the coefficient are Z/kZ. Since the transgression is define by
9
T:Hn+j+1(Bv*) — n+j+1(EaF) —>Hn+j(F)a
it follows that the transgression is compatible with the connecting homomorphism

of the long exact homotopy sequence of the fibration

Turir1(BsZJKL) S oy (F3LJKL)

Ly Ly
Hoyji1(B;Z/kZ) 5 H,yj(F;Z/kZ)
commutes.

Now the strong form of the fi e lemma applies to show that if the mod k Hurewicz
theorem is true for the fibr and base of the fibratio sequence

K(Fl’ (7rm )/F(H—l (7r7n,)a m) - Em,,(’, - Em,/('—l
then it is true for the total space. This completes the inductive step in the proof.

Hence the mod k& Hurewicz theorem is true for all the Postnikov stages £, ,. Since
X = limy, o By, ¢ 1s an inverse limit which is finit in each degree, it follows
that the mod k Hurewicz theorem is true for all X .

Exercise

(1) Suppose k and ¢ are positive integers. Suppose either that X is simply con-
nected or that X is a connected H-space. Show that ¢ : 7; (X;Z/kZ) —
H;(X;Z/kZ) is an isomorphism for all 1 < j < ¢ and an epimorphism for
j = ¢ifand only if the same is true for ¢ : 7;(X;Z/k"Z) — H;(X; Z/K"Z)
where r is a fi ed positive integer. (Hint: Use induction on r, the universal
coefficien sequences and the general fi e lemma.)

1.9 The mod k Hurewicz isomorphism theorem for pairs

If (X, A) is a pair of spaces with 7o (X, A) abelian, then the mod k& homotopy group
mo (X, A;Z/kZ) is define to be my (X, A) ® Z/kZ. The classical Hurewicz map
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induces a mod k Hurewicz map ¢ : mo (X, A;Z/kZ) — Ho(X, A;Z/KZ). For
example, if A is simply connected, then 79 (X, A) is abelian and this definitio is
valid. With these conventions, we assert:

Mod % Hurewicz theorem for pairs 1.9.1. Let (X, A) be a pair of simply
connected spaces and let n > 2. If m(X, A;Z/kZ) =0 for 2 > i < n, then
p:m(X, A, Z/kZ) — H{(X, A; Z/KZ) is a bijection for2 > i > nand, ifn > 2
it is an epimorphism for i =n + 1.

This has the following corollary.

Corollary 1.9.2. Let f: X — Y be a map between simply connected spaces.
Then f. : m(X;Z/kZ) — 7. (Y; Z/kZ) is a bijection for all i > 2 if and only if
fo: Hi(XZ/KZ) — H.(Y;Z/kZ) is a bijection for all i > 2.

Proof: Use the mapping cylinder to convert the map f into an inclusion X — Y.
Then the mod k& Hurewicz theorem for the pair (Y, X) asserts that the van-
ishing of all the relative homotopy groups 7; (Y, X;Z/kZ) is equivalent to the
vanishing of all the relative homology groups H;(Y, X;Z/kZ). U

Remark. The example of the inclusion of a circle into a fake circle shows that
simple connectivity is necessary in the above results.

Proof of the mod k Hurewicz theorem for pairs: The mod k Hurewicz isomorphism
theorem for a pair of simply connected spaces (X, A) is deduced from the mod &
Hurewicz isomorphism theorem for a space by a method introduced by Serre.

Let PX — X be the path space fibratio and let £ be the subspace of PX
consisting of all paths which terminate in A. Then (PX, E) — (X, A) is arelative
fibratio with fibr Q.X. In particular, the fibratio sequence QX — E — A shows
that F is a nilpotent space with abelian fundamental group.

We have isomorphisms m;(PX, E;Z/kZ) — m (X, A;Z/kZ), w(PX,E;
Z/KZ) — w1 (E;Z/kZ), and H;(PX,FE;Z/kZ) — H;_1(E;Z/kZ) for all
1> 2.

Thus, m;—1 (E;Z/kZ) = 0 for all 2 < i < n and the mod k Hurewicz theorem
applies to E. In particular, H;, ,(F;Z/kZ) = H;(PX,E;Z/kZ) =0 for all
2<i<n.

The Serre spectral sequence of the relative fibratio sequence QX — (PX, F) —
(X, A) shows that H,(PX, E;Z/kZ) — H;(X, A; Z/kZ) is an isomorphism for
all i« < n and an epimorphism for ¢ = n + 1. Hence, the following commutative
diagram completes the proof:

mi-1(EZ/kZ) «— m(PX,E;Z/kZ) — mi(X,A;Z/kZ)

! ! !
H, \(E;Z/kZ) — H{(PX,E;Z/kZ) — H{(X,AZ/kZ). O
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1.10 The third homotopy group with odd coefficient is abelian

As an application of the Hurewicz theorem, we prove:
Proposition 1.10.1. [f'k is odd, then 73(X;Z/kZ) is an abelian group.
Proof: We consider the isomorphic group 7o (QX; Z/kZ).

Defin thecommutator[ , ]: QX x QX — QX by[w,7] = wyw 'y~ 1. Note
that [ , ] is null homotopic on the bouquet QX V QX and hence factors into

QX x QX > ox A0x L ox.

Let f: P2(Z/kZ) — QX and g : P?(Z/kZ) — QX be two maps. Defin the
commutator [f, g] by the composition

PX(Z/kZ) 2 PX(Z/KZ) x PA(Z/KZ) L% ax x ax L) ax,
where A is the diagonal. If A is the reduced diagonal, this is the same as the
composition

Pr(z/kz) 2 Pr(z/kz) A PA(zkz) % ax nax Lo L ax.
If e; and ey are generators of the reduced homology H.(P?(Z/kZ);Z/kZ) of
respective dimensions 1 and 2, then a result from Steenrod and Epstein’s book
asserts that

A(e) =

k(k+1
(T)ﬁ@el

and this equals 0 when k is odd. If k is odd, then the mod k£ Hurewicz image

¢(A) = 0.
The Hurewicz theorem implies that A is null homotopic.

Hence [f, g] is null homotopic and 72 (Q2.X; Z/kZ) is abelian if & is odd. 0



2 A general theory of localization

In this chapter we consider the general theory of localization which is due indepen-
dently to Dror Farjoun [36] and to A.K. Bousfiel [15, 16]. The theory is founded
on the homotopy theoretic consequences of inverting a specifi map p of spaces.
Those spaces for which the mapping space dual of p is an equivalence are called
local. In turn, the local spaces defin a set of maps called local equivalences. The
localization of a space X is define to be a universal local space which is locally
equivalent to X.

Localizations always exist. It is a nice fact that the localizations of simply con-
nected spaces are also simply connected. This makes it possible to restrict the
theory to simply connected spaces which is what we do in this chapter.

For simply connected spaces, the Dror Farjoun—Bousfiel theory specializes to
the classical example of localization of spaces at a subset of primes S. The
complementary set of primes is inverted. We begin by inverting the maps M — =
for all Moore spaces M with one nonzero firs homology group isomorphic to
7./qZ where q is a prime not in .S. In this case, the equivalences are maps which
induce an isomorphism of homology localized at S.

Localization of spaces firs occurs in the works of Daniel Quillen [110], of Dennis
Sullivan [128, 129] , and of A.K. Bousfiel and D.M. Kan [17]. An early con-
struction of this localization is due to D.W. Anderson [6] and is a special case of
the construction of the Dror Farjoun localization. First applications occur in the
theory of H-spaces and are due to Sullivan, to Peter Hilton and Joseph Roitberg
[53], and to Alexander Zabrodsky [142].

There are two themes in localization theory. One is to study a space in more
depth by inverting some or all primes. For example, Serre’s result [118] that
08%+2 ~ G2l 5 )84 +3 g valid once 2 is inverted but not before unless
n =0,1,3. [2] The extreme example of this theme is rationalization, inverting
all primes. After this is done, the simply connected homotopy category becomes
equivalent to the category of rational simply connected differential coalgebras
[110].

35
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Another theme is to construct a space by piecing together complementary local-
izations. In essence, Hilton and Roitberg [55] constructed new H-spaces in this
way. We will discuss these examples but, in this book, we will mostly restrict
ourselves to the firs theme.

For any prime p, another specialization of the Dror Farjoun-Bousfiel theory is to
p-completion where the equivalences are maps which induce isomorphisms of mod
p homology. The process of p-completion begins by inverting the map M — x
where M is a Moore space with nonvanishing firs homology group isomorphic

to Z[1/p].

The unstable Adams spectral sequence invented by Bousfiel and Kan converges
to the homotopy groups of p-complete spaces [17]. Completions have been vital
to the theory of finit H-spaces with classifying spaces, the so-called p-compact
groups studied by Dwyer and Wilkerson [38]. Before the development of the
general theory of p-compact groups, Sullivan showed that certain completions of
spheres have classifying spaces [128].

It is not always true that the localization of an n-connected space is also
n-connected. This fact is true for the classical theory of localization of spaces
at a set of primes and also true for the theory of p-completion of spaces. But it
is certainly not true for the localization theory [103] based on inverting the map
K(Z/pZ,1) — . In this localization, all Eilenberg—MacLane spaces K (G, n)
with G a p-primary torsion abelian group are made locally equivalent to a point.
Up to p-completion, simply connected spaces with 7o torsion are locally equivalent
to all their n-connected covers.

In addition, Miller’s theorem [84] asserts that simply connected finit complexes
are local in this theory with K (Z/pZ, 1) — * inverted. A lemma due to Zabrodsky
shows that all K (7, n) — * are inverted with 7 a p-primary torsion abelian group.
All these Eilenberg—MacLane spaces are equivalent to a point in this localization.
In fact, if X is a simply connected finit complex with 75 (X)) torsion and X (n)
is an n-connected cover of X, then the p-completion of this kind of localization
of X (n) is just the p-completion of X. Up to p-completion, no information about
such an X is lost by taking any connected cover.

One consequence of this fact is a simple proof of Serre’s theorem [117] that
a noncontractible simply connected finit complex always has infinitel many
nonzero homotopy groups.

Serre conjectured that: if p is a prime and if X is a simply connected finit complex
with nontrivial mod p reduced homology, that is, if H.(X;Z/pZ) # 0, then the
p-torsion subgroups of the homotopy groups m, (X) are nonzero for infinitel
many n. The proof of this conjecture by McGibbon and the author [83] is yet
another application of Miller’s theorem.
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Modern forms of localization accommodate many of the classical results in homo-
topy theory but not all. The finit generation of the homotopy groups of a simply
connected finit type complex, a result proved by Serre [118] with his C-theory,
does not seem to yield to modern theories of localization. We include a brief
presentation of C-theory in this chapter.

2.1 Dror Farjoun—Bousfiel localization

Emmanuel Dror Farjoun has define a notion of localization with respect to
any continuous map y : M — N. Independently, A.K. Bousfiel has treated the
special case of a constant map u : M — *. We specialize to this case and refer
to it as localization with respect to M — * or sometimes as M -nullification The
idea is that localization inverts the map M — x, in other words, M is nullified

We will work in the category of connected pointed spaces and pointed maps. But
it still makes sense to consider map(A, B) = the space of all maps from A to B.
And map, (A4, B) = the subspace of all pointed maps from A to B.

Definitio 2.1.1. If M is a fi ed connected pointed space, then a connected
pointed space X is called M-null or local with respect to M — x if either of the
following equivalent conditions hold:

(1) the map which evaluates a function at the basepoint, map(M, X) — X, is
a weak equivalence.

(2) the space of pointed maps map, (M, X) is weakly contractible.

The equivalence of the above two conditions is a consequence of the fibratio
sequence map, (M, X) — map(M, X) — X.

Thus, X is M-nullifand only if, foralln > 0, 7, (map, (M, X)) = [E"M, X], =
*, in other words, all pointed maps ¥" M — X must be homotopic to the constant.
In this sense, M looks like a point with respect to X.

It is convenient that the basic definition of localization come in two equivalent
versions, pointed and unpointed.

Definitio 2.1.2. A pointed map f : A — B is called a local equivalence with
respect to M — x if, for all spaces X which are local with respect to M — x,
either of the following equivalent conditions hold:

(1) the map of mapping spaces f*:map(B,X) — map(A4,X) is a weak
equivalence.

(2) the map of pointed mapping spaces f* : map, (B, X) — map, (A, X) isa
weak equivalence.
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The second condition means that for all integers n > 0 and maps g : ¥" A —
X, there is a map h, unique up to homotopy, which makes the diagram below
homotopy commutative.

w4 2L sep
g\ lh

X

In particular, M — = is a local equivalence.

Definitio 2.1.3. If A is a pointed space, a localization of A with respect to
M — xis apointed map ¢ : A — A such that:

(1) ¢ is an local equivalence with respect to M — * and
(2) A is local with respect to M — *.

If the localization A exists, then it is unique up to homotopy and a functor on
the homotopy category. This follows from the homotopy uniqueness of f, in the
homotopy commutative diagram:

A L B
Lt Lt
a I B

We will see that localization with respect to ;o : M — x exists and can be con-
structed in a strictly functorial manner. We shall denote localization of A by
A+ L,(A)orby A = Ly (A). We shall denote localization ofamap f : A — B

by Ly (f) = f.: Ly (A) — Ly (B). Note that localization A = Ly (A) is the
unique object up to homotopy which satisfie the following:

Universal mapping property 2.1.4.
() Ly (A) is local with respect to M — x.

(b) for all X which are local with respectto M — * and all maps g : A — X,
there is up to homotopy a unique map h : Ly; (A) — X which makes the
following homotopy commutative:

A 5 Ly (A)
lg /h
X

Observe that Lj; is an idempotent functor in the sense that
Ly (Lar(A)) =~ Las (A).

The next proposition says that localization commutes with finit products.
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Proposition 2.1.5.

(@) If X and Y are local with respect to M — %, then X x Y is local with
respect to M — .

(b) If A — Bisalocal equivalence with respect to M — x and C'is any space,
then A x C — B x C'is a local equivalence with respect to M — .

(c) If Aand B are any spaces, then the natural map Ly (A x B) — Ly (A) x
Ly (B) is a homotopy equivalence.

Proof:
(a) If X and Y are local, then there are equivalences
map(M, X xY) =2 map(M, X) x map(M,Y) ~ X xY.
Hence, X x Y is local.

(b) Let A — B be a local equivalence, C be any space, and X be any local
space. The space map(C, X) is local since there are equivalences

map(M, map(C, X)) = map(M x C, X) = map(C, map(M, X))
~ map(C, X).

It follows that the map A x C' — B x C'is a local equivalence since there
are equivalences

map(A x C, X) = map(4, map(C, X)) ~ map(B, map(C, X))
>~ map(B x C, X).
(c) Finally, we note that we can factor
AX B — Ly (A) x B— Ly (A) x Ly (B)

into local equivalences and that Ly (A) x Ly (B) is local. The universal
mapping property shows that Ly, (A x B) ~ Ly (A) x Ly (B). O
We give a strictly functorial construction of localization with respect to M — x:

Proposition 2.1.6. For all pointed spaces A, there exists a localization A -
Ly (A) withrespectto M — . If A is simply connected, then so is the localization
Ly (4).

Proof: In order to avoid even the mention of some very large sets, we shall make
the simplifying assumption that M is a countable connected CW complex. In fact,
all cases known to the author to be of interest satisfy this hypothesis.

Therefore, M can be expressed as a countable increasing union
M= )M,
n

of finit complexes M,,, n > 0, with M,, C M, 1.
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For any pointed space B, we defin B to be the mapping cone of the bouquet

\/g \/E"” M)— B

of all the pointed maps g : 3"7 (M) — B to B from any suspension of M with
ng > 0. Since M is connected, it follows that B is simply connected if B is simply
connected.

For later reference, we note that, if X is local with respect to M — x*, the long
exact sequence associated to a cofibratio sequence shows that there are bijections
of homotopy classes of pointed maps [XF (B), X]. — [£¥(B), X]. forall k > 0.

Let Q) be the well ordered set of all ordinals which are less than the firs uncountable
ordinal; in other words, €2 is the firs uncountable ordinal. For ordinals aef2, we
defin L, (A) by transfinit recursion as follows:

(1) Ly(A) = A for the firs ordinal 0.
(2) Lo+1(A) = Lo (A) for ordinals which are successors.
() La(A) =Us-, Ls(A) for limit ordinals.

Finally, we defin Ly (A) = Lo (A) = U Ls(A). We claim that Ly (A) is a
localization of A. Clearly, L) (A) is simply connected if A is simply connected.

First, we show that L, (A) is local. Suppose we have a pointed map g : ¥ (M) —
Ly (A). Since each X¥(M,,) is a finit complex, its image is contained in some
L., (A) for an ordinal o, Q. Thus the image of ©* (M) is contained in the count-
able limit L., (A) with v = sup o, Q2. Thus, g is null homotopic in the mapping
cone L1 (A). Since L, 1 (A) C Ly (A), g is null homotopic in Ly (A). Hence,
Ly (A) is local.

Second, we show that A — L, (A) is a local equivalence. For all local X and k& >

0, we need bijections [%F (Ly (A )) X], — [2*(A), X].. But transfinit induction
shows that there are bijections [X¥ (L, (A)), X]. — [X*(A), X]., even for the case
a=Q.

This completes the proof of the existence of localization. [l

The above proposition suggests that it is possible to restrict localization to the
category of simply connected spaces. (On the other hand, there is no reason to
believe that a general theory of localization can be restricted to, for example,
nilpotent spaces.) To fully justify this restriction to simply connected spaces, we
need the following lemma.

Lemma 2.1.7.
(1) Let X — X be any covering space of X. If X is local then X is local.
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(2) A map A — B of simply connected spaces is a local equivalence if
map, (B, W) — map, (A, W) is a weak equivalence for all simply con-
nected local W.

Proof:

(1) Unique path lifting for covering spaces asserts that map, (M, X ) embeds
in map, (M, X) as the subspace consisting of the components of maps
which lift to the covering. Hence, if map, (M, X) is weakly contractible,
so0 is map, (M, X).

(2) Let A be simply connected, W be local, and W be the universal cover of
W. All maps of A to W lift to W and hence map, (4, W) = map, (A, W).
Since W is local, the proof of the lemma follows. 0

Hence, for a fi ed connected space M, the notions of local, local equivalence, and
localization remain the same if we remain in the category of simply connected
pointed spaces.

Finally, we record an important lemma due to Zabrodsky [143]. (See Miller’s
paper. [84])

The Zabrodsky Lemma 2.1.8. If p: E — B is a fib e bundle with connected
fib e F and the evaluation map map(F, X) — X is a weak equivalence, then
p* : map(B, X) — map(FE, X) is a weak equivalence.

Proof: Given two towers of fibration and a map from one to the other which is a
weak homotopy equivalence at each level, the resulting map of inverse limits is a
weak homotopy equivalence [17, 24, 37]. In other words, homotopy inverse limits
are weakly homotopy invariant.

Hence, it follows from Zorn’s lemma that there exists a maximal subcomplex
C C B for which the lemma is valid for the fibr bundle p: p~1(C) — C.
If C' # B, we can enlarge C by attaching a cell to get C Ue” C B. If we
replace C' by a thickening with the same homotopy type, we can assume
that the boundary S" ! of e" embeds in C. Thus, C'Ue" is a union of C
and e" with intersection S"~!. And p~!(C' Ue") is a union of p~!(C) and
pl(e") = e" x F withintersectionp~!(S" 1) = §"~1 x F. The adjoint equiv-
alence map(A x F, X) =2 map(A, map(F, X)) shows that the lemma is true for
the bundles over C, over ", and over S 1. Since the functor map( , X) converts
pushout diagram of cofibration into pullback diagrams of fibrations it follows
that the lemma is true for the fibr bundle over C' U e" and that C' is not maximal.
Hence, C' must be all of B. O

Remarks 2.1.9. In the proof of the Zabrodsky Lemma, we need that a map is
a weak equivalence of pullbacks of fibration if it is a weak equivalence of the
total spaces and the base. Since these pullbacks are a type of homotopy inverse
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limit, this follows from the general form of the weak homotopy invariance of
homotopy inverse limits. Alternatively, this is a consequence of the fi e-lemma
and of the exactness of the Mayer—Vietoris homotopy sequences associated to
these pullbacks.

Suppose that
E 5 X
Lo L
vy 4 B

is a homotopy pullback, that is, it is a pullback square with f and g being fibrations
The homotopy Mayer—Vietoris sequence [39] is, in dimensions ¢ > 1, the long
exact sequence

. —>7Ti+1B(l>7TgE MT@X@T{'[’Y ﬁ)ﬁiB ﬁﬂ'z,1E—>
In these dimensions, it is a long exact sequence of groups.

I am grateful to Emmanuel Dror-Farjoun for explaining the Mayer—Vietoris
sequence to me in dimensions 0 and 1 and the sense in which it is exact.

In these low dimensions, the homotopy Mayer—Vietoris sequence is

7T1X 7T()X
N S uy / N S
7T1B i> 7TOE 7TQB
/" G« Vs N\ /" 9«

le 7T()Y

and it is exact in the following way:
(1) At mX and at (Y, the exactness is: Given a € my X and 8 € nyY,
fra=g.8 ifandonlyif Fv e myE suchthat w.,y = a,v.y = .

(2) At my E, the exactness is: Given o € myF, let u,aa = and v.a =y,
then

Iy em B suchthat 0y = a.

(Here, the basepoint of the loops in B is the common image of the base-
points z in X and y in Y7)

(3) At B, the exactness is: Given «, 3 € m B,
Oa =00 ifandonlyif FIyemX,6 € mY such that
v axd = (fiy)a(g.d) = B.
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The following corollary of the Zabrodsky Lemma is an important source
of local equivalences.

Corollary 2.1.10. IfE — Bisafib e bundle with connected fib e F, then E — B
is a local equivalence with respect to F' — .

Exercises
(1) (a) Show that the loop space (X)) is local if X is.
(b) Show that, if X is an H-space, then so is any localization Lj; (X).

(2) (a) Show that, for every pointed connected space X and n > 1, there exists
amap ¢: X — Y with the property that ¢, : 7, (X) — 7, (Y) is an
isomorphism if k <n — land 7, (Y) = 0if k > n.

(b) If M = 5™, show that a space A is local with respect to M — x* if and
only if 7, (A) = 0 forall k > n.

(c) Show that, for X and Y as in part (a), Ly, (X) =Y.

(d) Give an example of a fibratio sequence F' — E — B such that
Ly (F)— Ly (E) — Ly (B) is not even a fibratio sequence up to
homotopy.

(3) Suppose F' — E — Bis a fibratio sequence and M is a pointed space.
(a) Show that map(M, F') — map(M, F) — map(M, B) is a fibratio
sequence.

(b) Show that map, (M, F') — map,(M, E) — map, (M, B) is a fibratio
sequence.

(c) Show that, if E and B are both local with respect to M — x, then so is
F.

(d) Show that, if F" and B are both local with respect to M — *, then so is
E.

(e) Give an example to show that F' and F can be local without B being
local.
(4) Let A— B — (' be a cofibratio sequence and X a pointed space.
(a) Show that map(C, X) — map(B, X) — map(A4, X) is a fibratio
sequence.

(b) Show that map,(C, X) — map, (B, X) — map, (A, X) is a fibratio
sequence.
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(c) SupposeY is the homotopy direct limit of a sequence X,, of spaces each
of which is locally equivalent to a point with respect to M — *. Show
that Y is locally equivalent to a point.

(5) Suppose a space X is local with respect to M — * and with respect to

N — x*.

Show that X is local with respectto M x N — x.

(6) Let X be a space. Suppose that I' is an ordinal and that for each ordinal
a < T, aspace X, is define satisfying:

(a) Xo =X
(b) X, C X, isacofibratio whenevera+ 1 <T.

(c) Xp
(A)

B)

©

(D)

= U, < Xo whenever (3 is a limit ordinal <T.

Show that the maps X, — Xy are cofibration foralla < 8 <T,
that is, show that the homotopy extension property is satisfied

IfY is a space, show that the maps of pointed mapping spaces
map, (X3,Y) — map, (Xo,Y)

are fibration for all « < 8 < T, that is, show that the homotopy
lifting property is satisfied

If all the maps
map, (Xa+1 ) Y) — 1map, (Xa ) Y)

are weak equivalences, show that they are surjections and that the
maps

map, (X3,Y) — map,(Xa,Y)
are surjections foralla <  <T.

Let £ — B be a fibratio and a weak equivalence and let A — W
be a relative CW complex, that is, W is constructed from A by
attaching cells. Given a commutative diagram of maps

A — FE
l !
W — B

it is one of Quillen’s axioms [108, 60] for a model category that
there exists a map W — E which makes the diagram commute.
Use this and (C) to show the following:

If Y is a space such that the map of pointed homotopy classes
[Xat1,Y]. — [Xa, Y]« is a bijection whenever o + 1 < T, then
show that [ X1, Y], — [X,Y]. is a bijection.



Q)

®

©)

(10

11
(12)

13)

2.1 Dror Farjoun—Bousfiel localization 45

If C is an infinit cardinal, then C - C = C [73]. Let " be the firs ordinal
with cardinal greater than C, and let B be any set of ordinals such that the
cardinality of B is less than C and such that all ordinals in B are less than
I'. Show that the supremum

sup B = Uﬁ

pseB

isless than I'.

Use problem 7 to remove the hypotheses that M be a countable CW complex
in the proof of the existence of localization 2.1.6.

Check the exactness in the Mayer—Vietoris sequence 2.1.9 at mp X and at
U Y.

Defin the function 0 : QB — FE as follows: Let v be a loop in B and write
=71k, ! by cutting the loop in the middle. Lift v, to a path 4, in YV’
which starts at the basepoint and ends at y € Y. Similarly, lift v, to a path v,
in X which starts at the basepoint and ends at z € X. Set 9y = (x,y) € E
and check the exactness in the Mayer—Vietoris sequence 2.1.9 at 7y E.

Check the exactness in the Mayer—Vietoris sequence 2.1.9 at m; B.

Given a pullback diagram as in 2.1.9, write

T v

r - FEF =Y
l= lu lg
F 5 x L B

with F' the fibr of both f and v. Consider the two long exact homotopy
sequences of these fibratio sequences and defin the Mayer—Vietoris con-
necting homomorphism 0 : m;+1 B — m; F as the composition

5:r~3:7r7;+1Bi>7r,;FL>7r7;E.

Use the two long exact homotopy sequences to show that the Mayer—Vietoris
sequence

(s,

- — m B 9, mE —)> X OmY i IN ;B

is exact for ¢ > 1. (The homology version of this derivation of the Mayer—
Vietoris sequence from long exact sequences is due to Michael Barratt.)

Fill in the details of the proof of the Zabrodsky Lemma 2.1.8.
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2.2 Localization of abelian groups

We describe the classical localization of abelian groups wherein a subset of the set
of primes is inverted. Three special cases are particularly important, rationalization
Ay where all primes are inverted, localization A, at a prime p where all primes
except p are inverted, and localization A[Il)] away from p where p is the only prime
which is inverted.

Let p be the set of positive primes in the integers Z and let

p=>-5 U T
be a decomposition into disjoint subsets.

Definitio 2.2.1. An abelian group A is called S-local if every element of A is
uniquely divisible by all elements of T, in other words, multiplication by g,

qg:A— A
is an isomorphism for all g € T'.
Let T be the multiplicative monoid generated by 7'. The fundamental example of
an S-local abelian group is the subring of the rationals

Z[Tl]:Z<S)={Z| ac?, qu}.

An abelian group is S-local if and only if'it is a Z(g) module.

Definitio 2.2.2. A map of abelian groups f : A — B is an S-local equivalence
if f* : hom(B, C') — hom(A, C) is a bijection for all S-local abelian groups C.

Definitio 2.2.3. A map of abelian groups ¢ : A — A is called an S-localization
of A if:

(1) Ais S-local and
(2) f: A — Aisan S-local equivalence.

For any abelian group A, an S-localization exists and is given by
AHA:A[Til] :A(S) = {a| acl, qé‘T}.
q

a __ a1

In this definition il if and only if there is an element qgsT such that
@(aq —a1q) = 0.

Exercises

(1) Show that the definitio of localization by a universal mapping property
characterizes it uniquely up to isomorphism.
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(2) Show that A — B is an S-local equivalence if and only if A(g) — B(g) is
an isomorphism.

(3) For all abelian groups A, there is an isomorphism
A®Zis) = Ags).-
(4) A(s) = Oifand only if, for all elements ac A, there is a qeT such that ga = 0.

5) @) Zs)/qZsy = L/qZ if qeS = the multiplicative monoid generated by
S.

(b) Z(S)/QZ(S) =0 iquT.

(6) If0 > A— B — C — 0 is a short exact sequence, then the sequence of
localizations 0 — A(g) — B(s) — C(s) — 0 is also exact.

(7) Show that H.(X)s) = H.(X; Zg)).
(8) (a) Show that Zg) ®z Z(s) = Z(s).-
(b) For all abelian groups M and N, show that Tor’(M, N)s) =
Tor,*) (M(s), N(g)) fori = 0 and i = 1.

(¢) If ' — E — Bisan orientable fibratio sequence and E  is the Serre

spectral sequence for integral homology, show that (£, ) (s is the Serre
spectral sequence for Zg) homology.

(9) Show that S-localization commutes with direct limits, that is,
(lim_, Hu)(S) = hm_‘(Ha(S)).

(10) (a) Show that A — Ag) is surjective if A is a torsion abelian group.
(b) Show that the kernel and cokernel of A — A(g) are T-primary torsion
groups where 7' is the set of inverted primes.

2.3 Classical localization of spaces: inverting primes

We develop the classical theory of localization for simply connected spaces. This
includes the special cases of rationalization X — X5y = X ® @, localization
at a prime X — X(,) = X ® Z(,) and localization away from a prime X —
X[1/p] = X ® Z[1/p).

Let p = S|UT be a decomposition of the set of positive integral primes into
disjoint subsets.

Definitio 2.3.1. A simply connected pointed space X is S-local if the homotopy
groups 7, (X ) are S-local for all & > 1.

For simply connected spaces X the universal coefficien exact sequence

0—m(X)®Z/qZ — 7.(X;Z/qZ) — Tor(m.—1(X),Z/qZ) — 0
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shows that X is S-local if and only if the homotopy groups 7 (X;Z/qZ) = 0 for
all k > 2 and for all ¢geT'. Thus

Proposition 2.3.2. 4 simply connected pointed space X is S-local if and only if
X is local with respect to M — * with

M =\ PX(Z/q),
qeT

P*(Z/qZ) = S* U, €*.

Definitio 2.3.3. A map f: A — B of simply connected spaces is an
S-equivalence if the map of S-local homology f. : H.(A;Zg)) — H.(B;Zs))
is an isomorphism.

Proposition 2.3.4. A pointed map f : A — B of simply connected spaces is an
S-equivalence if and only if f is a local equivalence with respect to M — x, that
is, if and only if f* : map, (B, X) — map, (A, X) is a weak equivalence for all
S-local X. (Note: We know that it is sufficien to check it only for simply connected
S-local X.)

Proof: By using the mapping cylinder, we may suppose that f : A — B is an
inclusion.

Suppose  f. : H.(A;Z(s)) — H.(B;Z(s)) is an isomorphism. Thus,
H.(B, A;Z(sy) = 0. The universal coefficien exact sequence for cohomology

0 — Ext(H. (B, A;Zs)), D) — H* (B, A; D)
— Hom(H.(B, A;Z(s)), D) — 0

shows that H*(B, A; D) =0 for all Zg) modules D. Hence, if X is sim-
ply connected S-local, this gives the vanishing of the obstruction groups
H**1(X"B, %" A; 7, (X)) and H*(X"B,¥"A;7.(X)) to the existence and
homotopy uniqueness of extending a map >" A — X toamap X" B — X. Thus,
f: A — Bisalocal equivalence with respect to M — x.

Now suppose that f : A — B is a local equivalence with respect to M — *. We
note that any Z gy module D may be realized as the nonzero homotopy group of
X = K (D, n) and that this X is S-local. Since any nonzero cohomology class can
be realized as an obstruction, the cohomology groups H*(B, A; D) must vanish
for all such D. Hence, the homology groups H.(B, A;Zs)) = 0 and f is an
S-equivalence. This completes the proof of the proposition. O

The general theory of Dror Farjoun presented in this chapter shows that S-
localization exists and is unique up to homotopy equivalence, that is, for all
simply connected X, there is amap ¢ : X — X(g) such that:

(1) X(s) is S-local.
2) t: X — Xg) is an S-equivalence.
( ($) q
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(3) forallmaps f : X — Y with Y an S-local space, there is up to homotopy
a unique extension of f toamap f : X(g) — Y.

Alternate notations for S-localization are:
Xis)=X®Zgy=XRZ[T '] = Ly (X)

with T a complementary set of primes to S and M =/ .7 P*(Z/qZ).

It is useful to know that S-local spaces may also be define in terms of homology
groups.

Lemma 2.3.5. 4 simply connected space X is S-local if and only if the reduced
homology groups H,(X) are S-local.

Proof: This follows from the universal coefficien theorems for homotopy and
homology and the mod ¢ Hurewicz theorems: By definition X is S-local if and
only if all 7, (X)) are S-local. This is equivalent to the vanishing 7. (X; Z/qZ) = 0
for all geT which in turn is equivalent to the vanishing H.(X;Z/qZ) = 0 for all
qeT. This is equivalent to H (X ) being S-local. O

Since S-localization of abelian groups is characterized by being a local equivalence
with a local target, we have:

Corollary 2.3.6. 4 map of simply connected spaces X — Y is S-localization if
and only if the map of reduced homology H.(X) — H.(Y) is S-localization.

We shall prove a homotopy version.

Proposition 2.3.7. 4 map of simply connected spaces X — Y is S-localization
if and only if the map of homotopy groups 7.(X) — m.(Y) is S-localization.

We start with the statement of the following K (G, 1) localization lemma.

Lemma 2.3.8. G — H is an S-localization of abelian groups if and only if
K(G,1) — K(H,1) is an S-localization of homology.

Proof: First of all, S-localization of homology implies S-localization of funda-
mental groups, hence, that G — H is an S-localization.

Now let H = G5 be S-localization. We consider the case of cyclic groups.

(1) G=7Z and H = Zs): Write H = lim_, H,, as a direct limit of finitel
generated torsion free subgroups. Then

where E denotes the exterior algebra without unit.
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Q) G=72/qZ, qcT, H = 0: Since the integral homology of K(Z/qZ,1) is
7./qZ in odd dimensions, H.(K(G,1))s) = 0 = H.(K(H,1)).

(3) G =1Z/qZ, q¢S, H = Z/qZ: For the same reason, H,(K(G,1))(s) =

H.(K(H,1)).
We recall the following theorem which we do not prove [144].

Zeeman comparison theorem 2.3.9. Suppose we have a map of orientable fib a-
tion sequences

r L R
1 !
E L R
1 !
B L B.

If any two of f, g, h are homology isomorphisms, then so is the third.

We also note that the characterization of S-local by vanishing mod ¢ homotopy
groups gives:

Lemma 2.3.10. Let F' — E — B be a fib ation sequence of simply connected
spaces. If two of F, E, B are S-local, then so is the third.

Now it follows that the K (G, 1) localization lemma is true for all finitel generated
abelian groups. Just use the fact that any finitel generated abelian group is
a direct sum of cyclic groups and the fact that we have a fibratio sequence
K(G,1) - K(G® H,1) — K(H,1).

Finally, expressing G as a direct limit of finitel generated groups and using the fact
that direct limits commute with localization shows that the K (G, 1) localization
lemma is true for all abelian groups. (Il

We continue with the statement of the K (G, n) localization lemma.

Lemma 2.3.11. Foralln > 1, G — H is an S-localization of abelian groups if
and only if K(G,n) — K(H,n) is an S-localization of homology.

Proof: As before, the Hurewicz theorem implies that S-localization of homology
implies that G — H is S-localization.

The other implication follows by applying the Zeeman comparison theorem and
induction to the map of pathspace fibration

K(G,n) — K(H,n)

! !
PK(G,n+1) — PK(Hmn+1).
! !

KG,n+1) — K(Hmn+1)
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Since all the K (H,n + 1) are S-local, we need only show that K(G,n + 1) —
K(H,n + 1) is an S-equivalence of homology. O

In fact, the same argument shows that:

Local comparison lemma 2.3.12. Suppose we have a map of orientable fib ation
sequences

r L R
! !
E L E
! i
B M B.

If any two of f, g, h are S-localizations, then so is the third.

Let X — Y be a map of simply connected spaces which is S-localization. Since
this induces localization of homology, it follows that it induces localization on
the bottom nonvanishing homotopy groups of 7, (X) — 7, (Y"). The local com-
parison lemma shows that the map X (n) — Y (n) of n-connected covers is
S-localization. This provides the inductive step to show that 7 (X) — m;(Y)
is S-localization for all £ > 2.

Now suppose that 7 (X) — 73 (Y) is S-localization for all k£ > 2. We need to
show that X — Y is S-localization. But since Y is S-local, all we need to show
is that H,(X) — H.(Y) is an S-local equivalence.

We have already done this if X has only one nonvanishing homotopy group.
Induction on Postnikov systems and the local comparison lemma proves it when
X has only finitel many homotopy groups.

In general, X — Y is the inverse limit of the maps of the stages of the Postnikov
system X,, — Y,,. In each fi ed degree, the map of homology H,(X) — H.(Y)
is isomorphic to H.(X,) — H.(Y,) for n large enough. Therefore, H,(X) —
H.(Y) is an S-local equivalence.

This completes the proof that S-localization of simply connected spaces is equiv-
alent to S-localization of homotopy groups and also to S-localization of reduced
homology groups. O

The following is an immediate corollary.

Corollary 2.3.13. If X — Y is a map of simply connected spaces, the following
are equivalent:

(1) H.(X) — H.(Y) is an S-local equivalence.
(2) m(X) — 7.(Y) is an S-local equivalence.

(3) X(s) — Y(s) is a homotopy equivalence.
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The classical Hurewicz theorem applied to X g gives:

Local Hurewicz theorem 2.3.14. If X is simply connected and 7, (X)(s) = 0
Jorall 1 <k <n—1, then H,(X)s) =0 for all k <n —1 and the localized
Hurewicz map 7, (X ) sy — H,(X)(s) is an isomorphism.

Remarks. Although we have developed an S-localization theory restricted to
simply connected spaces, it is possible to extend this theory to connected loop
spaces with no effort. Let X = QY where Y is simply connected. Then Y|
is define and we set X(5) = Q(Y(s)). Then X — Xg) induces localization of
homotopy groups and, by 2.3.12, localization of homology groups. In other words,
X — X(s) possesses the characterizing properties of localization, that is, it is a
local homology equivalence and the homotopy groups of the range are local. In
particular, X g is local in the sense that: Any map A — B which is a local
homology equivalence between possibly nonsimply connected spaces induces a
weak equivalence map, (4, X(g)) « map, (B, X(g)).

An additional property is valid for this extension of localization. Consider the stan-
dard fibratio sequence Y (2) — Y — K(m,2) which define the two-connected
cover Y (2). The loops on it is the orientable fibratio sequence X (1) — X —
K (1) which define the universal cover X (1). Thus, if f : X — X’ is a map
of connected loop spaces which is possibly not a loop map, it is still the case that
the following statements are equivalent:

(a) f induces an isomorphism of localized homology groups.

(b) finduces anisomorphism of localized fundamental groups and on universal
covers an isomorphism of localized homology groups.

(¢) finducesanisomorphism oflocalized fundamental groups and on universal
covers an isomorphism of localized homotopy groups.

(d) f induces an isomorphism of localized homotopy groups.
In other words, for maps between connected loop spaces, a local homology iso-
morphism is equivalent to a local homotopy isomorphism.

Exercises

(1) If F — E — B is a fibratio sequence of simply connected spaces, then
Fisy — E(s) — B(s) isafibratio sequence up to homotopy, in other words,
the homotopy theoretic fibr of Eg) — Bg) is F{g).

(2) If X - Y — Z is a cofibratio sequence of simply connected spaces, then
X(s)y = Y(5) — Zs) is a cofibratio sequence up to homotopy.

(3) (a) Show that S-localization preserves homotopy pullback diagrams of
simply connected spaces.
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(b) Show that S-localization preserves homotopy pushout diagrams of simply
connected spaces.

2.4 Limits and derived functors
In order to discuss the concept of completion we need to recall some facts con-
cerning inverse limits. Let R be a fi ed commutative ring.

A sequential inverse system of R modules {4,,,p,} is a collection of R mod-
ules A,, and homomorphisms p,, : 4,1 — A, forn > 1. Morphisms of inverse
systems A,, — B, are define in the obvious way by a commutative diagram of
homomorphisms

A — Ay — Ay — Ay

! ! ! !
B1 — B2 — B3 — B4 —

Consider the cochain complex
0— H A, 2, H A, —0
n n
where ®(a,,) = (a, — pn(a,+1)). The cohomology of this complex define the
inverse limit functor and its derived functor.
Definitio 2.4.1. The inverse limit functor is
lim A,, = ker(®)
and the firs derived functor of inverse limit is
lim' A, = coker(®).
Thus (ay, )e lim. A, if and only if a,, = p,, (a,41) foralln > 1.
Given a short exact sequence of inverse systems
0_>A7L _)Bn _>On —0

we get a short exact sequence of cochain complexes and hence a long exact
sequence of cohomology groups

0—limA, — limB, — limC, 5 lim'A, —lim'B, — lim'C, — 0.

We shall say that an inverse system A,, is eventually zero if for all n there is some

k so that the composition p,, 0 Prs1 0+ 0 Prak—1 O Prir = pr:

Ay — An+1 — An+2 A An+k+1

is zero.
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Lemma 2.4.2. [f an inverse system of R modules A,, is eventually zero then

lim A, =lim'4, = 0.

Proof: The inverse limit vanishes since (a, )¢ lim._ A,, implies that
an = Pn(ani1) = Pn © Pns1(nr2)
= =DpOPut1 0 OPngk—1 O Pusk(Cnyrs1) =0
for all n.

To show that the derived functor is zero we need to show that the map @ :
IL, A, — IL, A, issurjective. Let (b, )e [ ],, An be any element. Since the system
is eventually zero, the following infinit sums terminate and make sense:

ar = by + pby + p*by +p’by + - -
as = by + pbs +p2b4 +p?’b5 + -
az = bz + pby +p2b5 —|—p3b6 + -

Then ®(a,, ) = (b,) and P is surjective. (]

For an inverse system A4, and k > 0, let A,, ;, = im(A, 1 — --- — A,) be the
k-th image inverse system and set

An,oc = m An#k
k>0

= the infinit image inverse system.

Definitio 2.4.3. The inverse system A, satisfie the Mittag—Leffle condition if
the image inverse system converges in the sense that, for each n, there is a k such
that An,k = An,oo-

Since finit groups satisfy the descending chain condition, every inverse system
of finit abelian groups satisfie the Mittag—Leffle condition.

An inverse system A, is called epimorphic if every map A,+1 — A, is an
epimorphism. Clearly, an epimorphic inverse system satisfie the Mittag—Leffle
condition. A simple exercise shows that to be true.

Lemma 2.4.4. [f A, is an epimorphic inverse system, then

lim' A, = 0.
Proposition 2.4.5. If A, is an inverse system which satisfie the Mittag—Leffle
condition then

lim'A4, =0.
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Proof: Consider the short exact sequence of inverse systems
ATL

n,00

— 0.

OHAn,oo_’An_)

The left-hand system is epimorphic and the Mittag—Leffle condition implies
that the right-hand system is eventually zero. Since the derived functor vanishes
for the systems on the ends, it vanishes for the middle system. (|
Exercise

(1) Defin a sequential direct system of R modules to be a collection of R
modules A,, and homomorphisms ¢, : A, — A, .1 for all n > 1. Consider

the complex
0~ P4, = P4 —-0

with Ua,, = a, — ty(a, ). Defin the direct limit to be
lim A4,, = coker ().
(a) Show that ¥ is a monomorphism.

(b) Show that if 0 — A, — B,, — C, — 0 is a short exact sequence of
direct systems, then

0—limA, —»1limB, —-1limC, —0

is a short exact sequence of R modules. In other words, the direct limit
functor is exact.

2.5 Hom and Ext

Let A and B be R modules and consider the functor of two variables hom (A4, B).
First we recall that an R module P is projective if and only if the covariant functor
hom(P, ) isexact. An R module @ is injective if and only if the contravariant
functor hom( , @) is exact. This leads to the fact that the derived functors of
hom( , ) may be define in two different ways:

(1) If P, — A — 0 is a projective resolution of A, then Ext?(A, B) is the
g—the cohomology group of the cochain complex hom(P,, B). If A; —
Ay — Az — 0 is exact, then

hom(A;, B) <« hom(As, B) « hom(A;3,B) < 0
is exact. This shows that Ext’ (A, B) = hom(A, B).

Of course, if the ground ring R is any principal ideal domain, for exam-
ple R = Z, then projective resolutions can be chosen to have length < 1
and thus Ext?(A, B) = 0 if ¢ > 2. In this case, we write Ext' (4, B) =
Ext(A, B).
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(2) Alternatively, if 0 — B — @, is an injective resolution of B, then
Ext?(A, B) is the g—the cohomology group of the cochain complex
hom(A, Q.). The equivalence of this definitio with the preceding def-
inition is shown in exercise 1 below. If 0 — By — By — Bj is exact,
then

0 — hom(A, B;) — hom(A, By) — hom(A, Bs)
is exact. This also shows that Ext’(A, B) = hom(A, B).
Proposition 2.5.1. If A,, is a direct system of R modules, then
hom(liin A,,B) = lim hom(A4,,, B)
and for all ¢ > 1 there are short exact sequences
0 — lim "Ext?!(A,, B) — Ext? (lim A,,, B) — lim Ext?(4,, B) — 0

Proof: Apply the long exact exact sequence in Exercise 3 below to the short exact
sequence

0—d4, L oA, —limA, —0

and use Exercise 1. O

We conclude this section with a result of Cartan—Eilenberg. Suppose A, B,C
are R modules, P, — A — 0 is a projective resolution, and 0 — C' — @, is an
injective resolution. Consider the double complex

hom(P, ® B, Q,) = hom(P., hom(B, Q,).

There are two spectral sequences converging to the cohomology of the associated
total complex.

(1) If we filte the associated total complex by the injective resolution degree,
we get a firs quadrant spectral sequence with

E{%q — hom(TOI‘p(A,B)yQ[I)
Egaq = Ext? (TOI‘p (A7 B)’ C)
and differentials d, : EP9 — EPT1-ratr,

(2) Ifwe filte the associated total complex by the projective resolution degree,
we get a firs quadrant spectral sequence with

E}" = hom(P,,Ext!(B,C))
EYY = Ext?(A,Ext!(B,C))

. L= = roqtl-r
and differentials d, : Ef’q — EITHH’[H "
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If the ground ring R is a principal ideal domain, then derived functors vanish
beyond degree 1 and thus E5'? = E29, Ey" = EV’. Hence,

Corollary 2.5.2. For modules over a principal ideal domain R,
Ext?(Tor,(A, B),C) =0 forallp,q >0
if and only if
Ext? (A, Ext?(B,C)) = 0forall p,q > 0.

Exercises

(1) Show that

Ext!(®a Ao, B) = [ [ Ext?(As, B)

and

Ext?(A, [ [ Aa) = [] Ext?(4, Ba).

« «

(2) Let P. — A — 0be aprojective resolution and let 0 — B — @), be an injec-
tive resolution. Consider the double complex hom(P;, Q).

(a) Show that there is a spectral sequence with
g _ hom(A4,Q,) if p=0,
! 0 if p#0.
(b) Show that there is a spectral sequence with
B _ hom(P,,B) if ¢=0,
Y lo if g#0.

(c) Show that Ext?(A, B) can be define by using either projective resolu-
tions of A or by using injective resolutions of B.

3) (@) If0— A; — As — A3 — 0 is a short exact sequence, show that there
is a short exact sequence of projective resolutions

0O - P —- PR®Q. — Q. — 0

l ! 1

0 —- A4 - A — A3 — 0
| l l
0 0 0

(Hint: The easiest way to do this is to construct Py, P, & Q,, @, in that
order.)
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(b) Show that, if 0 — A; — Ay, — A3 — 0 is a short exact sequence, then
there is a long exact sequence

0 — hom(As, B) — hom(A,, B) — hom(A4,, B) —
Ext!(As, B) — Ext'(Ay, B) — Ext'(4;, B) —
Ext?(As, B) — Ext?(Ay, B) — Ext?(A;,B) — -

4) (a) If 0 - B; — By — B3 — 0 is a short exact sequence, show that there
is a short exact sequence of injective resolutions

0 0 0
! i !

0 — By — By — By — 0
! ! !

(b) Show that, if 0 — B; — By — By — 0 is a short exact sequence, then
there is a long exact sequence

0 — hom(A, B;) — hom(A, By) — hom(A, B;) —
Ext' (A, B)) — Ext' (A, By)Ext' (A, B3) —
Ext?(A, B)) — Ext?(A, By) — Ext*(A, — ----

2.6 p-completion of abelian groups

Dennis Sullivan introduced completions into homotopy theory. The notion of
p-completion occurs in the seminal work of Bousfiel and Kan. The exposition
here is influence by the thesis of Stephen Shiffman.

Let p be a prime. Recall that

1
Z {] =limZ
p —
with respect to the direct system
ztztztzt ...

and

Z(p™) =7 B] /Z =limZ /p Z.
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Definitio 2.6.1. An abelian group A is p-complete if

hom (z H ,A> _ Ext (z H ,A) 0.
p p
Since Z H — lim__, Z, it follows that
1 .
hom (Z [} ,A) ~limA
p —

Ext <Z H ,A) ~1lim'A
p —

with respect to the inverse system
AZAZ AL AL ...

Thus, A is p-complete if and only if this limit and this derived functor vanish.

If B is any Z[i] module, then the long exact sequence associated to a free Z[%}]
resolution

0—-F,—Fy—B—0
gives

Lemma 2.6.2. An abelian group A is p-complete if and only if
hom(B, A) = Ext(B,A) =0
Sor all Z[ -] modules B.

1

P
If we recall that Z /pZ is a p-complete module we see that the following result is
related.
Lemma 2.6.3. An abelian group A is a Z[%] module if hom(A,Z/pZ) =
Ext(A,Z/pZ) = 0.
Proof: If hom(A,Z/pZ) = 0, then A — A/pA must be zero, hence A/pA =0

and A is p-divisible. Thus, there is a short exact sequence 0 —, A — A Za-o0
and a long exact sequence

0 — hom(A,Z/pZ) — hom(A, Z/pZ) — hom(, A, Z/pZ) —
Ext(A,Z/pZ) — Ext(A,Z/pZ) — Ext(,A,Z/pZ) — 0.
Thus hom(, A, Z/pZ) = 0 and this implies , A = 0, in other words, A is uniquely
p-divisible, a Z[=] module. 0

1
»
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If

Z(p™) =17 B] /Z =1limZ/p'Z,
then
Proposition 2.6.4. For any abelian group A,

hom(Z(p™), A) and Ext(Z(p™), A)
are p-complete.

Proof: Since Z[1[] ® Z(p™) = Tor(Z[;], Z(p™)) = 0, it follows from the result
of Cartan—Eilenberg in the previous section that

hom (2 || hom(2(). 4) ) = Bxt (2 || hom(2).4)) =
and

hom (Z H  Ext(Z(p™), A)> = Ext <z Ll)]  Ext(Z(p™), A)) =0.

p
O
Consider the short exact sequence 0 — Z — Z[Ilj] — Z(p>®) — 0 and the result-

ing long exact sequence

0 — hom(Z(p™), A) — hom (z m ,A) — hom(Z, A)(= A)

3, Ext(Z(p®), A) — Ext (z m ,A) . Ext(Z, A)(= 0) — 0.

We define
Definitio 2.6.5. The p-completion of A is the map
0: A — Ext(Z(p™), A).

We shall also write 6 : A — /ip for p-completion.

Proposition 2.6.6. Up to isomorphism the map § : A — /1[) is the unique map
with the properties:

(1) A, = Ext(Z(p™), A) is p-complete.
(2) For all homomorphisms f : A — B with B p-complete, there is a unique
homomorphism f : A, — B such that f o6 = f.

Proof: Clearly, the two properties characterize the p-completion A, =
Ext(Z(p™), A) up to isomorphism. So it suffice to verify the property (2).
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But consider the exact sequence

o (2 3].4) 4~ Bz, 4) - Bxt (23] .4) ~ 0

p

This factors into two exact sequences as follows:

hom(Z[ﬂ,A)—»A%C’—N)
0 — C — Ext(Z(p>), A) — Ext (Z [ﬂ 7A) — 0.

Since Ext(Z[%], A)isa Z[%]-module and B is p-complete,

o)) (o e ). -

and therefore hom(Ext(Z(p>), A), B) — hom(C, A) is an isomorphism.

Since hom(Z[%], A)isa Z[%]—module and B is p-complete,

hom (hom (Z [1} ,A> ,B) =0
p
and therefore hom(C, B) — hom(A, B) is an isomorphism. Thus, property (2) is
O

verified

The definin long exact sequence for the p-completion shows that p-completion
map is often a monomorphism.

Lemma 2.6.7. Ifhom(Z[%],A) =0, that is, if A has no nontrivial elements
which are infinitel divisible by p, then there is a short exact sequence
0 — A% Bxt(Z(p™), A) — Ext(Z[L], 4) — 0.

Since

Z(p™) = imZ/p"Z,
we have a short exact sequence
0— liinlhom(Z/p"Z, A) — Ext(Z(p™), A) — im Ext(Z/p" Z, A) — 0,
that is:

Lemma 2.6.8. For any abelian group A, there is a short exact sequence

0—lim', A — A, —limA/p"A—0

—

where ,» A = {acA| p"(a) = 0} is part of the inverse system

P P P P
pAe—p Ay A A= on
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and A/p" A is part of the epimorphic inverse system
AJpA — AJp*A — A/p*A — AJp* A — - ..

Corollary 2.6.9. Ap = Ext(Z(p>), A) =0 if and only if A is a p-divisible
abelian group.

Now it is easy to compute p-completion for cyclic groups and thus for all finitel
generated abelian groups. We get

Z,=lmZ/pZ, G,=G, H,=0
if G is a finit abelian p group and H is a finit abelian group of torsion relatively
prime to p.

In order to get further information about p-completion, we recall without proof a
theorem in Kaplansky’s book on infinit abelian groups [72].

Proposition 2.6.10. [f' A is any abelian group, there is a direct sum decompo-
sition A = D @& R where D is a divisible abelian group and R has no divisible
subgroups.

Suppose A is any p-complete group. Then A, = D & R where D is p-complete
and divisible and R is p-complete and has no divisible subgroups. Since D
is p-complete and divisible, D = 0. Thus A = R. Since R has no divisible

subgroups,
ﬂ pPR=0

r>0
and
R —limR/p"R
is an isomorphism. Now it follows from 2.6.8 that

lim', R=(p'R=0.
r>0

Hence

Proposition 2.6.11. If A is any p-complete group, then A has no divisible
subgroups,

A—limA/p"A
is an isomorphism and

lim',y A= (prA=0.

r>0
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Exercises

(1) If G is a p-complete abelian group, then show that G is localized at p, that is,
for all integers g prime to p, the map ¢ : G — G is an isomorphism.

(2) IfGisan abelian group and p is a prime, then the p-completion of localization
at (p) is p-completion, that is,

(G, = G

2.7 p-completion of simply connected spaces

Let p be a prime.

Definitio 2.7.1. A simply connected space X is p-complete if its homotopy
groups 7 (X ) are p-complete for all k.

Let M = M(Z [117], 1) = a Moore space with exactly one nonzero reduced integral
homology group isomorphic to Z[[l)] in dimension 1, that is, M (Z[[l)], 1) is the
homotopy direct limit of the degree p maps on a circle,

St gttt gtZgt2 ..

Thus, there is a cofibratio sequence
\/Slq'\/Sl—>M( H ) —\/ s 2/ s
n>1 n>1 n>1 n>1

From this we get immediately that for all k& > 0 there are short exact sequences

. 1
0 — lim ', (X) — [EkM (Z H ,1> ,X} — lim 1 (X) — 0.
— p % —

Hence

Lemma 2.7.2. 4 simply connected space X is p-complete if and only if X is local
with respect to the map M(Z[%}], 1) — *.

Recall that a map f: X — Y is called a mod p equivalence if it induces an
isomorphism in mod p homology.

Proposition2.7.3. Amap [ : X — Y between simply connected spaces is a mod p
equivalence if and only if f is a local equivalence with respect to M(Z[%], 1) —

Proof: We may suppose that f is an inclusion. Assume f is a mod p equivalence.
This is the case if and only if H.(Y, X;Z/pZ) = 0 which is so if and only if
H (Y, X)isa Z[%] module. But this is equivalent to 0 = hom(H,.(Y, X), D) =
Ext(H. (Y, X), D) for all p-complete abelian groups D. Thus, if W is any simply
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connected p-complete space, the obstruction groups H*(XFY, % X; 7, (W)) all
vanish and

f*:map, (Y, W) — map, (X, W)
is a weak equivalence. Hence, f is a local equivalence with respect to

M(Z[}],1) — .

To show the equivalence the other way, it suffice to note that map, (Y, W) —
map, (X, W) can be a weak equivalence only if all obstruction groups
H*(Y, X;7.(W)) vanish. But for any p-complete abelian group D, the space
W = K(D,n) is also p-complete. It follows that H,(Y, X)) is a Z[:-] module and

1
»
f is amod p equivalence. O

We already know that, for simply connected spaces, mod p homology isomor-
phisms are equivalent to mod p homotopy isomorphisms.

Once again, for any simply connected X, the general theory of Dror Farjoun
presented in this chapter implies the existence of a simply connected p-completion

X - X, = Lozt (X)
characterized uniquely up to homotopy by:
(1) Xp is p-complete, and
2): X — X,, is a mod p equivalence.
Just as with localization, we have that p-completion preserves fibrations

Proposition 2.7.4. [f F' — E — B is a fib ation sequence of simply connected
spaces, then F,, — E,, — B, is a fib ation sequence up to homotopy.

Proof: Let G be the homotopy theoretic fibr of Ep — Bp. Then G is p-complete.
Apply the Zeeman comparison theorem to the map of fibratio sequences

F —- FE — B
! ! !

G — E, — DB,
Thus F — G is a mod p equivalence and G ~ F,. ]

We now consider p-completion of Eilenberg—MacLane spaces.

Proposition 2.7.5. If G is a finitel generated abelian group, then K(G,n) —
K(Gp,n) is p-completion for all n > 2.

Proof: Since the target is complete, it is sufficien to check that the map is a
mod p equivalence. Since the spaces are simply connected, a mod p homology
isomorphism is equivalent to a mod p homotopy isomorphism, but the only nonzero
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mod p homotopy groups are in dimensions n and n + 1. Since G is finitel
generated,

™ (K(G,n); Z/pZ) = G /pG = Gp/pép >, (K(G,n); Z/pZ),
Tns1 (K(Gyn); Z/pZ) =, G =, G, = 1,41 (K(Gy,n); Z/pZ).
0

The above proposition is false if G is not finitel generated, for example, it is
false when G = Z(p®). The short exact sequence 0 — Z — Z[%] — Z(p>®) — 0
yields the fibratio sequence

K (Z m ,1) — K(Z(p™),1) — K(Z,2).

Since Z[;;] has trivial mod p homology, the map K (Z(p>),1) — K(Z,2) is a
mod p equivalence and thus the composition

K(Z(p™).1) = K(Z,2) — K(Z,,2)
is the p-completion. We want to understand the p-completion of Eilenberg—
MacLane spaces.

Proposition 2.7.6.

(a) If F is an abelian group with no nontrivial elements which are infinitel
divisible by p, then

K(F,Tl) - K(van)
is the p-completion for all n > 2.

(b) In general, the p-completion of K(G,n) for n > 2 is a space Y with
two possibly nonzero homotopy groups m,(Y) =G, and m,1(Y) =
hom(Z(p>), G).

Proof: The short exact sequence 0 — F — Fp — Ext(Z[%)], F) — 0 yields a
fibratio sequence

K(F,n) — K(E,,n) —» K (Ext (Z m F) n> .

The mod p homotopy and hence the mod p homology of the base is trivial. We know
that K (F,n) — K(F,,n) is amod p equivalence with target having p-complete
homotopy groups. Hence, this is the p-completion.

For any abelian group G let 0 — Fy — Fy — G — 0 be a free resolution. Let Y’
be the homotopy theoretic fibr of K (F1,,n + 1) — K(Fp,,n + 1) and consider
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the map of fibratio sequences

K(G,n) — Y
! N

KF,n+1) — K(Fi,,n+1)
! !

K(Fy,n+1) — K(EF,,n+1).
Since K(Flp, n+ 1) and K(Fop, n + 1) are p-complete spaces, so is Y and the
Zeeman comparison theorem shows that Y is the p-completion of K(G, 1).
We have a long exact sequence associated to hom and Ext:
0 — hom(Z(p™), G) — Ext(Z(p™), Fi) — Ext(Z(p™), Fy)
— Ext(Z(p>),G) — 0.
Hence the homotopy groups of Y are as indicated. [l

Having determined the homotopy groups of the p-completion of an Eilenberg—
MacLane space, it is now easy to determine the homotopy groups of the
p-completion of any simply connected space.

Proposition 2.7.7. If X is a simply connected space, then we have short exact
sequences

0 — Ext(Z(p™), m (X)) — (Xp) — hom(Z(p™), mn-1 (X)) — 0.

Proof: We are given the result for Eilenberg—MacLane spaces.

For spaces X with finitel many nonzero homotopy groups, the highest dimen-
sional one being 7, (X), the result follows by induction using the fibratio

K(m,(X),n) - X =Y,
where Y is a space with one less nonvanishing homotopy group than X.

For an arbitrary simply connected space, write X as an inverse limit of its Postnikov
stages, X = lim._ X/, and note that Xp = lim._ X, ¢p- (The fact that p-completion
commutes with this inverse limit process is a consequence of the fact that, in
this case, the limit is finit in each degree and thus homology commutes with the
inverse limit.) The result follows for general simply connected X . U

In the case where the homotopy groups are finitel generated, the preceding
proposition takes the following simple form.

Corollary 2.7.8. If X is a simply connected space with finitel generated homo-
topy groups in every degree, then there are isomorphisms

T (Xp) & 7 (X)y 2 limm, (X) /p" 10 (X).
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Remarks. If L, (X) is the localization of X with respect to M — , it may not
be the case that Ly, (X) = lim. Ly, (X,) where X, is the Postnikov system of
X. It is the case for the localizations which are p-completion and localization at a
set of primes but it is not the case for the localization functor L,; in Section 2.10.

Here M = BZ/pZ and the localization has the following properties: Ly (X ) = *
whenever X has only finitel many nonzero homotopy groups, all of which are
p-primary abelian. Also, any simply connected finit complex is local in this
localization. Hence, if X = P™ (Z/pZ) = the mod p Moore space with m > 3
and Xy is its Postnikov system, X = Ly (X) # lim Ly (X)) = lim (*) = *.

Remarks. Just as with localization at a set of primes, it is also p0551ble to extend
p-completion to connected loop spaces X = QY via the definitio X, = Q(Y},).

Exercises

(1) Suppose X is a simply connected space with finitel generated homotopy
groups. Show that the homotopy groups of the p-completion X,, are the
p-completion of the homotopy groups of X, that is, for all £ > 2,

Tk (Xp) = 7 (X)p-

(2) Show that p-completion does not commute with taking n-connected covers,
that is, give a counterexample to X (n), ~ (X, )(n).

(3) Let X be a simply connected space and let S be a set of primes.

(a) Show that X and the localization X g) have the same p-completion if
peS.

(b) Show that the p-completion of the localization X/ is contractible if
pé¢Ss.

(4) Show that, ifa space X is n-connected with n > 1, then so is the p-completion
X,.

(5) (a) Show that a p-local equivalence is always a mod p equivalence.
(b) Show that a p-complete space is always a p-local space.

(6) Let X — Y be a map of simply connected spaces.

(a) If the map of localizations at p, X(,) — Y{,), is a homotopy equivalence,

show that the map of p-completions, X — an is a homotopy equiva-
lence.

(b) Give an example to show that the converse to (a) is false.

(7) Show that the p-completion of a pullback diagram of fibration of simply
connected spaces is a pullback diagram of fibrations
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(8) If ¢ and p are distinct primes, show that m(Xp; Z/qZ) = 0 for all simply
connected X.

2.8 Completion implies the mod k£ Hurewicz isomorphism

In this section we shall show that the existence of p-completion implies the truth of
the mod k& Hurewicz isomorphism theorem, at least for simply connected spaces.
Since we have already proven this theorem for all nilpotent spaces in the previous
chapter, the point of this exercise is to show that it can be done independently
using the existence of p-completion. Accordingly, we do not want to assume any
consequences of the mod & Hurewicz isomorphism theorem in this section. We
shall show:

Proposition 2.8.1. Let n > 2. If X is any simply connected space and
i (X;Z/k7) = 0forall 2 < i < n, then

(a) Hi(X;Z/kZ) =0 forall 2 < i < n and

(b) the Hurewicz map ¢ : 7, (X : Z/kZ) — H,(X;Z/kZ) is an isomor-
phism.

(SN 3} £7

First of all we note that, if & = pi" p3* ... p;
distinct primes, then

ZIKL=Z/Ip' LS L[py* L@ - -- © L/py' L
m (X Z/RE) = mi (X5 Z)Zpy 2) @ mi( X5 Z/py* 2) © - - © i (X 2/ Z)
Hi(X;Z/kZ)=H,(X;Z)Zp 2) O Hi (X Z/pS* 2)®. . .0 Hi (X Z/p) Z)

is a factorization into powers of

and thus it is sufficien to prove the Hurewicz theorem when k = p“ is a power of
a prime.

Now we show:

Lemma 2.8.2. For all simply connected X, the p-completion map v : X — Xp
induces an isomorphism of all mod p® homotopy groups.

Remark. By definition the p-completion map induces an isomorphism of all mod
p homology groups and thus an isomorphism of all mod p® homology groups. The
Hurewicz isomorphism theorem for pairs implies that it induces an isomorphism
of all mod p“ homotopy groups. But, in this section, we cannot use this fact.

Proof: The proof of the lemma is done in successive steps:
(1) X = K(F,n) with F free abelian, n > 2.
(2) X = K(G, n) with G abelian, n > 2.
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(3) X has finitel many nonzero homotopy groups.
(4) X is an arbitrary simply connected space.

In case (1), XP =K (Fp, n) and the only nonzero mod p® homotopy groups are
in dimension n, isomorphic to F' ® Z/p*Z and F, ® Z/p“Z, respectively. The
tensor-Tor exact sequence associated to the short exact sequence

. 1
0—>F—>Fp—>EX‘5(Z[:|,F)—>O
p

shows that these two are isomorphic.

In case (2), we take a free resolution 0 — F; — Fy — G — 0 and apply the
fi e-lemma to the map of fibratio sequences

KG,n) — K(F,n+1) — K(F,n+1)
Le L Le
KG,n), — K(F,,n+1) — K(Fy,n+1).

In case (3), we apply the fi e-lemma and induction to the p-completion maps
related to the fibratio sequence Y — X — K(G,n), where Y has one less
nonzero homotopy group than X.

Finally, in case (4), we note that X is the inverse limit of its Postnikov stages X,
and X, is the inverse limit of (X, ),, both limits being finit in each degree. The
lemma follows. O

We now finis the proof of the mod & Hurewicz isomorphism theorem. Sup-
pose m;(X;Z/p*“Z) =0 for all 2 < i < n. By induction we can assume that
H{(X;Z/p*Z) = 0 for all 2 < i < n. We need to show that the Hurewicz map
o :7m(X;Z2/p*Z) — H, (X;Z/p*Z) is an isomorphism.

But 7;(X) ® Z/p“Z = 0 for i < n and Tor(m;(X),Z/p*Z) =0 fori < n — 1.
Thus 7, (X) is p-divisible if ¢ < n and has no nontrivial p torsion if i < n — 1.

With 7 = 7; (X)), p divisibility and the short exact sequence
0— lim'(,m) — Ext(Z(p™),r) — lim (7 /p‘m) — 0

shows that Ext(Z(p™),n) =17, = 7;(X), =0 for all i <n. (The inverse
system

U B 4
pzﬂ' psﬂ'

p

pT

is epimorphic and thus has a vanishing firs derived functor.)
Now no nontrivial p torsion and the short exact sequence

0 — Ext(Z(p™), m (X)) — m (Xp) — hom(Z(p™), mi-1(X)) = 0
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shows that 7;(X,) = 0 for all i < n. We record this fact.

Lemma 2.8.3. [f X is a simply connected space with m;(X;Z/p*Z) = 0 for all
2<i<nthenm;(X,)=0forall2 <i<n.

The classical Hurewicz theorem asserts that H; (X, p) =0 forall i <n and ¢:
70 (X,) = H, (X,). Thus,
T (X;2)p°Z) = 7 (X3 Z)p° Z) 2 71, (X)) @ Z)p° L
and these are isomorphic to
H,(X,) ®Z/p"Z = H,(X,; Z/p"Z) = H,(X; Z/p"Z).

This completes the inductive step. U

2.9 Fracture lemmas
Dennis Sullivan [128, 129] called the next result the topological Hasse—-Minkowski
principle.

Proposition 2.9.1. For any simply connected space X, there is up to homotopy a
pullback diagram of fib ations

X - Hpo
I il
XeQ — (II,%)2Q

the product being taken over all primes p.

Since p-completions and localizations are functors, the diagram is automatically
strictly commutative. That the diagram is a homotopy pullback is recognized by the
fact that the homotopy theoretic fibre of X — [, X,and X @ Q — (IL, X,)®
@ are identical. Equivalently, the homotopy theoretlc fibre of X — X ® @ and
(1L, X,) — (IL, X,) ® Q are identical.

Proof: We adopt the standard strategy. We will prove this in several steps:
(1) where X = K (F,n) with F free abelian.
(2) where X = K (G, n) with G abelian.
(3) where X has only finitel many nonvanishing homotopy groups.

(4) where X is any simply connected space.

Step (1): X = K(F,n) with F free abelian.
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Consider the short exact sequence
0—-Z—-Q—Q/Z— 0.

The long exact sequence associated to hom and Ext collapses to a short exact
sequence

0— F — Ext(Q/Z,F) — Ext(Q, F) — 0.

We observe two things, Ext(Q, F') is a rational vector space and () is torsion free.
Hence, Ext(Q, F) ® @ = Ext(Q, F) and we get a short exact sequence

0—F®Q — Ext(Q/Z,F)® Q — Ext(Q,F)® Q — 0.

In fact, we have a commutative diagram in which the rows and columns are short
exact sequences:

0 0 0
! 1 !

0 — F — Ext(Q/Z, F) -  Ext(Q,F) — 0
1 1 !

0 - FeQ — Extx(Q/Z,F)@Q — Ext(Q,F)@Q — 0
! ! !

0 — FRQ/Z — Ext(Q/Z,F)®Q/7 — 0 =0
1 1 !
0 0 0

The firs two columns are short exact since F' and Ext(Q/Z, F) are torsion free.
The last column is short exact since Ext(Q, F) is a rational vector space. We
already know that the firs two rows are short exact and so it follows that the
bottom (quotient) row is short exact.

It follows that there is a commutative diagram in which rows and columns are
fibratio sequences:

* — K(F®Q/Z,n+1) — K(Ext(Q/Z,F)®Q/Z,n+1)

1 1 1
K(Ext(Q,F),n+1) — K(F,n) — K(Ext(Q/Z,F),n)

1 1 1

K(Ext(Q,F)®@Q,n+1) — K(F®Q,n) — K(Ext(Q/Z,F)®Q,n)

in other words the lower right-hand square is a pullback diagram of
fibrations
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Now we need only observe that

Q/Z = @1)Z(poc)7
Ext(Q/Z, F) HExt F),

K(Ext(Q/Z, F), HK Ext(Z HK F,n),

and

K(G®Q,n)=K(Gn)oQ

to show that we have demonstrated the required pullback square in this case.
Step (2): X = K(G,n) with G abelian.

We need the following lemma which will be proved in Chapter 3.

Lemma 2.9.2. Let A and B be pullback squares of fib ations and let ¢ - A — B

be a map of squares. If C' is the square formed by taking the homotopy theoretic
fib es of ¢, then C'is also a pullback square of fib ations.

If0 — 1 — Fy — G — Oisafreeresolution of G, then the two pullback squares
for K(Fy,n+ 1) and K(Fy,n + 1) have a map for which the fibre form the
pullback square for K(G,n).

Step (3): X has only finitel many nonzero homotopy groups with the top nonzero
one being 7, (X).

We apply induction and the above lemma to the fibratio K (m,(X),n) - X - Y
where Y has one less nonzero homotopy group than X.

Step (4): For any simply connected X, the required diagram is the inverse limit
of the pullback diagrams of the Postnikov stages and thus is itself a pullback
diagram. O

There is a pullback diagram for S-localizations [128, 129, 35]:

Proposition 2.9.3. Let S| and Ss be two sets of primes. For any simply connected
space X, there is up to homotopy a pullback diagram of fib ations

X(sus) —  Xsp)

! !
X(Sz) - X(SIQSZ)'
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Proof: LetT) and T5 be complementary sets of primes to S} and .Ss, respectively.
The theory of partial fraction decompositions asserts that

Ls,ns,) = Z[(T UTe) ] = ZIT ) + 2Ty '] = L,y + Zgsy),s
Zis,us,) = Z(TA N To) ) = ZITT N 2Ty ) = Zs,y N Zgs,y).-

The Noether isomorphisms give a diagram with short exact rows and columns:

0 0 0
! ! !

0 — Z(SIUSZ) - Z(Sl) - Z(Sl)/Z(SIUSZ) - 0
! ! !

0 — Z(fz) - Z(Slﬁsz) - Z(Slﬂsz)/Z(Sz) — 0
! !

0 — Z(SQ)/Z<81US2) — Z(SlﬂSQ)/Z(Sl) — 0 — 0
! ! !
0 0 0

For any abelian group G, since any localization of Z is torsion free, the rows
and columns remain short exact if we tensor this diagram with G. But this just
replaces Z by G in the diagram and leads in the same way as before to the validity
of the pullback diagram for X = K(G,n). Without any essential change from
before the proof continues to establish the validity of the pullback diagram for
finit Postnikov systems and then for all simply connected spaces. 0

Corollary 2.9.4. If'S, and Sy are complementary sets of primes and X is simply
connected, there is up to homotopy a pullback diagram of fib ations

X - X(Sl)

l !
X(SQ) — X®Q

Exercises

(1) Let .S be a set of primes. For any simply connected space X, show that there
is up to homotopy a pullback diagram of fibration

Xy — [Les Xp
| !
X ® Q - (HpES Xp) ® Q

(2) Suppose that M @ @ ~ * and X is simply connected. Show that X is local
with respect to M — x if and only if, for all primes p, X, is local with respect
to M — .
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(3) If S; and S, are complementary sets of primes and if X is simply connected
with X ® Q ~ x, then show that

XZX(SI) XX(52>.
(4) Let f: X — Y be amap of spaces.

(a) If X and Y are simply connected, show that the Hasse—Minkowski prin-
ciple implies that f is a homotopy equivalence if the induced maps in
rational homology and in mod p homology are isomorphisms for all
primes p.

(b) For arbitrary spaces X and Y, show that f induces an isomorphism in
integral homology if it induces isomorphisms in rational homology and
in mod p homology for all primes p.

(5) (a) For any abelian group A, show that A = 0 is and only if the localizations
A(py = 0 for all primes p.

(b) For any homomorphism f : A — B of abelian groups, show that f is
an isomorphism if and only if the localizations f,) : A(,) — B(,) are
isomorphisms for all primes p.

(6) Let f: X — Y be amap of spaces.

(a) Show that f induces an isomorphism in integral homology if and only if
f induces isomorphisms in homology localized at all primes.

(b) Suppose X and Y are both simply connected or both H-spaces. Show that
f isa(weak) homotopy equivalence if and only if f induces isomorphisms
in homology localized at all primes.

2.10 Killing Eilenberg—MacLane spaces: Miller’s theorem
We now consider localization Lpz/,7 with respect to the map f : BZ/pZ — *.
We begin with some consequences of the Zabrodsky Lemma.

Lemma 2.10.1. If G is any abelian p-primary torsion group and n > 1, then
K(G,n) — xis a local equivalence with respect to f.

Proof: 1f G is a finit p group, then G has a nontrivial center and hence a central
subgroup isomorphic H to Z/pZ. The Zabrodsky Lemma applied to the bundle
sequence

BH — BG — B(G/H)

leads to an inductive proof that BG — x is a local equivalence for all finit p
groups G.
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Since any abelian p-primary torsion group G is a union of its finit subgroups H,
we have a pushout diagram

S
UHIQHQ H - UHlQHz Hy
1T !
UHlQHz H - G

where S : Hi — H» is inclusion and 7" : H; — H; is the identity, the unions
being taken over all pairs of finit subgroups H; C Hs C G.

After applying the classifying space functor B to all the groups, we get a corre-
sponding pushout diagram of classifying spaces where the maps are cofibrations
Now for any local space X we apply the functor map( , X) and get a pullback
diagram where the maps are fibration

g
map(UHl CH, BHl’X) — ma'p(UHl CH» BH?aX)
1T 7

map(Uy, cy, BH1,X) « map(BG, X).

This shows that
map(BG, X) = lilnX =X,
and BG — x is a local equivalence.
Finally, applying the Zabrodsky Lemma to the principal bundle sequence
K(G,n) - PK(G,n+1) — K(G,n+1)

completes the inductive step to show that K (G, n) — « is a local equivalence for
all abelian p-primary torsion groups G and all n > 1. ]

Recall that Moore—Postnikov factorizations are factorizations of maps between
simply connected spaces X — Y into an inverse limit of a sequence of principal
bundles

X, > X,1—-X, 90— —>2Xo- X -Xy=Y
with
X = liian
viamaps X — X,,.

If F' is the homotopy theoretic fibr of X — Y, then each X,, — X,,_; is a
principal bundle with fibr group K (m, (F),n). If F,, is the homotopy theoretic
fibr of X;, — Y and G,, is the homotopy theoretic fibr of X — X, then

7 (F) ifg<n
Ty (Fn) = q(.
0 ifg>n
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and

m,(F) ifg>n
'/Tq(Gn): {Of]()
if ¢ <n.

In the diagram below, rows and columns are fibratio sequences up to homotopy

G, — G, — «x

! ! !
F - X — Y
! ! !

F, —- X, — Y.
Applying the Zabrodsky Lemma to a Moore—Postnikov factorization yields

Proposition 2.10.2. Suppose X — Y is a map of simply connected spaces where
the homotopy theoretic fib e F' has all ,(F') abelian p-primary torsion and only
Sfinitel many 7,(F) nonzero. Then X — Y is a local equivalence with respect to
the map BZ/pZ — .

Lemma 2.10.3. Suppose X — Y is a mod p equivalence of simply connected
spaces. Then map, (BZ/pZ, X ) — map,(BZ/pZ,Y) is a weak equivalence.

Proof: Let F' be the homotopy theoretic fibr of X — Y. Since X — Y is a
mod p equivalence, F' has trivial mod p homotopy and therefore 7. (F') is a Z[%}
module.

Let X — X7 — Y be the firs stage of a Moore—Postnikov factorization with
X7 — Y being a principal bundle with fibr a K (m;(F'),1)and X — X; being a
map of simply connected spaces with a simply connected fibr Gy.

Note that mymap, (BZ/pZ, K (w1 (F),1)) = H' (X4(BZ/pZ); 7 (F)) = 0. This
follows from H,(BZ/pZ) = 0 or = Z/pZ and

hom(Z/pZ,m (F)) = Ext(Z/pZ,m (F)) =0

since 7 (F)) is a Z[%] module. Thus map, (BZ/pZ, K (m (F),1)) is weakly
contractible and map, (BZ/pZ, X,) — map,(BZ/pZ,Y ) is a weak equivalence.

On the other hand, G; is local away from p and BZ/pZ — x is a local equiv-
alence away from p. Hence, map,(BZ/pZ,G;) is weakly contractible and
map,(BZ/pZ, X) — map,(BZ/pZ, X1) is a weak equivalence. ]

Hence, if a simply connected space is local with respect to BZ/pZ — *, then the
same is true for any simply connected space which is mod p equivalent to it.

We come to the main result of this section.

Proposition 2.10.4. Let X be a simply connected space which is local with
respect to the map f : BZ/pZ — * and assume that 75 (X)) is a torsion group. Up
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to homotopy, there is a pullback diagram

Lpzpz(X(n)) — (X(n))[}]
!
X — X[l]

Proof: In general, let Y, denote the fibr of the localization away from p, that
is, Y, - Y — Y[[H is a fibratio sequence. The homotopy groups m.(Y;) are
always p-primary torsion.

Consider the following diagram in which the row and columns and the southeast

arrows are fibratio sequences and E is the pullback of X and X (n) [%] over X [%]

The hypothesis on w9 (X) = 7 (F') guarantees that F, is connected. Thus
X{(n) — FE is a map of simply connected spaces with fibr F; having finitel
many nonzero homotopy groups all of which are p-primary torsion. It follows that
X ({n) — FE is alocal equivalence with respect to the map f : BZ/pZ — x.

Since F [117] — E — X is a fibration £ — X is a mod p equivalence and the
fact that X is local with respect to BZ/pZ — * shows that F is also. Hence,

E ~ Lpzpn(X(n)). O

The form of the proposition above was suggested by Jesper Moller. The origi-
nal form of the proposition [103] was the corollary we are about to state. Let
Lpz/,z(X) denote the p-completion of Lpz,,7(X). Then:

Corollary 2.10.5. Let X be a simply connected space which is local with respect
to the map [ : BZ/pZ — * and assume that w5 (X) is a torsion group. Then we

have iBZ/pZ(X<n>) ~ X,.
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These results derive their interest from the following deep result of Haynes Miller
[84] which we will not prove here.

Miller’s theorem 2.10.6. If X is a finit complex (or any loop space thereof),
then map, (BZ/pZ, X) is weakly contractible, that is, X is local with respect to
BZ/pZ — x.

Joseph Roitberg has suggested that a simply connected space with 79 torsion be
called 1%-connected. Thus, up to p-completion, a 1%-connected finit complex
1

can be recovered from any n-connected cover. The 1;-connected hypothesis is

necessary since S?(2) = S*. For example, a corollary is [117]:

Serre’s theorem 2.10.7. If X is a simply connected finit complex with nontrivial
reduced mod p homology, then m, (X) ® Z/pZ # 0 for infinitel many n.

Proof: First of all, recall that the homotopy groups of a simply connected finit
complex X are finitel generated. If 75 (X) has a nontrivial free summand, we
can form a pullback bundle sequence

Stx St x- xS Y - X
via a map
X —>CP*xCP*x---xCP™

which is a isomorphism on the torsion free summand of m,. We can replace X by
Y and assume that X is a simply connected finit complex with 7 (X) torsion.

Finally we can replace X by its p-completion. If 7, (X) ® Z/pZ = 0 for all
sufficien large ¢, then X (n) ~ * for a large n and thus

* jLBZ/pZ(X<n>) ~ Xp ~X,
a contradiction. O

In fact there is a simpler argument which uses Miller’s theorem to prove Serre’s
theorem but does not use the existence of localization. This argument will now
be given. It is due to Charles McGibbon and the author and also to Alexander
Zabrodsky independently. It also serves as an introduction to the method used by
McGibbon and the author [83] to demonstrate the validity of Serre’s conjecture
[117,83] thata nontrivial simply connected complex has infinitel many homotopy
groups with nonvanishing torsion.

We will drop the language of localization since it is really irrelevant for this
argument. It is instructive to translate facts known in the language of local-
ization into simpler terms. Suppose X is a simply connected finit complex.
Then Miller’s theorem says that map, (BZ/pZ, X ) is weakly contractible. Hence,
map, (BZ/pZ, X,) is also weakly contractible. We have shown above that this
implies that map, (K (G, n), Xp) is weakly contractible for any abelian p-group
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G and all n > 1. The short exact sequence
1
OHZHZ{] —Z({p>*) —0
b

shows that we have mod p equivalences

K(Z(p™),n) — K(Z,n+1)

for all n > 1. Thus map, (K (Z,n + 1), X)) is weakly contractible for all n > 1.
Therefore, map, (K (G,n), X,,) is weakly contractible for all n. > 2 and all finitel
generated abelian groups G.

Suppose now that X is a simply connected finit complex for which there is some
n such that 7, (X) ® Z/pZ # 0 but 7, (X) ® Z/pZ = 0 for all k > n. Since
m4(X) is finitel generated in every degree, we have the isomorphism

7 (X,) & oy (X)), & limm, (X)/p 7, (X).

Let Y = (2"2X,), be the component of the basepoint in the n — 2-fold
loop space of the p-completion. Then the universal cover of Y is Y =
K (#,(X),,2). The natural map K (m,(X),,2) =Y —Y — Q" 2X, is non-
trivial and thus so is the adjoint X" 2K (m,(X),,2) — X,. This means that
Tn—2 (map, (K (7, (X),2), X)) # 0, so this is a contradiction. O

Serre’s conjecture 2.10.8. [f' X is a simply connected finit complex with non-
trivial reduced mod p homology, then the p-torsion subgroup of m, (X) is nonzero
for infinitel many n.

Proof: We begin by recalling a well known fact concerning the rationalization
X ® @ of a simply connected H-space X. 0

Lemma 2.10.9. If X is a simply connected H-space, then the rationalization
X ® Q has the homotopy type of a product of Eilenberg—MacLane spaces, that
is, there is a homotopy equivalence

X@Q~ ] K(m,n).

n>2

This result is due to Cartan and Serre who in fact proved it in the following
more convenient form: if X is a simply connected H-space, then all the rational
k-invariants are zero, for all 7, k; ® @ = 0. (See [90].)

Recall the theory of Postnikov systems and k-invariants. If X is a simply connected
space, then X can be written up to homotopy as an inverse limit of fibrations
that is,

X =limX,
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where:

(1) foralln > 2,there are maps X In, X, and fibration X, LUAEN X, such
that ¢, = pp+1 - @n+1- These maps induce the equivalence X = lim. X, .

(2) Xy = K(m9,2) and, for all n > 2, there are fibratio sequences up to
homotopy

n k”
K(Wn+17n+ 1) — Anp+1 AR Xn e K(7r,,+1,n+2).

3)

X 0, i>n
W =
e mX, +<n.

Hence, k; e H"1(X; 1, m;) and we have that 0 = k; implies that X; ~ X; | x
K(ﬂ'i, ’L)

In fact, the lifting problem of the existence of f:

X — XQ
3N\ T f2
Y

is equivalent to a succession of lifting problems, namely, the existence of the f;:

X — Xia
afi ™\ T fict
Y

and this in turn is equivalent to k; - f;_y = 0e H' ™ (Y, ;).
It is convenient to state the next lemma in the form in which X and Y are localized
at a prime p.

Lemma 2.10.11. If X andY are localized at p, then the lift f exists if H,(Y; Z,))
is free over Zyy), m.(X) is torsion fiee, and X is an H-space.

The lemma follows from the fact that the obstructions are k; - fj_; ¢ H'*! (Y, ;).
We see that they are zero by noting that:

(a) H.(Y,Z,)) free implies that H'** (Y, 7;) = hom(H,. Y, m;). Of course,
H*Y(Y, 7, ® Q) = hom(H; 1Y, m @ Q).

(b) m; torsion free implies that m; — m; ® Q and hom(H; Y, m;) —
hom(H; 1Y, m; ® Q) are monomorphisms.

Via the monomorphisms in (a) and (b), Lemma 2.10.9 implies that k; - f;_; maps
to 0 = (k; ® Q) - fi—1. Hence, the obstructions are 0 and the lift exists.

We can now conclude the proof of Serre’s conjecture.
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Let X be the localization at p of a simply connected finit complex with

H.(X;Z/pZ) # 0 and suppose that the p-torsion of 7, X vanishes for * suffi
ciently large. We shall derive a contradiction.

We already know that there are larger and larger homotopy groups for which 7, X
does not vanish. Hence, there exists an n > 3 such that m, X has a split Z,,
summand and 7; X has no p-torsion for i > n.

Let W = the universal cover of the basepoint component of the iterated loop
space "2 X. Then W is simply connected, 75 W contains a split Z,) summand,
and [BZ/pZ, W), = the subset of [BZ/pZ, "% X]. of homotopy classes which
induce Z/pZ — 0 on ;. Recall that [BZ /pZ, 2" 2 X], = [X" 2BZ/pZ, X). =
0. Thus [BZ/pZ,W]. = 0.

But the splitting Z(,,) — mW — Z,) and the nontrivial two-dimensional coho-
mology class BZ/pZ — K(Z,),2) show that this is a contradiction via

w — WQZK(TFQ,Q) — K(Z(p),Z)
IN T /=
K(Z),2)
T
BZ/pZ

Exercises

(1) Prove that, no matter how large  is, the p*-th power map
pk . QZn72 (S2n+1<2n 4 1>(p)) N 921172(S2n+1<2n + 1>(p))

on this many loopings of the localized connected cover of an odd dimensional
sphere is not null homotopic.

(2) Let g be the map M = V,BZ/pZ — * with the bouquet M being taken
over all primes p. Let X be a simply connected space which is local with
respect to the map g : M — * and assume that 79 (X)) is a torsion group. Up
to homotopy, there is a pullback diagram

LM(T(W) - (X<”>l)®Q
X — X®Q.

(3) Suppose X — Y is a mod p equivalence of simply connected spaces. Show
that X is local with respect to BZ/pZ — * if and only if Y is.

(4) Let G be alocally finit abelian p-group, that is, G is an abelian group which
is a union of its finit p-subgroups. Assume X is a simply connected space
which is local with respect to BZ /pZ — .
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(a) Show that X is local with respect to BG — x.
(b) Show that X is local with respect to K (G,n) — * foralln > 1.

(c) Show that, if X is also p-complete, then X is local with respect to
K(Z,n) — xand K(Z,,2) — * foralln > 2.

This problem is an alternate approach to a localization theorem and was
suggested by Jesper Grodal.

Consider localization L of simply connected spaces X with respect to the

map BZ/pZ Vv M(Z[[H7 1) — .

(a) Show that X islocal ifand only if X is p-complete and map, (BZ/pZ, X)
is weakly contractible, that is, X is Miller local.

(b) Show that any mod p homology isomorphism f : A — B s alocal equiv-
alence.

(c) Show that, if X is Miller local, then map, (BG, X ) is weakly contractible
for all locally finit p-groups G.

(d) Show that, if X is local and G is torsion free abelian, then
map, (K (G,2), X) is weakly contractible. (Hint: Use the fact that

1
0—>G—>Z[p}®G—>Z(p°O)®G—>O

is exact and that B(Z[%] ® G) has trivial mod p homology.)
(e) Show that, if X is p-complete and H is an abelian torsion group with
all torsion of order relatively prime to p, then map,(BH, X) is weakly

contractible.

(f) Suppose that map,(G,X) is weakly contractible. Show that
map, (BG, X) is weakly contractible.

(g) Suppose that there is an exact sequence 1 - H — T — G — 1 and
that map, (BG, X) and map,(BH, X) are both weakly contractible.
Show that both map, (BT, X) and map,(B(G x H),X) are weakly
contractible.

(h) Show that, if X is local and G is abelian, then map, (K (G,2), X) is
weakly contractible.

(i) Show that, if X is local and G is abelian, then map,(K(G,n), X) is
weakly contractible for all n > 2.

(j) Show that, if X is local and G is torsion abelian, then map, (K (G, n), X)
is weakly contractible for all n > 1.
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(k) Prove the localization theorem: Let L be localization with respect to
inverting the map BZpZ\/M(Z[IH,l) — % If Y is a simply con-
nected space, Hy(Y,Z/pZ) =0 for all sufficientl large k, and mY
is torsion, then LY (n) = Y, for all n. Hint: Show that the composition

Y (n) — Y — Y, is localization.

(6) The original proof of Corollary 2.10.5 is based on localization in the cat-
egory of simply connected p-complete spaces. In this category, we shall
say that X is p-complete local with respect to the map BZ/pZ — x if
X is simply connected, p-complete, and the evaluation at the basepoint
map(BZ/pZ,X) — X is a weak equivalence. A map A — B of sim-
ply connected p-complete spaces is called a p-complete local equivalence
if map(B,X) — map(A4,X) is a weak equivalence for all p-complete
local X. A p-complete localization of X is a p-complete local equivalence
t: X — LX such that LX is p-complete local.

(a) Showthat LX exists, satisfie the appropriate universal mapping property,
and is unique up to homotopy.

(b) If X is the p-completion of a finit type simply connected complex Y
with 72 (V") torsion, show that the n-connected covering X (n) — X isa
p-complete local equivalence for all n.

(c) If the above Y is also a finit complex, show that the p-complete local-
ization L(X (n)) is homotopy equivalent to X for all n.

2.11 Zabrodsky mixing: the Hilton—Roitberg examples

We begin by definin three families of Lie groups, the orthogonal groups O(n),
the unitary groups U(n), and the symplectic groups Sp(n).

Let F' be any one of three fields the real numbers R, the complex numbers C, or
the quaternions H and let d be the dimension of F’ as a real vector space, that is,
d=1,2or 4. Regard F" as an inner product space via

n
<(‘r17~~‘amn)»(yh"wyn» =211+ -+ TpYn = szE
i=1

Now let O(F™) = the group of all F-linear transformations 7' on F,, which
preserve the inner product, that is, (T'(z), T'(y)) = (z,y) for all x, ye F"".

Then O(R") = O(n),0(C™) = U(n), and O(H™) = Sp(n). Notice that there
is an embedding Sp(n) C U(2n).

If e = (1,0,...,0),...,e, = (0,0,...,1) is the standard basis of F" over
F, then the map p,, : O(F") — S"?~1 with p, (T) = T(e,) define a fibratio
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sequence
O(F" ') — O(F") 2 grd-t,

Note that O(F!) = §¢-1.

Observe that, if d = 1 or d = 2, then the determinant define a homomorphism
to the group of units det : O(F™) — F* and we let SO(F™) = the kernel of this
map. For n > 2 we have a fibratio sequence

SO(Fn—l) N SO(F”) N Sn,d—l-
Note the following:
O(n) = SO(n) x {£1}
for all n > 0, and
O(1) = {£1},50(2) = S*.

It is easy to see that any element 7' of SO(3) has 1 as an eigenvector and that
the 1-eigenspace has dimension 1 or 3. Let v be an element of S? C R? and
let 0 < 6§ < 7 represent an angle of positive rotation in the plane perpendicular
to v. This define an element T¢SO(3) and, if we regard (v,6) as an element

of the ball D3(7r) C R? of radius m, then the assignment (v, ) — T define a
homeomorphism RP? — SO(3).

Note that
SU(n) — U(n) — S*
has a section and
U(l)=S8',8U(2) = S°.
Note that
Sp(1) = S3.

We denote by O, SO, U, SU, Sp the stable groups obtained as the limit when n
goes to co. Note the embedding Sp C U.

Recall without proof [87]
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Bott periodicity 2.11.1. There are homotopy equivalences
U— Q)
U/Sp — Q*(0)
Sp — Q*(U/Sp)
O — Q*(Sp)
Sp — Q4(0)

~ o~ o~ o~

Thus the homotopy groups satisfy the relations

@% 4%
™, (Sp) Em
the last two generating a periodicity mod 8.
We have the following tables
k_modulo 2 m;(U)

0 0
1 Z
k_modulo 8 m.(0) m(Sp)

0 ZPRZ 0
1 Z)2Z 0
2 0 0
3 Z 7
4 0 72z
5 0 Z)2Z
6 0 0
7 Z Z

The firs table follows from the above fibration and the fact that U (1) = S*.

Except for 73(0) = Z and thus 77 (Sp) = Z, the second table follows from the
above fibrations the fact that Sp(1) = S?, and the fact that the universal cover of
RP? is S3. To complete the second table, observe that 73(0) = 71 (U/Sp) 2 Z

Consider the Lie group Sp(2) and the S? bundle
S3 — Sp(2) — ST.
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It is classifie by a map w: ST — BS?, that is, Sp(2) is the pullback of the
universal S® bundle £.S? via the pullback diagram

Sp(2) — ES°
il . !
ST Y BSS.

In a subsequent section we shall prove that
7T7(BSS) = 7T6(S3) = Z/lQZ.

For now we note that the fact that w6 (Sp(2)) = ms(Sp) = 0 implies that the
classifying map w is a generator of 77 (BS?).

Ifa: ST — BS? is any map, we shall denote by E,, the S® bundle over S” which
is the pullback via «. These examples were firs studied by Hilton and Roitberg
[55, 53]. We shall apply the technique called Zabrodsky [142] mixing to prove
their result:

Hilton—Roitberg 2.11.2. If o = kw with k = 0,+1,+£3, £4, £5, then E, is an
H-space.

Remark. Zabrodsky has shown that these are the only maps « for which E,, is
an H-space.

The technique called Zabrodsky mixing is essentially the following result.

Proposition 2.11.3. Suppose S| and Sy are complementary sets of primes and
consider the homotopy pullback diagram

X % Xg,
| 1 B

X, €—2> X®qQ.

2

Then X is an H-space if and only if all of Xs,,Xs,, X ® Q are H-spaces and
both of 1, B2 are H-maps.

Proof: The forward implication is true since localizations are functors which
preserve products.

As for the reverse implication, we may assume that, in the diagram, the maps
01, B are fibrations If

o Xg, X Xg, — Xg,, o 0 Xg, X X,
= X, p: (X@Q)x(X®Q) - (X®Q)

are the multiplications, then we can alter the multiplications u1, po so that 51, B2
become strict H-maps. Let X be the strict pullback via the maps i, 32. Then the
three multiplications 1, p9, 0 defin a multiplication X x X — X. (]
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Recall the following fundamental result [90].

Hopf-Borel 2.11.4. If Y is an H-space with finit type homology, then H*(Y'; Q)
is an exterior algebra on odd degree generators tensored with a polynomial algebra
on even degree generators.

For Y as above, it follows that Y ® ) has the homotopy type of a product of
Eilenberg—MacLane spaces.

This leads to the following improvement in Proposition 2.11.3.

If X ® @ has finit type, then, in the reverse implication of Proposition 2.11.2,
the condition that 3, > be H-maps is automatic when X ® @ is an H-space for
which either of the the following two equivalent conditions hold:

(a) Any homotopy self equivalence of X ® @ is an H-map.

(b) Any automorphism of the rational cohomology algebra H.(X; Q) is a map
of Hopf algebras.

Clearly this is satisfie for the spaces F, ® Q ~ (5° ® Q) x (S™ ® Q).

The diagram
s = 8 = g
! ! I
E.. — E, — ES
1 1 1

sT Lo §7 % pg

shows that: if the degree k map is a local self equivalence of S7, then B, — E,
is a local equivalence.

Hence, if F, is a local H-space, then so is . In particular, if F, is an H-space,
thensois E_,.

The Hilton—Roitberg examples arise from mixing the H-space structures of Sp(2)
and S? x S7 at localizations of complementary sets of primes.

For example, since F, = Sp(2) is certainly an H-space and the degree 5 map is
a local equivalence away from 5, we have that Fs,, is an H-space localized away
from 5. Localized at 5, w and 5w are trivial. Hence, (Es., )(5) = 55’5) X 5(75) is an
H-space. Therefore, F5,, is an H-space.

Localized away from 2, 4 is a unit and hence F,, is an H-space. Localized at 2,
4w = 0 and E,,, is equivalent to the product S* x ST and hence is an H-space.
Therefore, F,,, is an H-space.

Similarly, F3,, is an H-space since 3 is a unit localized away from 3 and 3w = 0
localized at 3.
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This completes the proof of the existence of the Hilton—Roitberg examples.
Exercises

(1) Show that the unit tangent sphere bundle sequence
S% = S0(4)/S0(3) — SO(5)/SO(3) — S*
has no section by considering the degree of the antipodal map on S*.

(2) Show that the connecting homomorphism for the fibratio in Exercise 1,
Q0 my(SY) — m3(S?),

is nonzero. Conclude that 73(SO(5)/S0O(3)) and m4(SO(5)/SO(3)) are
finite

(3) Even though there is a fibratio sequence S — SU(3) — S°, the Zabrodsky
mixing technique yields no new H-spaces when applied to SU (3). Explain.

2.12 Loop structures on p-completions of spheres

One of the firs applications of p-completions was in showing that certain p-
completions of spheres were loop spaces. This was a precursor to the work of
Dwyer—Wilkerson [38] which has resulted in the successful extension of much of
the theory of Lie groups to the homotopy theoretic setting of p-compact groups.
But in the beginning, we had the following result due to Sullivan [128, 129]:

The Sullivan examples 2.12.1. Let p be an odd prime and let d be a positive
divisor of p — 1. Then there exists a space By such that the p-completion Szd*
has the homotopy type of the loop space Q2(By). Furthermore, these are the only
spheres for which this is true.

Proof: 1f p is an odd prime, then the group of units of the p-adic integers Z,, is
isomorphic to the cyclic group Z/(p — 1)Z. If 7 is the subgroup of order d, then 7
acts as a group of homeomorphisms on the Eilenberg—MacLane space K (Zp, 2).
In general, this is a larger group of automorphisms than the group of units {+1}
which acts on K(Z, 2).

We use a standard construction to replace K(Z,,2) by a space of the same
homotopy type on which 7 acts freely and properly discontinuously. The group
7 acts freely and properly discontinuously on the contractible universal bundle
E7 and hence freely and properly discontinuously on the product Y = Em x
K(Z,,2) via g(e, ) = (eg™", gz) for gem, (e,x) e Y.

Form the orbit space Y/x under the action of 7 on Y. Since Y is simply connected,
the map ¥ — Y/m = En x, K(Z,,2) is a covering space with fundamental
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group 7, (Y/m) = . The orbit space Y/7 = B x, K(Z,,2) is called the Borel
construction.

We claim that the mod p cohomology of the orbit space can be identifie with the
fi ed points in the mod p cohomology of K (Z,, 2) under the action of 7.

The projection Y — E'7 induces a fibratio sequence
K(Z,,2) — En x. K(Z,,2) — Br.

We need to describe the mod p cohomology Serre spectral sequence of this
fibration

The mod p cohomology H*(K(Z,,2);Z/pZ) = P*[u] where Plu] = P*[u]
denotes a polynomial algebra generated by an element u of degree 2. The action

of m on P[u] is given as follows. If X is a generator of , then A : K(Z,,2) —

K(Z,,2) induces the algebra isomorphism A\* : P[u] — P[u] determined by
A (u) = \u where X is the image of \ in Z/pZ. Thus, \*(u") = Nk,

The mod p cohomology Serre spectral sequence has
Ey® = H'(Br; H* (K(Z,,2))).
The local coefficient identify this with
Ey" = Exty) 500 (Z/pZ, H* (K(Z,,2))) = H"(m; Plu]).
It converges to the mod p cohomology
H'**(En %y K(Z,,2); Z/pZ) = H *(Y/x).

IfA=1-Xand N =1+ A+ A2+ -+ A" in the group algebra Z/pZ[r]],
then, since d is relatively prime to p, it is easily verifie that there is a free Z /pZ[n]
resolution

0 — Z/pZ < Z/pZr] & Z/pZix] <L Z/pZix] & Z/pZ[n] & - -

It follows that E; " is the cohomology of the complex obtained by applying the
functor Homg 7 ( , Plu)), that is,

0 — Plu] 25 Plu] 5 Plu] &5 Plu] 25 -

In other words,

- {kernel A" Pflu] — P*u] ifr=0
Byt =

0 if r>0.
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Hence the spectral sequence collapses at F, and

H*(Em xx K(Zy,2);Z/pZ) = H*(Y/7; Z/pZ) = kernel(A")
= Plu]" = P[u] =

a polynomial algebra generated by an element u? of degree 2d.

The space B, that we seek is the p-completion of the result of killing the fun-
damental group in the orbit space Y /7. More precisely, let M (7, 1) be a Moore
space with one nonzero integral homology group isomorphic to 7 in dimension
1. The space By = Xp is the p-completion of the mapping cone X of a map
M (m,1) — Y/ which is an isomorphism on fundamental groups. We see that
X is simply connected and has the same mod p cohomology ring as Y/x. The
mod p cohomology and mod p homology of B, both vanish up to and including
dimension 2d — 1. Since By is p-complete, it is in fact connected up to dimension
2d — 1. Excluding the trivial case when d = 1, we see that the loop space (B;)
is simply connected.

The Serre spectral sequence of the path space fibratio shows that
H*(U(Ba); Z/pZ) = Elv] =

an exterior algebra where v is a generator of degree 2d — 1. Hence, the mod
p homology H.(Q2(Bg);Z/pZ) = E[v*] is an exterior algebra on the dual
generator v*. Since the Hurewicz map gives an isomorphism mo,_1(Q(By);
Z/pZ) — H2q-1(SU(Byg);Z/pZ) and since Z/pZ = woq—1(UBy); Z/pZ) =
m24-1(Q(B4)) ® Z/pZ we can pick a map S??~! — Q(B,;) which induces
an equivalence in mod p homology. Since Q(B;) is p-complete, the map
S“gd‘l — Q(By) is a homotopy equivalence.

Let B, be any classifying space for the p-completion S2?~!, that is, Q(By) ~
Sgd’l. The mod p cohomology Serre spectral sequence shows that the mod p
cohomology H*(B;) must be a polynomial algebra on a generator z of degree
2d. Thus, this space has torsion free cohomology, in particular, the degree one
Bockstein differential 8 is zero. Now we recall without proof a strong form
of the nonexistence of mod p Hopf invariant one. It is a consequence of the
Adem relations and of the result of Liulevicius [76] and Shimada—Yamanoshita
[121] which decomposes Steenrod operations via secondary cohomology
operations:

Liulevicius—Shimada—Yamanoshita vanishing theorem 2.12.2. Suppose p is
an odd prime. If X is a space such that the degree one Bockstein  and the frst
Steenrod operation P' of degree 2p — 2 both vanish in the mod p cohomology of
X, then all Steenrod operations vanish.
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In particular, since P?(x) = x? # 0, it must be the case that P! () # 0 which is
only possible if the degree 2d of = divides 2p — 2. U

2.13 Serre’s C-theory and finit generation

In this section we recall Serre’s theory of classes of abelian groups. We do this
in order to prove the basic theorem that, for simply connected spaces, homol-
ogy groups being finitel generated in each dimension is equivalent to homotopy
groups being finitel generated in each dimension. The basic definitio is moti-
vated by its compatibility with the Serre spectral sequence for the homology of an
(orientable) fibration

Definitio 2.13.1. A class of abelian groups C is called a Serre class if: C contains
0, C is closed under isomorphism, subgroups, quotients, and extensions. Thus

(a) if A isin C, then any group B isomorphic to A is in C.
(b) if Aisin C and B C A is a subgroup, then B is in C.
(c) if Aisin C and A — B is an epimorphism, then B is in C.

(d) if 0 = A — B — C — 0 is a short exact sequence of abelian groups and
Aand C are in C, then Bisin C.

If A is an abelian group in a Serre class C, then any subquotient B/C' of A is in
C. Furthermore, if A is an abelian group with a finit filtratio

O:FogFl gan =A
then A is in C if and only if all filtratio quotients F}, /F},_; are in C.

Definitio 2.13.2. A Serre class C is called a Serre ring if A and B in C implies
that A ® B and Tor(A, B) are in C. It is called a Serre ideal if this is true if only
one of A and B are required to be in C.

Definitio 2.13.3. A Serre class C is called acyclic if A in C implies that all the
reduced integral homology groups H, (K (A, 1)) are in C.

For example, the following are acyclic Serre classes. The class of all finitel
generated abelian groups is an acyclic Serre ring. The class of all torsion abelian
groups is an acyclic Serre ideal. The class of all p-primary torsion abelian groups
is also an acyclic Serre ideal. The main result on Serre classes is the following
proposition.

Proposition 2.13.4. Let C be a Serre ring. Suppose F — E — B is an orientable
fib ation sequence. Consider the reduced integral homology groups

H.(F), H.(E), H.(B).
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If two out of three of them are in C then so is the third.
Proof: First of all recall the universal coefficien exact sequence

0— H.(B)® H.(F) — H.(B; H.(F)) — Tor(H,(B), H.(F)) — 0
and the fact that in the Serre spectral sequence E; | = H, (B; H,(F)).

Suppose H.(B) and H,(F) are in C. Then E3 , is in C for all (p, q) # (0,0).
Hence, £, , is in C for all (p, q) # (0,0) and for aﬂ? <r < oo. Since E°, are
the filtratio quotients of H,.,(E), it follows that H,(E) is in C.

Now suppose that H,(E) and H,.(B) are in C. We may assume that H,(F)
is in C for * < g —1. We know that Eg7, is in C. The edge Ej , is hit by
differentials coming from groups in C. Hence, all £ , must be in C. In particular,
E§ , = Hy(F) is in C. By induction, H,(F) isin C.

Suppose that H. (E) and H,(F) are in C. Now E>, is in C and the edge E , is
the source of differentials going to groups in C. A similar induction shows that
E2, = H,(B)isin C forall p > 0. 0

P

The proposition gives two immediate corollaries.

Corollary 2.13.5. Let C be a Serre ring. If X is a simply connected space, then
H.(X)isinCifand only if H,(QX) is in C.

Corollary 2.13.6. Let C be an acyclic Serre ring. Then an abelian group T is in
Cifand only H,(K (w,n)) is in C for all (or any) n > 1.

Finally, we have the result below which applies to at least three Serre classes,
namely, finitel generated abelian groups, torsion abelian groups, and p-primary
torsion abelian groups:

Proposition 2.13.7. Let C be an acyclic Serre ring and suppose X is a simply
connected space. Then the homotopy groups w.(X) are in C if and only if the
reduced integral homology groups H,.(X) are in C.

Proof: To see that homotopy in C implies reduced homology in C consider the
Postnikov system X,, with

X =limX,
and use induction on the fibratio sequences
X, — X1 — K(m(X),n+1).

To see that reduced integral homology in C implies homotopy in C consider the
connected covers X (n) with

X = X(1)
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and use induction on the fibratio sequences

X{n+1) - X(n) — K(m,(X),n).

Exercises

(1) Suppose C is a Serre ideal and F'— E — B is an orientable fibratio
sequence. Suppose H,.(F') is in C. Show that H,(E) — H,.(B) is a Serre
isomorphism, that is, the kernel and cokernel of this map are both in C.

(2) (a) Let A be a finitel generated module over a principal ideal domain.
Suppose that 0 = Hom(A,Z) = Ext(A, Z). Show that A = 0.

(b) Suppose f : X — Y is amap between spaces both with homology finitel
generated in each degree over a principal ideal domain. Show that f
induces a homology equivalence if and only if f induces a cohomology
equivalence.



3 Fibre extensions of squares and the
Peterson—Stein formula

In this chapter we discuss fibr extensions of squares, a notion which is dual to
the cofibratio squares which appear in Lemma 1.5.1 and which are used in the
construction of the Bockstein long exact sequences for homotopy groups with
coefficients A fibr extension is formed by starting with a commutative square
of maps, replacing the maps by fibrations and extending the square to a larger
square where all the rows and columns are fibratio sequences.

Fibre extensions of squares are used in the study of homotopy pullbacks, for
example, to prove the fracture lemmas for localization. The main result here is
that the homotopy theoretic fibr of a map of homotopy pullbacks is itself a
homotopy pullback. For this purpose we need to study the higher dimensional
fibr extensions of cubes.

The treatment we give of fibr extensions of squares has the advantage that it is
efficien and self contained. It has the disadvantage that it does not embed it as
part of a larger theory of homotopy inverse limits, as it could be if we were willing
to develop that theory here. In this more general context, the result concerning
fibr extensions of squares would be a trivial consequence of the commutativity
of homotopy inverse limits over a product category.

Fibre extensions of squares have appeared in the work of Cohen—Moore—
Neisendorfer and also in the work of Goodwillie on analytic functors. In the
firs case, the definin cofibratio sequence of a Moore space

SQn r S?n _, p2n+l SQn+1 LN SQ71+1
leads to the square of maps

P2n+1(pr) — S2n+1
| I

% N 52n+1

whose fibr extension is the main object of study in the proof of the odd primary
exponent theorem for the homotopy groups of the odd dimensional spheres.

94
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In the context of this chapter it is natural to discuss homotopy theoretic fibre and
the Peterson—Stein formula [105, 50], the latter being referred to by H. Cartan
as the compatibility with the connecting homomorphism. In the next chapter, we
shall use the Peterson—Stein formula to prove that 7 (S®) = Z/127Z.

Finally, we recall some results of J. H. C. Whitehead [135] and J. W. Milnor[89]
which assert that the category of spaces with the homotopy type of CW complexes
is closed under homotopy pushouts and homotopy pullbacks. In particular, loop
spaces of CW complexes have the homotopy type of CW complexes.

3.1 Homotopy theoretic fib es

Recall that a cofibratio is an inclusion A C X which satisfie the homotopy
extension property: for all spaces Y we can complete by a continuous map F’ all
diagrams

X x1I

LN
K /!
X x0UAxIT

Y

Given the cofibrations fibration are define to be continuous mapsp: £ — B
with the homotopy lifting property: for all cofibration A C X we can complete
by a continuous map G all diagrams

AxIUXx0 — FE

! S G p
X x 1 . B.

Given a continuous map f : X — Y, there are several natural ways to replace
f by a fibration For example, let E; = {(z,w)eX x Y!|f(z) = w(1)}. Then
p: Ef =Y with p(z,w) = w(1) define a fibration Furthermore, if w. is the
constant path, w.(t) = c forall tel, then ¢ : X — Ey define by ¢(z) = (z,wy,)
is a homotopy equivalence and we have a commutative diagram

L

X = Ef
NSfolp
Y

Replacing f: X — Y by p: Ef — Y is what we shall mean by replacing a
map by a fibration Note that we have factored f into a composite pot: X —
E; — Y with p a fibratio and ¢ both a cofibratio and homotopy equivalence.
The existence of such a factorization is one of Quillen’s axioms for a model
category.
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Definitio 3.1.1. The homotopy theoretic fibr of f is the fibr F'; of the map p, that
is, Fy = {(z,w)eX x Y| f(z) = w(1),w(0) = yo} where yy is the basepoint
of Y.

Exercises

(1) Suppose a continuous map f : X — Y is factored intopor: X - E — Y
where p is a fibratio and ¢ is both a cofibratio and homotopy equivalence.
If I is the fibr of p show that there is a homotopy equivalence Fy — F.
In other words, the homotopy theoretic fibr of a map is well define up to
homotopy equivalence.

(2) Let G be a not necessarily associative H-space and let k£ : G — G, with
k(z) = 2%, be any k—th power map.

(a) If G{k} = F}, is the homotopy theoretic fibr of &, show that there are
homotopy equivalences

QG{k}) = (QG){k} =~ map,(P*(k), G).
(b) Show that 7., | (G{k}) = 7, (G; Z/kZ).

3.2 Fibre extensions of squares

Suppose we start with a homotopy commutative square

X Z v
Lo 1 fo
z I D

If we replace f; and f> by fibration p; and p,, we can alter g; by a homotopy to
make the diagram strictly commutative:

X £ B
Lo I p2
c D
Having done this, let
E I B
1 h 1 pa
c 2 D

be the pullback diagram of B and C over D, with E = {(b,¢)eB x Clpa(b) =
p1(c)}. Then we have a map g : X — E which we can replace by a fibratio
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p: A — E.We get a strictly commutative diagram

A 2 B
Lo )
c X D

with gt =hiop: A— E — Cand go = hyop: A — E — B. Now all seven
maps p, hi, ha, g1, g2, p1, p2 are fibrations

Definitio 3.2.1. A strictly commutative square in which all of the above seven
maps are fibration (including the map from the upper right corner to the pullback)
is called a totally fibre square.

We have just shown the following proposition.

Proposition 3.2.2. Every homotopy commutative square is homotopy equivalent
to a totally fib ed square. Even better, if the square is strictly commutative to
start with, then there is a map of this square to a totally fib ed square which is a
homotopy equivalence on each vertex.

Suppose we have a totally fibre square

A — B
! !
¢ — D

with pullback E of B and C' over D. The fibr extension of this square is the larger
commutative diagram

H — FQ — F1
! ! !
G2 —- A — B
! ! !
Gl - C — D
where
FrF — B — D,
F2 - A — C,
G —- C — D,
G2 —- A —- B
are all fibratio sequences and
H—-A—-FE

is also a fibratio sequence. The main result about totally fibre squares is

Proposition 3.2.3. H — F, — F| and H — Gy — Gy are both fib ation
sequences.
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Proof: We need to check that F, — F} is a fibratio with fibr H. The case
G9 — (7 is identical.

First we check the homotopy lifting property for a cofibratio X C Y. Sup-
pose we are given a homotopy h; : Y — F) and compatible lifts to a homotopy
ki : X — F, and a lift of one end of h; to a map hy : Y — F;. Since h; define

a homotopy in B, together with the constant basepoint homotopy in C, we get
a homotopy H, : Y — E, where E is the pullback. Note that hy and k; defin

maps Hy and K; which are partial lifts of H; up to A. Since A — E is a fibration
we can extend these partial lifts to a lift of H, : Y — E up to H, : Y — A.
Clearly, H, define a homotopy h; : Y — F, which lifts h; and extends hg
and k;.

Thus F», — F) sastisfie the homotopy lifting property and is a fibration

Finally, the mapping properties of the pullback show that the fibr of Fy — Fj
is H. -

If the totally fibre square is itself a pullback, then the maps F, — F; and G2 —
(G are homeomorphisms or, equivalently, H is a point. This leads to the following
definition

Definitio 3.2.4. The totally fibre square is a homotopy pullback if any of the
following four equivalent conditions are satisfied

(1) Fy, — F} is a homotopy equivalence.
(2) H is contractible.
(3) G2 — G is a homotopy equivalence.

(4) The map A — FE from the upper right corner to the pullback is a homotopy
equivalence.

More generally, a strictly commutative square is called a homotopy pullback if
there is a map © from it to a totally fibre homotopy pullback such that © is a
homotopy equivalence on each vertex. It is easy to see that:

Lemma 3.2.5. The pullback of a fib ation gives a homotopy pullback square.

The main theorem about homotopy pullbacks will be proved in the last section of
this chapter and is as follows:

Proposition 3.2.6. [f© is a map between strictly commutative homotopy pullback
squares, then the homotopy theoretic fib es of © on the vertices form a homotopy
pullback square. In other words, the homotopy theoretic fib e of a map between
homotopy pullbacks is itself a homotopy pullback.
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Exercises
(1) Prove Lemma 3.2.5.

(2) Given maps f: X — Y and ¢g:Y — Z, show that there is a fibratio
sequence of homotopy theoretic fibre

Fy — Fyp — Fy.

3.3 The Peterson—Stein formula

In this section we prove a geometric version of a formula due to Peterson and Stein
[105]. This geometric version has been advocated by Harper [50], who stressed
the adjoint relationship based on special cases known to Toda and independently
to Cartan. The proof becomes very easy if we prepare by exhibiting alternate iden-
tification of homotopy theoretic fibres The demonstrations of these alternatives
use Proposition 3.2.6 above.

First, a homotopy theoretic fibr may also be identifie as a pullback of a path
fibration Givenamap f: X — Y, let Fy — E; — Y be the fibratio sequence
which define the homotopy theoretic fibr Fy.Ifp : PY — Y with p(w) = w(1)
is the path space fibration then we defin W} as the pullback

W; — PY
1 |
X — Y
Hence we have a map © of pullback squares
Ff — X Wf — PY
5]
1 o= !
Ef — Y X — Y

and the homotopy theoretic fibr of © is a homotopy pullback square with
three contractible corners. Hence, the fourth corner, the homotopy theoretic
fibr of W; — FY, is contractible. It follows that W; — F} is a homotopy
equivalence.

Now suppose that F' - E 2 B is a fibratio sequence. We are going to show
that there is a homotopy equivalence W, — )B. In other words, the homotopy
theoretic fibr of ¢ : ' — F is homotopy equivalent to the loop space 2B. The
map p define a map W of pullback squares

QB — PB W, — PE

! [ !
« — B F 5 E.
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The homotopy theoretic fibr of ¥ is the homotopy pullback square

G — PF
[
F = F

with G being the homotopy theoretic fibr of ¥ : W, — QB. Since G is con-
tractible, ¥ : W, — QB is a homotopy equivalence.

Now suppose that A C X isacofibratio and F - E 2 Bisafibratio sequence.
The Peterson—Stein formula relates the cofibratio sequence of A C X to the
fibratio sequence of £ — B.

Peterson—Stein formula 3.3.1. Given compatible maps H : A — W, and
G:X—F let h=YoH:A—W,— QB. Then we have a commutative
diagram

A —- X — XUCA — XUCAUCX

I H 1 G I K L
w, — F 5 E LN B
| U
OB

Ijurthermore, L=xonCX and L factorsas X UCAUCX =N W | i B where
h is the adjoint of h.

Proof: The maps H and G constitute a set of compatible maps H; : A — F,
H; : A— PE,G: X — F.Theadjointof H, define anextensionof:o Gto K :
XUCA — E.Clearly p o K istrivial on X anditextendsto L : X UCAUCX
by making it trivial on C'X. Finally, since h is define by projecting Hy from W;
to (1B and since h is define by projecting the adjoint of H, to B, it is clear that
h is the adjoint of h. O

Exercise

1) Let F S E 2, B be a fibratio and let W; be the above pullback construc-
tion of the homotopy theoretic fibr of f: X — Y. Show that we have a
commutative diagram

w, — w, % Fr 4% E % B
! !
QE 2 0B

in which the vertical maps are homotopy equivalences.
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3.4 Totally fib ed cubes

In this section we generalize the concept of totally fibre squares to higher dimen-
sions. Our reason for doing this is to use the higher dimensions, especially three,
to prove things about squares.

Let C(n, k) be the category with objects {(ai,az,...,a,)[0 < a; < k,a,eZ}
and exactly one morphism denoted (a3, as,...,ar) > (b1, b, ..., b;) whenever
a; > b; foralll <i<n.

Definitio 3.4.1. An n-dimensional cube of sidelength %k is a covariant func-
tor F' from C(n, k) to the category of pointed topological spaces. The spaces
F(ay,aq,...,a,) are called the vertices of the cube. Cubes of sidelength 1 are
simply called cubes.

For simplicity of notation, we will often shuffl the coordinates in a cube so
that they are in descending order. For example, we write F'(1,...,1,0,...,0)
to represent F'(1,0,1,0,...,1,0). Properly understood there is no loss of
generality.

Given a string (1,...,1), we shall use (x,...,%) to represent all points with
at least one 0 = * < 1. Then we have maps F(1,...,1,1,...,1,0,...0) —
F(x,...,%1,...,1,0,...,0) and thus a map to the inverse limit

F(1,...,1,1,...,1,0,...0) = im F(x,...,1,...,1,0,...,0).

Definitio 3.4.2. An n-dimensional cube of sidelength 1 is a totally fibre cube if
all maps

F(1,...,1,1,...,1,0,...0) > im F(x,...,*,1,...,1,0,...,0)

are fibrations Of course, this is understood to be true for all shuffling of 0’s and
I’s.

This generalizes the concept of totally fibre square and we have the following
useful lemma:

Lemma3.4.3. Ifallmaps F(1,...,1,0,...0) — lim_ F(*,...,%,0,...,0)are
fib ations for all shuffling of 0’s and 1’s, then the cube is totally fib ed.

Proof: Consider the map F(1,...,1,1,...,1,0,...0) — lim_ F(*,...,*,
1,...,1,0,...0). Let b the length of the second string of 1’s. We can assume
that we have a fibratio whenever b is decreased. We need to show that
F@1,...,1,1,...,1,0,...0) = lim_ F(*,...,%,1,...,1,0,...0) is a fibra
tion. As usual we start with a homotopy in the base and a partial lift to the
total space. Clearly this gives a homotopy in lim. F'(x,...,*,0,...,1,0,...0)
and a partial lift to F(1,...,1,0,...,1,0,...0). Since b has decreased by
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1, we can lift the homotopy to F(1,...,1,0,...,1,0,...,0). Now we get a
homotopy in lim. F(*,...,%,x,...,1,0,...,0). Since b is again decreased
by 1 here, we can lift this homotopy to F(1,...,1,1,...,1,0,...,0).
Thus, F(1,...,1,1,...,1,0,...0) — lim. F(*,...,*1,...,1,0,...0) is a
fibration ([

Proposition 3.4.4. If F' is any cube there is a totally fib ed cube G and a natural
transformation © : F — G such that © is a homotopy equivalence on all vertices.

Proof: Wereplaceamap f: X — Y by a fibratio via

X 5 E
N\ Llp
Y.

Note that X maps to its replacement £y and that Y is unchanged.

First, replace all maps F(1,0,...,0) — F(0,0,...,0) by fibrations Having
replaced allmaps F'(1,...,1,0,...,0) — lim. F'(*,...,%,0,...0) by fibration
for all shuffling of 0’s and 1’s, then replace all maps F'(1,...,1,1,...,0) —
lim_ F(*,...,%,%,...0) by fibration for all shufflings

Lemma 3.4.3 then shows that the fina cube G is totally fibred U

Remark. If F' and G are n-dimensional cubes and © : F' — G is a natural trans-
formation, then this clearly define a new cube H of dimension n + 1. If G is a
totally fibre cube, then a slight variation of the above proof shows that the iden-
tity natural transformation of G extends to a natural transformation © : H — K
where K is totally fibre and © is a homotopy equivalence on the vertices.

Definitio 3.4.5.If F'is an n-dimensional cube of sidelength 1, the fibr extension
of F' is the extension of F' to an n-dimensional cube of sidelength 2, also denoted
F, and define by

F(2,...,2,a1,...,a;) =fibre(F(1,...,1,a1,...,a;)

—>11£1F(*,...,*,a1,...,ak))

where 0 < a; < 1. Of course this definitio represents all shuffling of
(2,...,2,@1,...,6%).

A section of a cube is define by choosing a subset of coordinates to be constants,
that is, up to shuffling restrictto F'(aq,...,a,,¢c1,...,cs) where (c1,...,c;) are
constants.

Proposition 3.4.6. 4 section of a fib e extension is a fib e extension of a section.
Proof: Suppose we have a section of a fibr extension

F(ay,...,a,,2,...,2,1,...,1,0,...,0)
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with the a; variable. We must show that each
F(@,...,1,0,...,0,2,...,2/1,...,1,0,...,0)
— lm F(*,...,%,0,...,0,2,...,2/1,...,1,0,...,0),

where *,...x* indicates that at least one coordinate * is < 1, is a fibratio with
fibr

F(2,...,2,0,...,0,2,...,2,1,...,1,0,...,0).
Suppose we have a homotopy H in
liinF(*,...,*,0,...,0,2,...,2,1,...,1,0,...,0)
with a partial lift K to
F(,...,1,0,...,0,2,...,2,1,...,1,0,...,0).
So H is a homotopy in
liinF(*,...7*,0,...,0,1,...,1,1,...,1,0,...,0)
which projects to the basepoint in
liinliinF(*,...,*,O,...,O,*,...,*,1,...,1,0,...,0),
where each group contains a coordinate * < 1, and K is a partial lift to
F(,...,1,0,...,0,1,...,1,1,...,1,0,...,0)
which projects to the basepoint in
liinF(l,...,l,O,...,O,*,...,*,1,...,1,0,...,0).
First we lift H to the basepoint homotopy in
liinF(l,...,1,0,...,0,*,...,*,1,...,1,0,...,0)
and get a homotopy in
liinF(*,...,*,O,...,O,*,...,*,l,...,1,0,...,0)
where only one coordinate * is required to be < 1. Since
F(@,...,1,0,...,0,1,...,1,1,...,1,0,...,0)
—>lgnF(*7...,*,O,...,O,*,...,*,1,...,1,0,...,0)
is a fibration we can lift this homotopy to an extension of K in
F@,...,1,0,...,0,2,...,2/1,...,1,0,...,0)
Cc F(1,...,1,0,...,0,1,...,1,1,...,1,0,...,0).
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Thus,

F(1,...,1,0,...,0,2,...,2,1,...,1,0,...,0)
—lmF(%,...,%0,...,0,2,...,2,1,...,1,0,...,0)

is a fibration It is clear that its fibr is
F(2,...,2,0,...,0,2,...,2,1,...,1,0,...,0). 0

In a fibr extension of a square all rows and columns are fibratio sequences. This
fact is generalized by the following immediate consequence of Proposition 3.4.6:

Corollary 3.4.7. In a fib e extension, all one-dimensional sections are fib ation
sequences.

Definitio 3.4.8. Let F' be a totally fibre n-dimensional cube of side length 1. It
is a homotopy pullback if its fibr extension has F'(2, ..., 2) contractible.

More generally, an arbitrary cube F' is called a homotopy pullback if there is a
natural transformation © : F' — G where G is a totally fibre homotopy pullback.
The following is an immediate consequence of Corollary 3.4.7:

Proposition 3.4.9. Suppose © : F' — G is a natural transformation of homotopy
pullbacks. If H is the cube formed from the homotopy theoretic fib es of © on the
vertices, then H is a homotopy pullback.

Exercises

(1) Consider the commutative array A of maps

— B«

A

! !

C — D «
T T

* *

¥ — % — %

— «—

Let V represent taking the homotopy pullback of the vertical maps and let
H represent taking the homotopy pullback of the horizontal maps. Show that
V(H(A)) = H(V(A)).

(2) Extend Exercise 1 to three dimensions.

3.5 Spaces of the homotopy type of a CW complex

The following theorem of J. H. C. Whitehead [135] is one of the reasons why CW
complexes are useful in homotopy theory.
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Theorem 3.5.1. Let f: X — Y be a map between connected CW complexes.
If f induces an isomorphism on all homotopy groups, then f is a homotopy
equivalence.

Hence, it is important to know simple theorems which imply that the category of
CW complexes is closed under various operations. For example, if X and Y are
CW complexes, then so is the bouquet X V Y and, if one takes the product in the
category of compactly generated spaces, then so is the product X x Y.

Other facts concerning closure follow from the following theorem which is also
due to J. H. C. Whitehead:

Theorem 3.5.2. If f : X — Y is a map between CW complexes, then f is homo-
topic to a skeletal map g : X — 'Y, that is, g(X<")) - Y(”)for all n.

For example, suppose we have two maps f: A — X and h : A — Y. Consider
the mapping torus T j, =

XUAxUY

with identification (a,0) = f(a) and (a,1) = h(a). Then the homotopy pushout
of X L AL yis TY.;, We have:

Proposition 3.5.3. If f,g: A — X and h,k : A — Y are homotopic maps then
there is a homotopy equivalence Ty, ~ T, ;.. [136, 87]

Thus, Theorem 3.5.2 and Proposition 3.5.3 imply that homotopy pushouts of maps
of CW complexes have the homotopy type of CW complexes. In particular, this
applies to the mapping cone of a map between CW complexes.

Recall that an an n-ad is an ordered n-tuple of spaces X = (X5A1,...,A,-1)
where all the A; are closed subspaces of X. If X is a CW complex and all the
A; are subcomplexes, then it is called a CW n-ad. Maps of n-ads f : X — Y are
required to preserve subspaces and the set of all such f forms a topological space
map(X,Y). There is the following theorem of J. W. Milnor [89]:

Theorem 3.5.4. If C'is a compact n-ad and X is a CW n-ad, then the mapping
space map(C, X ) has the homotopy type of a CW complex.

For example, we get the following:

(a) If X is a CW complex with basepoint x;, then the space of loops
Q(X, z9) = map((I;0,1), (X, zg, o)) has the homotopy type of a CW
complex.

(b) If (X; A, B) isa CW 3-ad, then the homotopy pullback of A — X < Bis
the mapping space map((7;0, 1), (X; A, B)) and has the homotopy type
of a CW complex. In particular, if B is a point, it follows that the homotopy
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theoretic fibr of the inclusion A C X has the homotopy type of a CW
complex.

Exercises
(1) Prove Proposition 3.5.3.

(2) Check that map((1;0,1), (X; A, B)) is the homotopy pullback of the inclu-
sions.



4 Hilton—Hopf invariants and the EHP sequence

In this chapter we introduce the Bott—Samelson theorem and explore the con-
sequences of this result on the homology of loop suspensions. Among the con-
sequences are the James construction [66] and the Hilton—Milnor theorem. The
James construction and the Hilton—Milnor theorem both lead to Hopf invariants
and to the EHP sequence.

The Hilton—Hopf invariants are particularly well suited to study the distributive
properties of compositions and this is why we use them in our proof of the
2-primary exponent theorem of James [67].

We prove the following theorem of James: 4” annihilates the 2-primary component
of all the homotopy groups of S?"*!. The exponent result which we prove was
firs formulated in a geometric form involving loop spaces by John Moore in a
graduate course at Princeton. A necessary lemma on the vanishing of twice the
second Hilton—Hopf invariant was supplied by Michael Barratt.

The result we prove is not the best possible 2-primary exponent. A considerable
improvement was made by Paul Selick but there is no reason to believe that his
result is the best possible. The Barratt—-Mahowald conjecture for the best possible
2-primary exponent is: The 2-primary component of all the homotopy groups of
S%1+1 is annihilated by 2" ¢ where

0 if n=0 or n=3 mod 4
6:
1 if n=1 or n=2 mod 4.

It remains unproved.

We do a few EHP sequence computations related to the three-dimensional sphere
in order to show that it does possess at least one homotopy class of order 4. In order
to do this, we look at the 3-connected cover of the three-dimensional sphere and
compute its homology and a little bit of its homotopy including the firs nontrivial
2-primary element 73 and the firs nontrivial odd primary element ;.

107
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We prove a lemma which shows one way in which 7 produces elements of order
4. This is related to the fact that homotopy groups with coefficient mod 2 have
exponent 4.

4.1 The Bott—Samelson theorem

The fact that the suspension of a space is the union of two contractible cones
implies that fibration over a suspension have a simple structure. Since the fibratio
is trivial over each of the cones, it can be described as the union of two trivial
bundles with an identificatio on the intersection.

In this section we use this to determine the homology of the loop space 23X
when X is connected and the homology H,(X) is free over the coefficien ring.

Defin the suspension map ¥ =Xy : X — QXX by X(x)(t) = (z,t) for all
reX and 0 < ¢ < 1. This is just the adjoint of the identity map 1y x : XX — ¥ X.
The other adjoint is the evaluation map e = ex : ¥QX — X with e({¢t,w)) =
w(t). The space 23X has an important universal multiplicative propery:

Definitio 4.1.1. If f : X — QY is a continuous map, then there is a unique loop
map f: QXX — QY such that foXx = f. The map is f = Q(ey) o QX f :
QY X — Q¥QY — QY and is called the multipicative extension of f.

Note that, if X Ly %07 are maps, then go f =G0 QX(f): OB(X) —
OxN(Y) — QZ.

The Bott—Samelson theorem below says that Definitio 4.1.1 is consistent with an
analogous universal property of the Pontrjagin ring H, (22 X), at least with fiel
coefficients

Ifu: QXX x QXX — QXX is the multiplication of loops, u(w,y) = w * 7,

<
(Wx)(t) = y2t—1) ifL<t<

)

{w(?t) if 0 <t

defin the clutching function v: QXX x X — QXX x X by v(w,z) =
(w*X(x), x).
Write XX = C_X U C, X with
1
C.X = {(x,t)|x€X,0 <t< } ,

1
O+X = {<5C,t>|1’€X, 5 <t< 1}a
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and
1
C’,XﬁC+X:X><§:X.

Form the quotient space £ = (QXX x C_X)U (QXX x C X) with identifica
tion of the boundary of the firs product to the boundary of the second product
given by the clutching function v : QXX x X — QXX x X. In other words,
is define by a pushout diagram

QDX x X L QX x O, X

l1xue l
QXX xC_ X — E.

We note that there is amap 7 : F — XX well define by 7(w, @) = . We claim
that this is model for the path space fibratio 7 : PXX — X with 7(w) = w(1).
More precisely, all we need is

Proposition 4.1.2. There is a homotopy equivalence PXX — FE, that is, E is
contractible.

Proof Write PYX = E_UE, where E_ =7 '(C_X), E, =7 ' (C. X),
andthus E-NE, =7 1(C_XNC.X).

There is a pushout diagram

E_nN E+ — E+

! !
E. - PYX.

If o = (z,t)e C_X, let v_(«) be the path in C_X which goes linearly from the
basepoint (z,0) to (z,t). Similarly, if « = (x,t)e C. X, let v, () be the path

in Cy X which goes linearly from the basepoint (z,1) to (xz,t). Note that, if
ae(C-X NCyX) = X, thenv_(z) 7, ' () ~ X(a).

We have equivalences
OSX xC.X 5B, ¢ (wa)=w* (7 (a))
E_ % O8NX x O_X, ¢_(w) = (w* (y-(w(1))),w(1))
OEX x CoX Y5 Bry gy (woa) = w (14 (o)
B, 58X x Cp X, ¢y (w) = (@ (74 (w(1) ™), w(1))
with fibr homotopies

p_op_ =1, _op_~1 ¢, 09 21, ¢ 0o¢, ~1.
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We have a homotopy commutative diagram

E_ — E.NE, — E,
Lo Lo Lo
QXX xO_X < 9¥X xX % QX x C.X.

Since the maps in the top row are cofibration we can alter ¢, by a homotopy
and make the diagram strictly commutative. Hence we get a map of pushouts
PYX — FE. The Seifert—van Kampen theorem and the Mayer—Vietoris sequence
show that this map is an isomorphism on fundamental groups and homology. It
follows that F is contractible. O

Let R be a commutative ring and let V' be an R-module. The tensor algebra
T(V)=ReVeae(VeV)a(VeVeV)e. - =

the free associative R-algebra generated by the module V. The tensor algebra is
characterized by the universal mapping property:

Given an associative algebra A and a linear map f : V' — A, there is a unique
extension of f to an algebra homomorphism f : T (V) — A.

Bott—Samelson theorem 4.1.3[13]. Let the coefficien ring R be a principal ideal
domain and let X be a connected topological space such that H.(X) is a fiee
R-module, then the map ¥, : H.(X) — H,(QXX) induces an algebra isomor-

phism T(H.(X)) — H,(QXX).
Proof: A simple induction proves the following.

Lemma4.1.4. Let A be a connected associative algebra and let V be a connected

module which is free. Suppose there is a linear map 1 : V. — A. Then the extension
1:T(V) — A is an isomorphism if and only if the composition A Q@ V 1o,
A® AL Ais an isomorphism (where 1 is the multiplication).

Since £ ~ PY X is contractible, the Mayer—Vietoris sequence of the pushout
diagram

OEX x X L QX xC X

lex1 l
QXX xC_ X — E

is short exact as follows:
0 — H.(Q2X)® H,(X)
2 H(OSX)® H(C_X) & H(QXX) ® H(C, X) — R— 0
and if e : H,(X) — R is the augmentation, then
AB@a)=(B®e(a),fa®1l).
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It is immediate that the map
H.(QYXX)® H.(X) — H.(QXX)

is an isomorphism and Lemma 4.1.4 finishe the proof. O

Corollary 4.1.5. Let X be a connected space with H.(X) a free R-module. There
is a Hopf algebra isomorphism T(H (X)) — H.(QXX) with the comultiplica-
tion of the tensor algebra determined on generators by the comultiplication of
H.(X).

The following two cases will be useful.

Let u,, be a generator of H,, (S™). With any principal ideal domain R as coefficien
ring, there is an isomorphism of primitively generated Hopf algebras T'(y,, ) —
H.(QS"1).

On the other hand, let p be a prime, 1 < s <7, and let R = Z/p°Z be the coeffi
cient ring. For n > 2, note that H,(P"(p")) is a free R-module with generators
v, and p, 1 of degrees n and n — 1. Thus there is an isomorphism of algebras

T(an,um—l) - H*(Qpn+l(pr))-

If p is odd or n > 2, both generators are primitive. [f n =2, p=2,r=s=1,
then the comultiplication is given by

A*(l/z):l/2®1+1®l/2+,u1®‘u1.

Exercises
(1) Prove Lemma 4.1.4.
(2) Prove thatthe maps Xx : X — QXX and ey : XQX — X satisfy:

(a) Xx and ey are natural transformations.
(b) Q(ex) o ZQX = 1QX and €y, O E(EX) = lzx.

(c) Verify the universal property of the multiplicative extension in
definitio 4.1.1.

4.2 The James construction

Let X be a space with a nondegenerate basepoint x,. The James construction [66]
provides a homotopy equivalent model for the loops on a suspension. It is the
free associative topological monoid generated by the points of X with the single
relation that the basepoint z is the unit. More precisely, the James construction
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J(X) is the direct limit of subspaces
Jl(X) g JQ(X) g JB(X) g g Jn(X) g Jn+1 g Tty

where J,, (X) consists of the words of length < n and the topology is define by
the quotient map 7, : X x -+ x X — J, (X).

Thus J;(X) = X, and, if W,,(X) C X x --- x X is the subset of the n-fold
product with at least one coordinate equal to the basepoint, there are pushout
diagrams

Wo(X) T Ja(X)
1< 1<
Xx-xX 5  J(X)

and, if X has a nondegenerate basepoint, there are cofibratio sequences

Jn—l(X) — J,I(X) —S XAN---ANX.

Universal property 4.2.1. Let M is a strictly associative topological monoid
with the unit as the basepoint and let f : X — M be a continuous basepoint
preserving map. Then f has a unique extension to a continuous homomorphism
f:J(X)— M. Thus, f(x122...2) = f(z1)f(z2) ... f(xn).

For example, for any pointed space Y, the inclusion is a homotopy equivalence
QY — Q,Y from the space of loops in Y parametrized by the unit interval to
the Moore space of loops of variable length in Y. The Moore loops €2, Y form a
strictly associative monoid and hence the suspension map ¥ : X — €, X hasa
unique multiplicative extension ¥ : J(X) — €, XX.

Proposition 4.2.2. [f X is a space with a nondegenerate basepoint, then the map
fJ(X) — QXX is a weak equivalence.

Remark. If X isa CW complex, then J(X) isa CW complex and 2,3 X has the
homotopy type of a CW complex. Hence the above map is a homotopy equivalence.

Proof: Since both sides are H-spaces, f is a weak homotopy equivalence if it
is an integral homology equivalence. Hence it is sufficien to check that f is
both a rational homology equivalence and a mod p homology equivalence for all
primes p.

By the Bott—Samelson theorem, it is sufficien to check that X — J(X) induces

an algebra isomorphism T'(H (X)) — H.(J(X)).

This is proved inductively. We claim that there is an isomorphism from tensors of
length n,

to the homology of the n—th filtration For this, we need the following lemma.
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Lemma 4.2.3. For connected X andY, there is a weak homotopy equivalence

DX xY) 5 ISX VIV VI(XAY).

Proof: The three maps
(X XxY)—-2X, (X xY)-XY, (X xY)->X(XAY)
can be added using the co-H structure to get a homology equivalence
(X xY)=> XX VEYVIE(XAY).

Since the spaces involved are simply connected, this is a weak equivalence. [

It follows that the composition X x -+ x X — J,(X) = X A--- A X is sur-
jective in homology. Thus the cofibratio sequences J, 1 (X) — J,(X) — X A
.-+ A X show that there is a homology isomorphism 7T}, (H (X)) — H.(J,(X)).

O

An immediate corollary of the above is [45].

The Freudenthal suspension theorem 4.2.4. If X is an n — 1 connected
space with n—1 > 1, then the pair (J(X),X) is 2n — 1 connected. Thus,
Y1 (X) = g1 (ZX) is an epimorphism if k < 2n — 1 and an isomorphism
ifk <2n—2.

4.3 The Hilton—Milnor theorem

An H-space G is called grouplike if it is homotopy associative and has a homotopy
inverse. For pointed maps f : X — G and g : Y — G into a grouplike space, we
can defin a Samelson product [f,g] : X AY — G as follows:

Consider the commutator map

[, ]

Xxvy % axa G, (z,y) = f(@)gy)f(x) " g(y)"

It is homotopically trivial on GV G and hence we have a factorization up to
homotopy

XxYoxay 29 q

The cofibratio sequence X VY - X XY - XAY -¥XVYY — ...
leads to the short exact sequence

0—[X,Gl x[Y,G], — [X xXY,Gl. — [ X ANY,G], <0

and it follows that the Samelson product [f, g] is unique up to homotopy.
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In Chapter 6, we will make a more detailed study of Samelson products. In
particular, if f: S" — G and g : S™ — G, then the Samelson product [f, g] :
Sntm — G gives the homotopy groups m.(G) the structure of a graded Lie
algebra. That is for z, y, z e, (G) of respective degrees a, b, ¢ we have bilinearity,
antisymmetry, and the Jacobi identity:

[[L’ +y’z] = [LC,Z] + [y,z], [x,y] = _(_1)ab[y7x]7
[:L‘, [yvz]] = [[x’y]az] + (_1)(”][?/7 [J},Z]]

The next lemma relates the Samelson product to the commutator in the Pontjagin
ring H,(G). It is an easy exercise.

Lemma 4.3.1. [facH . (X) and B¢ H.(Y) are primitive homology classes, then
[f. (@ ® ) = [fu(@), 9:(B)] = fu(@)gu(B) — (=1)*"g.(8) f.(a).

Now we state the Hilton—Milnor theorem in its compact form. If X and Y are
spaces, let txy : X — X VY and ity : Y — X VY be the two inclusions. There

should be no confusion if we identify 1y =X oy : X - X VY z, ON(X vV
YVyandiy =Souwy 1Y 5 X VY S QB(X VY).
Write ad(a)(8) = [a, §]. We can form iterated Samelson products
ad(ex) (ty) : XM AY - QE(X VY)
and add them up to get a map of the infinit bouquet
\ad(ex ) (oy) : \/ XM AY - QE(X VY).
i>0 i>0
Now form the multiplicative extensions
I =OS(y) : Q5X — QN(X VY)
and
\ ad(ex) (i) : QX (\/ XA Y) - QR(X VY).
i>0 i>0
Finally use the multiplication of QX (X V Y') to multiply these maps and get:

The Hilton—Milnor theorem 4.3.2 [54, 89]. If X and Y are connected, then
there is a weak equivalence

QXX x Q% (\/ XA Y) - QR(X VY).

i>0

Of course, if X and Y are both CW complexes then the above map is actually a
homotopy equivalence.
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We will prove the Hilton—Milnor theorem in a subsequent chapter when we have
developed more algebra. For now we will just say that the Hilton—Milnor theorem
is the topological reflectio of the algebraic isomophism of right modules

T(V@W)ﬁT(V)®T<@V@®W>7

>0

where T'(V @ W) is the homology with fiel coefficient of QX(X VY). This
decomposition is also valid if the homology of QX(X VY) is torsion free. In
this decomposition V® @ W is embedded in T(V & W) via the commutator

isomorphism V& @ W = ad(V) (W).

The Hilton—Milnor theorem can be iterated by expanding the second factor and
continuing this process countably many times. In order to describe the fina result,
we need the notion of a Hall basis.

Given a finite-ordere list of elements L = L, with firs element z;, we defin a
Hall basis as follows:

(a) Let By = {x;} and let Ly = {ad(x1)"(x)|i > 0,2eLy,x # z1}.

(b) Order L so that elements of smaller length come before elements of greater
length and let x5 be the firs element of L.

(c) Let By = By U {xy} and let Ly = {ad(z2)"(z)|i > 0,2eLs,x # 22 }.
(d) Repeat b) and c¢) countably often and let
[o.¢]
B= U B,.
n=1

B is called a Hall basis generated by L. It is an ordered basis for the (ungraded)
free Lie algebra generated by the set L.

Using the notation of Theorem 4.3.2, let B be a Hall basis generated by the set
{tx,ty }. For example, B =

{LX7 Ly, [Lx,Ly], [LXv[LXaLYH’ [LYv[LXaLY]]a
[LXv[LX’[LX7LYm7 [LY>[[’X7[LX’LY]”’ [LYa{LYv[LX’LY]Hv }’

Ifw = w(ty,ty) is an element of B, we shall write w(X, Y) for the domain of this
Samelson product. For example, if w(tx,ty) = [tx, [tx,tv]], then w(X,Y) =
X A (X ANY). Now the Hilton—Milnor theorem may be restated as:

The expanded Hilton—Milnor theorem 4.3.3. There is a weak equivalence

0: ] 2w, v)) - a5(X vY)
weB
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which is the multiplicative extension of w(iLx ,Ly ) on the w factor and which is
define by multiplying these maps in the order determined by B.

Remark. The topology on the infinit product above is not the product topology.
It is the direct limit topology coming from the topology on the finit products.
This is called the weak product. In order to make the map © well define we need
to reparametrize a product of maps fi * fo * f3 * ... so that the firs factor runs

on the interval [0, 1], the second on the interval [1, 2], the third on the interval

(3, L], etc.

Thus QX (X Vv Y) is weakly equivalent to the weak infinit product
OD(X) x Q8(Y) x QX AY) x QS(X AX AY)
X OS(YAXAY) x -+

IfH.QX(X VYY) =T(V @ W) is torsion free, this corresponds to the homology
decomposition

TVeW)=2T(V)TW)T(VeW)aT(VeVeW)
QTWRVRIW)®----

In this decomposition, V' ® W embeds in T'(V ® W) via the commutator isomor-
phism

VoW = [V,W]

and similarly for

VeVeW = [V, [V,W],
WeVeWw = [W,[V,W],

Let A be a connected CW co-H-space. Thus we can add the two inclusions
into summands, ¢t; : A — AV A and 1o : A — AV A, and we can use the co-
H structure to add them to get ¢; + 12 : A — AV A. Of course, this is just a
compression of the diagonal § : A — A x A.

For each element w of a Hall basis B generated by {1, 2}, the Hilton—Hopf
invariants h,, are define to be the composition

hy =P, 0O o QX(1 +12) : QVA — QN(AV A) — Q%(w(A, A))
where

P [[25(1(4,4)) — Q% (w(4, A))
veB
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is the projection and
07 Q%(AV A) — [ 2=(+(4, 4))
yeB

is the homotopy inverse to the homotopy equivalence in Theorem 4.3.3. For
example, with respect to the Hall basis {¢1, 2, [t1,t2], [t1, [t1,2]], - - . }, we have
countably many Hilton—Hopf invariants, among them

Ry, s QEA — QY(A N A),

L1,[en e

Note that the Hilton—Hopf invariants depend on the Hall basis and its ordering.
The following is an immediate consequence of the Hilton—Milnordecomposition:

Proposition 4.3.4. Let o : X — QX A be any map. Then we have the formula

OX(11 + ) oa~ X, .pw(ty,t2)0hy, o

=nhoa+ioa+ [u,t]oh, ,joa
+[e1s ey ea]] 0 By g w0 @
+[e2, [t1, 2]l 0 By g o 0@
in which we denote the noncommutative multiplication in QX(AV A) by +.

Remark. We note that the multiplication would become commutative if we added
another loop, that is, if we consider the formula in Q2?3 A. Equivalently, we could
require the domain X to be a suspension.

Naturality allows us to extend this Proposition 4.3.4 as follows: Let 5: A — B
and v : A — B be any maps. Use the co-H space structure to add them to get
B+v:A— AV A — B. Then we have

Corollary 4.3.5. In [X, QX B],, we have

QE(B+r)oax~Boat+Foa+[F,y]ohy, o
+ [ﬂv [ﬂa'}/” © h[n,[u,w]] ca

+ [7’ [ﬁ»'ﬂ] o h[@_’[“’w“ oa+----

The Hilton—Hopf invariants are natural in the sense that
Lemma 4.3.6. If3: A — Bis amap, then
hy 0 QX(B)oa=QE(AB)ohy, o

where N3 :w(A,A)=AN---NA— BA---ANB — w(B,B) is the natural
map.
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Exercises

(1) Show that in a graded Lie algebra as define in this section, the following
identities hold:

(a) if x is an even degree element, then
2[z,x] =0, [z, [z, x]] = 0.
(b) if x is an odd degree element, then
3[z, [z, z]] = 0.

2) If3:8"— 8" and v : S" — S" are self maps of spheres and h = hy =
Biuy 1] 2 Q8S™ — QXS s the so-called second Hilton-Hopf invariant,
then show that

QX(8 + ) = QX(8) + Q(y) + [B,7] o h
where, if n is odd, we localize at 2.

(3) Let G be a grouplike space and suppose f : X — G and g — G are pointed
maps.

(a) if G is homotopy commutative show that the Samelson product [f, g] is
null homotopic.

(b) if G = QZ and Q(Xz) : QZ — Q?%7Z is the loop of the suspension map,
show that Q(Xz) o [f, g] is null homotopic. (If the Whitehead product
Y(X AY) — Zis the adjoint of the Samelson product, this says that the
suspension of the Whitehead product is 0.)

4.4 The James fibration and the EHP sequence

Let A be a co-H space. By definitio the second Hilton—Hopf invariant is
h=hy=hy ., :Q8A— QE(ANA).
In this section we specialize to the case A = 5™ and consider the sequences
§" 2 asmtt L ggrnL,

We shall consider two cases. When n is an odd integer, we shall show that the
above is a fibratio sequence and that it splits into a product when we localize
away from 2. When n is an even integer, we shall show that the above is a fibratio
sequence if we localize at 2.

Let H,(QS"*!) = T[u,] = the tensor algebra generated by an element u,, of
degree n. Write

(11 4+ 12)u(up) = 2 +w eH(QS" T v ")) = T[z,w)].
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We compute

(z+w)? =22 +w? + 2w+ wz

2w+ [z if nis odd
22 +w? + 2zw — [z,w] if nis even.
Thus for both parities of n we have

h(ui) = (p[u,tz])*((z + w)2) = iu?’an*(Qsan) = T[uQH]'

In a subsequent section we shall prove that

Proposition 4.4.1. Suppose n is odd. If h : Q8"+t — Q8>+ is any map such
that h,(u?) = Fuy,, then, with any coefficien ring, h* makes H*(QS" 1) into
a free module over H*(QS%" 1) with basis 1,u,,.

We will also delay the proof of:

Proposition 4.4.2. Suppose that F - E 2 B is a fib ation sequence such that
p* makes the cohomology ring H*(E) into a free H*(B) module with a basis
{ba }. Then {b, } restricts to a basis for H*(F). Thus

H*(E)> H*(B)® H*(F)
as an H*(B) module.

The above propositions have the following corollary:

Corollary 4.4.3. If n is odd, there is up to homotopy a fib ation sequence
qn E) anJrl }_1> 952n+1'

Proof: Tt is clear that the composition S = Q571 X5 0527+1 is null homo-
topic. Thus, if F is the homotopy theoretic fibr of h, we have a map S — F.
Since F' has the cohomology and homology of S™, it is easy to see that this map
is a homology equivalence, hence a homotopy equivalence. O

Still supposing that n is odd, consider the Samelson product [z, ¢] : S?" — QS +!
where: = ¥ : §" — QS"*!isagenerator. Its Hurewicz image is [u,, , u,, | = 2u?.
Thus the multiplicative extension [z, ¢] : 23(5*") — Q5" ! induces in homology
an isomorphism of T'[ug,, | onto the subalgebra of T'[u,,] generated by 2u? .

If we localize away from 2, for example, with coefficient Z[%} or Z, for p

an odd prime, then 2 is a unit and we have an isomorphism of T[uy,] onto the
subalgebra generated by u2 . Thus, composition with i : Q8" *1 — Q52"+ jsa
homology bijection 23(52") — Q5" — Q5?71 Hence we get Serre’s result
which says that, at odd primes, the homotopy groups of even dimensional spheres
can be expressed in terms of those of odd dimensional spheres:
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Proposition 4.4.4. If n = 2m + 1 is odd and we localize away from 2, then the
fib ation sequence

m+ m+ v m+:
52 13952 2’—>QS4 3

has a section, that is, there is a homotopy equivalence of spaces localized away
from 2:

QSQm+2 ~ 52m+1 % QS4W+3.

Since a retract of an H-space is an H-space, we have the following corollary:

Corollary 4.4.5. Localized away from 2, any odd dimensional sphere S*"*1 is
an H-space.

Now we switch to the other parity. We will need to localize at 2.

Proposition 4.4.6. Suppose n is even and use coefficient localized at 2. If
h:QS"L — QS*F1 s any map such that h.(u?) = *ug,, then h* makes
H* (28" 1) into a free module over H*(QS*" 1) with basis 1,u,,.

As before this gives

Corollary 4.4.7. If'n is even, there is up to homotopy a fib ation sequence

Sn E} anJrl IL} 952n+1

localized at 2.

Thus, if we localize at 2 we have fibratio sequences in both parities. The resulting
long exact homotopy sequences of a fibratio are called the EHP sequences:

0=P n 2«=E ’ h.=H ; =P
R AN 7Tk+15n ke 7Tk+IQSn+1 RhmbiiN 7Tk+1952n+] o=
n M=k h=H 0=P
7TkS”' 7.[_]CQSWH»I WkQSQn+1 .

We have the following test for desuspension.

Corollary 4.4.8. Suppose that spaces are localized at 2 or that n is odd. Let
a: X — QS"* be any map. Then o desuspends up to homotopy (that is factors
through X — S™) ifand only if the composition h o o : X — Q8"+l — Q8§2n+1
is null homotopic.

IfY: S — QS"*! is the suspension, we can apply the above to decide whether
the Samelson product [¥, 3] : §?" — QS"*! desuspends. Recall that h is the
composition

v =0"topy, L
ax(sm) 22 ax(sn v gm) el gy gen
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where we write QX (v).(X) = X1 + 5. Hence,

ho[%, 5] = p([X1 + 2,81 + X))
=p([Z1, 2] + [Ba, Ba] + [Z1, 22] + [Ea, X1])

(B0, B0 + (B2, 0] + 2[5, 50]) =28 : §" — QES?" if nis odd
A p([B1, 2] 4 (2, 50]) = 0: 82 — QRS2 if nis even.

Hence

Corollary 4.4.9. The Samelson product [¥,Y] : S*" — QXS" does not desus-
pend if n is odd. It does desuspend if n is even and we localize at 2.

Exercises

(1) Show that it is not necessary to localize at 2 in Corollary 4.4.8.

4.5 James’s 2-primary exponent theorem

In this section we prove the 2-primary exponent theorem of James [67]: 4" anni-
hilates the 2-primary components of 7, (S?"*1) for all k > 2n + 1.

First of all, we need to make a clear distinction between the addition of maps using
co-H spaces structures and the multiplication of maps using H-space structures.
Suppose f : X — Y is a map. If X is a co-H space and k is an integer, then we
can add the identity map of X to itself k times (using the inverse if & is negative) to
getamap [k] : X — X with the property that f o [k] = kf = k times f. The map
[k] is called k times the identity. For example, [k] : S — S™ is just the degree
k map.

On the other hand, if Y is an H-space, we can multiply the identity of Y with
itself k times to get a map k:Y — Y such that ko f = kf = k times f. The
map k is called the k—th power map. In the rare case when S™ is an H-space,
k: 8" — S" is the degree k map. If n is odd and we localize away from 2, then
S™ is an H-space and the k-th power map will be the degree &£ map.

The theorem of James depends heavily on the following result. The proof of this
is due to Michael Barratt who did not publish it.

Proposition 4.5.1. If n is even then
20Q(h) : QBS" — QX.G*"

is null homotopic, that is, 2 times the loops on the 2-nd Hilton—Hopf invariant is
null.
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Proof: Begin by considering the Hilton—Hopf invariant expansion of zero:

0= Qu([1] + [-1]) = Qx([1]) + Qx([=1]) + [[1], [=1]] o .

Apply the Hilton—Hopf invariant to each piece:
hoQX([-1]) = QE([-1]A[-1]) o h
=QX([1) o h
= h.

Recall that [[1],[—1]] desuspends, that is, [[1],[~1]] =X o8 :S5?" — S" —
QXS™ where 3 : 52" — S”.

ho [T, [=1]] = h o 3(8)
=QX(BAB)oh
=Q8(BA[Laa]) o ([L] AB)) o h
= QN(£X*"B) o (Z"B)) o h
=0

since X2 (f3) is adjoint to the null composition

Szn [[1],[-1]] Qxngn Q(Zysn) QQ 22 S
T: T ZSH / 22 n

SQn i Sn

If we now loop the above expansion of zero and apply the H-map 2(h) we get
20Q(h) =0.
(I

The James exponent theorem now follows from the following geometric desus-
pension theorem formulated by John Moore.

Proposition 4.5.2. Localized at 2, there is a factorization of the 4-th power
map 4:

9352n+1 L QSZn—l %2 9352n+1

Proof: We can summarize the ideas in this proof as follows: The power map 2
on 2% 52"*+1 has Hilton—Hopf invariant Q2% (h) o 2 = 0. Therefore, 2 desuspends
to B on Q25%". Since the second Hilton—Hopf invariant QA is quadratic, we
have Qh(QX[—1]) o 8 = Qh o 8. Therefore 5 — QX[—1]) o 8 desuspends to
on 252" =1, The double suspension Y2 () = 4. In more detail the argument is as
follows here.
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We consider the following diagram which incorporates loopings of James fibra
tions

Qg2n-1 Qx) Q2ng2n-1 0% (z) QP Rg2n
1 Q(h) 1 Q%(h)
QQ 25471,72 QB 254”

We note that Proposition 4.5.1 and Q?(h) 02 = 20 Q*(h) imply that we can
factor the squaring map 2 as

Q3ng2n iQ2252n 1 2 9325277

We know that h o QX([—1]) = QX([—1] A [—1]) o h = h. Hence Q(h) o § =
Q(h) 0 Q*°2([—1]) o 8 and there exists a map v : Q335%" — QS5*"~1 such that
QX)oy=8-02%([-1]) 0 5.

Notice the following commutative diagram which relates the degree —1 map [—1]
and the multiplicative inverse —1.

SQn—l 2) 9252n

L[=1] -1
527171 5) QESQn'

Hence we get
QQ(E)OQ(E)OWZQQ(E)O(ﬁ—QQE([—l])Oﬁ)
=2-Q*(Zo[-1])o
=2-Q%((-1)o )
=2 0((~ 1>>o92< )5
=2—(-1)o2
=4.

The above proposition has an immediate corollary.
Corollary 4.5.3. Localized at 2, we have
(a) The 4" -th power map factors as

Q2ntlg2ntl | gl 27, %2 Q2n+1g2ntl

(b) If S?"+1(2n + 1) is the 2n + 1 connected cover of S*"*+1, then the 4" -th
power is null homotopic on the 2n + 1 fold loop space

Q2n+1(5«2n+1<2n + 1>)
() Ifk > 2n+ 1, then 4" m;, (S*" 1) = 0.
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Exercises
(1) On the space Q5" "1 the following formulas are valid without localization:
(@) Q2] =2+ [[], [ o
(b) Q3] =3+ [[1,[] o h
(2) On the space Q25?7+ the following formulas are valid localized at 2:
(a) N°[4] =4
(b) For all integers Q2 ([k + 4] = Q2[k] + 4

(c) Ifris congruent to 0 or 1 mod 4, then Q?[r] = r. If r is congruent to 2 or
3 mod 4, then Q2[r] = r + Q([[1], [1]]) o Q(R).

4.6 The 3-connected cover of S° and its loop space

The firs step in understanding the homotopy groups of S% is to compute the
homology of its 3-connected cover S*(3). It is a simple consequence of the
cohomology Serre spectral sequence of the fibratio sequence

K(Z,2) — S*(3) — S°.
Proposition 4.6.1. The reduced integral homology Hy (S®(3);7) =

Z/nZ if k=2n
0 if k=2n+1.

Proof: In the integral cohomology Serre spectral sequence we have
Ey* = H'(S*) ® H(K(Z,2)) = E[v] ® Plu]

with the bidegree of v = (3, 0) and the bidegree of u = (0, 2). The only nonzero
differential is d3 and we have d3 (u) = v. Hence, the derivation property shows that
ds(u™) = nu"~'v. We get that the reduced integral cohomology H* (53 (3); Z) =

Z/nZ if k=2n+1
0 if k=2n.

Since the homology is finite]l generated in each degree, the universal coefficien
theorem implies the stated result for the homology. ]

Localization at a prime and the relative Hurewicz theorem yields



4.6 The 3-connected cover of S? and its loop space 125

Corollary 4.6.2. Localized at a prime p, there are maps P**1(p) — S3(3)
which induce isomorphisms of homotopy groups in dimensions < 4p — 2 and an
epimorphism in dimension 4p — 1.

In particular, localized at a prime p, the firs nonzero homotopy group of S3(3) is
7T21,(Sd <3>) = T2p (Sd) = Z/pZ.

A generator of 74 (S%) = Z/27Z is given by an element which we will see to be
¥(n), the suspension of the Hopf map 7 : S — S2.

If p is an odd prime, a generator of the localized group s, (S?(3)) = m9, (S%) =
Z./pZ is called o .

The same information is conveyed by the mod p cohomology computation:

Proposition 4.6.3. With coefficient 7/pZ, p a prime, the cohomology
H*(S3(3); Z/pZ) = Plusy| @ Elvap41] = a polynomial algebra generated by
Uy, of degree 2p tensor an exterior algebra generated by vy, 1 of degree 2p + 1.

Proof: Inthe mod p cohomology Serre spectral sequence of the fibratio sequence
we get

Ey* = H(S*) ® H'(K(Z,2) = E[v] ® P[u]
with the only nonzero differential d3(u™) = nu™'v as before. Thus
E;" = E[u’'v] @ P[u”].
Clearly, E;" = E** and the result follows. O
On the other hand, we can look at the fibratio of loop spaces
St — Q(S3(3)) — QS°.

In this case the homology Serre spectral sequence is a spectral sequence of algebras
with

EZ, = Hi(S") ® Hi(QS®) = Blu1] ® P[v2]
and d?(vy) = u;. Hence:
Proposition 4.6.4.

(a) The reduced integral homology

Z/nZ if k=2n-—1

Hi((S%(3));2) = {0 if k= 2n.

(b) If'p is a prime, the mod p homology
H.(Q(S°(3)); Z/pZ) = Plvzy) @ Elugy1]
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with vo,, a polynomial generator of degree 2p and uy,_ an exterior gen-
erator of degree 2p — 1.

(c) Localized at a prime p, there are maps PP (p) — Q(S3(3)) which induce
isomorphisms of homotopy groups in dimensions < 4p — 3 and an epimor-
phism in dimension 4p — 2.

Exercises

(1) For the complex projective plane there is a cell structure CP? = 52 U, e*
wheren : §% — S?. We have mod 2 cohomology ring H*(C'P?) = {1, u,u?}
with mod 2 Steenrod operation S¢?(u) = u?. Show that no suspension
¥F(n) : SF+3 — SF+2 is homotopically trivial. In particular, (1) is a gen-
erator of 7, (S?).

(2) (a) Show that the iterated suspension ¥* : 7, (S?) — 7414 (S%*3) is an iso-

morphism.

(b) The element X¥ (1) is said to be detected in mod 2 cohomology by Sq?,
that is, in the adjunction complex

k+3 k+5
S Ug e,

the homotopy class 3 is homotopic to ©* (1)) if and only if S¢? is nontrivial
in the mod 2 cohomology.

4.7 The firs odd primary homotopy class

Let p be an odd prime. In this section we show that the element ajema, (S?) is
detected by the Steenrod operation P! in the mod p cohomology of the adjunction
space S® U,, e?P*+1,

We begin with an algebraic lemma. Let V' be a vector space over Z/pZ and
let T:V — V be a linear operator. Suppose we are given relatively prime
mod p polynomials py,ps,...,pr such that (pip2...pr)(T) =0 on V. Let
G = p1p2 ---Di - - - pr, = the product with the 7—th factor omitted. Then we have

Lemma 4.7.1.

k
V= @ kerp; (T)
i=1

and there is an isomorphism

kerp;(T) CV — lim (¢;(T)" : V = V).

For example let X be a co-H space and let 7 : X — X be a self map. Suppose we
have integral polynomials p,po, ..., pr which are relatively prime mod p. Let
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fi=pi(7), fo =pa2(7), ..., f = pi(7) : X — X be such that (fl) o (f2)s0
(fx) =0in reduced mod phomology Asbefore,letq; = p1ps...pi...pr =
the product with the i-th factor omitted. For 1 < < k, let

X; = lim (¢;(7)" : X — X)
be the mapping telescope. Then we can use the co-H stucture on X to add maps
and we get:

Proposition 4.7.2. The is a mod p homology isomorphism

The example we want hereis X = XK (Z,2) = ¥CP>. Let A be an integer which
is a generator mod p of the group of units (Z/pZ)* and let A : CP>* — CP>
be a map which induces multiplication by A in dimension 2 integral cohomology
and homology. Let 7 = X(A) : X — X be the suspension of this map. Now let
fi = 7 — A’ and note that

(fi)x o (f2)« O"'(fpfl)* = Tf_l —1=0 mod p.
Hence we get

Proposition 4.7.3. There is a equivalence of spaces completed at p:
(CP™) \/ X;

where, if H*(CP>;Z/pZ) = Plu] with u of degree 2, then H*(X;;Z/pZ) is
generated by the suspensions of
{Ui, ui+p71’ui+2p72, ul’+3p*37 . }

A closer look at the effect of the map
a(m)=(1—=A)o(r—A)o---o(r—AP1

in homology shows that this map is a p local equivalence in dimensions congruent
to 3 mod 2p — 2 and is zero in dimensions k with 3 < k < 2p + 1. (It induces
multiplication by a unit times a power of p in other higher dimensions. This
creates copies of the rationals in the homology in these dimensions of the mapping
telescope.)

Thus, localized at p, we have that the 2p + 2 skeleton

X{2p+2] — §3 | e2rtl
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and, since the Steenrod operation P!(u) = u”, we have that P! : H3(X,;7Z/
pZ) — H?’*1(Xy;Z/pZ) is an isomorphism.

If we localize at p, the group s, (S®) = Z/pZ is cyclic and thus the nontrivial
attaching map in S? U €??*! C X must be a generator which we shall call ;..

Of course the fact that o is detected by the Steenrod operation P! shows that no
suspension of o is trivial.

Exercises

(1) Prove Lemma 4.7.1.

(2) Show that, in BS® = HP> localized at 3, the eight-dimensional cell is
attached to the four-dimensional cell by +q; .

4.8 Elements of order 4
For an integer k and a co-H-space X recall that [k] : X — X denotes k times the
identity.
The following proposition is fundamental for this section.

Proposition 4.8.1. For all n > 2, the map [2] : P"T1(2) — P"*1(2) is not null
homotopic.

Proof: The cofibratio sequence S! Bl pe (2) yields the cofibratio
sequence S* A P (2) BN g1 pr (2) — P2(2) A P(2).

Suppose [2] : P" — X P"(2) is null homotopic. Then the cofibratio sequence
is split, that is, P?(2) A P"(2) ~ P""1(2) v P"2(2).

But this is inconsistent with the Cartan formula for mod 2 Steenrod operations.
Let u generate H' (P?(2) and let w generate H" 1 (P"(2)). Then

S (u®u) = Sq* (u) ® S¢* (u) #0eH*(P*(2) A P"(2)).

Thus the cofibratio sequence cannot be split. Il

Proposition 4.8.2. [fn > 2,then the map 2] factors as
Pn+1 (2) i} SnJrl i qn N Pn+1 (2)
where q is the map which pinches the bottom cell to a point and v is the inclusion

of the bottom cell. If n > 2, then 3 = ¥F72(n) = n,, = the iterated suspension of
the Hopf map.
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Proof: There is a commutative diagram

qn N P7L+1(2> i) S7L+1
1 [2] 1[2] 1 [2]
Sn L, pntl (2) 4, Sntl

where the horizontal rows are cofibratio sequences. Since ¢ o [2] ~ x, there is a
map y which factors [2] as

P7z+1(2) i} S7L+1 l> P7L+1(2).

Since the composition $” ! L Pr+1(2) L §7+1 is degree 0 and therefore null
homotopic, there is a factorization of v as

Sn+1 i) F — Pn+1 (2)’
where F’ is the homotopy theoretic fibr of the pinch map q.

A computation with the integral homology Serre spectral sequence of the fibratio
sequence F' — P"T1(2) — S"*! shows that Hy (F) =

{Z if k =mn

0 otherwise.

For more details see the exercises at the end of this section.

The 2n — 1 skeleton of F' is just S™ and hence § factors as

AR
Finally, [2] factors as
prii(2) L gt Zogn L pril(g),
Since we know that [2] is not null homotopic, we must have that 5 is not null
homotopic. If n > 2 then 7,41 (S™) & Z/27Z and 5 ~ n,,. O
An immediate consequence is

Corollary 4.8.3. Ifn > 2, the map [4] : P"*1(2) — P"*(2) is null homotopic
and hence the mod 2 homotopy groups satisfy 4m,+1(X;2/27) =0 for all
spaces X.

Let G be an H-space and let G{2} be the homotopy theoretic fibr of the squaring
map 2 : G — G. Thus there is a fibratio sequence

2=02

0 =2 06 L ey L6 S aG.

We write ), = "2 : S"*+1 — S” for the iterated suspension of the Hopf map.
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Proposition 4.8.4. Suppose that n > 3 and there exists 3 em, G such that 23 = 0
and 3 o m, is not divisible by 2. Then there exists an element of order 4 in m, G{2}.

Proof: We shall construct a commutative diagram in which the top row is a
cofibratio sequence and the bottom row is the above fibratio sequence

Pn(2) _ Pn+1(2) s Pn+1(4) _ Pn+1(2)
Ly 16 ‘ Le Ly
¢ =2 ¢ % 62y L ¢ G

By the Peterson—Stein formula, we can choose  and  to be adjoint maps. Since
23 = 0, there is an extension of 3 to v : P"*1(2) — G.

There are commutative diagrams

P2 L s

= lnnfl
Pn(2) Snfl
1= b
P2 2 pr)
el e
¢ % G

Since 27,1 = 0 we can extend the right-hand vertical composition to a map
§:P"H2) — QG.

Recall the diagram below in which all rows and columns are cofibratio sequences

£ = P2 S P2

! lq |
Sn ﬂ} Sn N Pn+1(2)
1= 1 [2] |
qn ﬂ) Sn N Pn+1(2)'

Hence we have constructed the left-hand square in the firs diagram of this proof.
But, by the Peterson—Stein formula, the remainder of the diagram follows.

If we apply , to this diagram we get horizontal exact sequences

Z)27 — L/AL — Z)2Z
QG 5 06 & n.6{2 & mG.

Since 0, (1) = the adjoint of § o 7, is not divisible by 2, it follows that 2¢, (1) # 0
and €, (1) has order 4. O

We now formulate a convenient stable version of the preceding proposition.
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Recall the definitio of the stable homotopy group

n

(X)) = Jim 7, (P X) = 7, (Q°E*X)
where QX X is the direct limit
X > QNX0P¥2X - O3y3X — ...

Note that {2°°3*° X is an H-space so that Proposition 4.8.4 can be applied to it. If
X isaco-H-space and X [k] is the cofibr of [k] : X — X, then the Peterson—Stein
formula gives a commutative diagram

x "ox o xp - =x " sx

! ! ! 1 1
QerxX B Qrenex o (RNt X){k} - Qenetlx L gyl x
If X is k — 1 connected, then X — Q3> X induces a homotopy isomorphism
in dimensions < 2k — 1. Hence we have

Corollary 4.8.5. Let X be a k — 1 connected co-H-space. Suppose that 3 < n <
2k — 1 and there exists B em,_1 X such that 23 = 0 and (3 o n,, is not divisible by
2. Then there exists an element of order 4 in 7, (X[2]).

Exercises

(1) Let k be an integer and let F™ {k} be the homotopy theoretic fibr of the
pinch map P (k) L ™.
(a) Show that the Peterson—Stein formula gives a commutative diagram

pm-1 KN gm—1 ﬂ) gm—1 _ Pm(/{?) 4, gm

QPTII (k) Sz(Q) QS") s F777, {k} N PTII (k) i S777,

in which the top row is a cofibratio sequence and the bottom row is a
fibratio sequence.

(b) Use the above to show that ,,, -1 (F™{k}) isinfinit cyclic with generator
represented by ¢ : St — P {k}.

(2) Use the integral homology Serre spectral sequence of the fibratio sequence
F{k} — P™ (k) % 8™ to show that Hy, (F™ {k}) =

Z ifk=r(m—1),r>0
0 otherwise.
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4.9 Computations with the EHP sequence

In this section we use the EHP sequence to compute the following little table of
homotopy groups of the spheres S® and S? localized at 2. Of particular interest is
the fact that s (S®) = Z/4Z localized at 2, showing that in this one case the result
of James on the 2-primary exponent is the best possible. Until we say otherwise,
everything in this section is localized at 2.

71 (S%)  generator 7t (S?)  generator
k=3 Zgy 13 Z2) 72
k=4 1Z/)2Z 73 7)27 72 013
k=5 1Z/2Z 73 014 ZJ2Z  mpomzom
k=6 Z/AZ v 7/47 nov

In this table, n, = X¥ 25 : S¥+1 — S* denotes the (k — 2)-nd suspension of the
Hopfmap n =7, : S® — S2.

Note that the Hopf fibratio S' — $% - $2 makes the half of this table referring
to S? automatic since Ny TS 3 m,8% is an isomorphism for & > 3.

What follows is the verificatio of this table.

Localized at 2, we have the fibratio sequence

5

S22 08 g

and its long exact sequence

b h P
7'['552 — 71'653 — 7'('()'55 —
2 X 3 h 5 L
™St = mS° - wSt —
b E h =
w52 S omSt S m St =0.

We start by knowing that 73,52 is Z2) generated by the Hopf map 7. From looking
at the 3-connected cover S®(3), we know that 7, S? is Z/27Z and the above exact
sequence shows that it is generated by the suspension 7 = 7.

Of course, it follows that 74 S? = 7 /27 generated by 1 o 13.

The map P : 755° = Lg) — w3 S% = Z2) is multiplication by 2, a monomor-
phism. Hence ¥ : 7;8% — 755° is an epimorphism and (12 o n3) = n3 o1y
generates the image. The next lemma shows that 3 o 1, # 0 and hence 755% =
7./27 generated by 73 o 1.

Lemma 4.9.1. For all k > 2, the composition
T O Mt 1 :Sk—O—Z N Sk+1 N Sk

is nontrivial.
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Proof: Suppose it is trivial. Then we have a homotopy commutative diagram

Sk+2 — *
b k41 !
Gkt Ik gk

We expand this diagram to a homotopy commutative diagram in which the rows
and columns are cofibratio sequences

Sk+2 _ * N Sk+3

b Mgt ! !

Qk+1 LN Sk Sk Uflk ek+2
1=

Sk‘+1 U?]k*,l ek+3 N Sk‘ N Sk‘ U ek+2 U ek+4'

In the mod 2 cohomology of both of the above 2-cell complexes, we have a
nontrivial Sq?. It follows that in the mod 2 cohomology of the above 3-cell
complex, we have a nontrivial Sg?>Sq?. But the Adem relation S¢>Sq®> = Sq¢S¢
is a contradiction. Hence, the composition 7y, o ;41 # 0. ]

Once again we automatically have that 75.5? = Z /27 generated by 1y o 173 0 7).

We need to recall the Freudenthal suspension theorem: the suspension ¥ : S% —
Q5% induces isomorphisms of homotopy groups in dimensions < 4 and an epi-
morphism in dimension 5. An even larger range is true for the suspensions between
higher dimensional spheres. But we know that 75 S® = 7Z /27 generated by 13 o 1,
and Lemma 4.9.1 asserts that all suspensions of this are nontrivial. Hence we cer-
tainly know that 7y, | S¥ = Z/27 generated by 1, and 71, 2 S* = 727 generated
by Nk © Mke+1 for all k > 3.

Recall that Corollary 4.6.2 says that we have amap P°(2) — S (3) which induces
an isomorphism of homotopy groups in dimensions < 6 and an epimorphism in
dimension 7. Since P’ (2) is the cofibr of [2] : S* — S*, Corollary 4.7.5 applies.
In particular, the homotopy fibratio sequence of the pinch map, F — P°(2) 4
S5, has F being homologically equivalent to S* in dimensions less than 8 and
leads to a short exact sequence

0 — (m6S* = Z/27) — 76 P°(2) — (n6S° = Z/2Z) — 0.

This exact sequence depends on the facts: 21, = 0 and 7, o 75 is not divisible by
2. The corollary implies that there exists an element of order 4 in 75 (P°(2)) =
Z]AZ.

The corresponding element of order 4 in 765 = Z/4Z is called v and we also
have that 74.S? = Z /47 generated by 1, o v. The completes the confirmatio of
the table localized at 2.
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We remark that, if we do not localize, we have that
76S° = Z/AZ © 7/37 = 7./127Z
with generators v and o .
Exercises
(1) If pis an odd prime, show that the composition
ay o (2 Bap) 813 - 8 63
is not null homotopic. (Hint: Use the Adem relation
Plop! =2p?

and the fact that P2 must vanish on a three-dimensional class.)



5 James—Hopf invariants and Toda—Hopf invariants

We begin this chapter by introducing the important concept of a divided power
algebra. Divided power algebras arise in the description of the cohomology alge-
bras of several important spaces, among them loops on spheres. These algebras
have interesting properties when localized at primes. In particular, these properties
give rise to Hopf invariants of two types. The firs type is due to James [66] and
Hilton [54]. The second type is due to Toda [130].

The James construction allows two definition of Hopf invariants. The so-called
combinatorial definitio is probably the simplest and most attractive. Another one,
the so-called decomposition definition is based on James’ natural splitting of the
suspension of the James construction.

As we have seen in the previous chapter, the Hilton—Milnor theorem leads to the
Hilton—Hopf invariants. Certain Lie identities are required to control the homo-
logical properties of the Hilton—Hopf invariants.

These three constructions of Hopf invariants are for the most part interchangeable
for all practical purposes (although the Hilton—Hopf invariants are more tractable
concerning the issues which arise in the 2-primary exponent theorem for the homo-
topy groups of spheres). The most important properties which they share are the
homological properties necessary to construct the James fibration and the p-adic
naturality which is used in the proof of exponent theorems.

Localized at odd primes, the James fibration involve filtration of the James
constructions. The homology of the loops on these filtration was firs studied by
Toda. This leads to the Toda—Hopf invariants and to the Toda fibrations The Toda
fibration also possess a p-adic naturality which comes into the proof of Toda’s
odd primary exponent theorem. If p is an odd prime, then p?>" annihilates the
p-primary component of the homotopy groups 7 (S?" 1) forall k£ > 2n + 1. We
prove this in the geometric form introduced by John Moore. In this form it is a
theorem about power maps on loop spaces.

As we shall see later in this book, this result is not the best possible exponent. First,
Paul Selick showed that, for p an odd prime, the p-primary component of all the
homotopy groups of S® are annihilated by p. Almost immediately after Selick’s

135
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result, Cohen, Moore, and Neisendorfer used completely different methods to
prove that p” annihilates the odd primary components of S?"*+!, at least when
p > 3. This proof will be presented later in this book. The technical difficultie
that were overcome by Neisendorfer to extend this result to the prime 3 will not
be in this book.

Finally, we note that Brayton Gray showed that, for p an odd prime, there are
elements of order p" in the homotopy groups of S?"*1. Serre’s odd primary
splitting,

QS2n+2 ~ SQnJrl % (254n+37

shows that the case of even dimensional spheres reduces to the case of odd
dimensional spheres. Thus, the best possible odd primary exponent for the spheres
is known.

5.1 Divided power algebras

The cohomology of the loops on an odd dimensional sphere is given by a divided
power algebra. The algebraic structure of these algebras is fundamental to the
existence of fibration related to Hopf invariants.

Definitio 5.1.1. A divided power algebra I'[z] generated by an element 2 of even
degree 2n is the algebra with basis

{1 :70(36),3: :’}/1(2?),’}/2(.%),...,’}%(1‘),...}

with the degree of 7, () equal to 2nk and multplication given by ; (z)v;(x) =
(4, )i+ (x). The divided power algebra has the structure of a Hopf algebra with
the diagonal given by

Ay () = Ef:o%’ () @ ye—i(2).

Remark. The symbol (4, j) is the symmetric representation of the binomial coef-

ficien
o (i+g) _ 4g)!
=)= o

It is immediate that v; (2)y; () = (k 4+ 1)1 (x) and thus

2t =i ()" = Ky ().

If k! is a unit in the ground ring, then 7y (x) = ;. Hence, if the ground ring
is the rationals, T'[x] is isomorphic to the polynomial algebra P[], even as a
Hopf algebra. But over a fiel of characteristic p, it is very different, for example,
Y (z)" = 0.
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Lemma 5.1.2.

(a) If Ply] = T'[y] is the primitively generated polynomial algebra generated
by an element y of even degree 2n, then the dual Hopf algebra is

where x has degree 2n and
{70(56)571 (x)772(x) cee 77k7(x)v s }
is the dual basis to
Ly, v, b,
that is, (i (z),y7) = d;;.

(b) if T|x] is the primitively generated tensor algebra generated by an element
y of odd degree 2n + 1, then the dual Hopf algebra is

Tly)" = Elz] @ T'w]

as an algebra where x is a primitive element of degree 2n + 1, w has degree
4dn + 2, and the comultiplication satisfie

Alw)=wRl+zz+1Rw.
Proof:

(a) Let p: Ply] ® Ply] — Ply] be the multiplication and let v : P[y] —
Ply] ® Ply] be the comultiplication of the polynomial algebra. Then p*
and v* are the comultiplication and multiplication, respectively, of the dual
Hopf algebra. We let

{ro(@), (), (). (e), .. }

represent the dual basis to the basis of powers of y and we shall determine
the formulas for the multiplication and comultipllcation.

We have
(W (), ©y') = (ye (), 1y’ @ y))
= (1 (2),y") = Opiv;
which implies that
i (e (2)) = Tijoi (@) © 7 (2).

We have
(v (i(z) @7;(2),4") = (@) @ 7;(x), v(y"))

= (yi(2) ® v;(2), (v(¥)")) = (vi(2) @y, (2), @1+ 1@ Y)")
= (7i(2) ® 75 (2), Sasp—r (@, 0)y" @ y*) = (4,7)ia0;
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which implies that

v (i(@) @ 7;(2) = (i, 5)viv s (2)-

It follows that the dual Hopfalgebra of the primitively generated polynomial
algebra Ply] is exactly the divided power algebra I'[x].

(b) As for the second part, we note that
Tly] = Ely] © Ply’]

as a coalgebra. This is the case since the composition

Ty

mult
—_

E[y] ® Ply*] — Tly] © T[y]

is a map of coalgebras and an isomorphism.
Hence, the dual is

(Tly))" = (Bly)" @ (Ply*)" = Elz] @ T'[w]

as an algebra. Here, (z,9) =1 = (w,3?).
The element x is clearly primitive and p(y ® y) = 3? implies that

Alw)=p'(w)=wel+zer+1®w.
O

Since the homology Hopf algebra of the loops on a sphere is given by a tensor
algebra generated by a single element, we get:

Corollary 5.1.3.

(a) The cohomology Hopf algebra H*(2S*"*1) is isomorphic to T[x] with
degree x equal to 2n.

(b) The cohomology Hopf algebra H*(Q.5*"*?2) is isomorphic to E[z] @ T'[w]
where x is a primitive element of degree 2n + 1 and w is an element of
degree 4n + 2 with comultiplication A(w) = w1+ zxQx+1Q w.

Recall the second Hopf invariant A : Q5?72 — Q8%"+3 The above corollary
implies that the induced cohomology map h* makes H*(£25%"%2) into a free
module over H* (254" +3) with {1, 2} as a basis. Thus it implies the existence of
the fibratio sequence up to homotopy as in Proposition 4.4.1, Proposition 4.4.2,
and Corollary 4.4.3:

SQ!H—I N QSQTI,+2 L QS4n+3

In order to show the existence of the fibratio sequence localized at 2,

h
SQn N QS2n+1 BN QS4n+1,

we need a bit more algebra. First, induction on n shows



5.1 Divided power algebras

Lemma 5.1.4. Over a subring of the rationals, we have

(k)" = ().

A special case of the above is 2 = nly, (z).
There is a well known lemma on binomial coefficient mod a prime:
Let p be a prime and let

b= bip', a =X ga;p'

be p—adic expansions with 0 < a;,b; < p — 1. Then

Lemma 5.1.5. Mod p,
b\ 17 (b
“ o \Y
Proof: The convention is that

(-

ifa > b.

In the polynomial ring Z /pZ|x]

(1+ x)b = ZZ:O (b) z°.

a
But

(1+a) =J[a+a")"

TE))

and the result follows from the uniqueness of the p-adic expansion of a.
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Elementary number theory includes the result that the highest power p® of a prime

p that divides a factorial b! is given by

c-san= ][5 - 5]

This implies that the following improvement of a special case of Lemma 5.1.5:

Lemma 5.1.6.

(tha) = (2)
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where u is a unit in Z(p), the integers localized at p.

We apply the above lemmas to the following subalgebras of the divided power
algebra.

Definitio 5.1.7. If T'[z] is the divided power algebra generated by an even
degree element x and r is a positive integer, let I',[z] denote the subalge-
bra concentrated in degrees which are multiples of r and spanned by the set

{1y (@), 72r (@), - e (), - 1
The lemmas imply that
Proposition 5.1.7. For all r > 0 and with ground ring Z )

(a) The divided power algebra

F[’ypv (:E)] = Fpr [x]
(b) I'[z] is a free T, [x] module with a basis
{Lm(2),72(),. 1 (2)}-
Proof: A basis for I'[y,- ()] is
1 n_ _(np")!
Yo (W (2)) = m{’Yp" (2)}" = W%p (z)

and

v (np")!
PH(prn (nl)

shows that the coefficien is a unit in Z,). This proves part (a).

) =0

Part (b) follows from the fact that, if 0 < ¢ < p”, then

kp" +1i
7

Viepr ()i () = ( ) Viepr +i(T) = uYpr +i ()

where w is a unit in Z,) . |

Setting p = 2 and r = 1 gives Corollary 4.4.6, that there is a fibratio sequence
localized at 2,

S?n N Qs?rHrl L QS4H+1.
We leave the next lemma as an exercise
Lemma 5.1.8. With ground ring Z,):
@) {vpr (@)} = puyyr+1 (x) where w is a unit.

(b) i < pimplies that {y,: (x)}' = vy;, (x) where v is a unit.
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©) If n=rig +i1p+isp® + - +irpF is the p-adic expansion with 0 < i)
<pforall0 < j <k, then
Yo () = Wiy (2)Yiyp(2) oYy pr ()

i

= v (@) 0y (@) ...y ()

where u and v are units.
If we reduce mod p, the above lemma says the following:

Proposition 5.1.9. With 7 /pZ as ground ring, there is an isomorphism of algebras
with a tensor product of truncated polynomial algebras

T[z] = @) Pl (@)]/ {7y ()" =0}
k=0

= Plz]/{a" = 0} ® Ply, (2)]/{7p(x)"
=0} @ @ Py (@)]/{pe () =0} @ -+

Exercises

(1) Prove Lemma 5.1.8.

5.2 James—Hopf invariants

The James construction leads to two definition of Hopf invariants. They are both
natural constructions and both share with the Hilton—Hopf invariants the fact that
they lead to EHP fibratio sequences. The Hilton—Hopf invariants have the one
advantage that they are more suited to the distributivity questions that arise in the
proof of the 2-primary exponent theorem for the homotopy groups of spheres. On
the other hand, the Hopf invariants that arise from the James construction have an
attractive simplicity. In order to be complete, we shall in this and in the subsequent
section present three different definition of Hopf invariants.

In this and subsequent sections of this chapter we shall assume that all spaces have
the homotopy type of CW complexes.

Let k be a positive integer. First we give James’ combinatorial definitio of the
k—th Hopf invariant hy, : J(X) — J(X"*) where X"* = X AX A--- A X is
the k—fold smash product. We shall denote a point in X Ak byz; Azg A Axy.

Recall that J(X) = {z123 ...z, |z; eX} is the free monoid generated by X with
the single relation that the basepoint * of X is the unit. It has an increasing filtratio
given by J,, (X) = the subspace of words of length < n.
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We defin
hi (12 ... 1)) = * if n<k

=x1 Axo N Axp if n=k

:Hxil/\xi2/\~-~/\xik if n>k

where the product is taken over all length & subsequences of x5 . ..z, and the
product of the subsequences is taken in the lexicographic ordering.

For example,

hy(z12273) = (T172) (T173) (T2T3)

h2($1$2$3$4) = (.’L’lmz) (33‘11}3) (.’1?1.%'4) ($2$3> (3?2.’174) ($3I4)

It is easy to check that the so-called k-th combinatorial James—Hopf invariant
hy : J(X) — J(X"*) is a well define continuous map. It is an extension of the
canonical map

hy s Jp(X) — XM,
Furthermore, it is a natural transformation of functors: if f : X — Y is a contin-
uous pointed map, then
J(X) L (k)
LIS LI

JY) o gy
commutes.
Since
JX) M gxnwy
T T

Je(X) M xw
commutes, we get

Proposition 5.2.1. If H,(X) is torsion fiee, the k-th combinatorial James—Hopf
invariant satisfie

hi o1 @@ - Qo) = Qo @+ @ ay,

where oy @ ag @ -+ ® ay eH, (J(X)) and o @ ag ® - ® oy, e H.(XF)).

We always have that the composition

Teor (X) 5 J(X) M gy
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is the trivial map to the basepoint. It is natural to ask when it is a fibratio sequence
up to homotopy.

Consider the case k = 2 and X = 5™. Although we used the second Hilton—Hopf
invariant in the previous chapter, the very same arguments show that the second
combinatorial James—Hopf invariant satisfies

S™ = Ji(S") L J(S") = (s

is a fibratio sequence up to homotopy if n is odd and a fibratio sequence up to
homotopy localized at 2 if n is even.

Consider the case k = p” where p = aprime and X = S?". If we localize at p, then
Proposition 5.1.7 shows that the p”-th combinatorial James—Hopf invariant makes
H*(J(S*") into a free H*(J(S?"?")) module, that is, there is an isomorphism of
H*(J(S*"?")) modules:

H*(J(S?") = H*(J(S*""")) @ H* (Jyr 1 (S™"))

Proposition 4.4.2 shows that .J, 1 (S?") has the homotopy type of the homotopy
theoretic fibr of h,- . Hence we get the James fibratio sequences at the prime p:

Proposition 5.2.2. Localized at a prime p the combinatorial James—Hopf invari-
ant gives fib ation sequences up to homotopy

hl’ r
—

Jr,1 SQn L} J(SQn) J SZn,p"' .
p

Another construction of Hopf invariants starts with the splitting of the suspension
of a product:
Recall that, for connected X and Y, there is a homotopy equivalence

X XxY)=>ZXVIYVEXAY).

Hence the map %(X xY) — X(X AY) has a section (right inverse) Z(X A
Y) — X(X x Y). If we iterate this in the following way

(X X X X Xy X Xp) = 2(Xy x Xo x - Xpo1) AN X
— XXy X Xo X - Xp o) A X1 A Xy
— = XXIAXo A X A X
then we get a map
S(Xy x Xox - Xy X Xp) =2 B(XTAXo A Xy A Xg)

with a section.
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Now consider the natural surjections

XXX X XxX->J(X) > XAXA--NX.
Since there is a section the cofibratio sequence

ST (X) = 2J(X) = B(XAX A AX)
is split, and we get
Lemma 5.2.3. For connected X, there is a homotopy equivalence
YT 1 (X)) VEXY) - 2J(X).

Iteration of this decomposition yields

The James splitting 5.2.4. For connected X and all positive integers n, there is
a homotopy equivalence

\/ LX) — B, (X).

k=1
This result is also valid for n = oo.

But the above lemma also implies that any map ¥.J;(X) — Y extends to a
map XJ(X) — Y. In particular, the map X.J; (X) — SX"* extends to a map
H :XJ(X) — X" Note that H restricts to the trivial map on X.J; 1 (X).

We defin the k-th decomposition James—Hopf invariant h;, to be the composite
J(X) 2 ong(x) 2 an(xn).
We have a lemma which is similar to Proposition 5.2.1:

Lemma 5.2.5. If H.(X) is torsion free, then the decomposition James—Hopf
invariant satisfie

hfk*(al®Oég®"'®0{k):a1®a2®...®ak

where oy @ ag @ -+ @ a eH, (J(X)) and o] @ o @ - @ oy, e H.(XF)).

Proof: 1t follows from the commutative diagram
QH

JX) = onJx) 2L ognx
T 7 T
(X)) 2 QN (X) — QuXM
1= TY TY

J (X)) —  Jp(X) — XMk
O

Just as with the p”-th combinatorial James—Hopf invariant, this lemma implies
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Proposition 5.2.6. Localized at a prime p, there is a fib ation sequence up to
homotopy

(3

prl (5271) N J(S2n) hyr 9252n[)7
where hT)r is the p"-th decomposition James—Hopf invariant.

Exercises

(1) Show that, up to homotopy equivalence localized at a prime p, the loops on
the p”-th combinatorial James—Hopf invariant Qh,- is the same as the loops
on the p"-th decomposition James—Hopf invariant Qh,, .

(2) (a) Show that the section (X AY) — X(X x Y) is a natural transforma-
tion in the homotopy category.

(b) Show that the section X(X3 A Xo A+ A Xg) — B(X; x Xg x -+ X
X,) is a natural transformation in the homotopy category.

(c) Show that the James splitting is natural in the homotopy category.

(d) Show that the k-th decomposition James—Hopf invariant hy, : J(X) —
QX X"* is a natural transformation in the homotopy category.

(3) (a) Show that, localized at a prime p, the p-th James—Hopf invariant A, :
083 — Q5?7+ restricts to a map

7 : Q(S(3)) — QS+

with the homotopy theoretic fibr of h equal to S??~!. (It does not matter
whether h), is the combinatorial James—Hopf invariant, the decomposition
James—Hopf invariant, or the Hilton—Hopf invariant of the next section.)

(b) If p=2 show that the inclusion S?’~! — Q(S3(3)) is the adjoint
of n.

(c) If p is an odd prime, show that the inclusion S?’~1 — Q(S3(3)) is the
adjoint of o .

5.3 p-th Hilton—Hopf invariants

In this section we show that the Hilton—Hopf invariants can also be used to obtain
James fibratio sequences localized at a prime p.

If A is a co-H-space, the p-th Hilton—Hopf invariant is a map

hy : QXA — QE(APA).
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More precisely, let {¢1, ¢2 } generate the Hall basis
{11, 12, [t1,[t1,e2]], -y ad(e)?  (e2), ... }.

It does not much matter in which order the elements occur. The important thing is
that the element ad(z1)? ! (12) occurs.

Definitio 5.3.1. The p-th Hilton—Hopf invariant is b, = haq(,, yr-1 (1s)-
Thus, h,, is the composition

L1+t

9007, aslGRACING o) SIOTRVIY

O L ASAX QDA X - x QN(APA) x - --

Pad(11)? (19
-

L QR(APA),
where the last map is the projection on a factor of the product.

We need to investigate the homological properties of this map, at least in the case
of A = S2" with mod p coefficients To this end we present some identities which
hold mod p. Our presentation follows the presentation by Jacobson in his book on
Lie algebras.

Let F be a fiel of characteristic p and consider the polynomial algebra F'[x, y]
generated by two commuting variables x, y. We begin with the familiar identity

(0—yy ="~y
We can factor
'y = (o= y) (S
and thus
(x—y)r =Sty

Now consider the tensor algebra 7' = T'[z, w] generated by two noncommuting
variables z,w over the fiel F. We have two commuting operators zg, zr on T’
given by right multiplication by z, that is, zz (a) = az, and by left multiplication
by z, that is, 2 (a) = za for all aeT. We note that

(zr, — 2r)(a) = za — az = [z,a] = ad(z)(a).
Thus,

(2L —2r)" = (20)" — (2r)" = (&)L — (& )r
and

-1 _ yvp—1_i p—1—1t
(20 —2zr)V =2 2p .
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In other words,
ad(2)" (w) = ad(z")(w)
and
ad(2)? ! (w) = Zf;(l] 2w

The following identity is the key to the homological properties of p- th Hilton—Hopf
invariants:

Lemma 5.3.2.
(z4w)P = 2P +wP + X7 Pi(z,w)
where i P;(z,w) = the coefficien of t' "1 in ad(z + tw)? ! (w).
Proof: Introduce the commuting variable ¢ and write the more general formula
(z 4 tw)P = 28 + tPwP + X0t Pi(z,w)

where P;(z,w) is a polynomial with weights p — 4 and ¢ in the noncommuting
variables z and w. Differentiate this formula using the product rule

d df
a(f 9) = +f
and thus
a, af
—(fP) = i p— t
S =2y
We get
ad(z 4 tw)P 7t (w) = XV70 (2 4 tw) w(z + tw)? 1 = PP (2, w).

O
In particular, when p = 2:
P (z,w) = [z, w]
and when p = 3:
Pi(z,w) = [z, [z,w]], 2P2(z,w) = [w, [z, w]]
On the other hand, for all p it is clear that:
Py (z,w) = ad(w)” " (2)
Corollary 5.3.3. The map induced by the p-th Hilton—Hopf invariant in mod p
homology,

h,, : H (QXS?") = Tlug,] — H.(QXS?"?) = Tugn,)

P*:

satisfie hy, (25,) = Tanp.
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Proof: If 11 ,usy, = 2, to,us, = w, we compute

hl’*(mgn) = (pad(z,l)l”l(1,2))*(671)*(2 + w)p

and note that (©71), writes (z + w)? in terms of the Hall basis (and products
thereof if necessary) while (paa,,)»—1(,,))« has the effect of picking off the
coefficien of the ad(z)P ! (w) term and making it the coefficien of us,,,. Hence,
the result folows from Lemma 5.3.2. ]

Now it is immediate that

Corollary 5.3.4. Localized at a prime p, the p-th Hilton—Hopf invariant h,, :
OXS%" — O¥S*"P makes the cohomology of the domain into a free module with
basis {1,y (x), y2(x), ..., Yp-1(x)} over the cohomology of the range. Thus
there is a fib ation sequence up to homotopy localized at p,

hy

F — Q282" -4, On g2

where F ~ J,_1(S*") is the localization of the p — 1 skeleton of Q%S>".

Exercises

(1) Show that, up to homotopy equivalence at a prime p, the loops on all of
the three p-th Hopf invariants (the combinatorial, the decomposition, and the
Hilton) are the same.

5.4 Loops on filtration of the James construction

Let p be an odd prime. The James fibration at the prime p encourage further study
of the spaces J,_1(5*"). We shall show that, up to homotopy, there exist Toda
fibratio sequences localized at p of the form

5271,—1 N Qprl (5271) i QSan—l.

If we combine the Toda fibratio sequences with the loop of the James fibratio
sequences we get a factorization of the double suspension

52”71 N Qprl (S2n) N Q2 SQn+1
|H 1 Qh,
Qsznp—l QZSQTL])+1

which we can use to obtain results on the p-primary components of the homotopy
groups of spheres. In particular, we shall eventually use these to prove Toda’s
p-primary exponent theorem.

We begin by computing the homology localized at p of the loop space.
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Proposition 5.4.1. Localized at a prime p, there is an isomorphism of Hopf
algebras

H*(ij,1 (5271)) = E[J;?nfl} & F[y2np72]

where E[xo,_1] is the exterior algebra on a primitive generator s, of degree
2n — 1 and Tlyonp—2] is the divided power algebra on a primitive generator
Yonp—2 Of degree 2np — 2.

Proof: Consider the cohomology Serre spectral sequence of the path space fibra
tion sequence

QJp1 (87") = PJpoa (8*) = Jp-a (8*).

Of course, it must abut to the cohomology of the acyclic path space and this has
consequences for the cohomology ring H* (2,1 (S*")).

The cohomology ring H*(.J,—1(S?")) is a truncated divided power algebra
spanned by

{1, m(zon), y2(x2m), ..., Yp-1(22n)}-

The idea of the proof is to show that there is a unique acyclic algebra
By = Blwsn-1] @ Tfyanp—2] © H*(J,-1(5*"))
with differentials
don (T2n—1) = Tan = Y1(%2n), danp—2n (Yonp—2) = Tan—17p—1(T2n)-
Here are the details.
There exists
Top_1 eH*H(QT, 1 (S*™M)),
which transgresses to v, (22, ) = 2,, that is,
don (Ton—1) = oy .-

This is the firs nontrivial element in the reduced cohomology of the fibre
Thus,

dan (@2n—17i(T2n)) = (i + 1)7i41 (@20 )
In particular,

dan (Tan-17p-1(z20)) =0
and there exists ya,,, 2 eH>"P~2(Q.J,_1(S*")) such that
d?np—?n (yQ'er—Q) = T2n-1"p-1 (3?2n)~

This is the second nontrivial element in the reduced cohomology of the fibre
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It follows that

dap (anp72m2n71) = Yonp—2T2n

and hence y2,,p—2%2,—1 7 0. This is the third nontrivial element in the reduced
cohomology of the fibre

Furthermore,

d2np—2 (ygnp—Z) = 2y2np—2x2n—17p—1 (-73271)-

There must exist a nonzero element

1
iygnp72 =72 (anP*Q)
such that
dQ"[)—QTL (72 (y2np—2) = Yonp—2T2n-1 =M1 (anp—Z)xQn—l-
As before,

d2n, (72 (y2np—2)x2n—1 ) =72 (an]]—Q)IQH

and it follows that v5 (Y252 )2, -1 7 0. It is the fourth nontrivial element in the
reduced cohomology of the fibre

Once again,
d2np72 (’71 (y2np72 )72 (y2np72 )) = 3’}’2 (y2n,p72 )xanl Yp-1 (xQn ) .
There must exist a nonzero element
1
571 (yan72)’72 (yan72) =73 (yan72)
such that

d2np727z (’73 (y2np72)) =72 <y2np72)x2n71 .

Continuing in this way, we see that the divided powers 7;(y2,,-2) exist in
HEr=2)1(Q.J, 1 (S?")) and satisfy

d2np—2n (77 (yQ'n,p—Q) = Yi-1 (y2np—2)z2n—l .
The elements
{17 71(3/2711772); e 77i(y2np72)7 ceey
Toan-1, M (anp72>$2n717 s i (anp72)x2nfl; e }
are nonzero and form a basis for H*(Q.J,_1 (5%")).

Finally, we see that the elements x3,_; and ya,,_o are primitive for obvious
dimension reasons. 0



5.5 Toda—Hopf invariants 151

Since the previous result is valid over an integral domain Z,) of characteristic
zero, it follows that the comultiplication is completely determined in the Hopf
algebra H*(Q.J,_1(5")) and we get

Proposition 5.4.2. Localized at a prime p, there is an isomorphism of Hopf
algebras

H*(ijfl(sw)) = Elugn-1] ® Plvgnp-2]

where Elua, 1] is the exterior algebra on a primitive generator us, 1 of degree
2n — 1 and Plvgy,—2] is the polynomial algebra on a primitive generator v, ,_s
of degree 2np — 2.

5.5 Toda—Hopf invariants

In this section we construct the Toda—Hopf invariants H : QJp_l(SQ”) —
0S2mr—1 First of all we recall a basic result.

Proposition 5.5.1. The homotopy theoretic fib e of the inclusion

AVB —- AxB

is the join of the loop spaces (QQA) * (2B).

Proof: The homotopy theoretic fibr F' is the space of paths in A x B which
begin in AV B and end at the basepoint (x,x). This is the union of the paths
which begin in A x x and end at (x, ) with the paths which begin in * x B and
end at (x, ). In other words, F' is the union

(PAXxQB)U (A x PB)
with intersection
QA x QB.
Thus F' is the homotopy pushout
QAx QB — QA

1 l
OB — F.
Hence up to homotopy F is the join (2A4) * (QAB). U

We also record:

Lemma 5.5.2. There is a homotopy equivalence A x B = %(A A\ B).
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Proof: Represent A x B as the strict pushout

AxB — CAxB

l l
AxCB — AxB.

If we collapse the contractible subspace C AV CB to a point, we get the strict
pushout

ANB — CANB

! !
ANCB — (AxB)/(CAVCB).

But this has the homotopy type of the pushout

ANB — C(ANAB)

! !
C(AANB) — S(AAB).

Thus Ax B~ (A% B)/(CAVCB) ~X(AAB). U

If we multiply the maps QA — Q(AV B)and QB — Q(A V B), we get a section
to the map

Q(AV B) — Q(A x B) = (QA) x (QB).

Therefore, up to homotopy we have an equivalence.

Lemma 5.5.3.

~

Q(AV B) = (QA) x (QB) x QX(QA A QB).

We can now defin the pre-Toda—Hopf invariant as follows:

Since J, 1 (S?") = J,_2(S5?") U e* P~ we can pinch the top cell in half and
get a map

T: 0,1 (S™) = Jpa (S*) v b,
The pre-Toda—Hopf invariant is the composition
H=m0QT : Q(J,-1(5™)) = QJp-1(57") v §2171)
QS (Q,_1 (S2) A Q§2n(r-1)),

where 7 is the projection in the product decomposition Lemma 5.5.3.
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Since we have the evaluation natural transformations QA4 — A, we get a com-
position of evaluation maps

R: Z(QJP71(3271) A QSQH(P*I)) — (Qinl (SZTL) A S277,(p71))
_ p_1(52n) /\SZn(pfl)fl.

The James splitting
N7 1 SQn \/ »ng2ni
P

allows us to project to the bottom sphere
prl (S2n) A SQn(pfl)fl i) Sanfl'
Finally, we can state

Definitio 5.5.4. The Toda—Hopf invariant is the composition H = (g o QR o
H:

Q0J, (SZn) or, Q(Jp—1<52n) v SZn(p—l))
5 Q%(QJ, 1 (S%) A QS e-1)

Q_R) Q( [)_1(5277,) A SZn,(pfl)fl)

Qq np—
QSan 1 .

We claim that

Lemma 5.5.5. Localized at p, the Toda—Hopf invariant makes the cohomology
ring

H*(QJ,1(5°")) = Elz2,1] © Tlyan, 2]
into a free module with basis {1, xa,_1} over the the cohomology ring

( San 1) F[erLp 2]

Proof: Itis sufficien to show that H*(¥2,,,_2) = Yanp—2-
We begin by determining
7 o (QR)" o ()" (Y20p—2) = -

But this is the generator of the cohomology in dimension 2np — 2 of the factor
QX (T, 1 (S?) A Q82" (»=1)) in the product decomposition

Q(Jp_l(sQn) v SQH(P*I)) ~ ij_l(SQn) % Qg2 (p=1)
x QX(QJ, 1 (S7") A Q82 =Ly,
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The cohomology ring of J, 1 (S?" v §2"(P~1) has a basis

{1,z = 23, = 11 (220), <oy Tp-1 (T2n), €= 6277,(13—1)}

with xv,_1 (x) = 0 = ze. In the cohomology Serre spectral sequence of the path
space fibratio of the bouquet J, ; (S2") v S?"(P~1) we have a transgression

d2n (xZ'n—l) = Tan
and the class 7 is determined by

d2np72n @) = T2n-16€.

Recall that, in the cohomology Serre spectral sequence of the path space fibratio
of J,_1(S5°") we have a transgression

d2n (xZ'n—l) = Ton
and the class 2, > is determined by

d?np72n (y2np72) = T2n-1"p-1 (xQn)

Themap T : J, 1(S?") — J, 1(S?*") v §?"(?~1) induces a map of cohomology
Serre spectral sequences of the path space fibration and we have that

T*(x%z,) = To,, T ('Yi ('172'”)) =% (xZ'n)7 T*(e) = 7p—1(x27z)
(QT)*(zanl) = T2n-1

and thus
danp—20 H (Tapp—2) = donp—20 (UT)*(7)
= T"d2np—2n (Y)
= (QT) x9,-1 T"e
= Ton-1%p-1(T2n)-
Hence, H* (¥9,—2) = Y2np—2- O

As before the above proposition gives a corollary. These are the Toda fibrations

Proposition 5.5.6. Localized at a odd prime p, the Toda—Hopf invariant H gives
fib ation sequences up to homotopy

SQn—l N Qprl (5271) i QSZH,[)—l.

We note that it is immediate that the Toda—Hopf invariant satisfie the following
naturality condition:
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Lemma 5.5.7. Ifk : S*" — S2" is the degree k map, then the following diagram
commutes

SQn N ij_l (5271,) i 95277,[)71
Lk L Jp-1(k) 1 QFP
S?n N Qprl (SQ’H,) i QSan—l_

5.6 Toda’s odd primary exponent theorem

In this section we prove Toda’s odd primary exponent theorem: If p is an odd
prime, then p" annihilates the p-primary component of 7 (S** 1) for all k.

We start with some preliminary observations. Localized at an odd prime, S*"*1 is
an H-space. The simplest way to see this is that, localized away from 2, we have
a homotopy equivalence

QS27L+2 ~ SZ7L+1 % QS4H+3.
The result follows by noting that any retract of an H-space is also an H-space.

In addition, localized at an odd prime, we can identify the degree k£ map as a k-th
power map k : S?"*1 — §2n+1 Since the two multiplications on Q52"*+! are
homotopic, it follows that the following are homotopic: Q(k) ~ k : QS?"+! —
Q527 +1, Furthermore, any iterated loop on a degree % is also a k-th power map.
This is different from the case of localization at the prime 2 when it is important
to distinguish between k-th powers and maps induced by the degree k£ map.

John Moore’s geometric formulation of Toda’s result is the following.
Proposition 5.6.1. Localized at a odd prime p, there exists a factorization of the

p?-nd power map

p2 .Q3g2n+l T, g2n—l (%) Q3g2n+1

We point out the following immediate corollaries.

Corollary 5.6.2. Localized at a odd prime p, there exists a factorization of the

p?" power map

) T Q(e?m) , ,
p2n, . QQ7L+15271+1 N QSl QQn+152n+l.

Corollary 5.6.3. If S*"*1(2n+1) is the 2n+ 1 connected cover and we
localize at an odd prime p, the p’" power map is null homotopic on
Q2L (820 190 + 1)) and thus all the homotopy groups are annihilated

by pQ”.
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Proof of 5.6.1: We can use any of three Hopf invariants but the p-th combinato-
rial James—Hopf invariant %, is most transparently natural in the sense that the
following commutes:

Q%h,

QBSZn+1 Q3S2np+1
Lp ‘ Lp
Q3 §2n+1 Q%h, Q3 52+l

Let o : X — Q352" ! be any map. Then
(Q%h,) opoa=p’ o (Q%*h,)oa.

Since % h,, is certainly an H-map, it commutes with power maps and inverses and
therefore,

Q%h, o (p —p)oa = 0.
It follows from the James fibratio sequence that there exists
W —p)oa=0(0)op
where
o J, 1 (8*") — Qs*n !
and
B:X — Q% 1(S™).
We also have the naturality of the loops of the Toda fibrations

027, 1 (S%") SH 02 gmp-1

! QQprl (p) L pP

QZprl (5271,) Q_H) 92527117—1
Thus
P’ oQH =QH o0, 1(p)
and

QHop’ = QH o Q*J, 1 (p).
It follows that there exists a factorization
(" = QJp-1(p)) 0 f = Q1) 0y
where

78l QJp_l(SQ")
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and
i X — Qs
Hence Q2 (o) 0 Q%J,_1(p) = p o Q*(o) implies that
Q*(0) 0 Q1) 0y = Q*(0) o (1 — Q*J,-1(p)) 0 3
=(p' —p)oQ(0)of
=@ =po@ —poa
=p’o (' —1)’oa

Finally, since (p?~! — 1) : Q5?1 — Q5?7+ is a homotopy equivalence, there
exists  : Q3827+ 5 3527 +1 quch that

(Pt —1)oa=1
and we conclude that
Q*(0) 0 Q(r) 0y = p?

which was to be demonstrated. O



6 Samelson products

The firs step in studing self maps of cyclic Moore spaces, P (k) = P™(Z/kZ),
is to look at what is induced in mod £ homology. If the map induces 0 in mod k
homology then it will factor through the homotopy theoretic fibr F™{k} of the
pinch map ¢ : P™ (k) — S™. We begin this chapter by studying the homology of
the fibr of the pinch map and then use it to determine the homotopy classes of
self maps of cyclic Moore spaces.

We use the results on self maps to determine the precise exponents of the homotopy
groups with cyclic coefficients Furthermore, if the self map of a Moore space
k: P™(k) — P™(k), that is, k times the identity, is null homotopic, it implies
that the smash products P™ (k) A P™ (k) have the homotopy type of a bouquet,
Pm-«—n (]42) Vi Pm+n—1 (k‘)

These decompositions of smash products into bouquets are uniquely determined
up to compositions with Whitehead products by the decomposition of the mod
k homology of the smash into a direct sum. In order to see this, we use the fact
that, if p is an odd prime, then the odd-dimensional Moore space P*"*!(p")
is equivalent modulo Whitehead products through a range of dimensions with
the fibr S?"*+1{p"} of the degree p" map p" : S?"*+! — S27+1  Surprisingly,
we also have the stronger result that the spaces QP?"*2(p") and S?"+1{p"}
are equivalent through all dimensions up to compositions with multiplicative
extensions of Samelson products.

In the case of maps out of spheres, George Whitehead was the firs to realize that
the Lie identities for Samelson products were consequences of Lie identities for
commutators in groups. [133, 134] With slight modifications his treatment yields
Lie identities for more general (external) Samelson products. When these external
Samelson products are combined with certain decompositions of smash products,
the result is a theory of internal Samelson products which makes homotopy with
coefficient into a graded Lie algebra, at least if the coefficient are Z/p"Z with p
a prime greater than 3. [99]

The adjoint relation between Samelson products and Whitehead products was
firs established by Hans Samelson. [111] The homology suspension was stud-
ied by George Whitehead [134] and John Moore [95]. One application of

158
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this is to the proof that Whitehead products vanish in homology with any
coefficients

We give a brief treatment of group models for loop spaces. Hans Samelson firs
pointed out the connection between the H-space structure of the loop space and
the multiplication in the group of an acyclic principle bundle. John Milnor [86]
was the firs to produce a group model for the loop space but, in order to achieve
full functoriality, it is necessary to use the simplicial loop group introduced by
Dan Kan. [69, 81]

These group models for loop spaces enable us to eliminate some of the homotopies
in the definitio of Samelson products. In fact, with these models, the external
Samelson products are exactly the same as the commutators in the group of maps.
This simplificatio makes possible a treatment of relative Samelson products for
fibratio sequences.

Suppose we have a fibratio sequence of loop spaces. Then the Samelson product
of homotopy classes with one in the total space and one in the fibr can be regarded
as a relative Samelson product in the fibre This is almost automatic. The group
models for loop spaces allow one to replace the fibr by the kernel of the map
from the total space to the base space. Then this relative Samelson product is the
geometric version of the fact that a normal subgroup is closed under commutators
with all elements of the larger group. It is only a little harder to show that it can
be done in such a way that the crucial identities of bilinearity, anti-symmetry,
the Jacobi identity, and the derivation formula for Bocksteins remain valid for
these relative Samelson products. (Of course, in homotopy theory with mod 3
coefficients the Jacobi identity is not always valid.)

We also give a treatment of relative Samelson products via universal models.
These universal models reduce the theory of relative Samelson products to the
usual theory of Samelson products in loop spaces. Universal models also make
possible a theory of relative Samelson products when the base of a loop space
fibratio sequence is the loops on an H-space. In this case, the relative Samelson
product lands in the homotopy of the fibr even if both of the classes are in the
total space. Again, this is an almost automatic consequence of the fact that the
base, being the loops on an H-space, is homotopy commutative. This is a loose
analog of the algebraic fact that commutators always land in a normal subgroup
if the quotient group is abelian. But, since this is only a loose analog, it is not
automatic that it can be done in such a way that the crucial identities remain valid.

Relative Samelson products have a relation to the usual Samelson products
that is similar to the relation of relative cup products to the usual cup prod-
ucts in cohomology. Recall that relative cup products are bilinear pairings
H"(X,A)® H"(X,B) — H""™ (X, AU B) of the cohomology groups of
pairs. These are related via naturality to the usual cup product pairings of spaces.
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That is, on the cochain level, these relative products are compressions of the usual
cup products into subspaces of the cochains. These relative pairings satisfy the
usual properties of associativity and (graded) commutativity. For cup products,
we have the advantage of definition via cochains. Associativity is true on the
cochain level and commutativity can be proved with the help of acyclic models to
get natural cochain homotopies.

For relative Samelson products, especially in the case of those over the loops on an
H-space, we have nothing like cochains or an acyclic model theorem. Instead, we
have the Hilton—Milnor theorem which allows us to use universal models and the
usual theory of nonrelative Samelson products to both defin relative Samelson
products and to prove that they satisfy the usual identities of bilinearity, anti-
symmetry, the Jacobi identity, and the derivation formula for Bocksteins. In the
case of relative Samelson products over the loops on an H-space, there is a twisting
of the anti-symmetry identity which disappears when the base is the loops on a
homotopy commutative H-space. Localized at odd primes, this is not a problem
since multiplications on H-spaces can be replaced by homotopy commutative
multiplications.

I want to take this opportunity to thank Brayton Gray for resurrecting my faith in
universal models for relative Samelson products.

6.1 The fib e of the pinch map and self maps of Moore spaces

Let k be an integer and let P™ (k) = P™(Z/kZ) = S™ ' Uy ™, m > 3, be a
cyclic Moore space. Recall the pinch map ¢ : P™ (k) — S™ and its homotopy
theoretic fibr F™ {k}. The exercises in Section 4.8 assert the following.

Proposition 6.1.1. The integral homology groups H.(F™{k}) are torsion free
and

Z if x=s(m—1),s>0

0 otherwise.

H.(F"{k}) = {

In order to investigate this further, we note that the fibratio sequence
F"{k} - P" (k) — S™
has a translate which is a principle bundle sequence
Qs™ L Fm{k} — P™ (k)
with a right action

o QS™ x F{k} — F"{k}.
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The next result determines the coalgebra structure on the homology of the fibr of
the pinch map.

Proposition 6.1.2.
(@) Themap v, : H,(QS™) — H.(F™{k}) is a monomorphism.

(b) In each nonzero positive degree s(m — 1), the image of v, has index k. In
other words, if we let u,, _1 be a generator of H,, _1(QS™ ) and if we abuse
notation by also Writing u,, —1 = t. (U —1) forits image in H,,, 1 (F™{k}),
then H,(F™{k}) has a basis

1 Um —1 U727171 u?nfl u'lrﬁwllfl
) k b k ) k PR ] ‘l{:
(c) Thus, if a, =ul,_/k,n>1, is the basis for the reduced homology

m—1

H.(F™{k}), we have the formula for the diagonal

geeee

Ala,)=a, @1+1®a,+ Y k(i,j)a ®aq;.
i+j=n,i>0,>0

Proof: Consider the integral homology Serre spectral sequence of the principal
bundle sequence Q5™ - F™{k} — P™ (k).

We note that
E;, = H,(P™ (k); H.(QS™))
Z® H.(QS™) =2 T(tup-1) if s=0
2 Z/KZ @ H(QS™) Z ey 1T (upp—1) if s=m—1
0 otherwise.

where e, -1eH,, -1 (P™ (k)) is a generator.

Furthermore, the entire spectral sequence is a right module over the homology
algebra H,.(Q25™) 2= T (U, —1)-

Since this spectral sequence is confine to two vertical lines, it is easy to see that
it collapses.

Since we already know that H, (F"™ {k} is either O or infinit cyclic, we conclude
that the image of ¢, has index k in every nonzero positive degree. The proposition
follows. O

Let K, (k) be the kernel of the mod k Hurewicz map ¢ : m,, (P™ (k); Z/kZ) —
H,, (P"(k); Z/kZ).

Lemma 6.1.3. Ifm > 3 and f : P" (k) — P™(k) is a map which represents a
class in K, (k), then f induces the 0 map on all nontrivial mod k homology
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groups and there is a factorization

f . Pm(k) — gm £ Smfl N Pm(k’)

where P™ (k) — S™ is the pinch map onto the top cell and S™~' — P™ (k) is
the inclusion map of the bottom cell.

Proof: We may assume f to be skeletal and hence that it induces a map of
cofibratio sequences:

st Prk) - s L gm
Ly L Lh 12y
Sm—l —  pm (pr) — gm L Sm
Since f is in K, (k), h induces 0 on mod k homology. Hence h is a map of
degree divisible by k. Since the degrees of g and of g are the same as the
degree of h, it follows that f induces 0 in all mod p" homology groups in nonzero
degrees.

Consider the map of the bottom cell S™ ! — F™ {k} into the homotopy theoretic
fibr of the pinch map P™ (k) — S™. Since ™! — F™ {k} induces an isomor-
phism of integral homology groups in dimensions less than 2m — 2, it induces an
isomorphism of homotopy in dimensions less than 2m — 3 and an epimorphism
in homotopy in dimensions less than 2m — 2.

If f is in K, then f factors through F"" {k} and since m < 2m — 2, f factors
through amap f : P™ (k) — S™ . Since the restriction of f to S™ ! has degree
0, we have a factorization
pm (k) — gm é Smfl N P(k)
[l

Since the homotopy classes of maps S™ — S™ ! are well understood, Lemma
6.1.3 gives a strong hold on the groups K, (k).

Let p be a prime. We now determine the set of homotopy classes
[P™(p"), P™(p" )]s = w0 (P™(p"); Z/p" Z) for p primary Moore spaces. If we
consider self maps [k] : P™(p") — P™(p") which are degree k on the bottom
and top cells, we see that the mod p" Hurewicz map provides an epimorphism

¢ (P (P" )i Z/p"Z) — Hy (P (p"); Z/p"Z)
onto the group H,, (P™ (p"); Z/p"Z) = Z/p" Z. Consider the exact sequence
0= K (p') = 7 (P (0 i Z/p'2) > Z/p' 2 — 0

which is a short exact sequence of groups if m > 3. The main results are:



6.1 The fibr of the pinch map and self maps of Moore spaces 163

Proposition 6.1.4.
(a) K3(p") is isomorphic to Z/p" 7.
(b) If m > 4 and p is an odd prime, then K, (p") = 0.
(c) Ifm>4andp =2, then K,,,(2") = Z/2Z.
Proposition 6.1.5.
(a) If m > 3 and p is an odd prime, then the sequence is split.
(b) If m > 3 and r > 2, then the sequence is split.
(c) If m > 3 and p" = 2, then the sequence is not split.
Proofs: We begin with the case m = 3.

We have that 73(S?) = Zn = the infinit cyclic group generated by the Hopf
map 7. Recall that the Hopf invariant H(f) of amap F : S* — S? is define as
follows:

Let the nontrivial integral cohomology of the mapping cone Cr = S? U e* be
generated by classes us and u4 in dimensions 2 and 4, respectively. In particular,
C, = CP? = the complex projective plane. We defin the integral Hopf invariant
H(F) by

us Uy = H(F)uy,
with orientation chosen so that H(n) = 1.
The diagram with horizontal cofibratio sequences
s L 8 5 cpr 5 s
Tk 1= 1 1k
g8 Lmmh e o, — S

shows that H (k1) = H(n o k) = k. In other words, maps S* — S? are detected
by this Hopf invariant in the integral cohomology of the mapping cone.

Now let f : P3(p") — P*(p") bein K3(p") and defin the mod p” Hopf invariant
H(f) by
Uz U U9 = F(f)lh;,

where uy and w4 are generators of the mod p” cohomology of the mapping cone
Cy = P3(p") Uy C(P3(p")) in dimensions 2 and 4, respectively.

It is not hard to see that, if we have a factorization
JiP ) = 805 80— P,
then H(f) = H(F) mod p". So K3(p") has at least p" elements.
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On the other hand, K3(p") is the epimorphic image of
[P (p"),S%]. = m3(S*; Z/p" Z) 2 Z/p'Z

and hence K3(p") = Z/p" Z. In other words, maps P3(p") — P3(p") which van-
ish in mod p” homology are detected by the mod p” Hopf invariant in the mod p”
cohomology of the mapping cone.

For example, consider the map p" : P3(p") — P?(p"). We wish to determine
whether this map is null homotopic. It certainly induces 0 in mod p” homology.
We consider the cofibratio sequence

r

Sl p_) Sl _ P2 (pr)
and its smash with P?(p")

p" AL

Sl /\PZ(pr) PARALN Sl /\PQ(pT) N P2(p'r) /\P2(pr).

The mod p" cohomology of P?(p") is the free Z/p" Z module generated by classes
1, e, eo of dimensions 0, 1, 2, respectively. Furthermore, we know from Steenrod
and Epstein that

T s 1
egtUe = pi(pz-&- )62.

Thus the Kiinneth theorem shows that the mod p” cohomology of P?(p") A P?(p")
is the free Z/p" Z module

<]‘?€1762> ® <17617€2>'

Setting us = e; ® e1,uy4 = ez ® ey, we compute that

e T 1 2
vty Uity :_{p(p;>} w

and thus the mod p” Hopf invariant of p" : P?(p") — P3(p") is nontrivial only in
the single case p" = 2. Therefore we have the exponent result

Proposition 6.1.6. The maps p" : P3(p") — P*(p") are null homotopic if
p" > 2. Ifp" = 2, the map is essential.

It follows that the short exact sequence
0— Ky(p') = w3 (P*(0'); Z0'2) > Z/p' 2 — 0
is split if p” > 2 and not split if p” = 2.

This completes the proof of Propositions 6.1.4 and 6.1.5 in the case m = 3 and
p is an odd prime.

If m > 4 only some minor modification are needed in the above argument.
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First of all, 7, (S™ ') & Z/2Z, m > 4, generated by the Hopf map 1 : S™ —
S™ =1 Furthermore, 7 is detected by the cohomology operation S¢? in the mod 2
cohomology of the mapping cone X" ~3(C'P?).

If p is an odd prime, then localization shows that any factorization
PTTL (pT) N S’”L N S77L71 — PTTL (p7)

vanishes. Hence, K, (p") = 0 if p is odd and m > 4.

Ifp=2and f: P™(2") — P™(2") is trivial in mod 2" homology with m > 4,
then f is essential if and only if S¢? is nontrivial in the mod 2 cohomology of the
mapping cone Cy, that is, S¢* : H™ 1 = g™ +1,

The mod 2 cohomology of P™(2") has a Z/2Z basis 1,e,_1,e, with
Sqt(en_1) = ey ifr = 1and Sq'(e,, 1) = 0if r > 2. Thus, in the mod 2 coho-
mology of P2(2") A P™~1(2"), the mapping cone of [2"] : P™(2") — P™(2"),
the Cartan formula shows that

€2 ®em—1 lf r=1

Sq2(€1®€me):Sq1(€1)®5q1(€m72)= {O {f r>9

Hence

Proposition 6.1.7. If m > 3 the maps p" : P™(p") — P™(p") are null homo-
topic if p" > 2. (Hence, all the homotopy groups ., (X;Z/p" Z) are annihilated
by p" if p" > 2and m > 3.) If p" = 2, the map is essential.

This completes the proof of Propositions 6.1.4 and 6.1.5 in all cases. 0
Exercises

(1) Consider the mod k£ homology Serre spectral sequence of the principal bun-
dle sequence QS™ - F™{k} — P™ (k). It is a module over the mod k
homology algebra H Q.S™).

(a) Show that

E2, = H,(P" (k) & H.(QS")
= Z/k’Z(l, €m—1, em> & T(’umfl)
with zero differentials until d™ (1) =0,d" (ey-1) = 0,d™ (em) =
Um—1-
(Z/KZ(1, ey, 1, e, ) is the vector space generated by 1, e,,, 1, €5, .)

(b) Show that EI";"! = Z/kZ(e, 1) © T(uy 1) on the vertical line * =
m — 1 and 0 otherwise except for the origin (x*,*) = (0,0).
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(c) Use b) above and the integral homology Serre spectral sequence in the
proof of 6.1.2 to give a new proof of 6.1.1, that is, that H,(F™{k} is
either infinit cyclic or 0.

(2) Consider the diagram

gn i Sn -1
T 1=
P (pr) N Sn -1
= !
f

Prpt) = P(p").
(a) If n = 3 show that H(F) = H(f) mod p".

(b) If n > 4 and p = 2, show that Sq? is nontrivial in the mod 2 cohomology
of the mapping cone of F' if and only if it is nontrivial in the mod 2
cohomology of the mapping cone of f.

6.2 Existence of the smash decomposition

Let
xLyso Lex sy

be a cofibratio sequence with X connected and Y simply connected. The fol-
lowing lemma is an exercise. (The connectivity hypotheses are used to check that
a homology equivalence in (c) is a homotopy equivalence.)

Lemma 6.2.1. The following are equivalent:

(a) f is null homotopic.

(b) Thereis a retractionr : Cy — Y, thatis, rov ~ ly.
(c) There is a homotopy equivalence Cy — XX V Cf W SX VY where
the frst map is the standard coaction. (v is the retraction in b.)
(d) Thereis a section s : XX — Cy, thatis, jo s~ Ixx.
(e) There is a homotopy equivalence s\ v : XX VY — Cy. (s is the section
ind.)
Since P™ (p") A P™(p") is the mapping cone of

Smfl A P" (pr) AL S’mfl /\Pn(pr)’

the above lemma and 6.1.7 imply:
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Proposition 6.2.2. I[fm > 2,n > 2 and p" > 3, there is a homotopy equivalence
LV S Pn+m71(pr) vV Pn+m (pr) N Pm(pr) A Pn(pr).

Definitio 6.2.3. We shall denote the section s by
Am,,n : Pern(pr) — P (pr) A P" (p7)

We now describe the effect of A, ,, in mod p” homology.

Let the reduced mod p" homology H.(P™ (p");Z/p") be generated by e, 1 in
dimension m — 1 and e,, in dimension m. Associated to the exact coefficien
sequence

0—Z/p'Z —Z/p* —Z/p"Z —0
we have the Bockstein connection fGe,,, = €, 1.
Since A,,, ,, is a section, we must have

A"hn*(emﬂz) = ¢(Am,n) =ém Q ey
where ¢ is the mod p” Hurewicz homomorphism.

Since the Bockstein is a natural derivation, we have

Am,n*(enthfl) = ﬁ(em & en)
= ﬁ(em) ®Ke, + (_1)me7n ®ﬁ(en)
=en-1®e, + (_1)771 em ®€ep_1.

6.3 Samelson and Whitehead products

Recall the definitio of the general Samelson product for mappings into a group-
like space.

Let G be a group-like space, that is, G' is a homotopy associative H-space
with multiplication p: G X G — G and homotopy inverse ¢ : G — G. We
write

plz,y) =2y and u(z) =2 .

Then we write the commutatormap [ , |: G x G — Gas
[2,y] = p(p(u(z, ), (@), uy)) = (@y)z~ )y~

or, if we ignore the homotopy associativity, as

[z,y] = zyz 'y~ "



168  Samelson products

Since it is null homotopic on the bouquet, the commutator map factors as follows:

GxGoanctl—La

If f: X - Gandg:Y — G are maps, then the commutator
Clf.)=0 . Jo(fxg) =fgf g7 : X xY -GxG—G

factors up to homotopy through the map

(foal=1 - Je(frg:XAY =GAG—G.
Definitio 6.3.1. The map [f,g] : X A Y — G is called the Samelson product of
f:X—Gandg:Y — G.
It is well define up to homotopy since the sequence of cofibration

XVY X XY > XAY ->3EXVIY - 3(X xY)

is such that the last map has a retraction.
Observe that:

Proposition 6.3.2. The Samelson product vanishes if the range G is homotopy
commutative, for example, if G is the loops on an H-space.

Of course, Samelson products are natural with respect to maps f; : X; — X,
g1 : Y1 — Y, and morphisms of group-like spaces ¢ : G — H, that is,

[Wofofi,pogog]=tolf,glo(fiNg)

Given maps f : ¥X — 7,7 : ¥Y — Z with respective adjoints

fxZonx Yoz, g.xZarx oz

we defin the Whitehead product [f,g],, to be the adjoint of the Samelson product
(£, g], namely,
Definitio 6.3.3. The Whitehead product [f, 3], is the composition

S(x AY) 2 s07 5 7

where e is the evaluation map (= the adjoint of the identity).

As with Samelson products, Whitehead products are natural with respect to maps.
Given

H:Xi—X, gg: Yo=Y, h:Z—1Z
we get

[hofothhogozgl}w ~ho [?;g}w Oz(fl Agl)-
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Proposition 6.3.2 can be reinterpreted as:

Proposition 6.3.4. The Whitehead product vanishes when the range is an H-space.

We claim:

Proposition 6.3.5. For f : X — QZ, g¢g:Y — QZ, the Whitehead product

gl : B(XAY) = Z
induces the 0 map in homology with any coefficients

Proof: For any space Z, the homology suspension o, is define as the composition
H(QZ) &5 H,.,(PL,QZ) — H,.1(Z,%).
The following commutative diagram appears in George Whitehead’s book [134].
(The cohomology version appears in John Harper’s book [50].)
H.(Q7) 2 Hor(Z,%)
H*+1(ZQZ) ;*) H*Jrl(Z)
In this diagram, o : H,(QZ) — H,,1(XQZ) is the standard suspension
isomorphism.

Since o, is essentially e,, the image of o, is contained in the primitive ele-
ments and, in the 1961 Cartan Seminar [95], Moore shows the following
lemma.

Lemma 6.3.6. The homology suspension o, vanishes on decomposable elements
of the algebra H,(Q7Z) and the image of o, is contained in the module of primitive
elements of H.y1(Z).

The following lemma is an exercise.

Lemma 6.3.7.

If acH,(X),BeH.(Y), then [f,g].(a ® () is a decomposable element in
H,(QZ). If « and (3 are primitive elements, then

[f.9)i(a ® B) = fo()g.(B) — (~1) VD g (8) f.(a) = [fu(@), g:(B)].

Now Proposition 6.3.5 follows from Whitehead’s diagram and Moore’s
lemma. O

Recall that the multiplicative extension of a map h : A — QW is define to be
the composition

axa E onow — Qw.
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Definitio 6.3.8.

(a) Given a space W and a cyclic coefficien group G, defin the White-
head subgroup Wh..(W; G) C m.(W; G) to be the subgroup generated by

all compositions P*(G) ERN VEX AY)— W where f is any map and
VE(X AY) — W is any bouquet of Whitehead products.

(b) Similarly we defin the Samelson subgroup Sam,(QW; G) C 7.(QW; G)
to be the subgroup generated by all compositions P*(G) — QX(\/ X A
Y') — QW of an abitrary map with the multiplicative extension of a bou-
quet of Samelson products.

We leave as an exercise that Sam,(QW;G) = Wh,, 1 (W; G) under the usual
isomorphism.

Proposition 6.3.5 asserts that Wh,(W;G) is contained in the kernel of the
Hurewicz map.

If A, is a graded abelian group, we shall say that a homomorphism 1 :
(W3 G) — A, is an isomorphism modulo Whitehead products if:

(1) ¢ is an actual epimorphism,

(2) ker() € Wh,(W; G),
Similarly, a homomorphism ¢ : 7, (QW;G) — A, is an isomorphism modulo
Samelson products if:

(1) £ is an actual epimorphism,

(2) ker(¢) C Sam, (QW).
In other words, ¢ is an isomorphism modulo Samelson products if and only if the

corresponding map w1 (W; G) = 7,.(QW; G) — A, is an isomorphism modulo
Whitehead products.

The Hilton—Milnor theorem implies that
T (EX VIY) — m(ZX x 3XY)

is an isomorphism modulo Whitehead products.
Exercises

(1) (a) If v : G — G is the homotopy inverse map of an group-like space G,
that is, ¢(z) = 7!, and « is a primitive element in H,(G), show that
t(a) = —a.
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(b) Prove 6.3.7 by using the definitio of the commutator C(f, g) as the
composition

XXY%GXG%GXGXGXG
1xT x1

S GxExGExG

Ix1xexe
SahabL ALY

GxGxGxa™. g
(A is the diagonal and T is the twist map.)
(2) Show that Sam,(QW; G) = Wh,, 1 (W; G) under the usual isomorphism.

(3) If X is a pointed space, recall that the infinit symmetric product SP>(X)
is the free abelian monoid generated by the points of X subject to the single
relation that the basepoint is the unit. The result of Dold-Thom says that
the natural inclusion ¢ : X — SP>(X) induces the integral Hurewicz map
7.(X) — 1. (SP>®(X)) = H.(X). Use this result to show that Whitehead
products always induce the zero map in integral homology.

(4) The classical definitio of the Whitehead product:

(@) Let ¢, 41 : S"T1 — Sntly S+l and ¢, 4 : S™HL — Gntly gl
be the standard inclusion maps. Use the Hilton—Milnor theorem and the
definitio ofthe Whitehead product as the adjoint of the Samelson product
to show that the Whitehead product [t 1, Ly +1]w 1 SPT™HL — SnFly
Sm+1 s a generator of the kernel of

F”L"'Uﬁ'l(anrl \ Sm+1) - 7'l'n+m+1(Sn’Jrl X Serl).
(b) Conclude that
Sﬂ+1 X Sm+1 — (Sn+1 \/Sm+1) U[

(c) Let f: S"*! — Xandg: S™*! — X be maps. Use the naturality of the
Whitehead product to show that [f, g],, : S"T™*+! — X isthe obstruction
to an extension problem in the sense:

[fv g}w =0
ifand only if f V g : S"*! v 8" F! — X extends to a map

Sn+1 % Sm+1 = X.

em +n+2
tn+15tm+1]w .

(d) Use the characterization in c) to show that [f, g] = 0 if X is an H-space.

6.4 Uniqueness of the smash decomposition

The following spaces play an important role in this book.
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Definitio 6.4.1. Let £ : S — S™ be a map of degree k on a sphere and let
S™{k} be the homotopy theoretic fibr of k so that we have a fibratio sequence

asm 25 qem & gm gy — gm K gm

We specialize to the case where m = 2n + 1 is odd and where £ = p”" = a power
of an odd prime. Then

7_‘_q(5271,+1{pr};Z/prZ): {Z/p Z lf gq=2n or g=2n+1
0 if 2n+1<g<2n+2p—3.

Let P?" 1 (p") — S?"*1{p"} be the map which induces an isomorphism of mod
p" homotopy groups in dimensions 2n and 2n + 1. The domain is the cofibr ofa
degree p" map on an sphere and the range is the homotopy theoretic fibre In the
stable category, these are the same thing. The next result is an unstable version of
this equality. The spaces S?"T1{p"} are excellent approximations to the Moore
spaces modulo Whitehead products, namely:

Proposition 6.4.2. Let p be an odd prime and let n > 1.

(@) The map P*>"*1(p") — S*"*Up"} induces an isomorphism on mod
p°* homotopy groups modulo Whitehead products in dimensions < 2n +
2p — 4.

(b) If p is an odd prime, then there is a map
QPQn,Jr? (pr) N 82n+1 {pr}

which induces an isomorphism on mod p® homotopy groups modulo Samel-
son products. This is valid in all dimensions.

Part (a) of the above is shown in Section 9.2 and part (b) is shown in Section 11.8.
The proofs of these facts require only the existence of Samelson products, not
their uniqueness.

Actually, the fibr of the map P?"*1(p") — S?"*1{p"} is 2pn — 3 connected
modulo Whitehead products. Hence, the connection is actually stronger than
Proposition 6.4.2 indicates. But our definitio means that we must be care-
ful not to lose the epimorphic criterion for an isomorphism modulo Whitehead
products.

The following results are immediate corollaries of the above.
Proposition 6.4.3. Let p be an odd prime.
(a) Foralln > 1, the Hurewicz map

¢ m (PP (p" ), Z/p L) — H (PP (p"); Z/p° )
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is an isomorphism modulo Whitehead products in dimensions < 2n +
2p — 3.

(b) Foralln > 1, the Hurewicz map
d) . 7T*(]32n+1 (pr); Z/pSZ)) N F*(P2n+1 (pr); Z/pSZ)

is an isomorphism modulo Whitehead products in dimensions < 2n +
2p — 4.

These results say that, except for Whitehead products, the firs nontrivial homotopy
group of the Moore space is a consequence of the firs nontrivial higher homotopy

group

7T2n+2p73(52"+1{pr}) = 7r2n+2p72 (52n+1 ; Z/p7Z) = Z/pZ

The bouquet decompositions
P (p") AP (p") = P (p") v P ("),
P (p") AP (p") A P(p")
~ P7n+7L+q(p'r') v Pm+n+q—1(pr) vV Pm-&-n-&-q—l (p'r') v Pm+n+q—2 (pr>

and Proposition 6.4.3 imply that the mod p” Hurewicz map is a faithful represen-
tation in the following sense.

Corollary 6.4.4. Let p be an odd prime.
(a) If m > 3, then
¢ (P (p"); Z/p° L) — ¢ Ho(P™ (p"); Z/p°Z)
is an isomorphism modulo Whitehead products in positive dimensions < m.
) If m > 2andn > 2, then
¢ m(P"(p") NP (p"); Z/p*Z) — H(P™ (p") AN P"(p"); Z/p°Z)

is an isomorphism modulo Whitehead products in positive dimensions <
m+n.

(c) If pis a prime greater than 3, and m > 2,n > 2,q > 2, then
¢ m (P (P )ANP(p")ANPID"); Z/p°Z)
— H(P"(p") NP"(p") NP (p"); Z/p°Z)

is an isomorphism modulo Whitehead products in positive dimensions <
m—+n-+gq.
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Thus we have

Corollary 6.4.5. Let p be an odd prime.

(@) The map A, , : P"t" — P™(p") A P"(p") is characterized uniquely
up to compositions with Whitehead products by its Hurewicz image,
Am,n*(eern) =en X e,.

(b) The maps A, , are cocommutative up to compositions with Whitehead
products, that is, if T' is the twist map, the following diagram is commutative
up to compositions with Whitehead products:

Am o M (07 7 (T
prrn(pt) —— P (p") AP (p")
l (_1)mn i T
Dun o .
prrn(pt) —— P(p") AP (p").
(c) If p is a prime greater than 3, the maps A, , are coassociative up to

compositions with Whitehead products; that is, the following diagram is
commutative up to compositions with Whitehead products:

Am sntq
E—

Prnsp) P () AP ()
l Am+n,q l 1 /\ An‘,q

. . Ay AL m [ n (T 7
P"”‘"(p)/\Pq(p) ——— P"(p")AP"(p")ANPI(D").

Hence, we have the following results which are fundamental for our subsequent
development of Samelson products in mod p” homotopy groups.

Proposition 6.4.6.

(a) If p is an odd prime and if f : P™(p") A P"(p") — G is any map into an
H-space, then

f o Am,n o (_1)7”” = f o T o An,m-

(b) If p is a prime greater than 3 and if f : P™(p") AP"(p") AP1(p") — G
is any map into an H-space, then

f © (Am,n A 1) o A’rrz,Jr’/z,,q = f o (1 A Amq) o Am,n+q-

Recall the maps p : P™ (p") — P™ (p"**) and n : P™(p"**) — P™ (p®) which
form the Bockstein cofibratio sequence

T T E m T S Q T S
P™(p") = P™(p""*) = P (p°).

On the chain level, these are characterized on generators by p(e,, ) = e, and
U(em) = pr €m
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It is an easy exercise to check that the following diagrams commute modulo

Whitehead products
Pm+n (pr) Am pm (p'r’) A P" (pr>
Lp Lonp
A n
P7n+n (pr+s) pm (pr+s) A pr (pr+s)
Lo'n Lnnn
A M ((12S O]
Pm+n(p8) —_mn, P (p )/\P (p )
Exercises

(1) Show that the Hurewicz maps in parts (a),(b),(c) of Corollary 6.4.4 are actual
isomorphisms if

(a)
(b)
(©)

m > 4.
m+n > 5.

m+n+q>8.

(2) Give a new proof of Exercise 1 by showing that

(a)

(b)

(c)

If m > 4 and p is an odd prime, then there is a map
P (p") — K(Z/p"Z,m — 1)

which is an isomorphism on homotopy groups in dimensions < m and
an epimorphism in dimension m + 1.

If m 4+ n > 5 and p is an odd prime, then there is a map
P"(p"YAP"(p") = K(Z/p"Z,m+n—2)x K(Z/p"Z,m +n — 1),

which is an isomorphism on homotopy groups in dimensions < m +n
and an epimorphism in dimension m + n + 1.

If m +n + ¢ > 8 and p is a prime greater than 3, then there is a map
P (') A P (') A P (p")
— K(Z/p"Z,m+n—3) x K(Z/p"Z,m +n — 2)
XK(Z/p"Z,m+n—2)x K(Z/p"Z,m+n—1),

which is an isomorphism on homotopy groups in dimensions < m + n +
¢ and an epimorphism in dimension m + n + ¢ + 1.

(3) Let p be a prime and k a positive integer. The symmetric group ¥; acts on
the k-fold smash product

P=P (") APX(p')A--- AP (p")
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via
o(@ Ao A ANap) =y Ay2 A A,
where
Yj = To1j

for oeXy.. Thus the reduced mod p” homology M = H,(P) is a left module
over the group ring R = Z/p"Z[X},]. Suppose p > k and consider the trace

element
1
e = ﬁ Z ag.

T oeXy
(a) Show that e is a central element, that is, ex = xe for all zeR.

(b) Show that, for any R— module N, eN = the submodule of invariant
elements {zeN : oz =z for all oceXy}.

(c) Show that e is an idempotent, that is, e = e.
(d) Show that eM = the image in mod p" homology of the iterated map
A: Py — P.
To be specific A is the composition

PPH(pr) 222 P2 ) APPER ()

Ay o) 4 . ) -
MZ_-“) PQ(pr) /\PQ(pr)/\PZk—4(pr) - ..

.= PX(p") A PP(p" ) A APP(p") AP (p")

IAALAA, o
—_—

PX(p") NP*(p") Ao NP (p") = P,

Now show that eM = 0 in dimensions less than 2k — 1 and eM =
AL (H,(P?*(p");Z/p"Z)) in dimensions 2k — 1 and 2k.

(4) Localize at the prime 3.
(a) If n > 1 show that
;S AL, gl gntlary
generates T, 3(S?"T1{3"}) = Z/3Z.
(b) If m > 3, show that a composition
PmT2(3%) — §mt2 , gmol C pm(3n)

generates 7, + o (P™ (3"); Z/3*Z) modulo Whitehead products and actu-
ally generates it if m > 3.
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(c) If m,n,q > 2 show that the kernel of the mod p® Hurewicz map
p:m(P™(3")ANP"(3") NP3 );Z/p°Z)
— H,(P"(3")ANP"(3")NPY(3");Z/p°Z)
is generated in dimension m + n + g by Whitehead products and a map
prnta(3ey - gmanta=3 _, pm(3ry A P"(3") A PY(3")

of order 3.

6.5 Lie identities in groups

George Whitehead [133] had the fundamental insight that the Lie identities
for Samelson products are a consequence of certain analogous Lie identi-
ties for groups. In this section we present these Lie identities for groups.
The treatment here is heavily influence by that found in Serre’s book
[119].

Let z, y be elements of a group G and defin

(1) The congugate homomorphisms are z¥ =y 'zy. Recall that (zy)* =
27y and (z¥)Y ' = .

(2) The commutators are [z, y] = xyz~ty~'. Thus, [z,y]* = [27,y°].
The Lie identities in groups are the following formulas.
Proposition 6.5.1. For elements x,y, z in a group G,

(1) exponentiation modulo a commutator:

o = afey ]
(2) inverse of a commutator:
[,y =[y,2], [y = [y 2]
(3) commutativity modulo commutators:
zy = [z,ylyx.
(4) bilinearity modulo commutators:
I L 7 A R O

(5) Jacobi identity modulo commutators

@) [z W) [ 2] 27, [y, 2]) = 1.
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It may be difficul to discover some of the above formulas but there can be no
doubt that they are straightforward to prove. Merely write them in the form ¢ = 1
and reduce the word c to the identity via successive applications of

(1) wdw™! = 1ifand only ifd = 1.
) ww ! =1.
This amounts to reducing a word in a free group to the identity.

Let A and B be two subgroups of a group G. Denote by A - B the subgroup
generated by all products ab where acA and beB. In other words, A - B is the
subgroup generated by the union A U B.

Similarly, the commutator [A, B] is the group generated by all commutators [a, b].

Definitio 6.5.2. The descending central series of a group G is the descending
sequence of subgroups

G=G12G,2G32---2G; 2Git1 2 ...

define by
) G =G
(2) Giy1 = |G, G;] = the subgroup generated by all commutators [z, y] with
zeG, yeG;.

Remarks 6.5.3.

(1) It follows by induction and the Lie identities, in particular (1) and (4), that

G; is generated by commutators [z1, [za, ... [2;-1,2;] ...]] of length 7 in
elements x1,xs,...,x; of G. Thus G;.1 C G; and every G; is a normal
subgroup of G.

(2) It follows by induction on j, the Jacobi identity (5), and bilinearity (4) that
[G;,G;] C G,y ;. In more detail, the case j = 1 is true by definition For
j > 1, assume that [G;,G;j_1] C G;; ;1 and note that

(Gi,Gj] =[G, [G,Gj1]] C[[Gj-1,Gil,G] - [[Gi, G, Gj-]
C [Gitj-1,G] - [Gig1,Gj1) € Givj - Gipj € Giyj.

We remark that G is called nilpotent of length < n if G,, = {*} = the trivial
group. This is the same as requiring that all commutators of length n are trivial.
In particular, nilpotent of length < 2 is the same as abelian.

If we defin L; = G;/Gi;1, then the multiplication in G, (x,y) — zy induces an
abelian operation in each L;, written additively as (z,y) — x + y = xy. Thus,
each L; is an abelian group with x + y = zy and —z = z~'. The commutator
in G, (z,y) — [z,y] induces a bilinear pairings L; x L; — L;;, written as
(z,y) — [z, y] which satisfy the classic (ungraded) Lie identities:
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(1) [z,2] =0
2) [y, 2] = [z, y]
Q) [z, [2,9]] + [y, [2, 2]] + [z, [y, 2]] = 0.

We usually write the Jacobi identity in the equivalent derivation form:

[z, [y, 2]] = ([, 9], 2] + [y, [, 2]

We wish to emphasize that the associated graded object L, is not what is called
a graded Lie algebra, the definitio of which requires some signs. It is a classical
Lie algebra which happens to have a grading.

Exercises
(1) Verify the Lie identities in Proposition 6.5.1.

(2) (a) If A, B are subgroups of a group G, prove that
[A, B] = [B, A].
(b) If A, B, C' are normal subgroups of a group G, prove that
[4,[B,C]l € [[4, B, C] - [B, [A, C]].

6.6 External Samelson products

Let G be a grouplike space and let f : X — G and g : Y — G be maps. In this
section, we introduce hypotheses which enable us to prove the Lie identities for
Samelson products [f,g] : X AY — G. We are primarily interested in the case
where X and Y are Moore spaces. In this case X A Y will usually not be a Moore
space and so we call these Samelson products by the name external Samelson
products in order to distinguish them from the internal Samelson products which
are introduced in the next section.

The fundamental concept is:

Definitio 6.6.1. A space X is conilpotent of length < n if the composition
Ax ST[x 2 AX

is null homotopic where A is the diagonal into the n-fold product and g is the

standard projection.

It is obvious that, if X is conilpotent of length < n and Y is any space, then the
smash product X A 'Y is also conilpotent of length < n.

Being conilpotent of length < n is a generalization of being of category < n.
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Definitio 6.6.2. A space X is of category < n if the iterated diagonal A :
X — [] X into the n-fold product factors up to homotopy through the fat wedge
{(z1,...,2,) : at least one x; = * = the basepoint}.

Since any n-fold commutator map
¢>Jl¢%a
factors as
¢ NcSa
it follows that

Proposition 6.6.2. If X is conilpotent of length < n, then the pointed mapping
group [ X, G|, is nilpotent of length < n.

In particular, X is called coabelian if A : X — X A X is null homotopic. In
this case, the group [X, G|, is abelian. In Section 1.10 we showed that, if k is
odd, then P2 (k) is a coabelian space and thus 72 (G; Z/kZ) is an abelian group
for all grouplike G. Note that P?(k) is not a space of category < 2, that is, the
diagonal is not homotopic to a composition P? (k) — P?(k) vV P*(k) — P*(k) x
P?(k). This would imply a factorization of fundamental groups through the free
product

Z/kZ — (Z/KZ) * (Z/kKL) — (Z/KZ) x (Z/kZ).

This is impossible since the free product has no elements of finit order except for
the two copies of Z/kZ.

Let P, P,..., P, be pointed spaces and consider the following increasing
filtratio

x=ICHMC---CF, =P xPx--xP,
of the product by increasingly fatter wedges:

F, ={(x1,22,...,2,) s z; #* for atmost k values of i}

- U I

AC{1.2,...n},|A|=k acA
For example,
=P VPV ---VP,
and

F2:P1><P2U"‘UP"_1XPT,,.
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Thus
YF, = \/ 2N\ P.=
AC{1,2,....n}|AI<k acA
a bouquet of smash products of < k of the spaces P, ..., P,.

The cofibratio sequences

Froy = B — Qr = \V N\ Pa

AC{1,2,...,n},|A|=k acA

have cofibre equal to bouquets of smashes of exactly & of the spaces Py, ..., P,.
The suspensions of these cofibratio sequences are cofibratio sequences which
are split by sections

Q. — XF;.
Hence, there is an equivalence
YQr VEF,_1 — XFy.
The long cofibratio sequences
Fpo1 — Fy — Qr — XF,1 — XF, — XQy

show that

(1) [XF;-1,G]s < [ZF}, G]« is an epimorphism,

(2) [Qrk, Gl « [EFy-1,G]x is the trivial map, and

(3) [Fy, G)« < [Qr, G]« is a monomorphism.
As a special case, we have

Proposition 6.6.3. The natural maps q: P, x --- X P, — Py A--- A\ P, induce
monomorphisms

¢ [P A AP,GlL =[P % x Py, Gl..

Thus
[Pl /\"'/\PrL7G]* = [(Pl X X Pn;anl);(Ga*)] g [Pl X X PnaG]*
may be regarded as a subgroup.

If f; : P, — G is any pointed map and p; : P, X --- X P, — P; is the ¢—th pro-
jection map, then the composition

fi=fiopi:P=P x---xP, P
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represents what is called a special element of the group [P, X - -+ x P,, G|, Thus
special elements are exactly those classes which are represented by a group valued
function of one variable.

Definitio 6.6.4. If f; : P, — G are pointed maps for 1 <i<nand C: G x
.-+ X G — (@ is any commutator map of length n, then the composition

P1><~~><P,1MG><~~><GQ>G

factors up to homotopy through a homotopically unique map

P AN---AP, MG/\.../\GQG
and represents the external Samelson product C(fi,..., f,) in the subgroup
[P A...P,,Gl..

The homotopical uniqueness of the factorization has the consequence that the
external Samelson products are well defined

In other words, a commutator map C' induces a well define map
C:[P,Glyx--x[P,Gly—[PAN---NP,,G.
and, on special elements f : P — G, 1 <1i<n,wehave
Cfi,o s fa) =C(f1r,- s fa) =C- (i Ao A f).

In order to make this clear, consider the case n = 2 with maps f; : P, — G,
f2 : P, — G. The external Samelson product [f;, f2] is the map represented by

ARl=ARf R
or by the composition
[ Telfinf)
in the subgroup
[P A Py,Gl. C [P x P,Gl..
It is uniquely characterized by the homotopy commutative diagram

FR) ()

P1XP2 G
! T [f1, fo
P NP = P AP

The map [f1, fo] : P1 A P, — G is represented, up to the canonical homotopies
for units, inverses, and associativity, on elements by

z Ay = [fi(@), f2(y)]-
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Or consider the case n = 3 withmaps f1 : P, - G, fo : P, - G, f3: P53 — G.
The external Samelson product [f1, [f1, f2]] is represented by

[f1, (2 f]]

or by the composition

[ a[ ’ ]]O(fl/\f2/\f3)

in the subgroup
[Pl /\PQ /\P‘;,Cy]ﬁF g [Pl XPQ XPg,G]*.

It is uniquely characterized by the homotopy commutative diagram

P x Py x py, Juol2Bll G
: T [f1: [fa, f]]
PINP, NP3 = PLAP, AP

The map [f1, [f2, f3] : P A Py A P — G is represented up to canonical homo-
topies on elements by

TNANYNz— [fl (.17), [f?(y)a f3(Z)H
A possible ambiguity is resolved by the following consequence of the homotopical
uniqueness of the factorization:

Lemma 6.6.5. If C =[ , o (C; x C)) is an iterated commutator of length
i+ 7, then

C(fiseos fisfivtsoos fivg) = Cilfry -5 fi)y Ci(fivns s firg)]-

For example, [f, [g, h]] may be regarded as a triple Samelson product

PAP, AP aanagng ol g

or, equivalently, as the composition

[ ]

P (P AR) M GG G.

Proposition 6.6.6. Let f, ;) : P.(i) — G, 1 <1 < Abeacollection of functions
where the indices «(i) are in nondecreasing order (that is, (i) < a(i + 1)) and

satisfy
(D 1< a(i) <nforalli
(2) the a(i) include all of {1, ...,n} with possible repetitions.
(3) the cardinality of the set of i is A > n.
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LetC: G x -+ x G — G be any commutator map of length A.
Then C(fa(1), -+ fa(a)) is represented by a map
PN AP, —G.

Furthermore, if the spaces Py, ..., P, are all coabelian and A > n, this map is
null homotopic.

Proof: C(fa(1),---»fa(a)) is represented by a map

‘(l’ /\“‘/\lLlA
Poy A+ A Poay M}G/\.../\GQG.

The standard map
6:PLN---NP, —>Pa(1) /\"'/\PQ(A)

is the identity map if A = n and includes some diagonal maps if A > n. Thus, §
is null homotopic if A > n.

Then C(fy(1)---» fa(a)) is represented by the composition

Fa()yNNfa(a C
—

LGA---NGSG.
O

Pl/\"‘/\Pni’Ry(l)/\"'/\Rk(A)

Proposition 6.6.6 says that, any commutator of one variable functions vanishes if it
is define on a smash product of lesser length (than the length of the commutator)
involving coabelian spaces.

The Lie identities for groups now translate into Lie identities for external Samelson
products. Roughly speaking, Proposition 6.6.6 allows the erasure of any extra
commutators in the group version 6.5.1 of the Lie identities.

Proposition 6.6.7. Let G be a grouplike space and let Py, P», Py be coabelian
spaces. If f, f1 : P — G,g,91 : P» — G, h : P3 — G are maps then the exter-
nal Samelson products [f,g] : Py AN Po — G and [f,[g,h]] : PAANPo NPy — G
satisfy the following Lie identities:

(1) Anti-commutativity:

[fag] :—[g7f}07'

where
T:T<172) TPPANPy,— P NP
is the standard transposition.
(2) Bilinearity:
f+ figl =191+ [fi.gl, [fg+al=1f.g9+][f a]
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(3) Jacobi identity:
[f.[g. P] + [, [f, gl 0 0 + [g, [, f]] 0 0* = 0
where
c=Tu23): PENPAP; > P3ANPLAP,
and
0> =Th32 :PELAP,ANPy — P, NPy APy

are the standard cyclic permutations.

Proof:

(1) In [P x P, G]., the composition —[g, f] o 7 is represented by [g, flt=
[f, 9] and this also represents the Samelson product [f, g].

(2) The Lie identities in Proposition 6.5.1 assert that [f + f1, g] is represented
in [Pl X PZ,G]*,by

——1 — J—

(gl =[f.9  [f.9] = ((fi. 95, ful. IS, 9)-

Because of the length of the commutators (6.6.6), in the abelian group
[Pl A P27 G]* this is representative of [fhg] + [f7 g] = [f7 g] + [flag]

Similarl}’) [f?g +gl] = [fa g] + [fa gl]
(3) In the group [P x P, x P3, G|, we have

7Rl = gl gl = (F gl gl OIF Bl
Because of the length of commutators, this represents [f, [k, g]] in [P} A
P, N\ P3, G]*

—1 1
Similarly, [g" ,[f,h]] and [hf ,[g, f]] represent [g,[f,h]]oc and
[k, g, f]] o 02, respectively.

—1
b

Since

7 gl @ R =1
in the group [P; x P, X P3,G],, it follows that
[f: [l gl + [g, [f Bl 0 o + [, [g, [l 0 0® = 0
in the abelian subgroup [Py A P2 A Ps, Gl... O

Remark. It is tempting to think that external Samelson products satisfy
[f, f] = 0 since this is true for commutators in groups. This is wrong since
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[f, f] is represented by the map P, A P, — G which, up to homotopy, is
z Ay = [f(z), f(y)] # 1.

Exercise

(1) A commutator map of length 1 is just a map C) : G — G. Inductively, if

Ci:]]G— Gand C; : [[ G — G are commutator maps of lengths ¢ and j,

respectively, thenthemap C;y ; : ([ G) x ([[G) SxG.axgl g

is called a commutator map of length ¢ + j. Show that any commutator map
C : ] G — G factors up to homotopy as

[[¢—-nrcSa

6.7 Internal Samelson products

Let G be a grouplike space and let p be a prime. In the previous section, we
showed that two maps f : P"(p") — G and g : P"(p") — G defin an external
Samelson product, here denoted by

[f7 g]e :Pm (p7) /\Pn(pr) _ G

We now defin the internal Samelson product [f, g] : P™ 1" (p") — G by using
the maps A, ,, : Pt (p") — P"(p") A P"(p"). If p" is greater than 2, these
maps exist. If p is an odd prime, these maps are characterized modulo Whitehead
products by their induced maps in mod p” homology:

Am,71*(em+n) =en Qey.

Definitio 6.7.1. Letp” > 2. For m,n > 2, the internal Samelson product
[ 1im(GiZ/p"Z) x 70y (G Z)p" L) — s (G Z/D" )
is represented by the composition

[fvg] = [f7g]e OAm,n : Pn+m(pr) — P (pr) A P”(pr) — G.

Since Samelson products map into an H-space, the above internal Samel-
son product is well define if p is an odd prime. If 7: P™(p") A P"(p") —
P™(p") A P™(p") is the standard transposition, then

N A - -
Pm+n(p7) LN (p )/\P (p )

L LT
. A m .
P771+’n (p7 ) Pﬂ (p’f‘) /\ Pnl (p7 )

commutes modulo Whitehead products when p is an odd prime.
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Leto : P"(p") AP (p") ANPL(p") — P1(p") A P™(p") A P"(p") be the stan-
dard permutation. If p is a prime greater than 3, the following diagrams commute
modulo Whitehead products

A n+ LAAy,
Pt (pry SIIL pm () A PR () <SSR P (pT) A PR (p) A Py
J, (_l)q(7n+n) lU
Pm+n+q(pr) Agm+n Pq(pr) A Pm+n,(pr) INAm (pr) A P™ (pr) A Pn(pr)
Pt (pry St pm gy g prapry XS pr gy A pr ) A PG
! (_1)m(n+q) lO_Z
pronta(pry SUI prpry A prta(pry K200 prry A PAGT) A P ().

Therefore, Proposition 6.6.7 for external Samelson products translates into the
following result for internal Samelson products

Proposition 6.7.2. Let p be an odd prime. For m,n,q>2, let f,
fiemn (G Z/p"Z), g, gremn (G5 Z/p" Z), and hemy (G5 Z/p" Z).

(a) Bilinearity:
[f+ flvg] = [fag] + [flvg]a [fag+gl] = [f7g] + [f7g1]
(b) Anti-commutativity:
[fa g] = 7(71)mn [ga f]
(c) If'p is greater than 3, the Jacobi identity:

[£.lg. Al + (1)1 R, [f, gl 4+ (1) "D [g, [, 1] =

Remark. We usually prefer the Jacobi identity to be written in the equivalent
derivation form which we believe is easier to remember:

[fa [g,h]] = [[fv g]’h] + (_1)mn [g’ [f> h]]

Remark. If p =3, then it follows from Exercise 4 in Section 6.4 that the
permutation diagrams which preceed 6.6.7 commute modulo Whitehead prod-
ucts and an element of order 3. Hence the Jacobi element

[f.[g, B + (=110 (R [ f, gl] 4+ (=1)™ 9D (g, [h, £]]

is an element of order 3. In other words, the Jacobi identity holds modulo elements
of order 3.

From Lemma 6.3.7, we get

Proposition 6.7.3. Ifp > 2, then the mod p" Hurewicz map ¢ : 7.(G;Z/p"Z) —
H.(G;Z/p"Z) is compatible with internal Samelson products in the sense that

olf, 9] = [e(f), 0(9)] = e(felg) — (—1)*EE@ p(g)p( f).
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Remark. If p" > 2, the above is true in dimensions > 3.
Other Samelson products arise from the equivalences
gmtn — gm oA S"

P (p") = 8™ AP (p)

P (pT) = P (pT) A S
If we add the definitio

m(G;Z/pr'Z) = m(G) @ L/p"Z

we get the full result

Propositon 6.7.4. Let p be an odd prime and suppose m,n,q > 1. There are
bilinear pairings

[ b } ST (G) ® T (G) - 7Tm+'n (G)
[ ) ] Tm (G) ® T, (G7 Z/ﬂZ) — Tm+n (G7 Z/prZ)
[ . 1:m(GZ/pZ) Q7 (G) = Tpin (G, Z/p"Z)

[ 1imn(GZ/p"2) @ mp (GLZ/P"Z) — Tnsn (G5 Z/P"Z)
which satisfy
(1) bilinearity,
(2) anti-commutativity,
(3) and, if p is a prime greater than 3, the Jacobi identity.

Remark. If at least one of the classes involved is in the homotopy group with
integral coefficients then the Jacobi identity is valid even if we do not require the
prime to be greater than 3, but merely that it is odd.

Furthermore, these Samelson products are all compatible with the Hurewicz
maps, for example, if fem, (G) and gem, (G;Z/p"Z), then the diagram below
commutes

Lemma 6.7.5.
T (G) @ M (GiZ/p ) b om0 (G5 Z)p )
le®yp %
H,(G)® H,(G;Z/p'Z) L H,. .(G:z/p7)).

Recall that the pinch map p : P™(p") — S™ induces the mod p” reduction map
p=70 17 (GQ) = 7, (G;Z/p" 7).
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And the inclusion map of the bottom cell 3: S™~! — P™(p") induces the
Bockstein map

B:mn(G;Z/p"Z7) — 7p-1(G).

The reduction maps are homomorphisms and the Bockstein maps are derivations
in the following sense.

Proposition 6.7.6. Ifp is an odd prime, then

(@) if f,gem(G),

plf, 91 = [pf, pgl.
®) if fer (G Z/p"Z), gem(G),
[f,9] = [f, pgl.
(©) if fem (G Z/p L), gem (G5 L /P L),
pBLf,9] = 18f,9] + (=1)**V)[£, Bg].
(d) if fem.(G), gem. (G; Z/p"Z),
Blf.g) = (=)= D(f, Bg).

Part (a) uses the commutativity of

JAN .
prin(pt) ——=  P"(p")AP"(p")
Lp Lp
SrrL+rL = Sm oA Sn

Part (c) uses the commutativity modulo Whitehead products of

Amn m (T N (T

prnpn) —— P™(p") NP (p")
8 7
Sernfl |
Tp |

prsni () S (S AP ) V(P () A ST,

Parts (a) and (d) are even easier.

Definitio 6.7.7. Let R be a commutative ring in which 2 is a unit. A graded
Lie algebra L = L, over R is a graded R-module together with bilinear
pairings

[ , ] t Ly @ Ly — Lygn

such that
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(1
[2,9] = —(—1)teEes ]y g
(2) if the degree of x is even,
[x,2] = 0.
(3) if the degree of x is odd,
[z, [z, 2]] = 0.
4)
[z, [y, =]] = [[z,y], 2] + (=11 Wy, [, 2]].
If 2 is a unit in the ring, it is clear that (1) implies (2) since:
[, 2] = =[x, ]
when z has even degree.
If 3 is a unit in the ring, then (1) and (4) imply (3) since:
[z, [z, 2] = [z, 2], 2] =[x, [2, 2]] = —2[z]z, 2]]

when z has odd degree.

So it is clear that, if G is a connected grouplike space, then 7, (G) is a graded Lie
algebra over the integers localized away from 2 and 3, and, if p is a prime greater
than 3, then 7,.(G; Z/p"7Z) is a graded Lie algebra.

Definitio 6.7.8. A differential graded Lie algebra is a graded Lie algebra L
together with a linear map d : L,, — L,,_; which is a differential, d> = 0, and a
derivation,

d[l‘,y] = [dl‘,y] + (_1)dcg(m) [m,dy].

If p is a prime greater than 3 and G is a connected grouplike space, then
the composition d =po S : 7, (GZ/p"Z) — 7m-1(G) = Tpm-_1(G; Z/p" Z)
makes 7, (G; Z/p" Z) into a graded Lie algebra.

Exercises

(1) Verify Proposition 6.7.4, Lemma 6.7.5, and Proposition 6.7.6 in detail.

6.8 Group models for loop spaces

In this section we discuss group models for loop spaces. We begin by definin a
general notion of principle bundle:
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Definitio 6.8.1. Let F — E %> B be a fibratio sequence and let FV E — B
and F x E — B be the maps which both send a point (f,e) to p(e). We say
that the fibratio has a left action if the natural map over the base B of the
bouquet

FVE—-E
extends to a map over B of the product

FxFE— FE.

Any principal bundle £ — B with group G has a left action G x £ — FE in this
sense.

If we consider the multiplication in the usual path space PX, then the usual
left action 2X x PX — PX is fibr homotopic to the inclusion on the bouquet
QX VvV PX — PX. Hence, we can alter the usual left action by a fibr homotopy
to get a left action 2X x PX — X in the above sense.

Proposition 6.8.2. Letp: E — Bandq: E' — B’ befib ations. Let f : B — B’
be any map and suppose that E is contractible. Then

(a) there exists a fib e map

E X F
I lq
B L B

(b) and any two choices of ® are fib e homotopic.
Proof:

(a) Pick basepoints bye B, byeB’ ,e(eE’ such that f(by) = by, q(ef) = bj.
Let F: E x I — B’ be a homotopy from the constant map at b, to the
composition £ > B LB Let G: E x 0 — E' be the constant map to
e(- The maps F and G being compatible, the homotopy lifting property
gives a map H : F x I — E' which extends G and lifts F. Then the
restriction H; : E = E X 1 — F’ is the required fibr map ®.

(b) Given another choice of a fibr map ¥ : E — E’ which covers f o p, we
observe that ¥ is homotopic to a map £ — (p)~*(bf,) via a homotopy
which covers F'. Since E is contractible, in fact, ¥ is homotopic to the
constant map to e;, via a homotopy which covers the composition K of F'
with a constant homotopy.

We note the the same is true for @, that is, it is homotopic to the constant map to
eo via a homotopy which covers K.
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Thus, we have compatible maps

ExIxI—ExIS B
by projecting to the firs two factors and following with K and
(ExIx{0,1}))U(Ex0x1I)—FE

by using the homotopies for ® and W on the firs piece and by using the constant
map to e;, on the second piece.

Hence we get amap L : E x I x I — E' which lifts the firs and extends the
second. The restriction of L to E/ x 1 x I is the required fibr homotopy between
® and V. U

Now let ' — F — Band F' — E’' — B’ be fibratio sequences as in 6.8.2 and
suppose that there are left actions in the sense of Definitio 6.8.1. Then:

Proposition 6.8.3. Suppose F is contractible and B’ is simply connected. Suppose
also that the pair (E, F) is a CW pair. If ® : E — FE’ is a fib e map covering
f: B — B, the diagram of left actions is fib e homotopy commutative

FxE % FE
1 Px® 1@

FxE Y E.

Proof: The diagram is exactly commutative when restricted to the bouquet F' V E.
Since B’ is simply connected and F' A E is contractible, there are no local coef-
ficient and the obstructions to fibr homotopy commutativity lie in the vanishing
groups groups

H'(F x E,FV E;n.(F'))=H(FAE;m.(F')) =0.
O

Corollary 6.8.4. Under the hypotheses of Proposition 6.8.3, the restriction
®: F — F'is an H-map.

We see that, at certain points when obstruction theory must be used, it is helpful
to be dealing with CW-complexes. Fortunately, Milnor’s geometric realization of
simplicial sets provides a simple device for doing this.

Recall the singular complex S(X) of a topological space X. It is a functor from
the category of topological spaces to the category of simplical sets. It preserves
products, S(X xY) = S(X) x S(Y).

Recall also the geometric realization | K| of a simplical set. It is a functor from
the category of simplicial sets to the category of compactly generated topological
spaces. In fact, each geometric realization K is a CW-complex, and it preserves
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products in the compactly generated category, | K x L| = | K| x |L|. In order to
have this convenient property, it is important in this section to work in the category
of compactly generated spaces and to take the product topology in that category.

Furthermore, these are adjoint functors, that is,
map(|K|, X) = map(K, S(X))

for simplicial sets K and topological spaces X. The resulting adjoints of the
identity maps S(X) — S(X) and | K| — | K| are the natural transformations

a:|S(X)—X, B:K— S|K]|
and satisfy:

(1) «1is a weak equivalence for all spaces X.

(2) B is a homotopy equivalence for all Kan complexes K.
Of the next two facts the firs is elementary and the second is due to Quillen:

(1) If F — E — B is a Serre fibratio sequence of topological spaces, then
the singular complexes, S(F) — S(E) — S(B), yield a Kan fibratio
sequence.

— B — ('1saKanfibratio sequence, then the geometric realizations,
2) If A — B — (C'isaKan fibrati q henthe g i lizati
|A| — |B| — |C|, yield a Serre fibratio sequence.

Definitio 6.8.5. A group model for a loop space (2.X is a topological group G
together with a map of the geometric realization of the singular complex

D :|S(QX) — G
such that @ is both a weak homotopy equivalence and an H-map.

Notice that we have weak homotopy equivalences and H-maps:
a:|S(QX) — QX.

If X has the homotopy type of a CW-complex, then a result of Milnor says that
QX also has the homotopy type of a CW-complex. In this case, it follows that
a group model is the same as a map ¥ : QX — G, which is a weak homotopy
equivalence and an H-map.

If X is a space, then we know the path space fibratio 7 : PX — X, w — w(1),
is a Serre fibratio and can be regarded, up to homotopy, as a principal bundle
with a left action

w: QX x PX - PX, (y,w)r—y*w.
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The same is true for the Serre fibratio |S(7)|: |S(PX)| — |S(X)| and we have
commutative diagrams of action maps

|S(OX)| x |S(PX)| & [S(PX)|
laxa |«
QX x PX £ pXx.

The following is an immediate corollary of Proposition 6.8.3 and Corollary 6.8.4.

Proposition 6.8.6. Let B be a simply connected space and let p: E — B be a
principal bundle with structural group G and left action

v:GxE—E.
Suppose f : X — B is any map and E is contractible. Then

(a) There exists a fib e map
o

|S(PX)| - E
I lp
I5(x) % B

(b) Any two choices of ® are fib e homotopic.

(c) Up to homotopy, ® is a map of principle bundles in the sense that the
following diagram is homotopy commutative

1S(QX)| x |S(PX)] 2% GxFE
Ln lv
|S(PX)| 2 B

(d) The map @ : |S(2X)| — G is an H-map.
The group models for loop spaces are natural in the following sense.

Corollary 6.8.7. If X is a simply connected space and E — X is a principal G
bundle with E contractible, then there are weak equivalences which are H-maps:

G — |S(QX)| — QX
and, up to homotopy, these equivalences are natural.

The firs construction of a group model for a loop space was given by Milnor [85].
Let X be a simplicial complex with basepoint *. Defin the space of piecewise
linear paths E,, (X) of length n to be all sequences of points

(a:o,xl,xg,...,xn)

with xy = * and such that any two successive points x;, x;+; belong to a com-
mon simplex. Let E(X) be the disjoint union of all the E,(X) modulo the
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identifications
(@0, T1y ey T, Ty Tig 1y -y T ) ~ (T0, &1, oo Tim1, Tig 1y oo, Tny)

if ¢,y =wx; or if x;_; =x;41. Defin the map p: EF(X)— X by
p(zo,1,...,2,) = x,. If G(X) =p (%), then it is easy to see that G(X)
is a topological group and Milnor shows that:

Proposition 6.8.8. If X is a simplicial complex, the map p: E(X) — X is a
principal G(X) bundle with left action G(X) x E(X) — E(X) given by juxta-
position of sequences and E(X) is contractible. Furthermore, both E(X) and
G(X) are CW complexes.

Thus, if X is a simply connected simplicial complex then Milnor’s G(X) is a
group model for the loop space. It remains the most plausible model but it has
the disadvantage that it is functorial only on the category of simplicial complexes
and simplicial maps. Hence, it is useful to develop Kan’s simplicial group model
which is completely functorial in our context of connected spaces.

As a general principle, we note that the singular complex functor S(X) and the
geometric realization functor | K| preserve the usual notions of homotopy theory.
There are no restrictions if we start with any spaces in the topological category
but, if we start in the simplicial category, we should restrict to Kan complexes, that
is, those simplicial sets which satisfy the extension condition. Then, for example,
a space X is n-connected if and only if its singular complex S(X) is. And, a Kan
complex K is n-connected if and only if its geometric realization | K| is. We also
have that a map of spaces X — Y is a weak homotopy equivalence if and only if
the map of singular complexes S(X) — S(Y') is. And so on: weak equivalences
of Kan complexes give weak equivalences of geometric realizations. We have
already seen that Serre fibration correspond to Kan fibrations What this means
is that every result that we need concerning simplicial sets can be translated to a
result about spaces where, presumably, the definition are more familiar.

First of all, let K be a simplicial set with basepoint. Recall that the n-th Eilenberg
subcomplex F,, K is the subcomplex of K consisting of all simplices o with all
faces of dimension less than n equal to the basepoint.

Fact (1): If K is a Kan complex, then so are all its Eilenberg subcomplexes.

Fact (2): If K is an O-connected Kan complex, then the inclusion £1 K — K isa
weak homotopy equivalence.

We say that K is reduced if Fy K = K, that is, if K has only one vertex.

Fact (3):If A — B — C'isaKan fibratio sequence with the fibr A 0-connected,
then £1 A — E1 B — F,C is a Kan fibratio sequence.

We recall without proof Dan Kan’s result:[69, 81]
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Proposition 6.8.9. If K is a reduced Kan complex, there exists a functorial
simplicial group G(K) and a functorial simplicial principal G(K) bundle p :
T(K) — K with the following properties:

(a) G(K) is a Kan complex and T (K) is a contractible Kan complex.

() If f: K — L is an surjection of reduced simplicial sets, then G(f) :
G(K) — G(L) is also a surjection.

To be specific let K be a reduced simplicial set with face and degeneracy oper-
ators d; : K,, — K,,_1 and s; : K, — K, 1 for 0 < ¢ < n. Then G(K) is the
simplicial group define by:

(1) G(K), is the free group with one generator Z for each zeK, ., and one
relation 5o = e for each ze K, .

(2) The face and degeneracy operators of G(K) are given by

1

dof = (d15€) (dox) y
dif = d,j+1$ for 1> O,
$T =381 for >0.

If X is a connected space, we get a functorial topological group Gx =
|G(E1S(X))| and a contractible principal Gx bundle Tx = |T(ES(X))| —
|Ey S(X)|. Thus, if X is simply connected Gx is a group model for Q(| E; S(X)]).
Since |Eq S(X)| — |S(X)| — X are weak equivalences, Gx is a group model
for QX and it is clearly functorial.

The functorial group model Gx leads to a useful group model for the loops on
fibrations

Let F - E 2 B be a Serre fibratio of simply connected spaces. Let K be
the kernel of the induced map G(p) : G(F1S(E)) — G(E,S(B) of simplicial
groups. Since G(p) is a surjection of simplicial groups, it is a Kan fibratio with
fibr K and the geometric realization |K| — Gg — Gp is a Serre fibratio of
topological groups. In fact, it is a short exact sequence of topological groups with
| K| the kernel and therefore a normal subgroup.

Proposition 6.8.10. If F - E %> B is a Serre fib ation of simply connected
spaces, then

|K| — GE — GB
is a group model for the fib ation sequence of loop spaces

arF 2 0 22, 0B.
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Proof: Write X = |E1S(X)| and note that there is a weak equivalence X — X
when X is connected.

Consider the commutative diagram

GF—>GE—>GB

! 1 !
TF — TE — TB
! ! !

F —- FE — B.

Clearly, the top row is a sequence of group models for QF — QF — QB and
G maps to | K| by a homomorphism. If we embed the bottom right-hand square
in a totally fibre square, we get from Proposition 3.2.3 that the fibr |K| and
the fibr Gp are homotopy equivalent, more precisely, the map G — |K| is a
homomorphism and a homotopy equivalence.

Loosely speaking, G is the fibr of the left-hand vertical column and |K| is the
fibr of the top row. By Proposition 3.2.3 they are homotopy equivalent. [l

Exercises

(1) Let G be a simplicial group and let B be a simplicial set. Suppose we are
given a twisting function 7 : B,, — (G,,_; which satisfie the identities:

(A) do7(b) = 7(dib) [7(dob)] ™"
(B) d;i7(b) = 7(d;4+1b) fori > 0.
(©) 8;7(b) =7(8i41b) fori > 0.
(D) 7(sob) = e, = the unitin G,, if be B,, .
Defin the twisted cartesian product E(7) = G X, B by:
(@) E(t), =G, x B,.
with face and degeneracy operators
(b)
di(9,b) = (dig,d;b), i>0
do(g,0) = ((dog)7(b), dob)
si(g,b) = (sig,sib), @ >0.
Show that E(7) is a simplicial G bundle.

(2) Let K be a simplicial set and let G(K') be Kan’s loop group as in Proposition
6.8.9.
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(a) Show that G(K) is a simplicial group.

(b) Show that the twisting function 7 : K, — G(K),_1, 7(x) =T, satis-
fie the identities A,B,C,D in Exercise 1. (Remark: The twisted cartesian
product E(7) = G(K) x, K is the principle bundle T'(K') in Proposition
6.8.5.)

(3) Prove Facts 1, 2, 3 in this section, at least for simplicial sets which are singular
complexes.

6.9 Relative Samelson products
In this section, we use the group models of the previous section to defin relative
Samelson products.

Let G be a topological group and let H be a normal subgroup. Let P; and P; be
pointed topological spaces.

If f: P — G and g: P, — H are continuous pointed maps, the commutator
map

g PxP % axml L

maps the bouquet P, V P, to the unit. Therefore, it factors through a map of the
smash

[f,g9le : PL AP, — H.

This map is called a relative external Samelson product and is define without the
use of any homotopies. Of course, [g, f]. : P A P, — H is also define and we
have a strictly commutative diagram

P, AP, [f.9le H
TS
pap 9l g

In fact, the Lie identities for groups, Proposition 6.5.1, says that, if
T=Thn:PANPs > P AP
o=Tu23) : PANPAPs > PB3ANPIANP
02 =Th32 : PANP,AP; = P, APy APy

are the standard cyclic permutations, then we have the following identities
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(a)
(f.gle =19, fle toT:PAAP, - H
(b)
gl =gl [fogle s AP — H
(£ 991)e = [f.gle [fon] ) PLAP, — H
(c)

(F9" Thgle) (g™ [f hle 0 ) ([RY (g, fle]e 0 0%)
=1:P NP, NPy — H.

So far, no homotopies have been used. Now assume that the spaces P, are coa-
belian. The analog of Proposition 6.6.6 remains true; that is, given any commutator
of one variable functions define on a lesser length smash product of coabelian
spaces, that commutator is null homotopic. It follows that we get the analog of
Proposition 6.6.7 for relative external Samelson products.

Proposition 6.9.1. Let P;, P>, P; be coabelian spaces. If
LHh:Ph—Hggq:P—Gh:P3—G

are maps then the external Samelson products [f,gl.: PL NPy, — H and
[fs 19, hlele : Po A Py A Py — H satisfy the following Lie identities:

(1) Anti-commutativity:
(f:9le = —lg, fleor
where
T=T12:PPNPs— P AP

is the standard transposition.

(2) Bilinearity:
[f+ fiogle = [f gl + 1. 9le,  [fi9+aile = [, gle + [f g1]e-
(3) Jacobi identity:
[, (g, hle)e + [h, [, gle)e © o + [, [h, fle]e 0 0% = 0.

Introduce relative internal Samelson products as expected. Let p be an odd
prime and let A, , : P"T"(p") — P"(p") A P"(p") be any map such that
Ay (€m+n) = e ® e,. Relative internal Samelson products are define as

[fag} = [.fag](z OAm.n 3Pm+n(pr) — H.
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This leads to the following definition

Definitio 6.9.2. Let L' — L be a morphism of graded Lie algebras. We
call L' an extended ideal of L if there are two bilinear pairings (called Lie
brackets):

[, |:L'xL—-L
[ , |:LxL —1L,
such that

(1) the diagram of Lie brackets commutes

I'xp L p

1 ]
sl L p
1 ]
Lxl L 1

(2) for all z,y, and z in the union of L’ and L,
[z, y] = —(=1)tesl) a8y, 4]

[, [y, 2] = [z, ), 2] + (~1) B 48y [z 2]].

Definitio 6.9.3. An extended differential ideal L' — L is a morphism of differ-
ential graded Lie algebras which is an extended ideal and such that the differential
d is a derivation in the sense that, for all z and y in the union of L’ and L,

d[l‘,y] - [dl‘,y] + (71)deg(ﬂc) [ZL',dy]

Now the same proofs as before show:
Proposition 6.9.4. Let H and G be topological groups and let H be a normal
subgroup of G.
(a) If we localize away from 2 and 3, the map of integral homotopy groups
m«(H) — 7.(G) is an extended ideal.

(b) If'pis a prime greater than 3, the map of homotopy groups with coefficient
7 (H;Z/p"Z) — 7.(G; Z/p" Z) is an extended differential ideal with the
Bockstein differential d = p o f3..

Finally, we consider the case of a fibratio of simply connected spaces FF — £ —
B. In the previous section, we introduced the short exact sequence of topological



6.9 Relative Samelson products 201

groups
|K| — Gg — Gp

which is a group model for the fibratio sequence of loop spaces
QF —- QF — QB.

Since H = |K]| is a normal subgroup of G = G, we get relative Samelson
products

[, ]:m(QF) @ m(QF) — m(QF)
with various coefficients
Corollary 6.9.5.

(a) If we localize away from 2 and 3, the map 7,.(QF) — 7.(QE) is an
extended ideal.

(b) Ifpis a prime greater than 3, the map 7, (UF; Z/p"Z) — 7. (QE; Z/p" 7)
is an extended differential ideal.

Exercises
(1) Letp be an odd prime. Let H be a normal subgroup of a topological group G.
(a) Construct two bilinear pairings
[, |:m(H) xm(GyZ/p"Z) — 7 (H;Z)p" Z)
[ i m(HZ/p"2) X 7(G)) — m(H Z/p" Z).

(b) Show that these pairings satisfy anti-commutativity and the Jacobi
identity, even if p = 3.

(c) Show that these pairings, together with the reduction maps n : m.( ) —
m.( ,Z/p"Z) and the Bocksteins O :m.( ;Z/p"Z) — m1( )
satisfy the analogs of those in Proposition 6.7.6.

(2) Let H be a normal subgroup of a topological group G.

(a) Show that the commutator [ , |:H x G — H induces a bilinear
bracket pairing

[, ]:H.(H)x H.(G) — H.(H),

which is anti-commutative and satisfie the Jacobi identity. (The coefti
cients can be Z, Z/p" Z, or some combination of the two.)

(b) Show that these pairings, together with the reduction maps and the Bock-
steins, satisfy the analogs of those in exercise 1c.
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(c) Show that the Hurewicz maps are compatible with these pairings, that is,
show that the diagram below commutes:
7Tm(H) (24 7rn(G;Z/pTZ) [’—’J_) Tm+n (HEZ/Z)TZ))

Le®p Ly

H,(H)® H,(GZ/p'Z) b Hpu(H;Z/p'2)).

6.10 Universal models for relative Samelson products

Let p be an odd prime. In this section, we assume that we have a theory of (internal)
Samelson products for mod p” homotopy groups, a theory which is define and
functorial on the category of loop spaces (2 F and loop maps. That is, we assume
that we have bilinear maps

[ 1:m(QBZ/Y L) @ m(QEL/p T) — 7.(QE: L/p T).

This theory satisfie anti-commutativity, the derivation formula for the Bockstein,
and, if p is a prime greater than 3, the Jacobi identity.

We then show that this implies that there is a theory of relative Samelson products
which is define and functorial on loops of fibratio sequences

QF - QF — QB
and loop maps between them. That is, we have bilinear maps
[, 7 (QF;2/02) © m(QE: L)y L) — 7 (QFZ/p'Z)  and
[, |:7x(QE;Z/p"2) @7 (QF;Z2/p"Z2) — 7 (QF;Z/p" 7).

The identities such as bilinearity, anti-commutativity, and the Jacobi identity (if
p > 3) are also valid.

We shall use the technique of universal models to do this. This technique is based
on certain fibratio sequences which are split as a consequence of the Hilton—
Milnor theorem.

Definitio 6.10.1. Let p be an odd prime and let m, n > 2. The basic two variable
universal model for mod p” homotopy groups in dimensions m and n is the
space

EP"’LJI — ZP”) <p7) \/ ZP” (p'r‘).

Remark. If P = P" (p") and P" = P"(p"), there are the standard inclusions
1, : XP" - ¥XP™" and 1, :XP" — XP™",
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Any mod p" homotopy classes
z:XP" - FE and y:XP" — F
defin a unique homotopy class
xVy: XP"" - E
which restricts tox = (x Vy) - 1,,, and y = (x V y) - 1,,, respectively. Let
T:P" —-QF and y:P" — QF
be the respective adjoints.

Thus, we get the loop map
QXP™" — QF

which is the multiplicative extension u(Z V 7) of the adjoint T V i : P™" — QF.

Remark. If ¢, : P" — QP"™" and , : P" — QF are the adjoints of the
standard inclusions, then naturality asserts that the internal Samelson product
[Z,7] : P"T" — QF is given by the formula

[Z,9] = (@ VY) - [tmstn]

Thus all internal Samelson products are determined by Samelson products in the
universal models.

Definitio 6.10.2. The two variable universal model for relative Samelson prod-
ucts in mod p” homotopy groups is the standard projection map 7 : Y P™" —
EP'NZ .

Remarks. If 7: F — B is a fibratio with fibr F and Z:P" — QF
and §: P" — QF are homotopy classes, then we have a commutative
diagram

spr 4L F
| |
wpmn 2, g
| T

wpm 5B

™

If Fm™ — E™" — ¥ P™ is the fibratio sequence which is the result of the
standard replacement of the map P™" — P™ by a fibration Exercise 1 below
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gives an extension to a commutative diagram

) L N
! L
gprn % prn DV p
! L LT

xpm = ¥pm % B

Exercise 1 also asserts that the right-hand map of fibratio sequences can be chosen
to be unique up to fibr homotopy.

It follows from the Hilton—Milnor theorem that the fibratio sequence
QF’V” s N QEWL,TL — QEP"L

is split, that is, it has a section. Since the Samelson product [¢,,, , ¢, ] maps to a null
map in the base ¥ P™, it has a homotopy unique representative [¢,, , ¢y, ], in the
fibr QF"™ " Thus, the following definitio is well defined

Definitio 6.10.3. If Te 7, (QE) and §e 7. (QF), the relative Samelson product
[, 7], em(QLF) is define by the formula

[Z,9], = Uz Vy)iltm, tn]r-

Similarly, using the universal model P*"* — P™, the relative Samelson product
[7,T], is define by the formula

[yv f}r = Q(y Y x)*[hz s Lm]r-

Remarks. The relative Samelson product is characterized by two properties. One,
it is natural with respect to loop maps of fibratio sequences and, two, it maps
to the internal Samelson product in the total space. Hence, it is identical with
the relative Samelson product as previously define via group models. In special
case of the universal model, the relative Samelson product is uniquely character-
ized by the fact that its image in the total space is the usual internal Samelson
product. In addition, naturality and the commutative diagram of vertical fibratio
sequences

F —- F — FE
! l 1=
F —-— FE — FE
! ! !
x — B — x
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show that internal and relative Samelson products are compatible. In other words,
the following diagram commutes

7 (RS20 L)@« (QF,Z/p"7) — 7w (QF;Z/p"7)

! |=
Tk (UL L) @mx (UELIPL) — mx (QFL[p'Z)
! !

mx (UE;Z)p' L) @7+ (AF; Z/p'Z) — wx (UE;Z/p" 7).

Note that the twist map T : P™"™ — P ™ leaves the internal Samelson product
invariant,

T* [Ln ) Lm] = [Lny Lm]~

Since [ty tm] = —(—1)""[tm, tn] for the internal Samelson product, it follows
that

7,7 = Qy V 2)lin, tm]r = Ux VYTl tm]r = Uz V y)slen, tm]r
= —(=1D)""Qx Vy)ltm,tnlr = =(=1)""[Z, 7],
That is,
Lemma 6.104. [y,Z], = —(—1)""[Z, Y| for the relative Samelson product.
The next lemma determines the Bockstein of a relative Samelson product.

Lemma 6.10.5. [ G : m.(X;Z/p"Z) — 7.—1(X;Z/p"7Z) is the Bockstein, then
the following derivation formula is valid for relative Samelson products,

Bz, gl = [67,9], + (=1)"[7, Byl
Proof: First of all,
ﬂ[bma Ln}r = [ﬂ//m s Ln]r + (_l)m [//m y ﬂbn]r

since the formula is valid for internal Samelson products and the homotopy of
the fibr injects into that of the total space. The naturality of relative Samelson
products converts this formula into the desired formula. O

In order to prove identities for relative Samelson products which involve three
variables, it is necessary to introduce:

Definitio 6.10.6. If P""™¢ = P™ vy P" vy P!, then the basic three variable
model for the mod p" homotopy groups is the space X P™ "7 and the three
variable model for relative Samelson products in mod p” homotopy groups is the
standard projection map

S Py prmn
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Remarks. Similar to the two variable case, we have the following mapping prop-
erties. If 7 : E — Bisafibratio withfibor Fandz: P™ — QF,y: P" — QF,
and z : P? — QF are homotopy classes, then we have a commutative diagram

Y. Pt Y, F

! i)
Evanvq xVyVz E
! L7
sprn  ZEW, g

If Fmonea — Fmonet I, 51 pmjs the fibratio  sequence which is the result of the
standard replacement of the map P — P"" by a fibration we have an
extension to a commutative diagram

TVYVz

3 P1 - e —  F

I I o

N Pmin.g =, Emon.g TVyVz E
! lm 7

T-(zVy)
—_

spmr Z, ppme B.

As before, it follows from the Hilton—Milnor theorem that the fibratio sequence
QFm,n.q N QEm,n,q N QZPm’n

is split, that is, it has a section. Since the iterated Samelson product [ty , tn, 4] =
[tm , [tn s tq]] maps to a null map in the base X P™ ", it has a homotopy unique
representative [ty , tn, L] in the fibr QF™ ™9, Thus, the following definitio is
well defined

Definitio 6.10.7. If Ze 7, (QF), gem, (QE), and Z e 7, (QF) the relative Samel-
son product

[Z,7, 2], em.(QF)
is define by the formula

T,y, E]T = Q(.’L‘ \ :& \ Z)*[Lman»Lq r.

Similarly, using the model P4 — P™"
(7,5, 7], em.(UF)
is define by the formula
(2,72l = Qz VYV 2)lltm, ns tq]lr

where [ty , Ln, Lq]]r 1s the homotopy class in the fibr which maps to the Samelson
product [t , tn], tg)-
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Finally, using the model P9 — P™"
(5,7, 2], em.(2F)
is define by the formula
[[7, 7, 2]l = Qy V@V 2)[[[tns tm s t4]]]r

where [[[tn, tm , q]]]- is the homotopy class in the fibr which maps to the Samelson
product [ty [tm, tq]]-

We need to relate three variable products to two variable products.
Lemma 6.10.8.
[fv Y, E]r = [Ea [yv E]r]r

[Z,9,2]l, = [[,9], 2],
7,7, 2, =9, [ 2

Proof: For example, the firs of the above formulas is an immediate consequence
of the commutative diagram

QFm,n-'rq N QF™ 49 - QF

! !
QEpnite . QRPTt o QF
! ! !

Qxpm - Q¥pm"r - QB.
The remaining two formulas have similar proofs. U

Let p > 3. Since the internal Samelson products are invariant under the map
induced by the natural map S : P™"™9¢ — P™ ™9 the Jacobi identity for internal
Samelson products

[tm s [ens tq]] = [lem tn], tq] + (=1)"" [tn; [tm s 14]]
yields the Jacobi identity for relative Samelson products:

Lemma 6.10.9. If p is a prime greater than 3 and if Tem, (QE;Z/p"Z),
Yem, (QUE;Z/p"Z), and Z emy (QF, Z/p" Z), then

[fv [y,z}r]r = [[fa ?]7§]T + (71)77”1 [yv [f,f}r}r.
Proof: The equation

[Lmv [Ln s Lq]] = [[LmaLn]a Lq] + (71)77”1 [Lna [Lm ) Lq]]

can be rewritten as

[Lm ybny Lq]r = [[Lm sln, Lq]]r + (71)mn (QES)*[HLn y bm s Lq]]]r-
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Since Q(x VyVz) - QXS =Q(yVxV z), the required Jacobi identity is the
image under the map Q(x Vy V 2) . O

In order to prove the bilinearity of relative Samelson products, we consider two
universal examples

S pmina _, 3 pmsn
ypmmid — P

In the firs case, we consider the relative Samelson product [¢,, + ¢y, 4] Where
m = n. Clearly,

[tm + tn, Lq] = [Lmabq] + [Lqu]

and hence the same formula for relative Samelson products. Now naturality gives
Lemma 6.10.10a below.

In the second case, we consider the relative Samelson product [¢,, , ¢, + Lq]r where
n = q. Clearly,

[Lmybn + Lq] = [Lma Ln] + [Lm7Lq]

and hence the same formula for relative Samelson products. Now naturality gives
6.10.10b below.

Lemma 6.10.10.
(@) Iz, yerm,,(QUE;Z/p"Z) and Z, e 7y (QUF; Z/p" Z), then

T+7,2, =[Z.2, + 7,7

(b) Ifz, emp, (QUE;Z/p"Z) and §, Z, ey (QUF; Z/p" L), then

7.y +7 = @7 + @7

Corollary 6.10.11. T, em,,, (QUE;Z/p"Z) and Z, ey (UF; Z/p" Z)If ais ascalar,
then

[oZ,Z], = [T, aZ], = a[Z,Z],.
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Of course, Corollary 6.10.11 is a corollary of Lemma 6.10.10 but it can also be
proved directly.

Exercises
(1) Let f: X — Y be any continuous map and let
xLE Ly

be the standard factorization of f into the composite of a homotopy equivalent
inclusion ¢y and a fibratio 7 , that is,

By = {(z,0)|weX, w: [ — Y,0(0) = f(a)}
ﬂ-f(x’w) = w(1)> Lf(w> = (x’wﬂﬂ)’
where w, is the constant path at x.

(a) If 7 : E — Bis a fibration show that any commutative diagram

X XN E
Lf s
y L B

can be embedded in a commutative diagram

X 2 B L oE

Lf L7 LT

y =S v %L B,
wherehzﬁwf.

(b) Show that this larger diagram can be chosen to be unique up to fibr
homotopy of the right-hand map of fibrations

(c) Prove the following parametrized version of (a): Any commutative

diagram
x B
Lf 17
y 4 B
where g; and h; are homotopies can be embedded in a commutative
diagram
X %4 g Mg
L Ly 7
y =S v % B

where h; = h; - Lf.
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(2) Give a direct proof of Lemma 6.10.11.

(3) Show that there is a relative Samelson product define on mod p homotopy
Bockstein spectral sequences (see Chapter 7)

E"(QOF) @ E"(QE) — E"(QF).

6.11 Samelson products over the loops on an H-space

Let p be an odd prime. We shall show that there is a theory of so-called H-based
relative Samelson products. This theory is define and functorial on loops of
fibratio sequences

QF - QF — QB

where B is a homotopy commutative H-space and where the maps of fibratio
sequences are loop maps with the maps on the base being loops of H-maps. In this
case, we have bilinear maps

[ 1 m(QEZ/p"Z) @ m(QE; Z/p" Z) — 7 (QF Z/p' L)
The important thing is that the usual identities are also valid.

We use the method of universal models with more care. Loosely speaking, the
universal two variable models for the mod p” homotopy in dimensions m and n of
the fibration E — B with B an H-space are the maps XP"" — P x XP".
But this model does not have a base which is an H-space so it is desirable to
change the category for which this is a universal model.

Consider the category of two variable models in which the objects are ordered
triples consisting of:

() amap7: EF — B.
(2) mapsx : ¥P™ — Fandy: XP" — E.

(3) a commutative diagram

xVy

ZPWLA,’U E
l T
P xxnpr L B,
where the left-hand vertical map is the standard inclusion of the bouquet into the
product. Thus, ® is an extension of a map from the bouquet to the product. (Of
course, we are aware that (3) includes all the data for a model.)

Morphisms in this category of models are maps from £ — B to another map
E’ — B’ which preserve the structures in (1), (2), (3).
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A universal model is just an initial object in this category.
Definitio 6.11.1. The universal model is the object:
(1) The standard inclusion of the bouquet into the product
Pt — NP™ x XP".

(2) The standard inclusions 1, : ¥ P™ — XP"™ x ¥P" and 1, : ¥P" —
XP™ x YL P".

(3) The commutative diagram

1 V1,
—_—

EPUL,H ZPWL,'VZ
1 !

YP" x NPt L wproxnpr

It is customary to abuse the terminology and simply refer to the map
EP'VVL,IL N ZP’VVI X ZP'U

as the universal two variable model. With this simplifie terminology, the universal
mapping property is given by the unique map

npmn TVy E

! s
P x Pt 2 B

In other words, the universal mapping property is the model itself.

L ™

Now suppose that ' = F = Bisa fibratio sequence and let F"*" & E™" L
3 P™ x ¥ P" be the fibratio sequence which results from the standard replace-
mentof XP™" — ¥ P™ x X P" by afibration Exercise 1 in the previous section
gives an extension of the map in the previous paragraph to a commutative diagram

le Lt
sprn % g Lop
l Lm LT

YP" x $P" = ¥pPm x 2Pt 2 B.

The choice of the lift ® : E™" — _E'is uniquely determined up to fibr homotopy
and thus the choice of the map ® : F""" — F is uniquely determined up to
homotopy.

If we loop the above diagram, the Hilton—Milnor theorem implies that the middle
vertical fibratio sequence

aFmn 2 gpme 2T (SP x $PY)
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is split. If ¢, : P™ — QP™" and ¢,, : P" — QP"™" are the standard inclusions,
the internal Samelson product [¢,, , ¢,,] maps via Q to zero in the base Q(XP™ x
Y. P") and hence there is a unique mod p" homotopy class [ty , tp]1 : P —
QF™" which maps to [t , ¢, ] via Q. Thatis, (Q)«[tm, tn]1 = [tms tn]-

Definitio 6.11.2. If7 : P*" — QF andy : P" — QF are the respective adjoints
of x and y, then the ®-based Samelson product is the class

[f,y]cp :P77L+TL N QF

uniquely define by

[E’ ?]<P = (QE)*[L,R ) Ln]l-

Remarks. The ®-based Samelson products are functorial or natural on the cate-
gory. That is, given a commutative diagram

prn 2o

LR

le Le L

» pm.n = Emsn g E TN E;
! I It 1n

SP" x $P* = nprxypr % B L B,
we have the naturality formula

(Qn).[7, 9w = [9.7, 9.Y] s w-

In particular, [ty,,t,]1 is the 1-based Samelson product. Thus, this Samelson
product is universal among ®-based Samelson products and it is uniquely char-
acterized by the fact that its image in the total space of the universal model is the
usual internal Samelson product.

Twisted anti-commutativity
Consider the twist map 7" and its extension to the replacement fibrations that is,

consider the diagram

3 pnram L ypm.n w) E
! l |7

sprxnpr Lo owpnyypr 2B
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and its extension to

sl
Ll

Fnem Fmon F
I B I o
E?l ,m L EWYL \n 3) E
! ! LT
wprxxpr Lo oywprxypr 2B
Since
Q)i [tns tm] = [tns tm] = = (=1)"" [t tn]
that is,

(QT)*[LH»Lm] = ltnstm] = —(=1)"" [tm, tn]-

The injection of the homotopy of the fibr into the homotopy of the total space
gives

(Q?)*[Lna m ]1 = 7(71)’(”” [Lm ) Ln]l

in the universal models. Hence, the natural definitio implies the twisted anti-
commutativity:

Lemma 6.11.3.

¥, %]o.r = —(=1)""[Z,7]a.

Relative Samelson products
The relative Samelson product [Z, 7], is a special case of the ®-based product.
Suppose x : XP™ — FEand y : XP™ — F'. Consider the diagram

ypm,n : ypm,n M) E
1 1 LT

x

TP x¥pt s $P" 5 B,

where 7 is the projection on the firs factor. It follows that

Lemma 6.11.4. [fx : XP" — Eandy: XP™ — F, then
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Compatibility of Samelson products in the loops on a fibratio sequence

The above lemma is part of the general compatibility of ®-based, relative, and
internal Samelson products. That is, we have a commutative diagram

n(QE;Z/p Z) @ m(QF L) s n(QFZ/p D)

! I=
T (QE;Z/p Z) @ QB L)) N r(QFz/p L)
1= |
m(QE;Z/p"Z) @ m.(QE; Z/p" Z) L. 7 (QE; Z/p" 7).
The compatibility of the ®-based product with the internal product is a
consequence of the next lemma. Consider the diagram

Fmon E F
le le
Emn E) E
! T
P xvpPr 2 B
Hence,
(). [T, Flo = () * (). [tm s tn s
)
= (QE)*(QL)*[M” 5 Ln]l = (96)*[Lmalfn] = [f7 g]a
that is,

Lemma 6.114. Ifx : XP™ — Eandy: XP" — E, then
(QL)*[fngP = [T7y]

Bocksteins and ®-based Samelson products

Recall that the Bockstein Sz of x : X P™ — FE is define by the composition
spnt Lospn Lop,

Consider the two diagrams

mel,n (Bx1) Fman Z F

! L Le
Emfl,n (Bx1) Emsn 2 E

! ) ! Ir
zpr-txxpr 2L owprxwpr 2B
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Fm.,n,fl (1x5) Fman E} F
! L Le
Em,nfl (1x5) Em.n (I_)> E
! ! L7

zpm xwpr-t 2 wpmyypr LB

In QE™", we have

ﬁ[LmaLn] = [ﬂLmaLn] + (71)7n [Lm»ﬂLn}-

Since the homotopy of the fibr injects into that of the total space, in QF™",
we have

ﬁ[Lm ) Ln]l = [ﬁ’/m ) Ln]ﬁxl + (_1)777, [[fm ) 6L’n,]1><ﬁ-
Naturality gives the derivation formula for the Bockstein

Lemma 6.11.5. Ifx : XP" — Eandy: XP" — E, then
ﬂ[f’y]q’ = [ﬁfﬂy]é(ﬁxl) + (_1)m [Ev ﬂy]qx(lxﬁ)'

Three-variable models
Letx :XP" — E,y:XP" — F,and z : X P? — FE. A three-variable model is
a commutative diagram

xVyVz
SACALIUY

S P
! s
P x P xvpr L B

As in the two-variable case, we extend the maps to maps of homotopy equivalent
fibratio sequences

Frmona L F

Le Le

Zpmona z Emona Y E
! ! L

TP" X TP" x $P1 = EP" xEP"xTP! Y B

We have the universal three-variable model given by the identity map of

»pmmt — ¥ P™ x ¥P" x ¥PY.
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Bilinearity

For the consideration of bilinearity, assume that m = n in the three-variable model
and consider the three diagrams

wpma Y4 npm E

! ! LT

P xwpr 2 wpmynprxnpr LB

xVyVz
E—

where A : XP™ — XP™ x ¥ P" is the diagonal, V : XP™ — X P™" is the
coproduct which define addition, and

N pmg Lo V1; 3 pman.g TVyVz E
! | K
npn xnpr XL oypmogyprxnpr Y B

where 1,, : XP™ — X P™" — ¥ P™ x Y P" is the inclusion of one summand,
and

N pna 1n V1 ¥ P TVyVz E
! ! I 7
wprxnpt X ospmoysprwynpr L B

where 1,, : XP" — XP™" — ¥ P™ x X P" is the inclusion of one summand.

In QX P™ ™1 and hence also in QE™ ™9,

[Lm + in, [fq] = [Lm ) Lq] + [[/na Lq]~

Since the homotopy of the fibr injects into that of the total space, it follows that
[Lm + tn, Lq](Axl) = [1’771,7 Lq](l,n x1) + [an Lq}(l,,, x1)

and, by naturality,

Lemma 6.11.6.

[ +7,Zlw(ax1) = [T, Zlw.1, x1) + [T, 2w, x1)

The Jacobi identity

In the three-variable model as above, consider the iterated Samelson product
[tm s tns tq) = [tm, [tns 1]

in QX P"™ ™4 or, equivalently, in QE™ ™4, Since the fibratio sequence

QFmt L QEma ISP ) SP" x SP
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is split, there is a unique mod p” homotopy class [ty , Ly, tg]1 in QF™™ 7 such
that ¢, [Lm s ln Lq]l = [Lm ybn,y Lq]-

Definitio 6.11.6. The U-based Samelson product is define by

[f, Y, 5]\1; = Q(\I/)*[Lm sln, Lq]l .

There are three obvious restrictions of

V:YXP" xYXP"xXP! - B

to maps
=9, :XP"xXP! - B
=9, :XP" x¥XP! - B
¢ =90,:XP" xXP" — B.

The following lemma which relates three-variable products to two variable prod-
ucts is a trivial application of the injectivity in the universal model.

Lemma 6.11.7.

[Lm sln, Lq]l = [Lm7 [Ln ; Lq]l]r

and naturality gives

[xayv E]‘lf = [T7 [ya E]‘I)m ]r~

If R:EP? X XP" X XP" - XP" x XP" x XP% and §:XP" x ¥P™ X
YP?T — ¥P" x XP" x ¥P? are the permutations, then the Jacobi identity
becomes

q(m+n)+1[

[57572]\1’ = (_1) Eaf7y]\P'R + (_1>m" [yafaz]\ll-s

which is a rewrite of

[, [7.2)e,, - = (=11 7,5, ] + (1) 7, [, e, )r-

In the total space of the universal example QE™ "7, this is equivalent to
[tms [tn Lq]] = (_1)q(m+n)+l(QR)*[an [tm s ta]] + (=1)"" (R8)ulen, [tm, t4]]-

Since R : ¥ P9"™" — ¥ P™ ™4 and S : P01 — X P™ ™4 induce the formal
identity on these Samelson products, this identity is the same as the usual Jacobi
identity

[tm [anLq” = (*1)q(m+n)+1[% [tm s tn]] + (=1)™" [tn, [Lmqu]]-

Hence naturality gives
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Lemma 6.11.8. The Jacobi identity is valid if p is a prime greater than 3, that is,

q(m+n)+1 [

[Z,7,zlv = (—1) Z,5,ylwr + (=1)"" 7,7, Zv.s

or the more familiar

7, [7:7e,, I = (D) E @ 5, )+ (1) 7, [7,2a, -

Finally, suppose that I -~ E = Bisafibratio sequence with 13 an H-space with
multiplication i : B X B — B. We can assume that the multiplication has a strict
unit. In this case we have a canonical choice for the map ® : X P™ x ¥ P" — B,
namely, we set ¢ to be the composition

sP" x 2P" % Bx B L B.
Definitio 6.11.9. The H-based Samelson product [Z,7], is define to be the
®-based Samelson product [Z, 7] -

In addition, if we choose ¥ to be the composition

TXYXZ Ixp

P x LP" x NP1 XY, By Bx B—5 Bx B B,
then the three restrictions to two factors are all equal to the above map, that is,

o, =9, = (I)q =o.

Thus, we get
(1) Twisted anti-commutativity:
9, 7yr = =(=1)"" [, Y,
(2) Derivation formula for the Bockstein:
B9l = [67,7], + (=1)" [, 57,
(3) Bilinearity:
[z +7.2, = [7.7], + 1,2,
(4) The Jacobi identity if p > 3:
@, [ 2))r = (1) 7 g+ (C)" [ 7 2

If, in addition, the multiplication is homotopy commutative, that is, if - T' >~ p,
we get true anti-commutativity

[ﬂa ﬂu = _(_1)m" [Ev y]/r

Remarks. The verificatio of true anti-commutativity in the case of homotopy
commutativity uses the fact that the commuting homotopy can be chosen to be
stationary on the wedge. This fact, known to Frank Adams and to Michael Barratt,
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will be proved in Chapter 11. We use the fact that the commuting homotopy
on X P™ x X P" is stationary on the wedge P V X P" in order to lift this
homotopy on the base to a fibr homotopy on ™", giving a homotopy on the
fibr F™ " and hence also on its loop space 2F"™ " which is where the H-based
Samelson product lives.

Remarks. Since the prime p is odd, the restriction to a homotopy commutative
base is really no restriction at all. If we localize at p, the base space B can be
made homotopy commutative by replacing the original multiplication i by the
homotopy commutative multiplication

W@, 8) = 3 (ululo, B), 1B, 00)) = 3 (e, 6) + (5, 0)

where + is the addition (that is, the multiplication) in the H-space and % :B— B

is the homotopy inverse to the squaringmap 2: B — B, «a +— o’

Remarks. Consider the standard maps S"~' — P"(p"), P"(p") — S",
P(p") — P*(p"t#), P*(p"t%) — P"(p®), and similarly with m replacing n.
The obvious variations of the above apply when P™ (p") and P™ (p") are replaced
by various combinations of the domains and ranges of these maps. Hence, iden-
tities which involve Bocksteins and reductions of maps are valid for H-based
Samelson products if they are valid for the usual Samelson products.

Remarks. When the base B is a homotopy commutative H-space, it is clear that
the morphism of mod p" homotopy groups 7(UF;Z/p"Z) — w(QE;Z/p" Z)
satisfie the following two definition where p is a prime greater than 3 and the
differential d in Definitio 6.10.2 is the Bockstein differential d = po 8 = 3 :

Definitio 6.11.10. Let L’ — L be a morphism of graded Lie algebras. We call
L’ a strong extended ideal of L if there is a bilinear pairing (called a Lie bracket):

[, |:LxL—1L

such that

(1) the diagram of Lie brackets commutes

I'xl ——— L

! !
LxL L p
! !
Lxr L

(2) forall ,y, and z in the union of L' and L,
o, = —(~1) A g

[, [y, 2] = [z, ), 2] + (—1) s 48Oy [z, 2]].
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Definitio 6.11.11. A strong extended differential ideal L' — L is a morphism
of differential graded Lie algebras which is a strong extended ideal and such that
the differential d is a derivation in the sense that, for all z and y in the union of L'
and L,

d[.’L‘,y] = [d.’L‘,y] + (_1)deg(az)[x7 dy]

Exercises
(1) Let

F1 — E1 — Bl

Lh lyg Lf
F2 — E2 — BQ

be a map of fibratio sequences with f: B; — By being an H-map of
H-spaces, then the map on the loop spaces of the fibre sends H-based Samel-
son products to H-based Samelson products, that is,

(©Qh).[7, 7], = ()., ()7,
(2) Given that, in a homotopy commutative H-space B, a commuting homotopy
hi:BxB—B, hy=u, h=p-T

can be made to be stationary on the wedge, show that the H-based Samelson
product is anti-commutative:

[@, f]# = _(_l)mn [57 y]#
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This chapter begins with an exposition of exact couples [78, 79] which follows the
presentation in MacLane’s Homology [77]. The important feature of MacLane’s
exposition is that it stresses the explicit identificatio of the r-th term of the
spectral sequence. We specialize to the case of the homotopy Bockstein exact
couple and blend this treatment of spectral sequences by exact couples with
a treatment which is a simplificatio of that of Cartan—Eilenberg via spectral
systems or H (p,q) systems [23]. Cartan—Eilenberg gives an alternative description
of the r-th term of the Bockstein spectral sequence. In particular, this alternate
description is well suited for the introduction of Samelson products into the spectral
sequence.

We determine the convergence of the mod p homotopy Bockstein spectral
sequence, at least in the case where the classical homotopy groups have p-torsion
of bounded order. From general principles it is clear that the £ term should be a
function of the homotopy groups of the p-completion, but an example shows that
there are significan difficultie in the case when the p-torsion is of unbounded
order.

But the principal application of the Bockstein spectral sequence is not to compute
the £ term. There are usually better ways to do that. Application of the Bockstein
spectral sequence comes from its differentials. The differentials determine the
torsion in the integral homotopy groups. In addition, there is a strong connection
between differentials and the problem of extending maps which originate on a
Moore space.

Homology and cohomology versions of Bockstein spectral sequences firs appear
in the work of William Browder on H-spaces [19]. We give a brief treatment of
these spectral sequences here and then apply them, as Browder did, to prove some
classical theorems on finit H-spaces. These remain some of the most attractive
and powerful applications of Bockstein spectral sequences.

Also important to us is the Samelson product structure in the homotopy Bock-
stein spectral sequence and the Hurewicz representation of this in the Pontrjagin
structure of of the homology Bockstein spectral sequence.

221
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In a subsequent chapter (Section 9.6) we apply these Samelson products in the
homotopy Bockstein spectral sequence to establish the existence of higher order
torsion in the homotopy groups of odd primary Moore spaces. It is also vital in the
product decompositions of Chapter 11 which lead to the odd primary exponent
theorem for spheres.

7.1 Exact couples

We base our definition of Bockstein spectral sequences on William Massey’s
notion of exact couple: [78, 79]

Definitio 7.1.1. An exact couple C consists of two graded modules A, F and an
exact triangle of homomorphisms
A R A
o™\ 7
E

where ¢ : A — A has degree 0 and 0 : E — A has degree £1.

Remark. If the degree of 0 is —1, the exact couple is called a homology exact
couple. If the degree of O is +1, the exact couple is called a cohomology exact
couple.

We note that, if we defin d = j o0 : E — E, then d is a differential, d o d = 0,
and we can defin a homology group

H(E,d) = Z(E,d)/B(E, d) = ker(d) /im(d).

Exact couples yield new exact couples by a process of derivation define in the
following manner.

Definitio 7.1.2. Let C be an exact couple as above. The derived couple C’
has the graded modules A’ = 1A =im(:), E' = H(F,d) and the triangle of
maps
A L A
PN 7y
E/

where

/(1a) = *(a),
§'(ta) = ja +im(d), acA,
J'(e +1im(d)) = de, ecE.
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We leave as exercises two key facts:

(1) themaps ', j/, 0 are well defined that is, they are independent of choices
of representatives and they land in the appropriate groups.

(2) the derived couple is exact.

The sequence of successive derived exact couples C, C', C”, C", ... define a
spectral sequence via

E'=FE E’=F E*=FE",...
with differentials " : B — E”
dl :d:joa, d2 :d,:j,oa/, dS :d//:j//oa//7 d4 :d/":jmoﬁm,
and we have that
Er+1 — H(Er,dr).

It is sometimes convenient to defin the successive derived couples in one step as
follows:

Let C be an exact couple. Defin couples C" as follows:
A" =im("t A= A) =0T A,
E"=7"/B" =0 (im(/" ") /j(ker(:" 1))
and maps
b=1:A" = A", (/" ta)=1"a,
Je=jou "V AT B (U a) = ja+ j(im(0 ),
0, =0:E" — A", 0O.(e+j(im(/ ")) = Oe.

It is another exercise to check that the maps ¢,, j,, 9, are well defined
Thus, C! = C and we need:

Lemma 7.1.3. The couples C" are all exact and C"*1 is the derived couple
of C".

Proof: We assume that C" is exact. Then it is sufficien to show that C"*! is the
derived couple of C".

Suppose € = e + B" isa coset in E”, that is,
B" = j(ker(s" 1)),
and

ecZ" = 0~ (im(« 7h)).
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The r-th differential is described as follows:
d"(€) = ja+ jker(:" 1)) = ja, where Ode=.""'a, acA.
First we determine the group of boundaries im(d") C E":
"a = 10e = 0 and ja j(ker(.")) = B"!. Thus,
im(d") = B""' + B".
Next we determine the group of cycles ker(d"):
Observe that d"e = 0 if and only if ja ¢B". That is,
ja=3jb, /" 'b=0
s.a—b=c,
de=1"Ta=1/""(b+w)="1c
Thus,
ker(d") =Z""!' + B".
And,
S H(E",d)=E""'.

O
Note that d" is define by the relation
E! > 7" — E
1o |
Al |d"
port !

Al Lo7zr - E.

It is customary to display an exact couple as follows:

Lt L
LB % 4 L E L a4
Lt Lt
L e % A4 L B2 4 4
Lt Lt
L e % 4L B2 44
L L

In this picture, the r-th differential " = j o ¢! ™" 0 0 is the relation which starts
at F/, moves one step to the right to A, followed by r — 1 steps up to A, and ends
with one step to the right to . Observe that Z" is the domain of definitio of d",
BT is the range of " ', and Z'*! is the kernel of d".
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Exercises
(1) Show that the derived couple of an exact couple is well define and exact.

(2) Show that the maps the ¢,, j,., 0, in the definitio of the couple C" are well
defined

7.2 Mod p homotopy Bockstein spectral sequences

Let p be a prime and let X be a space which is either simply connected or
a connected H-space. In the firs case, we note that o (X;Z/p"Z) = m(X) ®
Z/p"7Z.In the second case, we defin 71 (X;Z/p"Z) = m(X) ® Z/p" Z. In either
case, the homotopy groups with coefficient ,, (X;Z/p"Z) are define and are
groups (possibly zero) for all m > 1. We showed in Chapter 1 that the Bockstein
exact sequences are valid.

This leads to the following definition

Definitio 7.2.1. The mod p homotopy Bockstein exact couple is
e (X k L m(X)
B 7 p
E

where p : 7,.(X) — 7. (X) is multiplication by p, p : m.(X) — 7.(X;Z/pZ) is
the reduction map, and 3 : 7. (X;Z/pZ) — m.—1(X) is the Bockstein associated
to the exact sequence of coefficien groups 0 — Z 5 Z 5 7 /pZ — 0.

We denote the successive derived homotopy Bockstein couples by

1

AL(X), = AL = im(m, (X) P 7.(X))
El(X), = Z1(X)./ By (X)..

Note that E! (X), = 7.(X;Z/pZ) and the firs differential 5! is just the usual
Bockstein associated to the exact coefficien sequence Z/pZ — Z/p*7Z — Z/pZ.

"(X)«, and

We use the long exact Bockstein sequences to determine Z! (X)., BL

E(X),.

Let p be an odd prime. Recall the maps from Sections 1.3 and 1.5 which give the
Bockstein long exact sequences associated to coefficien groups:

pm(X) = (X 2/ T),

p:m(X;Z)p L) = n (X Z)p" ), 7r,5>0
n:m(X52/p° L) — m( X Z/p" L), 1,820
Bim(X5Z/p"Z) — m1(X),

B=pof:m(X;Z[p'Z) — m1(X) = Tr (X5 Z/p°)
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We have, in dimensions > 4:

nop=p" : 7 (X;Z/pT) — 1 (X;Z/pL) — 7 (X; /P T).
Z5(X). = f (im(m 1 (X) L 11 (X))
— 57 (ker(ma1 (X) L 1y (X 201 2))
= Xer(m, (X; 2/p2) 2 w1 (X 2/p 7 2)
=im(p: m(X;Z/p"Z) — m (X Z/pZ))
BI(X). = plker(m.(X) 2 m,(X)))
— plim(m 1 (X Z/p" ' Z) L 7 (X))
—im(8: 71 (X3 Z/p "\ Z) — m.(X; Z/pT))

We need the following easy lemma of Cartan—Eilenberg [23]:

Lemma 7.2.2. Suppose that there is a commutative diagram with the bottom row
exact:

1%
Ly e
X &% v £ 7z

Then 3 induces an isomorphism im(v) /im(a) = im(e).

Applying Lemma 7.2.2 to

7 (X; Z/p' T,
/! lp Nopt
(X2 2) B om(Xizpz) L (X Z/p7)

yields the firs part of
Proposition 7.2.3. In dimensions > 4:

E(X), =im p' " m (X3 Z/p'2) — m(X;Z2/p  Z)

and the r-th differential 3" : E.(X). — EL(X)._1 is induced by the Bocksteins
B:m(X;Z/p"2) — 71 (X) — 1y (X Z/p"Z) on the domain and range
of pr L.
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The identificatio of the differential comes from the commutative diagram

n(X;Z/p7) 5 T (X;Z/pZ) L m(X;Z/p'Z)

18 } I8 18
o1 (X) — a1 (X) — o1 (X)
Lp Lp Lp

(G2 T m(GLpE) S (XL

Remark. It follows that pE? (X ), = 0 if p is an odd prime.
We now prove a sort of universal coefficien exact sequence for E” (X),.
Proposition 7.2.4. There is a short exact sequence
0 — p (X)) @ Z/p'Z) & EL(X). D pf VT (moy (X), 2/ Z) — 0
and the r-th differential 3" is the composition
EL(X). Ly o (n, 1 (X), 2/ 2)
= (M1 (X) ©Z/p' L) & B (X))

where the middle map is induced by the inclusion Tor”(rm, (X),Z/p 7) C
Te—1 (X) .

Proof: Consider the diagram of known universal coefficien sequences

0 = m(X)RZ/PZ — m(X;Z/p" L) — Tor’(m, 1(X),Z/p"Z) — 0

l1®p Lp Lpt
0 — m(X)®Z/pZ — 7. (X;Z/pZ) — Tor’(m, 1(X),Z/pZ) — 0
l11®n In | include

0 - m(X)RZ/p'Z — n.(X;Z)p" ) — Tor’(m, 1(X),Z/p"Z) — 0

The universal coefficien sequence that we desire says that the images of the
3 columns form a short exact sequence:

0 — im; — imy — im3 — 0.

The only nontrivial part is the exactness in the middle. This is an easy consequence
of the facts that the upper left hand corner map 1 ® p is an epimorphism and that
the lower right hand corner map include is a monomorphism.

The description of 3" is just the fact that it is induced on the image by the usual
Bockstein. O

Remark. The above universal coefficien sequence is split if p is an odd
prime since it is a short exact sequence of vector spaces. To be more spe-
cific assume that 7.(X) is finitel generated in each degree and has a
decomposition into cyclic summands with a set of generators {x;, y;, 2k }i ik
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with order(z;) = oo, order(y;) = p"/, and order(z;) = g with g; relatively
prime to p. Then E} (X), = m,(X;Z/pZ) contains the following elements which
generate it (and are a basis if p is odd):

(1) 77, yjem(X;Z/pZ)suchthatz; ® 1 = T;,y; ® 1 = 7; viathe reduction
map.

(2) and o(y;) € my1 (X; Z/pZ) such that

Blo(y;)) = p"~ yseTor®(m.(X), Z/pZ) C m.(X).
We have the following description of the differentials:

(1) B*(z;) = B°(y;) =0forall1 < s < oo.
(2) p°(o(y;)) =0foralll < s < r;and 37 (o(y;)) =Tj-
(3) if pis odd, E7 (X). has a vector space basis 77, 75, o (y; ), with r; > r.

(4) EX(X). = EZ(X). for r sufficient] large and has a basis T;.

This translation of Proposition 7.2.4 is the sense in which differentials in the mod
p homotopy Bockstein spectral sequence determine the p-primary torsion in the
homotopy groups 7.(X).

In Section 7.4, we shall give a more natural and general description of E2°(X)..
Exercise
(1) Suppose that X is either a simply connected space or a connected loop space.
(a) Show that there are isomorphisms of the mod p homotopy Bock-
stein spectral sequence of X, of its localization and of its completion,
that is,

EL(X), = Ep(X()s — Ep(X,).

(b) Show directly from the definin exact couple that, if 7.(X) consists
entirely of p-torsion of order bounded by p”, then

EN(X), =0.

(c) Show directly from the definin exact couple that, if the p-torsion in
7. (X) is entirely of order bounded by p”, then

BN (X)e = Bp(X), = Bf(X). =
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7.3 Reduction maps and extensions

Let p be an odd prime. In this section, we make explicit the general connec-
tion between Bockstein differentials and the usual Bocksteins. These ideas are
important in the applications of the Bockstein spectral sequence.

There are two natural reduction maps into the r-th term of the mod p homotopy
Bockstein spectral sequence, namely:

Definitio 7.3.1. From the identificatio E'(X). = p" 'm.(X;Z/p"Z), we have
the natural map

o=p""" (X 2/p' L) — Ep(X).
We also have the natural map

o=p""op:m(X) = m(X;Z/p L) — Ep(X)..

The following diagram commutes

7.(X) 2 EN(X),
Lp 1=

m(X;Z/p'Z) %  EN(X).
1B LB

T (G20 Z) % Ep(X)ea
That is,
froo=p0p.
Meaning of a nonzero Bockstein differential

When a nonzero differential occurs in the Bockstein spectral sequence, it can be
interpreted as follows:

Suppose
veBL(X). yeEL(X)o1,
and
gx=uy.
Then Proposition 7.2.4 gives:
there exists 7 em,_1(X) such that o(g) =y, p"y=0.
This implies that

there exists z: P*(p") — X suchthat 3z =7 : S*' — X.
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And
0z eEL(X)., Ploz=0Bz=y.
Meaning of a zero Bockstein

Suppose there is a zero Bockstein associated to the short exact coefficien sequence
Z7)pZ — Z]p*" 7 — 7/p" Z. This implies a zero 7-th Bockstein differential 3"
and an extension of a map out of a mod p" Moore space as follows:

Suppose z : P*(p") — X is such that 3z : P*~*(p) — X is 0. Then the standard
cofibratio sequence implies that there exists an extension y : P*(p"*!) — X
which reduces to x, that is, a factorization

2 PO L P L X, v =gy
And
Box=0, Bt oy=oBy.

7.4 Convergence

Let p be an odd prime. We determine convergence of the mod p homotopy Bock-
stein spectral sequence when the integral homotopy has p-torsion of bounded order
in each degree.

Lemma 7.4.1. If m.(X) has p-torsion of bounded order in each degree, then for
r sufficientl large,

Zi(X). = 7m(X) ® L/pL
E(X), 2im 7,(X)®Z/pZ 2 7, (X) @ Z/p' L.

Proof: Consider the commutative diagram

0 0
! !
™ (X) ©Z/p'Z = ™ (X) ® Z/p
! !
7.(X;Z/p"Z) 2, 7.(X;Z/pZ)
! !
To (m,_1(X), 2/’ Z) ¥ Tot®(mu_1(X), Z/pZ)
! !
0 0

For r sufficient] large, the bottom map is 0. Hence the middle map factors through
(X)) ® Z/pZ. Since the top map is an epimorphism, Z’ (X )., which is the image
of the middle map, is just 7. (X) ® Z/pZ.
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Hence,
E’(X), = image Z' (X), — m(X;Z/pZ) L . (X;Z/p Z)
is as stated. O

It follows that, if 7. (X ') has p-torsion of bounded order in each degree, then for r

sufficientl large, there are maps
EL(X). — EXN(X), — B2 (X), — -

™

We defin
EOO

™

(X). = lim B (X).
to be the direct limit.
Corollary 7.4.2. If 7,(X) has p-torsion of bounded order, then
B (X). = lim B (X).
=im (m(X) ® Z/pZ) — m(X) ® Z(p™)
(m.(X)/torsion) ® Z/pZ.

1%

Proof: The corollary follows immediately from Definitio 7.3.1 and the general
result:

image (A — A® Z(p™)) = (A/torsion) ® Z/pZ.

We see this as follows. The map factors as

AmAQLAY S AQZ/YT — A9 Z(p™).
Thus, the torsion subgroup 7" of A maps to 0.
If B = A/T we can factor

A — AQZ(p™)

L/ ! :

B — BQZ(p™)
Clearly, pA and pB map to 0 in A ® Z(p™).

We claim that the kernel of B — B ® Z(p™) is exactly pB. But, if be B and
b— 0 in B®Z(p>), then b— 0 in some B ® Z/p°Z. Hence, there exists
bieB with p" ~'b = p"b,. Since B is torsion free, b = pb;, that is, this kernel is
exactly pB. O

Exercise

(1) This exercise illustrates a problem with convergence of the mod p homotopy
Bockstein spectral sequence:
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(a) Show that, for finit r,

E%HXJH&M@
(b) Show that
EL(K(Z/p°Z, k)« =0
forr > s.
(c) If
A=]]z/pz
n>1
show that A is p-complete and
(A/torsion) ® Z/pZ # 0.

(d) Since it is reasonable to expect that E2°(X),, if it exists, should commute
with products, there seems to be no reasonable value for EX° (K (A4, k)).
even though K (A, n) is p-complete.

7.5 Samelson products in the Bockstein spectral sequence

Let p be an odd prime. Given spaces A, B, C, a pairing of mod p homotopy
Bockstein spectral sequences

E’(A).® E.(B). — E.(C).
is a collection of bilinear pairings

() m(AZ/p' L) @m(B; L/p" L) — m(C3 Z/p" L), @y (2,y)
which are compatible with reduction maps,
prm s Z/p" L) — m( 3 Z/p"Z),  pla,b) = {pa,pb),
and which satisfy the Bockstein derivation property
Bla,b] = [Ba, b] + (—1)**=[a, 5]

where §: m.( ;Z/p"Z) — me_1( ;Z/p"7Z) is the Bockstein associated to the
exact coefficien sequence Z/p"Z — Z/p*" Z — Z/p"Z.
Given such, it define pairings of E” terms,

L B (0).

™

EL(A). @ EL(B).

via:
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if
a=7p" "la eE"m(A), = p 1 (A2 T,
b=1p" "'by eE"1(B), =p" 'm.(B;Z/p"7),
then

<a7 b>7“ = pril <a1 ) bl>

Warning: The r in the notation of the above pairing ( , ), is not to be confused
with the 7 used in Sections 6.10 and 6.11 for relative Samelson products. Just as
we have dropped the use of that r, we shall eventually drop this r and write just
(a,b) = {(a,b),. But, until the end of this section, doing this would cause great
confusion.

Bilinearity of the original pairings implies that this is a well define bilinear pairing
of E" terms. One easily checks the derivation property for the r-th Bockstein
differentials

ﬂr <a’ b>r — <5ra, b>r + (71)(1eg(a) <CL, ﬁrb>r-

Thus, the bilinear pairing of £ terms induces in the usual way a pairing of the
E"*! terms and this is the same as define above.

Of course, principal examples of such pairings are the internal Samelson products,
both absolute and relative:

[, ] m(GZ/p"2) @ (G Z/p" L) — (G Z/p" Z)
where G is a grouplike space and
[, ]: m(QE; 2/ ) © m(QF Z/p' ) — m(QF; Z/p T)
where FF — E — B is a fibratio sequence of simply connected spaces.

And, if F — F — B is a fibratio sequence of simply connected spaces with B
an H-space, we also have the stronger relative pairings

[, ]:m(QE;Z/p"Z) @ m(QE;Z)p"Z) — 7 (QUF 2/ Z).
We obviously have

Proposition 7.5.1. If'p is a prime greater than 3, then the Samelson product pair-
ings | , |, make E.(QG) into a spectral sequence of differential graded Lie alge-
bras for all v > 1. And E" (QF) — E"(QFE) is a spectral sequence of extended
Lie ideals (and of strong extended Lie ideals if B is an H-space).

If p = 3, the pairings exist forall » > 1 and they are bilinear and anti-commutative.
Furthermore, we have the surprising but easy result that the mod 3 homotopy
Bockstein spectral sequence corrects bad phenomena as we progress to higher
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terms. More precisely, if we shall say that bilinear pairings with anti-commutativity
and the Jacobi identity constitute a graded quasi Lie algebra, then we have

Proposition 7.5.2. If G is a grouplike space, the mod 3 homotopy Bockstein
spectral sequence E"w(Q), is a spectral sequence of differential graded quasi Lie
algebras for all r > 2. If r > 3, it is a spectral sequence of differential graded
Lie algebras for r > 3. And, if F — E — B is a fib ation sequence of simply
connected spaces, the analogous statements for relative products and products
over the loops on an H-space are true.

Proof: Let f =3""1f1,g=3""1g;,h = 3""Lhy be elements of E" 7(G).. Note
that

[ga h]T = 3T71 [gla hl}

implies that

o lg Rl ) = 3771 £1,37 Har, ] = 371, (g1, )

Thus, if » > 2, the Jacobi element in E” = the deviation from the truth of the
Jacobi identity =

[£.[9: Bl )r + (1)1 R, (£, g1 ) + (1) g, [hy f1,]r
=3 ([ lgn, ) + (1O e [ ]+ (SD)™ D (g1 T, )

equals 0 since all Jacobi elements have order 3. (See the Remark in Section 6.7.)
Thus, the Jacobi identity is valid in E” for r > 2.

Lemma 7.5.3. If x has odd degree, anti-commutativity and the Jacobi identity
imply 3|z, [z, z]] = 0.

Recall that the proof of this is:
[z, [z, z]] = [[x, z]a] — [z, [z, 2]] = =2[x, [z, 2]].
Now suppose f = 37! f; has odd degree in E".
[fv [fa f]?‘]?‘ = 37‘71 [f17 [fl ) fl]]

But, since the deviation from the Jacobi identity has order 3,

3lf1, [f1, fl]
has order 3. Thus, if r > 3,

[fv[fvﬁr}r =0.
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7.6 Mod p homology Bockstein spectral sequences

The mod p homology Bockstein spectral sequence may be define in the same
way that the homotopy Bockstein spectral sequence is defined via an exact couple
coming from the exact coefficien sequence

7575 7).
The homology Bockstein exact couple is

H,.(X) LN H.(X)

O™\ P
H.(X;Z/pZ)

Derivation of this exact couple leads to the mod p homology Bockstein spectral
sequence

By (X). = Zi (X)+/ By (X)-
O '(im(p' ' Ho(X) — H.(X))
p(ker(p" ' : H.(X) — H.(X))
=im (p" ' HAX;Z/p'7) — H.(X;Z/p"7)).

Note that £}, (X). = H.(X;Z/pZ) and that the firs differential 5" is just the
usual Bockstein, which is exactly analogous to the homotopy Bockstein spectral
sequence.

The differential 5" : E}; (X). — E}; (X)._1 is define either by the relation
ﬂr :joplfroa

or by the Bockstein associated to the exact sequence Z/p"Z NN Z.)p* 7 L
Z/p"Z, that is,

B (p" ) = p" 7 B(a).

The firs description of the differential leads to a description in terms of chain
representatives of homology classes,

Br(c)=p (?)

Just as before, we have the universal coefficien exact sequence

0—p T HX) 9 Z/p 2 L By (X). Dy Tor (Ho 1 (X),2/p' Z) — 0.
Thus, in the case where the integral homology is finitel generated in each degree,
we have the analogous description of the homology Bockstein differentials in
terms of the decomposition of the integral homology into a direct sum of cyclic
groups.
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In the case where H,(X) has p-torsion of bounded order in each degree, we have
convergence and

E¥(X). = (H.(X)/torsion) ® Z/pZ.
We have the usual reduction maps
0 H(X:Z/p'L) — B (X)., olz)=p 'z, foo=00f

where /3 is the Bockstein associated to the short exact sequence Z/p"Z —
Z)p*"Z — Z]p"Z.

And we have
0=00p: H(X) = HX;Z/p"Z) — Ey(X)., o(x) =p""p(x),
B op=0.
The various Hurewicz maps
¢ m(X) — H.(X)
¢:m(X;2/p"2) — H.(X;p"Z)

commute with the Bocksteins 3 associated to exact coefficien sequences, reduc-
tion maps p associated to coefficien maps Z/p""*Z — Z/p"7Z, and expansion
maps 7) associated to coefficien maps Z/p°Z — Z/p" 7.

Hence we have an induced Hurewicz homomorphism of mod p Bockstein spectral
sequences

¢ B (X). = B (X).
compatible of course with the structure maps
frop=¢off, gop=ypop.

The mod p homology Bockstein spectral sequence has a differential coalgebra
structure. This is based on the Eilenberg—Zilber maps

Vi SAX;Z/p"Z) ® S (Y Z[p"Z) — S«(X x Y;Z/p"Z)
which induce cross product pairings
H(X;Z/p"Z) @ H(Y;Z/p"Z) — H.(S.(X;Z/p"Z) ® S.(Y;Z/p'Z))
Y H(X xY,Z)p'Z)
define by
[Zl@ [yl — [z @yl — Vi(lz®y]) =z xy.

One checks that this is compatible with reduction maps and that the Bockstein
differentials have the derivation property. Hence, there is cross product pairing of
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spectral sequences
By(X), ® Ey(Y), —» By (X xY)., z@yraxy
such that
B (@ xy) =0 () x y + (=1)*5z x 57 (y).
Clearly, the pairing is an isomorphism for » = 1 and thus for all » > 1.

Definitio 7.6.1. The differential coalgebra structure on E7; (X). is induced by
the diagonal A : X — X x X:

EL(X), 25 BN (X x X) & By (X) ® By (X),.

Now suppose G is an H-space with multiplication 1 : G X G — G.

Definitio 7.6.2. The Pontrjagin algebra structure on E7, (G), is induced by the
multiplication:

By (X). ® By (X). 5 B (X x X), ™ By (X).,
TRy ay = (X y) = p.(z®y)
Thus, E, (G) is a spectral sequence of differential Hopf algebras.
The Hurewicz map is compatible with Lie structures:

Proposition 7.6.3. Ifp is a prime greater than 3, the Hurewicz map is a morphism
of differential graded Lie algebras

¢ EL(X), — B (X).,

plz,y] = lpz, py] = (pa)(py) — (~1)eaEW) (py)(pr)
Remark. If p = 3, we need r > 2 to get a quasi-Lie algebra structure on the
mod p homotopy Bockstein spectral sequence and r > 3 to get a Lie algebra

structure. But the Hurewicz map is still a homomorphism of bracket structures in
all dimensions.

Exercises

(1) Use the universal example P™ (p") to show that the image of the mod p
Hurewicz map of Bockstein spectral sequences

¢ EL(X). — By (X).

is contained in the module of primitives PEY, (X), for all » > 1 if p is an
odd prime or if * > 3.

(2) Let QF — QF — QB be a fibratio sequence of connected loop spaces.
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(a) Show that the commutator
[, |:QExQF - QF
induces a bracket pairing
H.(QF;Z/p"Z)® H.(QF : Z/p'Z) — H.(QF;Z/p"Z)
(b) Show that there is a bracket pairing of spectral sequences
EL (QE), @ Ef (QF), — Ef (QF)..

(c) If p is an odd prime, show that the Hurewicz map induces a map of

extended ideals (of Lie algebras if p > 3 or r > 3)

EL(QF). — Ej(QF),

Ly Ly
E'(QE), — E(QE),

(3) Suppose X is a space with integral homology H,.(X) finitel generated in
each degree.

(a) If H.(X) is torsion free, show that H,(Q23X) is torsion free.

(b) If the reduced homology H.(X) consists entirely of p-torsion of order
bounded by p", show that the same is true of the reduced homology
H,.(QXX).

7.7 Mod p cohomology Bockstein spectral sequences

The short exact sequence Z = Z Z/pZ leads to the mod p cohomology
Bockstein exact couple
H*(X;7Z) 2 H*(X;7Z)

BN\ P
H*(X;Z/pZ)

where the cohomology Bockstein /3 has degree +1.
Deriving this couple leads to the mod p cohomology Bockstein spectral sequence
E(X)", 3,
with
B (X)" = H'(X;Z/pLL).

The firs Bockstein differential 3; is the usual Bockstein associated to the coeffi
cient sequence Z/pZ — Z/p*Z — Z/pZ. The differentials

8, : EF (X)" — EI' (X)""!
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are of degree +1 and give
H(EY (X)', 6,) = EI, (X"
On cochains, the differential is represented by 3, (¢) = p(g—”)
Foramap f : A — B of abelian groups, we set
coim(f) = A/ker(f).

Of course, this is isomorphic to the image of f but it can be more convenient in
some contexts.

For example, in order to fi nicely with duality, we use
EM(X) = coim (H*(X:2/p' Z) “— H*(X;2/p )

and the differential /3, is induced by the cohomology Bockstein /3 associated to
the short exact coefficien sequence Z/p"Z — Z/p*" 7 — 7./p" Z. That is,

8.a=Pa, where aeH (X;Z/p'7)

and @ and (Ba denote the classes in the coimages.

Note that there is a unique embedding Z/p"Z C @ /Z into the elements of order
p" where (Q/Z is a divisible abelian group and therefore injective. Thus

H*(X;Z/p"Z) = H'Hom(S.(X),Z/p"Z))

= H'Hom(S,(X;Z/p"Z),Z/p" L)
= H'Hom(S.(X;Z/p"Z),Q/Z)
= Hom(H.(X;Z/p"Z),Q/Z)
= Hom(H.(X;Z/p"Z),Z/p"Z)

the penultimate equation holding since @Q)/Z is injective.

Let D be an injective module and set
A* = Hom(A4, D).

We leave the proof of the following to the exercises.

Lemma 7.7.1. If f : A — B is a homomorphism and f* : B* — A* is the dual,
then

(im f)* = coim f*
via

b (fa) = b*(fa) = (fb*)(a), b eB*, aeA.
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If we let f be the map p' ' : H.(X;Z/p"Z) — H.(X;Z/p"7Z), we get that
the mod p homology and cohomology Bockstein spectral sequences are dual in
the following way:

Corollary 7.7.2.

= Hom(E}; (X).,Z/pZ)
and

By = Hom(8", Q/Z) = Hom(S3", Z/pZ).

Recall the Alexander—Whitney maps
HY(X;Z/p"Z) @ H'(Y; Z/p"Z) — H* (X x Y3 Z/p"Z).
These give a pairing of Bockstein spectral sequences
BN (X) @ B (V) — B (X x V)"

compatible with the differentials. If the mod p homologies are finitel generated
in each degree, these maps are isomorphisms.

Hence we have the cup product pairings

EH(X) @ E¥(X)* - E¥ (X x X)* &5 EF (X)*

T

making E7 (X)* aspectral sequence of graded commutative algebras. This algebra
structure in B (X)* is dual to the coalgebra structure in E'; (X)), via

(@Uy)(z) = (@@ y)(Az), @y BN (X), 2 eBy(X)..
We often write zy = z Uy = A*(z ® y).

Let G be an H-space with multiplication p : G x G — G. If G has finitel gen-
erated mod p homology, we get a spectral sequence of Hopf algebras via the
diagonals

p s ER(G) S ER (G x Q) < EY(G) @ EF(G)".
These Hopf algebras are dual to the Hopf algebras Ef; (X)...
Exercises

(1) Show that Z/p"Z is an injective module in the category of Z/p" Z modules.

(2) Prove 7.7.1 for injective modules D.
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(3) (a) Show that we have a universal coefficien exact sequence

0—p "H'X)®Z/p'Z L EX(X)
2 g A Tot®(H* 1 (X), Z/p' Z) — 0.

(b) In the case where the integral cohomology is finitel generated in each
degree, describe the cohomology Bockstein differentials in terms of the
decomposition of the integral cohomology into a direct sum of cyclic
groups.

(c) Inthe case where H*(X) has p—torsion of bounded order in each degree,
show that we have convergence and that

FH(X), = (H*(X)/torsion) ® Z/pZ.

7.8 Torsion in H-spaces

In this section present some applications of the homology and cohomology Bock-
stein spectral sequences and of the theory of Hopf algebras to the study of finit
H-spaces, that is, to H-spaces which are finit cell complexes. These applications
are due to William Browder [19].

Let p be a prime. Begin by recalling without proof the following result from Milnor
and Moore [90].

Let A be a connected Hopf algebra over a perfect fiel of characteristic p (for
example, over the fiel Z/pZ).

Let £ : A — A be the Frobenius map (restricted to even degrees if p is odd),
&(a) = aP for a €A, and let £ A be the subHopf algebra of p-th powers (of even
degree elements if p is odd).

As usual, P(A) denotes the module of primitive elements, D(A) = A - A denotes
the module of decomposable elements, and Q(A) = A/D(A) denotes the module
of indecomposable elements.

Proposition 7.8.1. If' A is a connected Hopf algebra over a perfect fiel and A
has a (graded) commutative and associative multiplication, then the sequence

0— P(EA) — P(A) — Q(A)
is exact, that is,

P(A) N D(A) = P(£A).
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Corollary 7.8.2. Let A be a differential Hopf algebra with a differential d of
degree +1. If A is isomorphic as an algebra to an exterior algebra generated by
odd degree elements, then d = 0.

Proof: Let n be the firs degree in which d is nonzero. Then n must be odd. But
it is easy to see that

d(An) € P(A)

and, of course,
d(A,) € Ay1 € D(4)
since this is in an even degree. Hence,
d(A,) C P(EA) =0.
Thus, d = 0 on all of A. O

Since Ff (G)* = EX(G)* in the mod p cohomology spectral sequence, Corollary
7.8.2 and Exercise 1 below give

Corollary 7.8.3. Let p be a prime and G a finit H-space. Then the integral
cohomology H*(G) has no p-torsion if and only if the mod p cohomology algebra
H*(G;Z/pZ) is an exterior algebra generated by elements of odd degree.

Our next result uses the fact that, for an H-space with integral homology of finit
type, the homology and cohomology Bockstein spectral sequences are dual Hopf
algebras.

We adopt the following notation: Let

x eEf (G).
and

7 e B (G)".
Write

T(z) = (T, x) €Z/pZ
to indicate the duality
EM(G)" = Hom(E}; (G).; Z/pE).

If  eEY (G). is a 8" cycle and T eEX (G)* is a 3, cocycle, we shall indicate
by [z] e} (G)* and [Z] eE | (G)* the respective homology and cohomology
classes.

The following is an easy and well known exercise:
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Lemma 7.8.4. The pairing is well define on homology and cohomology classes
[7]([z]) = z().

n

Just in case of nonassociativity, defin 2" = 2"~ - z. The main result of this

section is:

Browder’s implication theorem 7.8.5. Let G be an H-space with integral homol-
ogy of finit type. If there exists y e E}; (G)2n 41 such that

B'y=x#0 and xePEL(G)2 =
the module of primitive elements, then one of the following must hold.:
(1
P #0
and, of course,
2 ePE} (G)an, and B (28 'y) = a?
or
2)
2P = 0 and there exists z # 0,
2 ePELT (G)any such that 7+ (2P~ 1y]) = 2.

Remark. In case 2 above we observe that 3" (27 ~'y) = 2 = 0 so that [z7~1y]
exists in E}}H (@anpt1-

The remarkable thing about this theorem is that it clearly can be iterated to imply
the so-called infinit implication:

For all k> 0 the integral homology H,,,+ (G) contains nonzero p-torsion of
order > p".

Since this can never happen in a finit H-space, we get

Corollary 7.8.6. If G is a finit H-space, then the image of the reduction map
p: H(G) — H.(G; Z/pZ)

contains no nonzero primitive elements of even degree.

Proof: Suppose « is an even degree nonzero primitive element in the image of p.
Then « represents a permanent cycle in the Bockstein spectral sequence. If there
exists y such that 3"y = x, we have a contradiction by means of infinit impli-
cation. If this never happens, then x survives to give a nonzero even dimensional
primitive element in the homology algebra E$5(G).,.
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Since P(A)* = Q(A*) forany finit type Hopfalgebra, this contradicts Exercise 1
below which says that EZ (G)* is an exterior algebra generated by odd degree
elements. O

Since spherical classes are primitive, we get
Corollary 7.8.7. Let G be a finit H-space and let
poy:m(G) — H,(G) — H.(G;Z/pZ)

be the mod p reduction of the integral Hurewicz homomorphism. Then the image
of this map is zero in even degrees.

The following is a generalization of a theorem of E. Cartan.

Corollary 7.8.8. If G is a finit H-space, then the frst nonvanishing homotopy
group m,.(Q), if any, occurs in an odd degree.

Proof: The firs time 7,G) is nonzero must be the firs time that H,(G) ® Z/pZ =
H.(G;7Z/pZ) is nonzero for some prime p. This implies that there is a nonzero
primitive element in that degree. O

Cartan’s result was that m, (G)) = 0 when G is a Lie group.

The remainder of this section is devoted to the proof of Browder’s implication
theorem 7.8.5.

We can assume that we are in case (2) of Theorem 7.8.5:
Y = BTIE, /Br(zpfly) =P = 0.
We begin with an algebraic lemma with several parts:

Let z and y be as above and let 7 e B (G)*", 5§ = 3, 7.

Lemma 7.8.9.
(a)
A= Y ) @l
i+i=k
(b)

(@) (a") = k!{z(2)}".
(c) Ifthe characteristic is p and

(@) 40,

then
(@ 7)) £ 0.

(d) If the characteristic is p, then [xP ™y is primitive in E};" (G)anp i1
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Proof:
(a) This part is proved in the usual way by induction on k.

(b) Use induction and

(@)(@") = (A" @ 0 @) (")
= @' 1) (A@@"))
= (@ @) (Diyjor i, f)2' @)
= (k= 1,1)((k — D{T(x)}*) = k{T(2)}

(c) Note that

Let

A)=y@1+10y+ > Yo @ys.
Then
@) (=)
=A@ @7)(a” 1y)
= @ @y (A@"y))
=@ @y)(A@’) - Ay)
= @ @Y (@' @Y+ Dacg(yy)=1(p — 2, )7 Py @ wyp)
={@ =" Ha)}
+ Bdeg(ys)=1 (0 = 2, D{E (2" Pya) Hu(zys)}
and so it suffice to show
y(ays) = (6:7)(wys) = (B (2yp) = T(x - f7ys) =(0) =0
by Exercise 3(b).
(d) Let

)
)

a= Z (—1)-7xiy ® zly.

i+ j=p—2
Then
Bra=Si (-1 {z' oddy+ayodd} —{" Ty l+10a" "y}
=A@ ) Aly) —{2" 'y 1+ 1@y}
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using the fact that

(p;]>::(—anmdp

Observe that 3" {A(y) —y ® 1 — 1 ® y} = Osince 8"y = « is primitive. Thus, if
b=A@"?y){Ay) —y©1 -1y},
we get
Ao =B {A@EyHAW) —ye 1l -1y}
=A@ ) {A@Yy) —y©1l -1y}
Therefore,
Al ly) = A ) - {Ay)}
=A@ {AW) —yel-10y} + Al Yo l+yel)
=pb+pa+{a" 'y®l+ 12y}
[l

We need the following lemma on the action of the mod 2 Steenrod algebra in the
cohomology of an H-space:

Lemma 7.8.10. Let x and y be mod 2 homology classes of dimensions 2n and
2n + 1, respectively, and let Z be a cohomology class of dimension 2n + 1. If x is
primitive, then

(Sq*"z)(xy) = 0.

Proof: Consider a ® b where @ and b are cohomology classes with deg(a) +
deg(b) = 2n + 1. The Cartan formula and the fact that Steenrod operations vanish
on classes of smaller degree imply that

9 277( ®b) -2 (San deg(a b) (S 27)—deg(5)a) ®BQ.

Now
S (@@ b)(z®y)

= (@ (@) H (S5 @) ()} + {(S¢*" 1D a) (@) }{D' ()}
=0+0=0

since:
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for primitive z, and

for odd degree y.
Hence
(Sq°"2)(zy) = (S¢*"Z)ps(x @ y) = (S¢”" (1'Z)(z ® y) = 0.
O

Browder’s implication theorem is based on H. Cartan’s computations [22] of the
mod p cohomology of Eilenberg—MacLane spaces. These results can be found on
page 142 of Harper’s book [50] where they are referred to as Browder’s theorem:
Let

Loy eH*"(K(Z/p"Z,2n);Z/pZ) = E¥ (K(Z/p" Z,2n))*"

be a generator and let = [3,.¢.
If p is an odd prime:

ﬁr (Lp) =0, ﬁr (Lp_177> =0
and the classes in E, ; satisfy

Bri1([#]) = [P 7Hn] #0.
If p = 2 and r > 1, the situation is similar:

B (1) =0, Br(en) =0 = S¢*" " (n) = S¢' S¢*" (n) = /154> (1) = 0
in E, and the classes in F, | satisfy
Bri1([1%]) = [un] # 0.
If p = 2 and r» = 1, a variation occurs:
Bi(1?) =0, Bi(n) =n* =S¢+ (n) = Sq' S¢*" (n) = 615¢>" (n)
in F,. and now the classes in F, | satisfy
Bo([¢%]) = [en + Sg*"n] # 0.

Since Eilenberg—MacLane spaces constitute the universal examples for mod p
cohomology, we get the same formulas as above when we replace ¢ and 1 by
7 eE1(G)?" andy = B,x eEM (G)?"*1, respectively.

Return to the homology Bockstein spectral sequence E’F! and let z =
BT ([xP1y]). Then z is primitive since [zP~1y] is.

Ifpisoddorp = 2,7 > 1, then
[#](2) = @57 2" y)) = (Bra D (2" y)) = 27 ([e" M) # 0
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by Lemma 7.8.9(c).
If p=2,r =1, then

[7*](2) = [2°](B*[xy]) = (B2[2"])([zy]) = [77 + S¢*"F]([2"~"y]) # 0
by Lemma 7.8.9(c) and Lemma 7.8.10.

Thus
Bty = 2 # 0 ePEL (G)apn.
This completes the proof of the Browder implication theorem. U

We point out two extreme examples of the Browder implication theorem
phenomena:

(1) Let G = QP?>"*2(p"), n > 1. Then
v =u+#0cHy, (QP" 2 (p"); Z/pZ)

and, since p-th powers never vanish, we get infinitel much homology
torsion of order exactly p":

B (u?" ~tv) = u" forallr > 0.

Of course, we already knew this since QP?"*2(p") is the loops on a
suspension and the whole homology Bockstein spectral sequence is very
simple.

(2) Let G=K(Z/p"Z,2n), n>1. Then there exists ['y=uz#
0 eHy, (K(Z/p"Z); 7] 7).

If p is an odd prime, the mod p cohomology is a polynomial tensor exterior algebra
primitively generated by Steenrod operations on ¢. Hence, the mod p homology
consists of the tensor product of divided power algebras and exterior algebras. All
p-th powers in mod p homology are 0.

If p = 2, the mod 2 cohomology is entirely polynomial and the mod 2 homology
is entirely divided power. Again, all squares are 0.

In both cases, we have infinitel many elements
6T+sws = Zs 7& 0 EHans (K(Z/pTZ)7 Z/pZ)

for s > 0. Hence, there is torsion of order p"™* in the integral homology
Honps (K(Z/P"Z,2nm)).

This concludes this section except for the following items.
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In order to do the exercises below, recall without proof the following two classic
theorems on Hopf algebras.

Theorem of Hopf-Borel. Let A be a commutative and associative connected
Hopf algebra over a fiel of characteristic 0. Then A is isomorphic as an algebra
to the tensor product of an exterior algebra on elements of odd degree and a
polynomial algebra on elements of even degree.

Hopf proved that A is an exterior algebra if it is finit dimensional and the result
was extended as above by Borel who also extended it as below to Hopf algebras
over field of finit characteristic.

Theorem of Borel. Let A be a commutative and associative connected Hopf
algebra over a perfect fiel of finit characteristic p and assume that A has a
commutative and associative multiplication.

If pis odd, then A is isomorphic as an algebra to the tensor product of an exterior
algebra on elements of odd degree, a polynomial algebra on elements of even
degree, and polynomial algebras on even degree elements truncated at powers

of p.

If pis 2, then A is isomorphic as an algebra to the tensor product of a polynomial
algebra and polynomial algebras on elements truncated at powers of 2.

Exercises

(1) Let G be a connected H-space and assume that the integral cohomology
H*(G) is finitel generated in each degree and that the rational cohomology
H*(G; Q) is finit dimensional.

(a) Show that, in the mod p cohomology Bockstein spectral sequence, the
E term E (G)x is an exterior algebra on odd degree generators.
(Hint: Use the fact that there are algebra maps

H * (G;Q) 2 H*(G)/torsion — EZ (@)

to observe that H*(G; Q) and EZ (G)* are Hopf algebras with identical
Poincare polynomials. Then show by considering the roots of the poly-
nomials that this is possible only if EZ(G)* has no even dimensional
generators.)

(b) Show that H*(G;Q) and EZ (G)* are exterior algebras generated by
elements in the same odd degrees.

(2) Use
(x+1)P =2 +1
=@+ D)@ =P 2 42?3 — (D) 4 1)
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to show the following formula for binomial coefficient mod p:

1 _

(p ; > = (—1)" modulo p.

(3) Let A be a differential Hopf algebra with differential d of degree £1.
(a) Show that d(1) = 0.

(b) If A is connected and dzx is in dimension 0, show that dx = 0.



8 Lie algebras and universal enveloping algebras

In this chapter we present the theory of graded Lie algebras. Although this theory
is usually restricted to the case where 2 is a unit in the ground ring, this restriction
is unnecessary and is removed here. The price one pays is the introduction of the
additional structure of a squaring operation on odd degree classes. When 2 is a
unit in the ground ring, this squaring map is a consequence of the Lie bracket
structure. With this modification the definitio of graded Lie algebra satisfie
a suitable version of the Poincare—Birkhoff—Witt theorem. The author suspects
that this fact was known many years ago, at least to John Moore and to Frank
Adams.

The Poincare—Birkhoff—Witt theorem has the immediate consequence that graded
Lie algebras embed in their universal enveloping algebras. It also implies that the
universal enveloping algebra of an ambiant graded Lie algebra is a free module
over the universal enveloping algebra of a sub graded Lie algebra.

The universal enveloping algebra has a Hopf algebra structure in which the graded
Lie algebra is primitive. In fact, in prime characteristic p, the module of primitives
is generated by the Lie elements and p*-th powers of even degree Lie elements.

The free graded Lie algebras are characterized by the property that their universal
enveloping algebras are tensor algebras. The fact that tensor algebras have global
dimension one, when combined with the Poincare—Birkhoff-Witt theorem, yields
the important result that subalgebras of free graded Lie algebras are themselves
free graded Lie algebras.

It is important to determine the generators of subalgebras of free graded Lie alge-
bras. In important cases, the module of generators is a free module over a tensor
algebra via a Lie bracket action. When this is combined with an argument involv-
ing Euler-Poincare series, a complete determination of the module of generators
results. This leads to algebraic analogues of the Hilton—Milnor theorem and of
Serre’s decomposition of the loops on an even dimensional sphere localized away
from 2.

Some topological applications of this chapter will be given in the next chapter.

251
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8.1 Universal enveloping algebras of graded Lie algebras

The definitio of a graded Lie algebra has a complication when 2 is not a unit in
the ground ring. It is necessary to add another operation to the usual bilinear Lie
bracket operation. Namely, one must add a quadratic operation  — x> which is

define on odd degree classes. If 2 is a unit in the ground ring, then this squaring

operation may be omitted since 2> = %[m, x] for odd degree . More precisely,

Definitio 8.1.1. A graded Lie algebra L is a graded R module together with two
operations:

(1) bilinear pairings called Lie brackets
[ v 'L ®Ly — Lypyn, 2@y [1,Y]
(2) and a quadratic operation called squaring define on odd degree classes
()2 : Ly — Lop, x— 2°
with k odd. The quadratic requirement is expressed in the identities
(ax)* = a*2?, (z+y)* =2 +y* +[z,y] forallscalarsa
and all z and y of equal odd degree.

These operations must satisfy the identities

(1) anti-symmetry:

[z,y] = f(fl)d“gmdeg(y)[y, ] for all z, y,
(2) Jacobi identity:

[, [y, 2] = [z, ), 2] + (1) 48O [y [ 2] for all , y, 2,
3)
[z,2z] =0 forall z of even degree,
4)
22 = [z,2], [2,2°] =0 forall x of odd degree.
®)
[y, 2%] = [ly, ], «]

for all y and for all x of odd degree.

Remark. If 2 is a unit in the ground ring, then the squaring operation may be
define in terms of the Lie bracket, that is, 22 = %[z, z] for z of odd degree. In

the axioms for a graded Lie algebra, we may omit all reference to the squaring
operation and add the requirement that [z, [x, z]] = O for all z of odd degree.
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Remark. The firs example of a graded Lie algebra is a graded associative algebra
A with the Lie bracket

[a,b] = ab — (—1)des(@)dee®)py

and the squaring operation ¢® for ¢ of odd degree. The above identities are all
valid.

Remark. A homomorphism of graded Lie algebras f : L — L’ is a linear map
which preserves the two operations, that is,

fle,yl = [f, fy]
for all z,y and
f(a?) = (f)?
for all odd degree .
There is some related terminology:
(1) If all of the above identities are satisfie except for
[,2°] =0 forall z of odd degree

we shall say that we have a quasi graded Lie algebra. Localized away from
2, the Samelson product makes the integral homotopy of a group like space
into a quasi graded Lie algebra.

(2) In the one case when R is a fiel of characteristic 2 and L satisfie anti-
commutativity, the Jacobi identity, and

[z,2] =0 forall x,

then we shall say that we have a Lie algebra with a grading (but not a
graded Lie algebra.) Of course, the signs are unimportant here and graded
associative algebras over field of characteristic 2 provide examples of Lie
algebras with gradings.

Definitio 8.1.2. If L is a graded Lie algebra, the universal enveloping algebra
U(L) is the graded associative algebra (with unit) uniquely characterized up to
isomorphism by the following universal property:

(1) there is a homomorphism of graded Lie algebras
v: L —U(L)
(2) and, for any graded associative algebra A and any homomorphism

f:L— A
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of graded Lie algebras, there is a unique homomorphism of graded algebras
f:U(L) — A suchthat for=f.
That is, f is the unique extension of f to an algebra homomorphism.

The uniqueness of U(L) is proven by the standard categorical argument. The
existence of U (L) is proved by the following construction:

Let
T(L)=ROLB®(LRIL)®(LRILRJIL)® ---

be the tensor algebra. The tensor algebra is the free associative algebra generated
by L, that is, any linear map f : L. — A has a unique extension to an algebra
homomorphism g : T(L) — A.

Then g vanishes on I = the 2-sided ideal of T'(L) generated by all
TRY— (fl)deg@)deg(y)y ®x — [x,y] forall z,yeL
and by all
r®x —a> forall z of odd degree.
If
L5 UWL)=T(L)/I
is the natural map, then ¢ has the required universal property.
Some examples of universal enveloping algebras are the following:
Example 8.1.3. Universal enveloping algebra of a direct sum

The universal enveloping algebra of a direct sum is the tensor product. That is, let
L and M be graded Lie algebras and consider

LeMSUL)QUM), ooy =tz®1+1uyy.

Given a Lie homomorphism ¢ : L. & M — A into an associative algebra, the fact
that

[¢L, ¢pM] =0

implies that there is a unique extension of ¢ to an algebra homomorphism ¢ :
U(L) @ U(M) — A given in terms of the extensions to UL and UM by

dla®b) = (pa)- (¢b), acU(L), beU(M).

Example 8.1.4. Universal enveloping algebra of an abelian Lie algebra

Let V be a graded module which is free in every dimension. Let S(V') be the
free graded commutative algebra generated by V/, that is, ¢ : V' — S(V') has the
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universal extension property for maps V' — A into a graded commutative algebra
in which squares of odd degree classes are zero. Then

S(V) = E(Vz)dd) ® P(V;even) =

the tensor product of the exterior algebra generated by elements of odd degree and
of the polynomial algebra generated by elements of even degree. If L is an abelian
Lie algebra, that is, if [L, L] = 0 and L?,; = 0, then

Example 8.1.5. Universal enveloping algebra of a free Lie algebra

Let V be a graded module which is free in every dimension. The free graded Lie
algebra L(V') generated by V is characterized by the map ¢ : V' — L(V') having
the universal extension property for maps V' — L into an graded Lie algebra. Then

U(L(V)) =T(V) =
the tensor algebra (or free associative algebra) generated by V.

The case where V' = (x) and L(x) = L(V) is free on one basis element z is
illustrative of the difference between graded and ungraded Lie algebras.

(1) If z has even degree, then L(z) = () of rank 1 is abelian and
UL(x) =T(x) = S(z) = P(x)
is a tensor algebra or polynomial algebra.
(2) If z has odd degree, then L(x) = (x, 2*) of rank 2 is not abelian and
UL(z) =T(x)
is a tensor algebra and not an exterior algebra.
Example 8.1.6. Hopf algebra structure on the universal enveloping algebra

Given a universal enveloping algebra . : L — U(L), a Hopf algebra structure can
be define on U(L) by making ¢(L) primitive, that is, the diagonal or coalgebra
structure is define as the unique extension to an algebra map of the diagonal

A:L—-LoLS5UL)RUL), Ar=(rr=r1+10.

The counit or augmentation is the map € : UL — R to the ground ring which
sends 1 to 1, is 0 on (L), and is a homomorphism of algebras.

Asusual, if e : A — R is an augmentation (= algebra map to the ground ring), the
kernel of ¢ is called the augmentation ideal and denoted by

ker(e) = I(A) = A.
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The decomposables of A are define as
DA =A-A=image (AR ACA®A mult, A).

The indecomposables are

Q(A)=A/D(A)=A/A- A.
Definitio 8.1.7. If L is a graded Lie algebra, the abelianization of L is the abelian
Lie algebra

Ab(L) = L/{[L, L] + L3aa}-
Lemma 8.1.8. If L is a graded Lie algebra, then the abelianization of L is the
same as the indecomposables of U (L), that is,

Ab(L) = QU(L))).

Proof: Consider the natural epimorphism 7 : L — Ab(L) and the commutative
diagram

L 5 Ul T UbL)) = S(Ab(L))
lm ! !
AbL) — QU(L) — QUAbL) = Ab(L).

The bottom composition is the identity. Since L — QU (L) is an epimorphism,
the bottom right arrow is an epimorphism. Therefore, both bottom arrows are
isomorphisms. 0

Remark. Sometimes, [L, L] + L2, is called the decomposables of L and Ab(L)
is called the indecomposables of L.

Exercises

(1) Show that the image of the graded Lie algebra ¢(L) generates the universal
enveloping algebra U(L) as an algebra.

(2) Give the justification for
(a) Example 8.1.3:
ULeM)=2UL®UM.

(b) Example 8.1.4: L abelian implies that U(L) = S(L) = the free graded
commutative algebra.

(c) Example 8.1.5: V a free graded module implies that
ULWV)=T(V).
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8.2 The graded Poincare—Birkhoff—Witt theorem

The graded version of the Poincare—Birkhoff-Witt theorem shows that Lie alge-
bras embed into their universal enveloping algebras and also provide a complete
determination of the coalgebra structure of the universal enveloping algebra. This
key theorem is essential to the application of universal enveloping algebras. When
2 is a unit in the ground ring it was firs proved by Bruce Jordan [68]. His proof
was modeled on Cartan—Eilenberg’s proof of the ungraded version [23]. We give
an alternate proof which is modeled on Nathan Jacobson’s proof of the ungraded
version [65].

Let V be a graded R module and let vy, vo, v, ..., v, be elements of V. A
monomial of length % is a tensor product

V1 QU Q@U3g X+ Q vy

The increasing length filtratio F,,T(V') on the tensor algebra T'(V') is the span
of all monomial tensors of length < n.

Let L be a graded Lie algebra over a commutative ring R. Let ¢ : L — U(L) be
the map into the universal enveloping algebra. The Lie filtratio F,U(L) is the
increasing filtratio on U (L) which is the epimorphic image of the length filtratio
on the tensor algebra T'(L). Thus, the n-th fltration F,,U(L) is the submodule
generated by all products of Lie elements (= elements of ¢(L)) of length < n. In
other words,

Definitio 8.2.1. The Lie filtratio on the universal enveloping algebra is the
increasing filtratio define as follows:

(1)
F() U(L) = R,
2)
FLU(L) = Fy 1U(L) + image( L& F, 1U(L)
1®incl U(L) ® U(L) mult U(L))
The multiplication is compatible with the Lie filtration
F,U(L)-F,UL) C F,+,U(L).
The coproduct is compatible with the Lie filtration

A(F,U(L) C € FU(L) @ FU(L).
i+j=n
It follows that the associated graded object,

E(U(L)) = FU(L)/F U(L),
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is a Hopf algebra. As an algebra, EV (U (L)) is generated by filtratio 1, that is, by
t(L). Since

Ty — (—1)deg(‘”)deg(?")yx = [x,y] for z,y eL

and

.13.’1,':.132

for odd degree , it follows that E? (U (L)) has a graded commutative multiplica-
tion with odd degree elements having square zero.

The graded Poincare—Birkhoff-Witt theorem describes the coalgebra U (L) com-
pletely. Defin a Hopf algebra structure in the free commutative algebra S(L) by
requiring L to be primitive and give S(L) the length filtration

Graded Poincare-Birkhoff-Witt theorem 8.2.2: [f L is a graded Lie algebra
which is a free module in each degree, then there is an isomorphism of coalgebras

U:S(L)— U(L)
which is length preserving, that is, V(F, S(L)) C F,U(L) for all n.

Proof: Let x,, be a basis for L and choose a well ordering < of the indices of this
basis set.

A monomial of length n in the free commutative algebra S(L) is a product of
basis elements

l‘al . x(!z . xag P ‘fL‘(X,,'

Monomials of length < n span the length filtratio F), S(L).

Defin the index of the monomial as the number of pairs «;, a; with i < j but
a; > o, that is, the index is the number of variables that are out of order in the
monomial. If the index is 0, the monomial is said to be in proper order.

A monomial is said to be reduced if o; = ov;+1 implies that the degree of z,,, is
even. It is clear that a basis of S(L) is given by the reduced monomials in proper
order and we defin a linear map

U:S(L)—U(L)
by
\I/(xal Ty Loyt 33@,,,) =Ta, " Tay *Tay " La,
for reduced monomials in proper order. We claim that

Lemma 8.2.3. V¥ is a map of coalgebras.
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Proof: After collapsing any repetitions of the same element into a single power,
a reduced monomial in S(L) lies in some subcoalgebra

S(‘rx'jl)@s(xﬁz)@'@s(xﬁk)

where the x5, are basis elements in strict proper order. Restricted to this coalgebra,
the map U is the composition of coalgebra maps

S(zp,) @ S(xg,) @ -+ @ S(xp,) = U(L) @ U(L) ®--- @ U(L) =5 U(L),
Thus, W is a coalgebra map. O

We need to check that ¥ is an isomorphism.

We firs show that ¥ : F,, S(L) — F, U(L) is an epimorphism for all n. We prove
this by induction using

Ty — (_1)dcg(z)dcg(y)y cx = [z,]
and, if = has odd degree,
2

r-Tr=x .

If M is any monomial in F,,U(L), then M is congruent modulo F,,_;U(L) to a
monomial N in proper order. If N is reduced, it is clearly in the image of ¥ and, if
N is not reduced, then it is congruent to 0 modulo F,, ;U (L) and this is of course
in the image of W.

The fact that ¥ is a monomorphism is harder.

Let P be the free module which has a basis consisting of the reduced monomials
in proper order. Note that PP has a natural increasing length filtratio F), P. We
shall show

Lemma 8.2.4. There is a linear map J : T(L) — P which is length fltration
preserving and such that

(D
J(Xoy @ Loy @ Ty, ) = Ta, @Tay @+ @ T,
for reduced monomials in proper order,
(2) the switching identity
(o, @ QTp, QTa,., @+ Ty, )
_ (_1)dcg(m0, )dcg(”‘“),f(xal Q@ Tay,, DTa, @+ @ T, )
= J(;Z;m R ® [za',taxa,'+1] ®...®xa”)

is valid for all monomials and,
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(3) the contracting identity
J(Ta, ® @ T, ®Ta,,, @+ @ Ta, )
= J(zq, ®...®x2” ® - ®xq,)
is valid whenever x,, = x.,,, has odd degree.

Remark. The bilinearity of the Lie bracket implies that, if the switching identities
hold for elements in a basis, then the switching identities hold for all elements of
the graded Lie algebra. Similarly, the quadratic property of squaring odd elements
implies that, in the presence of the switching identities, if the contracting identities
hold for odd degree elements in a basis, then the contracting identities hold for all
odd degree elements.

Thus J : T(L) — P define a quotient map J : U(L) — P compatible with the
Lie filtratio on U(L) and the composition

sy Luw L p
is an isomorphism. Hence, W is an isomorphism, which was to be demonstrated.
It remains to prove Lemma 8.2.4.
There are three main points:

(A) Defin J recursively in terms of the length and index ordering of mono-
mials, that is, defin J in terms of the previous definitio on monomials
of lesser length or of the same length but lesser index.

(B) Show that the definitio of J is unambiguous, that is, it does not depend
on how one reduces the length or index. Show this for all possible ways of
reducing the length or index and you will have automatically accomplished
step C below.

(C) Defin J so that the identities 1) , 2), and 3) are satisfied

Suppose that J has been define for all monomial tensors of length < n and
all monomial tensors of length = n and index < 4 in such a way that 1) and 2)
are satisfie for all tensors in this space. Let M = x4, @ T, ® -+ - @ x4, be a
monomial of length n and index s.

Case 1: index i = 0 : When the index is 0, the monomial M is in proper order.
If it is reduced, defin
J(M) = 2o, ® Ta, ® @ Za, -

If it is not reduced, then x,, = z,,,, for some element of odd degree. Defin

i+1

J(M)=J(xa, ® @), @@, )
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We shall call this a contraction. Writing u = x,, , this definitio of J also ensures
the required switching identity that

J@ueue-- )+ J( - Queu®---)=J( - Quu@---).

Suppose there is another way to reduce the length, that is, we have one of the
following two situations

(D
JRulu® R )
or
2)
J - ®ueueu®---)
with u and v of odd degree.
In the firs case (1), the definitio is
J--@u?®---@1P®---),

no matter which of the two possible contractions one does first Thus, the definitio
of J is unambiguous in this case and satisfie 3), 2), and 1).

In the second case (2), the one contraction leads to
JM)=J(@u*u®- )
=J(@uede )+ J-@uiue---)
=J( - Rueue---)
since [u?, u] = 0. The other contraction leads directly to
JM)=J(@ueu*®- ).
Thus, the definitio is unambiguous in this case and the identities are satisfied

Case 2: index © > 0: When the index is positive, there must a pair z,, =

U, Tq,,, = v with o; > ;1. In this case, we can defin

J--@ueue---) = (_1)d08(“r)d0g(7/')J(...®v®u®...)
+J(...®[U7v} ®)
We note that J is now define since the index or length has decreased. We shall
call this a switch. Note that switches guarantee that the identities (1) and (2) are

satisfied This is true even for the reverse switch where u is less than v. It is also
possible that J could be define by a contraction as in Case 1.
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We need to check that the definitio is unambiguous when there are different ways
of lowering length or index.

There are the following cases:
(D
J QuRr® - QuwRz®- )
withu > vand w > z.
2
JERuRueuwe- )
with u > v > w.
A3)
J®uer® - Quewe---)
with 4 > v and w of odd degree.
“4)
JRuOu® - QuRzs®--)
with v of odd degree and w > z.
)
J--Quadueuv---)
with u of odd degree and v > v.
(6)
J(Rueuveue---)
with u > v and v of odd degree.
(7
J(®uURUR - RUVOUVR--)
with v and v of odd degree.
@®)
JRUuOURUD )
with u of odd degree.

Cases (7) and (8) have already been considered in the index 0 situation of Case 1.
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We shall use the obvious shorthand of writing « for deg(u) when no confusion is
possible.

In case (1), performing the two switches, no matter which is first leads to
()"t I QURVR RUWR R )
+ (-D)"J(RuuR - w,z] @ )
+ (-D)"J( QU@ Q2w )
F I @ ur]®@ @ w2 @ ).
Thus, the definitio is unambiguous in this case.
In case (2), performing the two switches leads to either of the following:
A= (=)t JL R U )
+ (=) @ v, w] @u )
+ (DI uw Q- )
+J(Quv]Que---).
B=(=1)"ttriJ . Qu@uQu® - )
+ (=)™ Quw R [u,v] @)
+ (DI Ru,w@ve--)
+J(Ru[v,w - ).
Thus, A — B = J(-+ @ (=1 [[v, w),u] + (~1)" o, [u, w] + [[u 0], w])

® ---) = J(0) = 0 by the Jacobi identity. Thus, the definitio is unambiguous in
this case and the identities hold.

The cases (3) and (4) are straightforward and left to the exercises.
In case (5), performing the contraction leads to
J@uleue---).
On the other hand, performing two switches and a contraction leads to
Je@oeu @)+ (@ ()" [w,u] @utu w0} @)
Now another switch and the identities
S {(=)" w0l @utu[uv]}©---)
= J( ® [u, [u, 0] @ -+ ) [v, u?] + [u, [u, v]] = 0

prove that this second procedure yields the same answer as the first
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Case (6) is left to the exercises.

Since we have checked that all possible ways of definin J by recursion are equal,
it follows that the definitio is invariant under all switches, whether they raise or
lower the index. Hence the identities (2) and (3) are satisfie for the extension of
the definitio to higher index and length.

This completes the proof of Lemma 8.2.4 and of the graded Poincare—Birkhoff—
Witt theorem. (]

Remark. Let L be a classical Lie algebra over any ring. Suppose L has a grading
and is a free module. The classical Poincare—Birkhoff—Witt theorem asserts that
there is a coalgebra isomorphism

U P(L) — U(L)

where P (L) is the primitively generated polynomial algebra generated by L. The
proof is similar to the graded version but simpler.

There is a version of the graded Poincare—Birkhoff—Witt theorem which is only a
little bit weaker and which does not depend on choosing an ordering of a basis for
L, namely:

Graded Poincare-Birkhoff-Witt theorem, second version 8.2.4. If L is a free
module, then the natural map

L — RU(L)/RU(L) — EJU(L)
extends to a Hopf algebra isomorphism
®:S(L) — EU(L).

Proof: The coalgebra isomorphism ¥ : S(L) — U(L) is filtratio preserving and
induces the Hopf algebra isomorphism on the associated graded objects

®=FE"W:E'S(L)=S(L) — E°U(L). O
Exercises
(1) Verify cases (3), (4), and (6) in the proof of Lemma 8.2.3.

(2) Show that, if L is a connected graded Lie algebra, that is, if Ly = 0, then the
fact that @ is an isomorphism (8.2.4) implies that ¥ is an isomorphism (8.2.2).
In other words, the second version of the Poincare-Birkhoff—~Witt theorem
implies the first

8.3 Consequences of the graded Poincare—Birkhoff-Witt theorem

A firs consequence of the graded Poincare—Birkhoff—~Witt theorem is that graded
Lie algebras embed into their universal enveloping algebras, more precisely, the
basis of reduced monomials in proper order (8.2.2) shows that
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Proposition 8.3.1. Suppose L is a graded Lie algebra which is a free R module in
every dimension. Then the universal enveloping algebra U(L) is a free R module
in every dimension and v : L — U (L) is an injection onto a summand.

Remark. The meaning of Proposition 8.3.1 is that the identities for a graded Lie
algebra are exactly right. In particular, the triple identity,

[,2?] =0 for x of odd degree,

is clearly essential for a graded Lie algebra to embed in its universal enveloping
algebra. Adding it to the usual identities is a sufficien criterion for embedding
when the graded Lie algebra is free as a module.

The coalgebra isomorphism S (L) = U (L) in the graded Poincare—Birkhoff-Witt
theorem determines the module of primitive elements in the Hopf algebra U (L):

Proposition 8.3.2. Let L be a graded Lie algebra which is a free R module with
a basis {x, }.

(a) If the ground ring R is an integral domain of characteristic 0, then x,, is a
basis of PU(L), that is, PU(L) = L.

(b) If the ground ring R is a fiel of finit characteristic p, then PU(L) has a
basis

{zo : forall a} U{zt o a et x, of even degree}.

) a «

The following freeness result is fundamental.

Proposition 8.3.3. Suppose L' is a subalgebra of the graded Lie algebra L such
that L' has a basis {x, } which extends to a basis {x,} U {ys} of L. Order the
basis sets so that the x,, precede the yg. Then U(L) is a firee left U(L') with a
basis consisting of all reduced monomials in {ys } which are in proper order. This
includes the empty monomial 1.

Proof: 1t follows from the graded Poincare-Birkhoff-Witt theorem that a basis
for U(L) is given by all M - N where M is a reduced monomial in proper
order involving the variables {z, } and N is a reduced monomial in proper order
involving the variables {y3} . Thus,

UL)=u(L) N. 0
N
Lemma 8.3.4. Suppose L' C L is an ideal in a graded Lie algebra, that is,
[L,L'|C L.

IfU(L') is the augmentation ideal, then

U(L)-U(L)) C UL -U(L).
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Proof: Consider

zy = (—Dyz + [x,y].
Using this, it follows by induction on the length of monomials that, if x €L,

o UL C U -« + U(L).

Hence,

U(L)-UL) =U(@) - U(L). 0

In other words, if L' C L is an ideal, then U (L’) generates a two-sided ideal

I=U(L)-UL)=U(L)-U(L)

and hence the quotient (see Definitio 8.4.2)

U(L) ®@uwy R=U(L)/I=U(L)/U(L)-U(L)

has a natural multiplication. It is easy to check that I is a Hopf ideal in the sense
that

AN CIUL)+UL)R 1.
Hence, the quotient
UL) @yuy R
has a natural Hopf algebra structure.
Proposition 8.3.5. Suppose
0L 5Ll —o

is a short exact sequence of graded Lie algebras which are free modules (hence,
the sequence is split as modules over the ground ring). Then there is a bijection

ULy U(L") — U(L)
which is simultaneously an isomorphism of left U (L') modules and of coalgebras.

Proof: The reduced monomials in proper order formed from a basis of L” provide
a section

m:U(L") = U(L), U(j)om=1lywn
which is a map of coalgebras. It follows from 8.3.3 that the composition

U(i)or
—

U(L')® U(L") U(L)®U(L) ™% U(L)

is an isomorphism of left U (L") modules. It is clearly a morphism of coalgebras.

O
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For example, let  be an odd degree element and consider the exact sequence of
graded Lie algebras

0— (%) = L(z) — (z) — 0
where () and () are abelian Lie algebras on one generator. Then there is a
bijection
UL(z) = T(z) = P(z*) ® E(x)

which is simultaneously an isomorphism of left P(2?) modules and of coalgebras.

8.4 Nakayama’s lemma
Graded modules over a connected algebra share many of the properties of modules
over a local ring. In particular, a strong form of Nakayama’s lemma is true.

Recall the definitions An augmented algebra A over a commutative ring R is
called connected if the augmentation € : A — R is an isomorphism in degree 0.
The kernel of the augmentation is called the augmentation ideal

I(A) = A = kernel (e: A — R).
Graded modules are assumed to be concentrated in nonnegative degrees.

Nakayama’s lemma 8.4.1. If A is a connected algebra over a commutative ring
R and M is a graded left module over A, then the following equivalent statements
are valid:

(a)
M=I(A)-M
implies that M = 0.
(b)
M/I(A)-M =0
implies that M = Q.
(©)
R4 M =0

implies that M = 0.

Proof: (a) is true since A connected implies that there can be no firs nonzero
degree of M. Certainly, (a) and (b) are the same.
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The exact sequence
0—-I(A)—-ASR—0
yields the exact sequence
I(A)@s M - A@a M - R, M — 0
and thus
M/I(A)- M2 R®4 M.

This leads to the following definition
Definitio 8.4.2. The module of generators of M is
M/I(A)-M 2 R®4 M.

Nakayama’s lemma gives the following lemma on epimorphisms.

Lemma 8.4.3. Suppose f: M — N is a morphism of graded modules over a
connected algebra A. Then f is an epimorphism if and only if the map on the
module of generators

1®Af:R®AM—>R®AN
is an epimorphism.

Proof: Since tensor product is right exact, we need only show that, if 1 ®4 f is
an epimorphism, then f is also.

But, let C be the cokernel of f, so that
MLNC—0
is exact. Hence
RRAM—-R®R®N—-R®,C—0

is exact. If 1 ® 4 f is an epimorphism, then R ® 4 C' = 0 and Nakayama’s lemma
implies that C' = 0 and f is an epimorphism. [l

Definitio 8.4.4. If A is a connected algebra with augmentation ideal 7(A), the
module of indecomposables is

Q(A) = I(A)/I(A) - I(A).

The following lemmas are left as exercises.

Lemma 8.4.5. If Ais a connected algebra, then I(A) = 0ifand only if Q(A) = 0.
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Lemma 8.4.6. Let f : A — B be a morphism of connected algebras. Then f is an
epimorphism if and only if the induced map on indecomposables Q(f) : Q(A) —
Q(B) is an epimorphism.

Definitio 8.4.7. For an augmented algebra A, the filtratio by powers of the
augmentation ideal is the decreasing filtratio

F'A=A, F'A=1I(A), F'"'A=I(A)-F"A, n>0.

Since FVA - F¥ A C F/** A, the associated graded object
Ej(A) = F"(A)/F"*1(4)

of the filtratio by powers of the augmentation ideal inherits an algebra structure,
that is, it has a multiplication

El(A) @ B (A) 22 grem(A),
Observe that
Eg(A) = A/I(A), Ej(A) = Q(A).
Furthermore, the firs grading E (A) = Q(A) generates the algebra Ejj(A).
The following lemmas are also left as exercises.

Lemma 8.4.8. If A is a connected algebra, then the fltration by powers of the
augmentation ideal is finit in each degree.

Lemma 8.4.9. Suppose that g : A — B is a morphism of connected algebras.
Then

(@) g is an epimorphism if and only if E;}(g) : E}(A) — E§(B) is an epimor-
phism.

(b) g is an isomorphism if and only if E(g) : E}(A) — E§(B) is an isomor-
phism.

(c) If Ej(g) : Ej(A) — E;i(B) is an monomorphism, then g is a monomor-
phism.

Exercises
(1) Prove Lemmas 8.4.5 and 8.4.6.

(2) Let f: L — K be a morphism of connected graded Lie algebras, that is,
Ly = Ky = 0. Then f is an epimorphism if and only if the induced map on
abelianizations Ab(f) : Ab(L) — Ab(K) is an epimorphism.

(3) Prove Lemmas 8.4.8 and 8.4.9.

(4) Give an example to show that the converse to Lemma 8.4.9(c) is not true.
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(5) Suppose f : A — B is a map of connected tensor algebras. Show that, if the
induced map on the module of indecomposables Q(f) : Q(A) — Q(B) isan
isomorphism, then f is an isomorphism.

8.5 Free graded Lie algebras

If V is a graded R-module, recall that the free graded Lie algebra generated by
V' is characterized by the universal mapping property: Every linear map V' — L
into a graded Lie algebra has a unique extension to a map L(V) — L of graded
Lie algebras. We also have that UL(V) = T'(V). In order to know that L(V)
embeds in its universal enveloping algebra, we need to know that L(V) is a free
R-module. The proofbelow is based on an argument in Serre’s book on Lie algebras
[119]. Namely, suppose you are given an algebraic construction define over a
commutative ring. Suppose that, in the finitel generated case, there is a formula
for the dimension of that construction which is independent of the characteristic
of the ground field Then, even over an arbitrary ring in the possibly nonfinitel
generated case, the given construction must be a free module over its ground ring.
Details follow.

Proposition 8.5.1. If'V is a graded module which is a free over R, then the free
graded Lie algebra L(V') is a free R-module in each degree.

Lemma 8.5.2. IfRis a fiel andV is finit dimensional in each degree, then

LV)=EPLV).

where L(V), is generated by Lie monomials of length n, each L(V),, is finit
dimensional in each degree, and the dimension of L(V),, in each degree is inde-
pendent of the characteristic.

Proof: If M is a bigraded object, defin its Euler-Poincare series by
E(M) = Emi‘jsitj
where m; ; = dimension of M, ;.

Let
E=x(V)=> dit’
i=0
be the usual Euler—Poincare series of V, that is, d; = the dimension of V. If

we introduce an extra grading by giving each element of V' length 1, we get a
two-variable Euler—Poincare series
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Since R is a field the graded Lie algebra L(V') is free in each degree and embeds
as a summand in its universal enveloping algebra UL(V') = T'(V'). Bigrade T'(V)
by giving each element v eV the bigrading (1,4), that is, T'(V) is bigraded by
length and degree.

The two-variable Euler—Poincare series of
TV)=ReVa(VeaV)®
is

ET(V) =148+ +38 ... =

1—s¢
On the other hand, note that

V)= LV

inherits the length-degree bigrading and each bigrading L(V'), is finit dimen-
sional. (This is why we have to use bigradings.)

Write the two-variable Euler—Poincare series

E(L(V) =P aist.
i=0

Hence, the 2-variable Euler-Poincare series of T(V) = U(L) 2 S(Leyen) ®
S(Lodd) iS

o0 o

E 1 t2k+1 Qi 2kl

H 1 _ SLtZk a2k H +s
k:() k=0

Applying the logarithm function yields
—log(1 — 8&) = =%y ok - log(1 — s't%) + 3, i o1 - log(1 + '35,
If we choose a fi ed pair 4, j and reduce mod s+ '#/ %!, then the expansion

log(1 — x) :Z

i=1

JJ

S| =

On the right-hand side, the coefficien of s't/ is

(=1)"'a; ; + terms involving a4, a < i,b < j.
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So this can be solved to yield a recursive expression
aij = F(agp; a<ib<j)
which depends on dy, d;, ds, . . . but is clearly independent of the characteristic.

O

Now suppose that R = Z and suppose that V' is a free Z module which is finitel
generated in each degree. Let L(V') be the free graded Lie algebra generated by
V. It is clearly finitel generated in each length-degree bidegree. If p is a prime,
then

LV)®Z/pZ = L(V @ Z/pZ)

since it has the required universal mapping property. Since the dimension mod p of
each bidegree is independent of the prime p, it follows from the basis theorem for
finitel generated abelian groups that each bidegree is a free Z module. Thus L(V')
is a free Z module in each degree when V' is a finit dimensional free Z-module.
In this case, L(V') embeds in the tensor algebra UL(V) = T'(V).

Suppose V' is a free Z module which is not finitel generated in each degree. Then

V =1limV,

where each V, is finitel generated free in each degree. Therefore,

L(V) = lim L(V,,)

embeds in the tensor algebra lim_, T'(V,,) = T(V'). Since T'(V) is a free Z module
in each degree and Z is a principal ideal domain, it follows that, if V' is free over
Z in each degree, then L(V') is a free Z module in each degree.

Now let R be any commutative ring and suppose that V' is a graded Z module
which is free in each degree. Then V' ® R is the general module which is free in
each degree over R. Since

L(V)® R= L(V ®R),
it follows that L(V ® R) is a free R-module in each degree. ]

For connected Lie algebras with a free abelianization, free Lie algebras can be
characterized by their universal enveloping algebras. To be precise:

Proposition 8.5.3. Suppose L is a graded connected Lie algebra such that the
universal enveloping algebra U (L) is isomorphic to a tensor algebra T (V') with
V a free module. Then L is isomorphic to the free graded Lie algebra L(V).

Proof: Since Lemma 8.1.8 implies that Ab(L) 2 QT(V) =2V and V is a free
module, there is a linear map V' — L such that the composition V' — L — Ab(L)
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is an isomorphism. Consider the extensions

L(V) & UL(V)
Lf Luf
L - UL

For connected Lie algebras the fact that Ab(f) is an epimorphism implies that
f:L(V) — L is an epimorphism. On the other hand, the fact that L(V) is a
free module implies that ¢ : L(V) — UL(V) is a monomorphism. Therefore,
f: L(V) — Lis an isomorphism if U f : UL(V') — UL is a monomorphism.

Since U f is a map between tensor algebras and is an isomorphism on indecom-
posables, it is an isomorphism by Exercise 5 of Section 8.4. O

With mild restrictions, Proposition 8.5.3 says that a connected graded Lie algebra
is free if and only if its universal enveloping algebra is a tensor algebra. It becomes
important to be able to recognize tensor algebras. First of all, if 7'(V) is a tensor
algebra over a commutative ring R, then

mult

0-TWV)eV 2= TV)S R—0
is a free T'(V') resolution of R. Hence, for any 7'(V') module M, we have that
Tor? V) (M, R) = 0.
Conversely, we have

Proposition 8.5.4. Suppose A is a connected associative algebra with a free
module of indecomposables Q(A) = W and suppose that

Tory (R, R) = 0.
Then A is isomorphic to the tensor algebra T(W).

Proof: Since W = Q(A) is free, the map I(A) — Q(A) has a section W —
I(A). Consider the composition which is a map of A—modules

FrA@W — A I(A) 2 1(A).
We claim that f is an isomorphism.
Note that f is a epimorphism since the map on generators
1®f:R@a (A W) = R®a I(A)
is an epimorphism.
Let N be the kernel of f and consider the short exact sequence

0—->N—->A®W — I(A) — 0.
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In the standard way, this turns into a long exact sequence
-+ — Tor{ (R, I(A)) = R®4 N - R4 AW — R®4 I(A) — 0.
Since
RoA AW =W = Re, I(A) = Q(A)

is an isomorphism, it follows that

Tor{! (R, I(A)) - R®4 N
is an epimorphism.
But the short exact sequence

0—-IA)-A—-R—0
implies that

0 = Tory' (R, R) = Tor (R, I(A))
and hence
R®4 N =0.

Nakayama’s lemma implies that N =0 and f: A® W — I(A) is an isomor-
phism. A standard inductive argument implies that A = T'(W) as algebras. [

Exercises

(1) Show that, if A is a connected associative algebra with an isomorphism given
by the composition

AW — A I(A) 22 1(A),
then there is an isomorphism of algebras T'(WW) — A.

8.6 The change of rings isomorphism

The change of rings theorem relates the homological algebra of a subalgebra to
that of an ambiant algebra.
Suppose that
ALala
are maps of graded augmented algebras over a commutative ring R. Observe that
Rop A AJI(A)- A
and that A” is a right A module.
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Assume that:
(a) ¢ makes A into a free left A’ module.
(b) j induces an isomorphism of right A modules
R4 A2 A"
Change of rings theorem 8.6.1. There is an isomorphism

Tor (R, R) = Tor (A", R).

Proof: Let
P.5R—0
be a free A resolution of R. Write
P, = A®p P..
Since P, is also a free A’ resolution of R,
Tor(R,R) = H,(R® 4 P,)
=H,(R®r A®g P.) = H,(A" ®g P,)
=H,(A"®4 A®p P.) = Tor, (A", R). O

Under the hypotheses of the change of rings theorem, A” is a 2-sided A module.
Hence, the isomorphic objects

Tor?' (R, R) = Tor? (A", R)

have the structure of a left A module. We now determine that structure in the case
of the firs derived functor Tor{' (R, R).

First, note that the short exact sequence
0—-IA)—A—-R—0
yields the exact sequence
0 = Tor{'(R, A) — Tor{(R,R) - R®I(A) = R®4 A — R®4 R — 0.
Since R4 A= R R®4 R, it follows that:
Lemma 8.6.2.
Tor{' (R, R) = R4 I(A) = Q(A).
Lemma 8.6.2 can also be proved by using the canonical bar resolution
B.(A) S R—0
with
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(a)
B,(A)=A®I(A)*" =
the n + 1 fold tensor product as indicated.
(b) d,, : B,(A) — B, _1(A) given by
dy(a®@a; ® - ®ay,) =a01 Ras -+ R ay,

n—1
+Z(—1)ia®a1 Q- ®aiait1 ® - Qay.
i=1

Or we may use the classical notation

n—1

dy(alar] -+ lan] = aaraz| -~ |an] + (=1 alar] - Jaiaisr| -~ |an].
i=1

This is the origin of the term bar resolution.
(c) €: By(A) = A — R is the augmentation.

Let

B.(A) = R®4 B.(A) = I(A)®
be the so-called bar construction. One sees that

Tord (R, R) = H, (B.(A))
The firs few terms of the bar resolution look like
B AR IA) @ I(A) L A9 I(A) L AeR — 0

with

di(ala1]) = aar ],

dy(alay]az]) = aay [as] — alajas].
Our firs observation is that the nonzero elements of the bar construction B,, (A4) =

R®4 B, (A) are represented by tensors a1 ® - -+ ® a,, = [a1] - - |a,] with the
differential

n—1

dy(lar]---lan]) = Z(—l)i’[aﬂ celagaiga] - ag].

Now it is easy to see that
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The change of rings isomorphism can be described as follows:

The map A" — A gives a natural map of bar resolutions B,(A’) — B,(A) and the
change of rings isomorphism is induced by the following map

R®u Bu(A) — A" @, B.(A), [d] — 1[d]

(We observe that the algebra map A’ — A makes R — A” and R — R into maps
of modules.)

So any element in Q(A') = Tor{' (R, R) = Tor{' (A", R) is represented by an
element @’ €A’ via the map [a] — 1[d/].

The left action of an element a A on Torj' (A”, R) is represented by a - [a/] =
j(a)la’].

But

d(1[ala) - (~1)es @81 1)
=1-ald] —1[a-d] — (=1)3s@desl@) 11 ¢'[a] — 1]’ - a]}

since j(a’) = 0. Thus, j(a)[a’] is homologous to 1[[a, a']].

Specialize to the special case of universal enveloping algebras as in Proposition
8.3.5. In that case, start with a short exact sequence of graded Lie algebras

0—-L —-L—-L"—-0
and the sequence of universal enveloping algebras
U(L) = U(L) - U(L")
is a sequence
A — A A

which satisfie the hypotheses of the change of rings theorem. In this Lie algebra
case, it is clear that [a, a'] eL’ for o’ L', a L. Hence we have shown
Lemma 8.6.3. Under the change of rings isomorphism, the left action of L C
U(L) on the image of L' in QU (L’) is given by the Lie bracket

a-[d] = [[a,a’]].
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8.7 Subalgebras of free graded Lie algebras

Let R be a commutative ring in which 2 is a unit and let R have the property that
projective modules over R are free over R. For example, R could be a principal
ideal domain or, by a theorem of Kaplansky, a local ring [71].

Proposition 8.7.1. Let V' be a free connected R module, that is, Vjy = 0. Let
L =L(V) be the free graded Lie algebra generated by V and suppose that
L' C L is a subalgebra which, as an R module, is a summand of L. Then L' is a
free graded Lie algebra, that is, there is a free R module W such that L' = L(W).

Proof: Proposition 8.3.3 asserts that U L(V') = T'(V') is a free module over U (L').
Hence, the free T'(V') resolution

0—-T(V)oV 2™ T(V) - R —0
is also a free U(L') resolution.
Therefore the second derived functor
Tory ¥ (R, R) = 0.

In fact, applying R @y () to the resolution yields the complex

0— Ry, T(V)@V 2% Rey, T(V) — 0
with
coker(¢) = TorY ¥ (R, R) = R,
ker(¢) = Tor! ¥'(R, R) = QUL = Ab(L') = W.

Clearly, the fact that R is projective over R implies the complex is split and hence
that W is projective over R. We are assuming that projective R modules are free R
modules so Proposition 8.5.4 and the vanishing of Tor, implies that UL’ = T'(WW)
is a tensor algebra.

Now by Proposition 8.5.3, the fact that the universal enveloping algebra is a tensor
algebra implies that L' = L(TV) is a free Lie algebra. O

Recall the circumstances in which the change of rings theorem is valid:
We are given a sequence of morphisms augmented algebras
ALada
with A a free module over A’, and
A"~ R @4 A= AJI(A)- A.

Then we have the following important freeness proposition:
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Proposition 8.7.2. Suppose that A is a connected tensor algebra T(V') with V
free over R and suppose that A" is a free module over some tensor subalgebra
T(W) C A" with W free over R. Then Q(A’) is a free T(W') module via the Lie
bracket action in the change of rings theorem.

Proof: Recall that the change of rings isomorphism Proposition 8.6.1 asserts that
Q(A") = Tort" (R, R) = Tor' (A", R)
and that the actions of A” and T'(W) are a consequence of the firs variable of Tor.
Hence Q(A’) as an A” module and as a T'(W') module is isomorphic to the kernel
of ¢:
0— A @p(p) T(V) @V 222 4 @0y T(V) — 0.
But this the same as
0-A"0V %A —0
Notice that image(¢) = I(A").
Write A” as a free T'(WW) module

AT = (W) 1 @HTOW) -0}

with 1 as the firs basis element. Then

image(¢) = I(4") = {I(T(W))} @HTW) - zu}.

Since
I(TWH=WaeWeW) e WoWeW)®---=T(W)@ W
is a free T'(W) module, it follows that I(A”) is a free T'(W) module.

Therefore, Q(A’) = kernel(¢) is a projective T'(W) module. Since T'(W) is
a connected algebra, this implies that Q(A’) is a free T (W) module. See
Exercise 1 below. U

The preceding proposition combines with the next proposition on Euler—Poincare
series to provide a powerful method for determining the generating module of a
subalgebra of a free Lie algebra.

Proposition 8.7.3. Suppose that
0—-L —-L—-L"—0

is a short exact sequence of graded Lie algebras which is split as a sequence of
R modules and suppose that L = L(V') is a free graded Lie algebra with V a
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connected free R module. Then L' = L(W) is a free graded Lie algebra with W
a free R module and with the Euler-Poincare series satisfying the formula

X(W) =1+ x(UL"){x(V) - 1}.
Proof: We already know from Theorem 8.6.1 that L' = L(W) so that it only
remains to determine the Euler—Poincare series x ().
Recall that the Euler—Poincare series of the tensor algebra
T(V)=RaVaV?2geV®ag...
is
1

X(TWV) =14+ x(V) +x(V) + x(V)* +--- = (V)

The tensor product decomposition
TV)=ULV)2ULW)@UL"=T(W)oUL"

implies that

1 x(UL")
X(T(V)) = —— =x(UL(W)) - x(UL") = ——~
(1) = Ty = XWLOV) - x0L") = 7

and the formula follows by easy manipulation. O

We now illustrate two named applications of Lemmas 8.6.2 and 8.6.3. The names
indicate their future use in geometric applications.

Hilton—Milnor Example 8.7.4. Let K be the kernel of the natural epimorphism
of free graded Lie algebras L(V @& W) — L(V). Since K is an R-split subalgebra
of a free graded Lie algebra, it is itself a free graded Lie algebra K = L(X). We
need to determine the R free module X.

First of all,

1 _ x(w)
W{X(V) +x(W) -1} = T— (V)
=x(W) - {1+ x(V) +x(V)* + x(V)* +---}.

We recognize this Euler—Poincare series as that of the tensor product W @ T'(V).

x(X)=1+

Note that W is indecomposable in L(V & W) and W C K. So W is certainly
indecomposable in K, that is, W injects into QU K, and in fact the image of W
is even indecomposable in QU K with respect to the Lie bracket action of T'(V').
Since QU K is a free T'(V') module with respect to this action, we know that QU K
has an R split submodule isomorphic to

TVYoW=Wao(VeWa(VaVeW)a.--



8.7 Subalgebras of free graded Lie algebras 281

and, since action is via the Lie bracket, this provides a lifting to an embedding
WeV,WeV,[V.W]e  CK
where [V, W] is the isomorphic image of V ® W via

deg(v)deg(w)

VR w i [v,w] =vw — (=1) wv,

[V, [V, W]] is the isomorphic image of V @ V ® W via
V1 ® U2 @ w — [vg, [ve, W],
and so on.
Therefore, since there is a R—split embedding
Wae(VeW)e(VeVeaW)d - CX
and since the two Euler—Poincare series are equal, it follows that
X=we[V,We[,[V,W]e- =Pad (V)W)
i>0
via the Lie bracket.

In other words, the kernel of the epimorphism L(V & W) — L(V) is the free Lie
algebra

K=1L (@ adi(V)(W)> .

i>0

The following special case is often used: If K is the kernel of the natural map of
free graded Lie algebras L(z, z, )o — L(z), then K is the free graded Lie algebra

L(adi (fﬂ)(ffa))izo,a«

There are several increasing length filtration which can be introduced into
L(z,z,) and into K. We can filte by the length in any variable, that is, the
length in z or the length in any one of the x,,. Then the generators of K all have
length < 1 in one of the x, and therefore they are not decomposable elements in
K. In fact, in a free graded Lie algebra, the relations of anti-symmetry and the
Jacobi identity are homogeneous in these length filtration and these filtration are
therefore in fact length gradations.

Note that, if 2 has even degree, then L(z) = (z), but, if 2 has odd degree, then
L(z) = (z,2*). This naturally suggests the consideration of another case.

Serre Example 8.7.5. Suppose x has odd degree and let K be the kernel of the
natural map L(z,z,) — (z). Then K is the free graded Lie algebra

L(z(},,xQ, [:vary])a-
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Let V be the span of the z,, and let the degree of « be 2n + 1. Note that K = L(X)
and compute the Euler—Poincare series using 8.6.3:

X(X) _ X(V) +t4n+2 +t2”+1X(V).

The computation is completed by noting that the elements z,, 2%, [x, z,] form a
set of independent generators of K. The Euler—Poincare series tells us that this is
a complete set.

Exercises

(1) Suppose that M is a graded module over a connected algebra A and that the
ground ring R has the property that projective modules over R are free over
R. Show that, if M is a projective A module, then M is a free A module.
(Hint: Use the graded version of Nakayama’s lemma.)

(2) Consider a sequential inverse limit
L =1limL,
of connected free graded Lie algebras over a field

(a) Show that the inverse limit L is locally free, that is, if K C L is any
finitel generated subalgebra, then K is a free graded Lie algebra.

(b) Show that any connected locally free graded Lie algebra over a fiel isa
free graded Lie algebra. (Hint: Use Proposition 8.5.4.)
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Graded Lie algebras and universal enveloping algebras have topological applica-
tions, for example, to product decomposition theorems for loop spaces and, via
Samelson products in the Bockstein spectral sequence, to the existence of higher
order torsion in homotopy groups.

An early result of Serre [118] asserts that, localized away from 2, the loop space
of an even dimensional sphere has a product decomposition

2n+2 4n+3 2n+1
QS22 ~ OGIn+S i g+

thus reducing the homotopy groups of an even dimensional sphere to a product
of the homotopy groups of two odd dimensional spheres. This can be proven by a
general method which we outline as follows.

The homology of certain loop spaces can be identifie with a universal enveloping
algebra of a graded Lie algebra. Short exact sequences of graded Lie algebras,
especially those related to abelianization, lead to tensor product decompositions
of universal enveloping algebras. These tensor product decompositions can some-
times be realized by the Kunneth isomorphism applied to a geometric decompo-
sition of a loop space into a product.

Serre’s decomposition of the loop space on an even dimensional sphere is based on
the abelianization of a free graded Lie algebra on a single generator of odd degree.
The abelianization of a free differential graded Lie algebra on two generators
connected by a Bockstein leads to a decomposition of the loop space of an even
dimensional odd primary Moore space into a product

QP27L+2(pr) ~0 \/ P4n+2kn+3(pr) % S27L+1{pr}
k=0
where the second factor is the homotopy theoretic fibr of the degree p” map.

In this sense, at odd primes, the homotopy theory both of even dimensional spheres
and of even dimensional Moore spaces is reduced to the odd dimensional cases.

283
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The universal enveloping algebra methods also yield an algebraic proof of the
Hilton-Milnor theorem. It reduces to a decomposition of a tensor algebra into a
tensor product of tensor algebras corresponding to certain Lie brackets.

Higher order torsion exists in the homotopy groups of primary Moore spaces.
We prove this, at least when the prime is greater than 3, by studying Samelson
products in the homotopy Bockstein spectral sequence of the loop space and their
representation via the Hurewicz map.

Although it is not necessary for the proof of the existence of higher order torsion,
knowledge of the mod p Hurewicz image is enlightening. Therefore (and also
for historical reasons) we present present a summary of the equivalent forms of
the nonexistence of elements of mod p Hopf invariant one. Nonexistence can be
phrased in the following equivalent forms: (1) p-th powers are not in the mod
p Hurewicz image, (2) certain truncated polynomial rings cannot be realized as
the mod p cohomology ring of a space, (3) two-cell complexes with nontrivial
mod p Steenrod operations do not exist, and (4) a certain homology class in the
double loop space of a sphere is not the image of a homotopy class of order p.

Since higher order torsion in homotopy groups are detected by the Bockstein
homology of the homotopy differential graded Lie algebra of Samelson products,
it is of interest to compute the homology of differential graded Lie algebras. We
conclude this chapter with a complete computation of the homology of free graded
Lie algebras generated by acyclic modules.

9.1 Serre’s product decomposition

The simplest example of the use of universal enveloping algebras of graded Lie
algebras is to prove a product decomposition theorem for the loop space of an
even dimensional sphere. It requires localization away from 2 and is originally
due to Serre. He did not explicitly mention graded Lie algebras in his argu-
ment but we feel that the graded Lie algebras add clarity and generality to the
method.

Serre’s decomposition theorem 9.1.1. If 2 is inverted there is a homotopy equiv-
alence

QS4n+d X SZ77,+1 N QSZnJrQ.

Start with the fact that, with any coefficients
H,(Q8**?) = T(2) = UL(x)

= atensor algebra = the universal enveloping algebra of a free graded Lie algebra,
where z is a generator of odd degree 2n + 1.
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The map from the free graded Lie algebra to its abelianization yields the short
exact sequence of graded Lie algebras

0— (2%) 5 L(z) = (x) — 0.

Choosing a section s to the map Ur : UL(x) — U(z) and multiplying maps
yields the isomorphism of coalgebras and of left U (x?) modules in the standard
manner

U?) @ Ulz) 25 UL(x) ® UL(z) 2% UL(x).

This isomorphism involving the tensor product is the algebraic form of the product
decomposition.

In order to produce a geometric realization of this algebraic decomposition, we
must use coefficient in some ring in which 2 is a unit, for example, the ring Z[3]
of integers with 2 inverted.

We note that
H.(S*) = BE(x) = U(x), H.(QS"?) =T(2?) = U{z?).

Thus the algebraic form of the product decomposition is consistent with the
geometric product decomposition in 9.1.1. We must produce maps which realize
this decomposition.

Since 2? = 1 [z, 2], it follows that the odd degree square

Hurewicz map

2 is in the image of the

st yoall] (-2l

Explicitly, if . : S?"*+1 — QS52"+2 represents a generator of the homotopy group,
then the Hurewicz image of the Samelson product is

o([t,d]) = [x,2] = 22°.

Now the map ¢ : S2"+! — Q52"+2 induces in homology the section
s:U(z)y = UL(x).
This is the firs step in our geometric realization.

The Samelson product [z, ] : S4"F2 — 5272 has the multiplication extension
to the map

m . 92(5471,+2) N QSQ7I,+2

and, up to the unit 3, this induces in homology the inclusion U(z?) — UL(z).
This is the second step in our geometric realization.
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We conclude by multiplying the two maps in steps one and two. In other words,
the map which arises from the loop multiplication,

QES4H+2 % S271+1 _ 982n+2 % QSQrH—Q mult 95271,-&-27
. . . . . 1
induces an isomorphism of homology with coefficient Z[5].

Hence, it is an equivalence of spaces with 2 inverted and we are done. O

9.2 Loops of odd primary even dimensional Moore spaces

The next result is a theorem which is for odd primary Moore spaces both an
algebraic and a topological analog of Serre’s localized product decomposition of
the loops on an even dimensional sphere.

Let p be a prime and recall that the odd primary Moore space P™ (p") is the
cofibr of the degree p” map p” : S™ ' — S™ 1. Recall also that S™ {p"} is the
homotopy theoretic fibr of the map p" : S™ — S™.

Proposition 9.2.1. If p is an odd prime and n > 1, then there is a homotopy
equivalence

[9) \/ P4n+2kn+3(pr) % S?n+1{pr} N QP2n+2(pT).
k=0

Proof: The firs step in proving this is to identify the homology of the loop space
QP?"*2(p") as the universal enveloping algebra of a graded Lie algebra. It is
convenient to use Z/p"Z coefficient since the relevant mod p” homologies are
all free over Z /p"Z (although Z /pZ coefficient may also be used).

With Z/p" Z coefficients the reduced homology
H (P (p") = (u,0)
is a free Z/p” Z module on two generators, u of degree 2n and v of degree 2n + 1.

Furthermore, if 3 is the Bockstein associated to the exact coefficien sequence
Z)p" 7 — Z|p*" 7 — Z]p"Z, then Bv = u and Bu = 0. The Bott-Samelson the-
orem asserts that the homology of the loop space is a tensor algebra

H.(QSP¥ 1 (7)) = H(QP*2(p7)) = T(u,0) = UL(u,v)
with Sv = u.

Now introduce a short exact sequence of graded Lie algebras. Consider the abelian-
ization short exact sequence

0 — K — L(u,v) = (u,v) — 0.
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Lemma 9.2.2. The kernel K is a free graded Lie algebra with a countable set of
generators

K = L(ad" (u)(v*), ad" (u)([u, v])e=0-

Furthermore, (3 ad” (u)(v?) = ad® (v)([u, v]), that is, the module of generators is
acyclic with respect to the Bockstein.

Proof of the lemma: K is a subalgebra of a free graded Lie algebra and it is a
free module since it is a split submodule. Hence, K is itself a free graded Lie
algebra.

Notice that K can be obtained by taking successive kernels, that is, we have two
exact sequences

0— K; — L(u,v) = (v) =0

0—K— K; — (u) —0.
We see from Section 8.7 that

K, = L(u,v?, [u,v])
and another application of this section shows that
K = L(ad" (u)(v*), ad" (v)([u, ]) k0.

Furthermore, 3u = 0, Bv = w and the derivation property of 3 implies that fv? =
[u, v] and Bad® (u)(v?) = ad® (u)[u, v]. O

The algebraic form of the product decomposition is the standard tensor product
isomorphism related to a subalgebra, that is,

UK ® Ulu,v) — UL(u,v).

We must fin spaces whose homologies realize the two factors and construct
maps which we can multiply to give the geometric realization of this algebraic
decomposition.

Geometric realization of U K
Consider the tensor algebra factor
UK = UL(ad® (u)(v?), ad® (u)([u, v]))r>0
= T(ad" (u)(v*), ad" (w)([u, v]))iz0 = T.

The mod p" homology classes u and v are the respective Hurewicz images of the
mod p” homotopy classes

e Ton (PN ), Z/0 2, v e T (PP (p"); 20" Z)
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and we have
Pr = p
in the mod p” homotopy groups.

Use the suspension map % : P2 T1(p") — QP*"*2(p") to identify o = ¥, and
v = X,v with their images in the mod p” homotopy groups of the loop space.
Then

PR=U, YUV =1,
implies that the Samelson products have Lie brackets as Hurewicz images, that is,
plv, v = v, 0] = 20%, lp,v] = [u, ]
and
¢ ad®(u)([v,v]) = ad" (w)([v,]), ¢ ad®(1)([p,v]) = ad® (u)([u, v)).

Let e generate the top nonzero dimension 2n 4+ 1 of the mod p” homology of
Pint2+2kn (57 and note that 3e generates dimension 2n.

The Samelson products
ad® () ([v, na]) : PAnH2H2kn (1) QP22 (pr)
induce the following images in reduced homology
ad® (1) ([v,v])-(e) = ad® (u)([v, v]),
ad" (1) ([v, v])+(Be) = Bad" (u)([v, v]) = 2ad" (u)([u, v]).

In other words, if we add the Samelson products ad” (11)([v, v]) together, we get
a map of a countable bouquet

L= \/ adk(ﬂ)([M 1/]) P = \/ P4n+2+2kn (pr) N QP271+2(pr)
k=0 k=0

and the image in reduced homology of this map is, since 2 is a unit in Z/p" Z,
precisely the module of generators of K = L(ad” (u)(v?), ad" (u)([u, v])x0 C
T.

Let
7:QXN(P) — QP2 (p")
be the multiplicative extension of ¢. Then
T, : Hy(QXP) — H.(QP""2(p"))
is an injection onto the subalgebra T'= UK C UL(u,v).

This is the geometric realization of the firs factor U K.
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Geometric realization of the factor U (u, v)

The free commutative factor
Ulu,v) = P(u) ® E(v)

is realized by the fibr S?"*1{p"} of the degree p" map, p" : S?" ! — §n+1,

Consider the map of fibratio sequences

Qs2n+1 — SQnJrl{pr} — S2n+1 L S2n+1
1 ls It | inclusion
QP271+2(pr) = QP271+2(pr) N PPQn+2(pr) — P2’rb+2(p7*)

where the bottom row is the path fibratio and the map ¢ is a lift of the null
homotopic composition

) p" ) inclusion ) .
52n+1 5277+1 P2n+2(p7).

The mod p" homology Serre spectral sequence of the principal fibratio
QSQ'IL+1 N S?n-kl{pr} _ SQn+1

together with the principal action of the fibr QS%"*! on the total space
S2n+lipry, shows that

H.(S*""Hp"}) = P(u) ® E(v)

with Bv = u and the powers of u arise from the principle action of Q52" +1,

From this it is clear that the map s : S?" "1 {p"} — QP*"*2(p") induces in homol-
ogy a section to the map U L(u, v) — U(u,v).

This is the geometric realization of the second factor.
Geometric realization via multiplying maps

We multiply the maps to realize the algebraic decomposition and produce a mod
p" homology equivalence

QNP x SQn+1{pr} s, QP2”+2(}9T) « QP27L+2(pr) mult QP271+2(pr).

Since the spaces all have integral homology which is p-torsion, they are localized
at p. Since the homology is of finit type, the mod p" equivalence is actually a
homotopy equivalence. O
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9.3 The Hilton—Milnor theorem

Graded Lie algebras give an algebraic proof of the Hilton—Milnor theorem.

Hilton—Milnor theorem 9.3.1. Let X and Y be connected spaces. There is a
homotopy equivalence

QY (\/ X /\Y) x Q85X — QX(X VY).
k>0
Definitio of the equivalence ¥
The map VU is define using Samelson products as follows:
Let
tx : X = QE(XVY)
y 1Y - QXX VY)
be the two inclusions and form the Samelson products

Sy =ad(ix)(ty) : X" AY - QB(X VY).

Form the bouquet of maps

S=\/S:Z=\/X"AY - QB(XVY)
k>0

and then form the multiplicative extension
S:0%Z - QB(X VY).
This is the geometric realization of the firs factor.
Let
x QXX - QX(X VYY)
be the standard inclusion. This is the geometric realization of the second factor.

Now multiply maps. That is, let ¥ be the composition

ONZ x QXX 25 OR(X VYY) x QX VY) 25 on(x vY).
Asafirs step, we claim that U induces a homology isomorphism with coefficient
in any field
Filtering by powers of the augmentation ideal

For the moment, assume that the coefficient are some field If X and Y were
to have a trivial comultiplication in homology, for example, if they were both
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suspensions, then the proofthat ¥ is an equivalence would be a simple consequence
of the tensor product decomposition of 8.7.4:

[o¢]

TVeW)=T (Z Vo ® W) ® T(V)
i=0

UL(VaeW)=UL (Z Ve ® W) ® UL((V).

i=0

The point is that Samelson products X/ A Y — QX(X VY induce Lie brack-
ets in homology only if the homologies of X and Y are primitive, that is, the
comultipication is trivial.

In the general case, we need to introduce the filtratio by powers of the augmen-
tation ideal.

In order to show that ¥ is a homotopy equivalence we need to improve the Hopf
algebra by replacing it with a primitively generated Hopf algebra. To do this,
introduce the decreasing filtratio define by the powers of the augmentation
ideal.

If A is any connected Hopf algebra, let I = IA = A be the augmentation ideal
and consider the filtratio define by the powers of I, that is,

FFA =T
Since the filtratio is multiplicative, that is,
F'A-FIACFHIA,
and comultiplicative, that is,
A(FFA)C Y FlA® F/A,
it+j=k
there is an induced Hopf algebra structure on the associated graded object
E; =F*AJF*1 A,

We remark that the inverse (conjugation) map ¢ : A — A induces the inverse map
L= Ei() : E§A — EJA.

Note that the associated graded Hopf algebra is always primitively generated by
grading 1: B} A = Q(A).

What commutators do in homology

The commutator in a grouplike space corresponds to the Hopf algebra Lie bracket
below:
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Definitio 9.3.2. The Hopf algebra Lie bracket is the composition

[, ln:ARAL® 440404 A A0 AR A

1®1Re®Re A®A® A®A mult A

The Hopf algebra Lie bracket on A induces the Hopf algebra Lie bracket on the
associated graded

EjA.
Recall

Lemma 9.3.3. If'v and y are primitive classes, then the Hopf algebra Lie bracket
is the commutator Lie bracket, that is,

[z, yli = [z, y] = zy — (—1)teel)deeW)yq,

Since commutators of primitive classes are primitive, it follows that any iterated
Hopf algebra Lie bracket of primitive classes is equal to the corresponding iterated
commutator.

A fltration compatible with the powers of the augmentation ideal

We defin a decreasing f Itration on the homology of
OY7Z x QXX

so that U, is filtratio preserving.

Let V' be the reduced homology of X, W be the reduced homology of Y, and
M =Y., V"W = the reduced homology of Z = \/, ., X"* AY.

On the homology T'(V') of QX X, choose the filtratio by powers of the augmen-
tation ideal.

Defin the filtratio on M by
FPM=F'M=M, FM=) v¥few

k>i

Extend this filtratio multiplicatively to T'(M) via:

F'T(M)=T(M),F*T(M) = IT(M) =T (M),
FFM@--eM)= Y F'M@--F"M

i1t =k
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Finally, extend the filtratio to the tensor product T'(M) @ T (V') by
FNT(M)®T(V)= > FT(M)® FT(V).
it+j=k
Then the associated graded of this filtratio is
EYT(M)®T(V))= E'T(M)® E°T(V) =2 T(M)®T(V).

The isomorphism @ in the primitively generated case

Observe that U is filtratio preserving and, since EST(V @& W) is primitively
generated, the map E° ¥ = & is the isomorphism from Example 8.7.4:

o:T(A)TV) “ELT(VaW)eT(VeWw) 2 7V e W)
which is define as follows:
VR QW — T(VaeW)
is the iterated commutator
1 @ @y +— ad(xy) ... ad(zg)(y).

M=) VH*FeW -T(VaeWw)
k>0

is the sum of these maps and
T(M)—-T(VaeW)
is the multiplicative extension.
TV)->TVaeW)
is the inclusion.
From Example 8.7.4, ® is an isomorphism.
Conclusion of the proof of the Hilton—Milnor theorem

Since the filtratio is finit in each degree, E’W = ® is an isomorphism implies
that ¥ induces an isomorphism in homology with any fiel coefficients for exam-
ple, with coefficient in the fiel with a prime number of elements.

If werestrict X and Y to be finit type CW complexes, we get that ¥ is a homology
isomorphism with coefficient the integers localized at any prime.

Since any CW complex is a direct limit of finit type cell complexes and since
homology commutes with direct limits, we get that ¥ induces an isomorphism for
all cell complexes with coefficient localized at any prime. In other words, ¥ is a
equivalence localized at any prime.
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Hence, ¥ is a homotopy equivalence for all connected CW complexes X
and Y. ]

Exercises

(1) Lett: A — Abe the inverse map in a connected Hopf algebra over a ring R,
that is, it is the unique map such that the composition

AL A0 AL A A 4

is the composition

(a) Show that ¢ preserves the filtratio by powers of the augmentation ideal.

(b) Show that, if  is primitive, then ¢(x) = —z.

9.4 Elements of mod p Hopf invariant one

This section is a summary of the equivalent odd primary forms of the Hopf
invariant one problem and will be used in the forthcoming section on the existence
of higher order torsion in the homotopy groups of odd primary Moore spaces.

Throughout this section, let p be an odd prime. The vanishing Theorem 2.12.2 is
a very strong form of the nonexistence of elements of mod p Hopf invariant one:

Liulevicius—Shimada—Yamanoshita vanishing theorem. Suppose p is an odd
prime. If X is a space such that the degree one Bockstein (3 and the frst Steenrod
operation P of degree 2p — 2 both vanish in the mod p cohomology of X, then
all Steenrod operations vanish.

The above vanishing theorem seems to stronger than the mutually equivalent
forms below. The following theorem lists some of the classical equivalent forms
of what is called the existence or nonexistence of elements of mod p Hopf invariant
one.

Proposition 9.4.1. Ifp is an odd prime, the following are all equivalent:

(@) If v eHy, (QS?" 1, Z/pZ) is a generator, then the p-th power (7 is in the
image of the mod p Hurewicz map

@ Tonp (AP Z/pZ) — Ho,y (QS* 1 Z/pZ).

(b) There existsamap f : P*"? (p) — QS?" "1 such that the mapping cone C
has a mod p cohomology ring which contains a truncated polynomial alge-
bra generated by a class o e H*" (Cy; Z/pZ) truncated at height exactly
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p+ 1, that is,
of #0, offl =0.
(c) Foranyorall s > 1, there exists a 2-cell complex
X, = S+ y, p2n+s+2n(p-1)
forwhich the mod p Steenrod operation P" is nonzero in mod p cohomology.

(d) The Hurewicz map p maps an element of order p in o, —2(Q*S*" 1) toa
generator of the 7,y homology group Hyp, o (02 S*" 1 7)) =2 Z/pZ.

(e) Liulevicius—Shimada—Yamanoshita:
n =1.
We prove the proposition by proving
a) = b) = ¢) = e) = a)
and
a) = d) = a).

The equivalence of condition (e) is essentially the Liulevicius—Shimada—
Yamanoshita Theorem 2.12.2 which we do not prove.

Proof that (a) = (b):
Assume (a) and let f : P>"?(p) — QS52"*! be a map such that
olf] =2
Recall the identificatio with the James construction
QS ~ (S

and the increasing filtratio .J; (S?") which captures the firs k powers of ¢. In
particular the map f factors through the subspace J,(S*n). In the cofibratio
sequence

P (p) L g, (57) L
collapse the cofibratio sequence
£ o Jpea(S7) 5 gy (82)
to a point. The result is the standard cofibratio sequence
P2 (p) — §2np 2, g2np,
The integral cohomology
H(Q5"*1) =T[a] =
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the divided power algebra on a generator v of degree 2n. If
¢ eH™(Cy)

is a generator, we see that

JE=pp(a)=p (‘;j) = (pipl)!.

Reducing mod p, we see that H*(Cy;Z/pZ) contains a truncated polynomial
algebra generated by « of height p + 1.

Proof that (b)) = (c¢):

Let O = J,(S?") Uy C(P*"P(p)) be the complex which validates (b) and let
s > 1. Clearly the Steenrod operation P" is nontrivial in the mod p cohomology
of ¥*C. Using the bouquet decomposition

p—1
ZJP*I (5’2") ~ \/ San’-H
k=1

we can form the two-cell complex

p—1
X, = Escf/ \/ S?nk+s
k=2

for which the mod p Steenrod operation P" is nonzero.
Proof that (¢c) = (e):

The Liulevicius—Shimada—Yamanoshita theorem [50, 76, 121] implies that P!
must be nonzero in the mod p cohomology of the two-cell complex

X, = §¥tsy, e2ntstne-l),
Hence, n = 1.
Proof that (¢) = (a):
Suppose n = 1.
Consider the integral homology Serre spectral sequence of the fibratio sequence
St 083 (3) — 0S?

where S? (3) is the three-connected cover. It is a spectral sequence of Hopf algebras
with

E?, = H.(25%) @ H.(S") = Pl] ® Ela]
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where ¢ is a polynomial generator of degree 2, x is an exterior generator of degree
1, and d?. = z. Thus,

d(F)=pP e

shows that
Ha,-1(25(3)) = Z/pZ.
Now the mod p homology spectral sequence shows that
H.(Q5%(3)) = P#] @ E[7]

and we have the mod p Bockstein differential

BHP] =[P ).
Clearly, [¢*] is in the mod p Hurewicz image in Q.53 (3) and hence also in 2.53.
Proof that () — (d) = (a):

First we perform a computation of the homology of Q252" *! through a small
range of dimensions. (In a subsequent chapter, we will compute it all.)

Consider the path space fibratio
9252714»1 N PQsQ7L+1 N 952n+1.
In the Serre spectral sequence for Z,,) homology we see immediately that

Hy, 1 (9282n+1 ; Z(m) = Z(

p)
generated by x with
"y = .
The formula
d2”(Lp) =pP
tells us that

Hypn—2 (R L)) = L/ pZ
generated by o with
d2n =1 (Lp_la?) =o0.

Since the element .o must die in the spectral sequence, we get the computation
that the reduced homology H., (Q2S*"1; Z,) is
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(D
Z for , = 2n + 1 generated by = with d*"¢ = x.
7./pZ for , = 2np — 2 generated by ¢ with &>" P~V (,»7'z) = 0.
0 for , < 2np + 2n — 3.

In the Serre spectral sequence for Z /DZ, only minor changes occur and we
get that the reduced homology H., (22 S*"*1; Z/pZ) is

2
7./pZ for , = 2n + 1 generated by z with d*"1 = .
7./ pZ for , = 2np — 2 generated by ¢ with d*" =1 (,»~1z) = 0.
7./pZ for , = 2np — 1 generated by 7 with d*"?(:?) = 7 and ' 7 = 0.
0 for , < 2np + 2n — 3.
Note that, if trans = the transgression, then
trans(?) = 7.
We now prove the equivalence of (a) and (d):
P g image ¢ : Ta,, (ST Z/pZ) — Hyp, (252" 7/ pZ)
if and only if:
7 = trans(/) € image ¢ : T, 1 (Q2S*" T Z/pZ)
— Hypy 1 (X S*" 1 2/ pZ)
(write p(7) = 7.)
if and only if:

the integral Bockstein 37 = & is an element of order p which maps onto the
Bockstein 37 = o which is a generator of Hy,,, 5 (Q*S*" "1 Z,,)). O

Let C(n) be the homotopy theoretic fibr of the double suspension ¥ : S?7~1 —
02527+ 1 Jocalized at p. The Serre spectral sequence tells us that C'(n) is 2np — 4
connected and that

(1) H.(C(n); Zy) = Z/pZ for . = 2np — 3 and 0 otherwise for , < 2pn +
2n — 4.

(2) H.(C(n);Z/pZ) = Z/pZ for . = 2np — 3,2pn — 4 and 0 otherwise for
« < 2pn+2n —4.

These results correspond under transgression to the above computations for the
homology of 2 §%7+1,
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Now recall that
H.(QP*" ! (p") : Z/pZ) = T(u,v) =

a tensor algebra generated by u of degree 2n — 1 and v of degree 2n. We have the
loops on the pinch map

Qq . QP2n+1(p7*) N QSZ7L+1
and in mod p homology this induces
(Qq)« : T(u,v) = T(1), ur—0, v 0.

There are the following additional equivalent forms of the nonexistence of elements
of mod p Hopf invariant one:

Proposition 9.4.2. [f s > 1 the following are equivalent:
(@) The p* power vP" is in the image of the mod p Hurewicz homomorphism.
(b) The p* power (" is in the image of the mod p Hurewicz homomorphism.
(c)n=1lands=1.

Proof: 1t is clear that (a) implies (b). Assume (b) and consider the p-th Hopf
invariant maps

Qs2n+1 hy 932p7z+1 hy 952pzn+1 hy

By Proposition 5.2.2, hp(LS:l) =v- Lg;; where v is a unit. It follows from 9.4.1
thatn = land s = 1.

That (c) implies (a) will be not proved here [29]. It is sometimes called desus-
pending the Adams map. 0

9.5 Cycles in differential graded Lie algebras

In this section we are going to exhibit some nontrivial homology classes which
arise in differential graded Lie algebras. We begin with the definitio of a differ-
ential graded Lie algebra.

Definitio 9.5.1. A differential graded Lie algebra is a graded Lie algebra L
together with a degree —1 linear map d : L — L such that

(1) d is a differential, thatis, d o d = 0.
(2) d is a derivation, that is,

dz,y] = [dz,y] + (—1)*8[z,dy] forallz, y L,
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and

da® = [dz,x] forall 2 of odd degree.

Remark. Notice that, if A is a differential graded associative algebra, then the
graded Lie algebra A (given by the bracket operation and the squaring of odd
dimensional classes) is a differential graded Lie algebra.

Remark. Of course, if 2 is a unit in the ground ring, then 22> = [z, ] for odd
degree x and d[x, 2] = [dx, x| — [v, dz] = 2[dx, z] imply that the formula do? =
[dx, x] is a consequence of the derivation property for Lie brackets.

Recall that, in a graded algebra,
ad(z)(y) = [z,y] = wy — (~1)*e1EW g
and we write
ad(x)" (z)(y) = ad" (z)(y)
for the iterated Lie bracket.

Lemma 9.5.2. Let x be an even degree element in a graded associative differential
algebra with differential d. Then

(a)
n—1

da" = Z(j,n — j)ad" ! (x)(dx)z’
Jj=0

(b) and thus, if the characteristic of the ground fiel is a prime p,
dz?" = ad” "' (z)(dz).
We set 1, (x) = ad?" ! (z)(dx) and note that
d(m(x)) = 0.
Proof: Part (a) follows by induction using the derivation formula
dz" =d(z" ' - 2) = (dz" Yz + 2" (dx)

= (dz" Nz +ad(z" V) (z) + (dz)z" L.

Part (b) follows immediately from part (a). Il

Hence, in characteristic p, we have found a nonzero Lie element 74 () which is a
cycle. We are going to fin another one.
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Lemma 9.5.3. Let x be an even degree element in a differential Lie algebra. If
the differential is d and k > 1, then

d(ad" " (z)(da))

Z [ad? 1 () (d), ad* 1 (2) (da)] if k = 25 + 1 is odd
and
i k— §)lad’ ™ () (dx), ad* 1 () (dx)]

+ (s,8){ad* ' (z)(dz)}* ifk = 2s is even.

Proof: 1Tt is simplest to proceed as follows:

If 2 is a unit in the ground ring, then the desired formula can be rewritten as

k-1

Y Gk = j)lad’ ! (2)(dz), ad" 1 () (dx)].

j=1

1
E-L( 1
d(ad =5

This form can be proven by induction using the well known formula for the sum of
binomial coefficients (i —1,7) + (4,5 — 1) = (¢, j), and the derivation formula
d(ad® (z)(dz)) = d[z,ad" 1 (z)(dz)] = [dz,ad" ! (z)(dz)]

+ [z, d(ad* " (z)(dz)))].

It is easy to do. Assume that it has been done.

The truth of the general case of the formula then follows by the following consid-
erations:

(1) With the ground ring the integers Z, consider the differential free graded
Lie algebra L(x, dx) generated by two elements z and dz. This embeds in
the free graded Lie algebra L(z, dx) ® @ over the rationals Q where 2 is a
unit. Thus, the formula is true in this integral case.

(2) Hence, it is true in the free graded Lie algebra L(z,dz) ® R over any
commutative ring K.

(3) It follows that it is true in any graded Lie algebra over any commutative
ring. ]
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We see in an explicit way that d(ad”k “(x)(dx)) = d(7;,(z)) has all of its coeffi
cients divisible by p and we defin

71(2) = 7 d(r(z)
Z;E? (J/‘p;;j)[adj*l(x)(da:),ad"k “I=Y(x)(dz)] ifpis an odd prime
= VL Y ad ! (@) (de), ad® T (@) (da)]}
+ @2  (2) (da) )2 if p=2.

If 2 is a unit in the ground ring, then the definitio assumes the more symmetric
form

pF-1 B L
o) = 5 3 LD o))’ ) )

Over any commutative ring which has the property that all projective modules are
free, let L(x, dx) be the differential free graded Lie algebra generated by x and
dz. The kernel L of the natural map

L(z,dz) — L(z), x — x, do — 0

is the free Lie algebra generated by all ad®”~!(z)(dz). Among other things, it
is a free module over its ground ring. And two-fold brackets of its distinct odd
degree generators together with the squares of odd degree generators are linearly
independent in it.

In particular, since d(poy, (x)) = d(dm,(x)) = 0, it follows that
d(or(z)) =0, op(x) #0
in Ly. Thus, we have
Lemma 9.5.4. If x is an even degree element, then
(D
doy(z) = 0.
2
[on ()] # 0
in HL(x,dx).
(3) If'the ground fiel has characteristic p, then
dr, () = 0.
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(4) If the characteristic is p, then

(7 (2)] # 0
in HL(z, dzx).

Proof: Parts (1) and (3) are already done. Part (4) follows from looking at the
bigrading that comes from counting the number of occurences of = and dx.

More precisely, 75, (x) has bidegree (p* — 1,1) and L(x,dx) is 0 in bidegree
(p*,0). Hence, 73, () cannot be a boundary.

Part (2) follows from the fact that oy (x) has bidegree (p* — 2,2) and L(z, dx)
is generated by 7 () in bidegree (p* — 1, 1). Since d;(x) is divisible by p, it
follows that o () is not a boundary.

Remark. Lemma 9.5.4 remains true in a differential graded quasi-Lie algebra.
The proof does not require the use of the triple Jacobi identity [z, [, z]] = 0 for
odd degree elements.

Exercises

(1) If L = L(x,). is a free graded Lie algebra over a ring for which projective
modules are free modules, show that the elements [z, ,x3], a # [ and x%
with 2, of odd degree are linearly independent.

9.6 Higher order torsion in odd primary Moore spaces

Throughout this section, let p be an odd prime. We are going to prove that higher
order torsion exists in the homotopy groups of a mod p” Moore space. We need
a Lie algebra structure on mod p Samelson products. Therefore, in order to prove
some of these results, we assume either that p is greater than 3 or that » > 2. The
results are true even if p = 3 and r = 1 but the proof is harder and will not be
given in this book.

Let
p: PP (p) — QPP
and
v P (p) — QP (p)

represent generators of the mod p homotopy groups with the Bockstein differentials
Bv = p, 3= 0.
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Consider the 5" cycles from Lemma 9.5.4:

(v) = ad” "' () (1) & EL(QP* (7 ))anpt 1

o1 () = 55 ™ () (), 0”7 () ()] € BLOP ()i

If p is a prime greater than 3, then the mod p homotopy Bockstein spectral
sequence is a spectral sequence of differential graded Lie algebras and these are
always cycles. If p = 3, then the mod p homotopy Bockstein spectral sequence
is a spectral sequence of quasi graded Lie algebras if » > 2 and, since the triple
vanishing identity is not required for the proof, these are cycles if r > 2.

H*(QPQTH—l(pT);Z/pZ) — T(u,v) _ E}{(QP2"+1) - ... = E;I(QPQn—O—l)

the tensor algebra generated by w of degree 2n — 1 and v of degree 2n with
("v = u. On the other hand, all mod p homology information disappears at

E}{H(QPQnH(pT‘)) = H.(T(u,v),0") =Z/pZ.

Note that the free graded Lie algebra L(u, v) is embedded as a Lie subalgebra of
the tensor algebra T'(u, v). In fact,

L(u,v) C P(u,v) C T(u,v)
where P(u,v) is the submodule of primitive elements. Furthermore,
P(u,v) = L(u,v) U&L(u,v) UE L(u,v) U---

where £ is the Frobenius map which raises even degree elements to the p-th
power and which is 0 on odd degree elements. In other words, the only difference
between the module of all primitives and the module of all Lie elements is that the
former has p”-th powers of even dimensional Lie elements. The image of the mod
p Hurewicz map contains all the Lie elements as images of Samelson products
and, on the other hand, the mod p Hurewicz image is contained in the module of
primitive elements.

Consider the Hurewicz map of mod p Bockstein spectral sequences
(pr . E; (QP271+1 (pr)) _ E;—I (QP2n+1 (pr)).

Differentials are zero and nothing happens in the homology Bockstein spectral
sequence until we reach the r—th stage. Clearly,

L(u,v) Cim ¢" C P(u,v)

and the results on the nonexistence of elements of mod p Hopf invariant one
place severe restrictions on the extent to which the Hurewicz image can be larger
than the graded Lie algebra L(u, v). In particular, the only time that v?" is in the
Hurewicz image is whenn = 1,k = 1.
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We detect higher order torsion in homotopy groups by means of the Hurewicz
representation of the mod p homotopy Bockstein spectral sequence in the mod p
homology Bockstein spectral sequence. We note that the Hurewicz image

im " C PEy (QP*" " (p"))

is a differential submodule of the module of primitives.
Definitio 9.6.1. The factored Hurewicz map is

g B QP () — HPE} QP ()
which factors the Hurewicz map of Bockstein spectral sequences as

BN QP (p") — H(img") — HPER (QP*" " (p"))
— B QP ).

Thus, the range of the factored Hurewicz map is the 5 homology of the module

of primitives. If we replace this range by the 3" homology of the Hurewicz image
itself, we shall call it the strongly factored Hurewicz map.

Proposition 9.6.2. With the restrictions on p and r as indicated in the frst para-
graph of this section,

(a) The elements [0 (v)] € ELTL(QP* 1 (p")) are nontrivial for all k > 1.

(b) The elements [11,(v)] € ELTH(QP*" 1 (p")) are nontrivial for all k > 2 or
allk > 1,n > 1.

This is a consequence of the fact that these classes have nontrivial image under
the strongly factored Hurewicz map. The elements 74 () have Hurewicz image
B v = 7. (v) but the nonexistence of elements of mod p Hopf invariant one
implies that the powers v?" are not in the Hurewicz image except in one case,
r=1n=1.

Hence, we have proved that there exist elements of order > p'*! in
T (QP? T (p")) = w1 (P?" 1 (p"). The exact order and dimension require that
we know more, namely, that " ! o 8711 (v)] = [0 (v)] # 0. If we knew this
nontriviality of the r + 1-st Bockstein differential, then the properties of the Bock-
stein spectral sequence would imply:

Proposition 9.6.3.
Topkn—1 (P2n+1 (p7))
contains a 7.]p" ' Z summand.

The nontriviality of the homology class, that is, the fact that [ (v)] # 0 in the
homology of the primitives

HPE;{(QPQnJrI(pr)) _ EZ+1(QP2n+1(pT))
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follows from the identity
HPEL (QP* " (p")) = HPUL(u,v) = HP(u,v)
and from Proposition 9.7.5 that [0, (v)] # 0e H P (u,v).

The equation
P o ()] = [ow (u)]

will be proved in the computation of the mod p homology Bockstein spectral
sequence for the so-called fibr of the pinch map P?>"*!(p") — S2"*1 in Propo-
sition 11.5.2.

Exercises

(1) If pis a prime greater than 3, fin a countable number of nonzero elements
in the r + 1-st term of the mod p homotopy Bockstein spectral sequence of
the loop space of the even dimensional Moore space QP?"+2(p"). (Hint:
Consider [v, v] where v generates o, 1 (QQP*" T 2(p"); Z/pZ).)

(2) Use Section 9.2 and this section to give another solution to exercise 1.

9.7 The homology of acyclic free differential graded Lie algebras

In this section the ground ring will be a fiel K of finit characteristic p. We shall
show that, in a sense to be made precise, the operations 7 (x) and oy, (x) generate
all of the homology of a so-called acyclic differential graded Lie algebra.

Algebras generated by acyclic modules

Recall that an acyclic graded module V is a differential module with H(V, d) = 0.
Given such V, we defin three objects which are referred to as acyclic even if, in
fact, they are not, they are merely generated by an acyclic module.

The acyclic tensor algebra is 7'(V') with the usual differential. We note that it is
in fact acyclic in the sense that HT' (V) =T(H(V)) =T(0) = K.

The acyclic free graded Lie algebra is L(V') C T'(V'). We have already seen that
7 (z) and oy (x) represent cycles which are nonhomologous to zero in the so-
called acyclic free graded Lie algebra L(z, dx) with the degree of = even. It is the
purpose of this section to compute the homology HL(V).

Consider also the related differential object, P(V') = the module of primitives in
T(V). P(V) may be called the acyclic free primitive module or the acyclic free
restricted graded Lie algebra. We shall compute the homology HL(V) firs and
then H P(V') will be a corollary.



9.7 The homology of acyclic free differential graded Lie algebras 307

In the previous section, we saw that the factored Hurewicz map detects higher
order torsion in the Bockstein spectral sequence. The homology of the graded Lie
algebra H L(V') corresponds to homotopy in the Bockstein spectral sequence. The
map HL(V) — HP(V) is the algebraic version of the factored Hurewicz map.

Useful operations on even dimensional classes

Defin three operations 7(x), o(x), n(x) on an even dimensional class x as
follows:

(1)
7(z) = ad? ! (z)(dz) = 7 (z) = d(zP).

The purpose of 7(x) is to be killed by z*.
Note that d(z"" ) = 7. (z) = ad?’ ! (z)(dz) = 7(z*").

@)

1
o@) = o1(z) = Zd(r(x)).

We shall see that, up to a nonzero factor, o(2*" ) and o, () are homologous
cycles, that is,

[U(ka)} = Mlog(2)], M\ #0eK.
3)
n(z) = 2?7 (dx).

We shall see that there exists a noncommutative polynomial () of degree
< pin the Lie elements from L(z, dx) such that

d(n(z) + K(x)) = o ().
In other words, the purpose of n(z) is to kill o(z).
The homology of acyclic free graded Lie algebras is given by:

Proposition 9.7.1. Write L(V) = HL(V) ® K where K is an acyclic module. If
K has an acyclic basis, that is, a basis

{Zas Yo, 25,05}
with
dxe = Yo, deg(z,) even,
dzg = wg, deg(zp) odd,
then HL(V') has a basis

{Tkr (xn/)7 (o3 (xn,)}(y,kzl .
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Remarks. Before we begin the proof of Proposition 9.7.1, we review some useful
facts concerning connected Hopf algebras and universal enveloping algebras.

Recall the following result of Milnor and Moore: [90]
Proposition 9.7.2. Let B be a connected Hopf algebra over a fiel of character-
istic p. Then primitives are indecomposable in B, that is,
P(B) — Q(B)

is a monomorphism if and only if B is associative, graded commutative, and all
p-th powers are zero.
(In the case of characteristic zero, the above is true with no condition on powers.)
Corollary 9.7.3. Let B be a connected differential Hopf algebra over a field
Then

(a) B has indecomposable primitives implies that the homology Hopf algebra

H B has indecomposable primitives.

(b) B is primitively generated (that is,P(B) — Q(B) is an epimorphism)
implies that the homology Hopf algebra H B is primitively generated.

(c) B is biprimitive implies that the homology Hopf algebra H B is biprimitive.

Proof of the corollary: Part (a) is a clear consequence of 9.7.2.
Part (b) needs the following result which is left to the exercises.

Lemma 9.7.4. Any connected Hopf algebra B over a fiel is a direct limit of finit
type Hopf algebras.

Since homology commutes with direct limits, we may assume that B is primitively
generated of finit type in order to prove Part b),

But, in this case, the dual Hopf algebra B* has indecomposable primitives and,
by Part (a), so does the homology H (B*). Hence, the homology HB = (H B*)*
is primitively generated.

Part (c) is a consequence of Parts (a) and (b). ]

Let L be a connected graded Lie algebra, that is, Ly = 0, and let A = UL be the
universal enveloping algebra.

Recall that the Lie filtratio on A is the increasing filtratio with

RA=K, FA=K+L
F,A=F,  A+im (PA® F,_;A ™ A).
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This filtratio is multiplicative, that is,
FA-FAC Fyy A,
and comultiplicative
A(FA)C Y FA® FA.
itj=k

Thus, the associated graded object E’A = F,A/F,. 1A has an induced Hopf
algebra structure.

EY A is primitively generated by EY A = L.

Moreover, EA = S(L) = E(Loqq) ® P(Leyen) is associative, graded commu-
tative (which includes that the squares of odd dimensional classes are zero).

Hence, if L is a connected differential graded Lie algebra, then the Lie filtratio
on the differential Hopf algebra A = UL define a spectral sequence of Hopf
algebras abutting to the homology HU L. All the spectral sequence terms E} A
are primitively generated differential Hopf algebras,

P(ELA) — Q(ELA)
is an epimorphism, and, of course, the differentials satisfy

& (P(E]A)) C P(EA).

Armed with the above remarks, we proceed to:

Proof of Proposition 9.7.1: The computation of HL(V) is a consequence of the
following facts:

(1) E] = ELT(V) is a spectral sequence of primitively generated differential
graded Hopf algebras.

2
EX =K, EY=L(V), and E] = HL(V).

The idea is that, by the time we reach E%°, the generators of £} = HL(V') must
be eliminated by differentials in the spectral sequence. Understanding the way in
which this elimation can occur will compute the homology HL(V').

Then
E)=S(L(V))=SHL(V)® K) = S(HL(V)) ® S(K),
bidegree(L(V))) = (1, ),

and the differential " maps bidegree (¢, %) to bidegree (t — r, *).
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Here is a detailed description of the effect of the differentials dz, = y, and
dzg = wg:
(D
d’zo = ya
eliminates the generators z, and y, and, in the process, it creates as

nontrivial homology classes the primitive generators of E!, x? and
2271y, = n(z,), both of bidegree (p, *).

(2) In the universal example, A = T'(x, dz), d’ does not eliminate o (z) since
it is a nontrivial homology class in HL(V'). But it must be eliminated
by an element with p — 1 occurences of = and 1 occurrence of dx. There
are only two possibilities, 7(x) which cannot do it since dr(x) = 0, and
n(z) = 2P~ (dx) which therefore must do it, at least up to unit which can
safely be ignored. Since 7(x) has bidegree (p, ), this implies that, up to a
unit,

& n(z) = o(x).

If we interpret what this means in a spectral sequence, we can assert the
more precise statement: There is a noncommutative polynomial

k(z) € T'(z,dx)
which has Lie filtratio < p such that
d(n(z) + r(z)) = o(x).
(3) Therefore, for all z,,,
d(n(wa) + K(wa)) = 0(2a), and &’ n(za) = o(za)-

Since d* 1 ()(z4 )0 (24)7) = o (24 )71, this differential eliminates the two
generators 7(x, ) and o(z) and it creates no new generators.

(4) Since d(2?) = 7(x, ), we have d” ! (22) = 7(x, ). This differential elimi-
nates the generators =¥, and 7(z,, ) and creates the two primitive generators
27" and n(a?).

(5) Since

and
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with k(22 ") of Lie filtratio < p, we have the differentials

k-1

@) =)

k-1

d" M (n(l ) = o=k ).

The continuation of this pattern explains the existence of the basis elements
k— k— .
7(z? ") = 7 (x,) and o(z2 ) in the homology HL(V).
(6)
do Zp = Wp
eliminates the two generators zg and wg and, since dO(ZgU)?}) = w;f,“, it
creates no new generators.

Since all generators must be eliminated, it follows that

(me(za) = 7(@2 ), 0(2 ekt

is a complete list of the basis of HL(V).

The proof is completed by noting that, in the universal example, L(x, dz),
the nonzero homology classes [o(2*" )] and [0 (x)] both have weight
p* — 2 in x and weight 2 in dz. Therefore, they must be equal up to a
unit.

Hence,

{Tk (xa )s O (xa)}avkzl

is a basis for HL(V). O

Consider the short exact sequence

0— L(V) — P(V) — P(V)/L(V) — 0.

Since P(V')/L(V') has a basis of p—th powers, its basis is

{xt’ wI;l ok () Ya,j>1-

Furthermore, H(P(V)/L(V)) = P(V)/L(V) and the long exact homology
sequence shows that

Proposition 9.7.5.

(a) The homology HP (V') has a basis
{wh o) Yo 00k > 1,5 > 0},

(b) The image of HL(V') — HP(V') has a basis {0} (z4) }a k>1-
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Exercises

(1) Let x and y be elements in an associative algebra A and suppose that = has
even degree.

(a) Show that
n—1

ad(a")(y) = ) ad"~ (z)(y)z’.

j=0
(Hint: Use induction and the formula
ad(a")(y)z + ad(z)ad(z" ") (y) + ad(z)(y)z" ")
(b) If A is an associative algebra over a fiel of characteristic p, show that
ad(z")(y) = ad” (z)(y)-

(c) If A is an associative differential algebra over a fiel of characteristic p,
show that

L(z?,d(2")) C L(z, dx).

(2) Show that, for even degree elements x, the fact that x(z) has Lie filtratio

< p in UL(x,dx) implies that the element (2" ) has Lie filtratio < p in
UL(z,dx) for all k.

(3) Prove Lemma 9.7.4.
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Differential homological algebra is used in algebraic topology to study the homol-
ogy of fibrations The Serre spectral sequence [116] determines the homology of
the total space given the homologies of the base and fibre In general, given the
homologies of two out of the three, base, fibre and total space, various techniques
have been developed to determine the homology of the third.

Two cases of historical interest are the following: (1) Given the homology of a
space, determine the homology of the loop space. (2) Given the homology of
a topological group, determine the homology of the classifying space. In a real
sense, these problems are dual to one another and have specifi solutions.

The problem of determining the homology of the loop space is solved with the
help of the cobar construction introduced by Frank Adams [1]. This differential
algebra, when applied to the chains on a space, is homologically equivalent to
the chains on the loop space together with the multiplication induced by loop
multiplication.

The problem of determining the homology of the classifying space is solved with
the help of the bar construction introduced by Eilenberg and MacLane [41] and
followed up in a geometric form by John Milnor [86]. This differential coalgebra,
when applied to the chains on a topological group, is homologically equivalent to
the chains on the classifying space together with the coalgebra structure given by
the diagonal.

In order to study the cobar and bar constructions, we begin with some preliminary
algebraic results on algebras and coalgebras. We describe derivations on algebras
and coderivations on coalgebras. We pay special attention to the universal associa-
tive algebras and the universal associative coalgebras, the so-called tensor algebras
and tensor coalgebras. This is used to describe the differentials in the cobar and
bar constructions.

The chains on a principal bundle are modeled by twisted tensor products of
differential algebras and differential coalgebras [20]. The chains on the path space
are modeled by a universal twisted tensor product involving the cobar construction.

313
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Dually, the chains on the universal bundle are modeled by a universal twisted tensor
product involving the bar construction.

The limitations of specifi models for fibration are overcome by the introduc-
tion of relative homological algebra. To this end, we study modules over algebras
and determine the projective objects. We study tensor products and their derived
functors which will be used in the study of homogeneous spaces. We encounter
certain problems with the homological algebra when applied to differential mod-
ules. These problems were solved by the introduction by Eilenberg and Moore of
projective classes [43]. In a projective class, the definition of projective objects,
epimorphisms, and exact sequences are changed in a consistent manner which
make them more suitable to application to topology.

Ofmore interest to us here in this chapter is the study of comodules over coalgebras.
We introduce the notion of cotensor product of comodules and proceed to study
the derived functors with the help of relative injective classes wherein the injective
objects, the monomorphisms, and the exact sequences are modifed in a consistent
manner.

In the language of Bill Singer, the main object of this chapter is the second quad-
rant Eilenberg—Moore spectral sequence. A special case of this spectral sequence
computes the homology of a loop space and is used by us in the next chapter to
study the homology of the fibr of the pinch map and thence to prove the funda-
mental splitting theorems into a product. These lead to the exponent theorems for
spheres and Moore spaces at odd primes.

Much of the material in this chapter is inspired by the seminal Cartan seminar of
John Moore [94] on the homology of classifying spaces. The firs application of
relative homological algebra to the study of classifying spaces occured there. And
it introduced the use of the differential Tor of several variables to study coproducts
in the homology of classifying spaces. But, since the chains on a topological group
are a differential Hopf algebra, the diagonal, being a map of differential algebras,
can induce the coproduct and thus make the use of the differential Tor of several
variables optional.

We introduce here the use of the differential Cotor of several variables in order to
defin and to study products in the homology of the loop space. In this case, there
is no pairing of the chains on a topological space which can induce the algebra
structure in differential Cotor. The use of differential Cotor of several variables is
essential to defin an algebra structure in differential Cotor which corresponds to
the multiplication in the loop space.

In the case of the second quadrant Eilenberg—Moore models, the dominant alge-
braic structure is the structure of an associative algebra in differential Cotor.
Coalgebra structures may occur but they are not always present. When present
for a natural reason, they are consistent with the dominant structure. For example,
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if we start with a differential coalgebra which happens to be a differential Hopf
algebra, then we get a coalgebra structure in differential Cotor and this combines
with the algebra structure to give a Hopf algebra structure in differential Cotor.

The paper of Eilenberg—Moore [42] introduced the spectral sequence of the same
name but also the more fundamental Cotor approximation to the chains on a
homotopy pullback. Our treatment has also been influence by Larry Smith’s thesis
[122] on the Eilenberg—Moore spectral sequence and by the paper of Husemoller,
Moore, and Stasheff [64]. The latter is especially insightful in its treatment of
twisted tensor products. And twisted tensor products have a nice summary in a
paper of Hess and Levi [52].

In the last chapter of this book, we complete our presentation of differential
homological algebra by presenting the so-called firs quadrant Eilenberg—Moore
spectral sequence which computes the homology of classifying spaces.

10.1 Augmented algebras and supplemented coalgebras

Throughout this chapter, we shall use the following sign convention for tensor
products of maps f : A — C and g : B — D of possibly nonzero degree. A sign
is introduced whenever elements of nonzero degree pass by one another, that is, the
map f®¢g: A® B — C ® D is given on tensor elements by (f ® ¢)(z ® y) =
(~1) S0 £ (1) @ ().

We begin by recalling some well known notions concerning augmented algebras
and indecomposables. Although these notions are extremely well known, it is
worthwhile reviewing them in order to make the dual notions transparent. Then
we shall continue by considering the dual notions of supplemented coalgebras and
primitives.

An algebra A is a positively graded module over a commutative ground ring R
which has an associative multiplication i : A® A — Aandaunitn: R — A.

In detail, a multiplication is a degree O linear map p: A® A — A, written
u(a ®b) = a - b, which is associative so that the diagram

p®1
—

A A® A A® A
1o L p
A® A LN A

commutes and 7 is a two-sided unit so that the diagram

n®l 1®n
AN =

R® A AR A
SNV S

A

A®R
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commutes. The slant maps above are the canonical isomorphisms, thatis, 1 - a =
a-l=aforallaeA.

The algebra is called (graded) commutative if a - b = (—1)de(@)dee®) . ¢ for all
a,be A, that is,

AA L AcA

[N S
A

commutes where 7 : A ® A — A is the twist map, T'(a ® b) = (—1)des(@)des(b)
b® a.

Recall that the ground ring R is an algebra concentrated in degree 0 with multi-
plicationp: R R=R, u(l1®1)=1andunitn: R= R, n(1) =1.

An augmented algebra is an algebra A over R together with a map of alge-
bras € : A — R. We denote the augmentation ideal by I(A) = A = kernel(e). It
can also be called the reduced algebra. Note that we have a direct sum decom-
position A = A @ n(R). We identify R ~ n(R); it is the summand generated

by 1.

Remarks. A differential algebra is just an algebra A with the extra structure of a
degree —1 differential d : A — A for which the structure maps of multiplication
and unit are maps of differential objects. The ground ring R is a differential
algebra with the zero differential. And an augmented differential algebra is just a
differential algebra with the augmentation € : A — R being a map of differential
objects. In particular, A is closed under the differential.

Definitio 10.1.1. If A is an augmented algebra, the module of indecomposables
QA is the cokernel of the reduced multiplication, that is, QA= A/A-A =
coker p:ARA— A.

The product ideal A - A C A is called the module of decomposables and, if A is
connected, that is, if € : Ay = R, then QA is related to choosing a set of algebra
generators as follows. We shall say that we have chosen a generating module for
A if we have chosen a linear map « : QA — A which is a section of the natural
projection 7 : A — QA, that is, 7-¢ = 1g4. (Choosing a set of generators is
equivalent to choosing ¢ and a set of module generators of Q A.)

Lemma 10.1.2. If A is a connected augmented algebra with a choice of generating
module i, then the iterated multiplication maps

tn : QA® ... (n—times) - Q@ QA

MZ@...(nftimes)~~®Zﬂu—ltaZ



10.1 Augmented algebras and supplemented coalgebras 317

combine to give a surjective map

Du P QAv- QA4
n>0
that is, every element of A can be written as a sum of elements of the form
tar) - ...tay) with a; e QA.
Proof: Use induction on the degree and the split exact sequence
ARA—-A—QA—0
to get A = 1(QA) ® (A A). 0

Corollary 10.1.3. Let f, g : A — B be two maps (homomorphisms) of augmented
algebras and let L : QA — A be a generating module. If f -+ =g -1, then f = g.

Definitio 10.1.4. Let f: A — B be a map of augmented algebras and let g :
A — B be a linear map of possibly nonzero positive or negative degree. Then
g is called a derivation with respect to f if e - ¢ = 0 and the following diagram
commutes

ApA L% peop
Lu bu
A KN B.

The next lemma shows that derivations are like homomorphisms in that they are
determined by their values on generators.

Lemma 10.1.5. Let g, h : A — B be two derivations with respect to a homomor-
phism f of augmented algebras and let L : QA — A be a choice of a generating
module. If g - v = h - 1, then g = h.

Proof: Merely note that
glay -+ a; - ay)
=3 | (—1)deslo)ldeglar)tdeglain)) rq .. ga; - - fan
and similarly for h. O

Corollary 10.1.6. Let f : A — B be a map of augmented algebras and suppose
that A and B are in fact differential algebras. If 1 : QA — A is a choice of a
generating module and d- f -1 = f-d -, then f-d=d- f, thatis, f is a map
of augmented differential algebras.

Proof: Note that d - f and f - d are both derivations with respect to f and are
therefore determined by their effect on generators. 0

We now turn to supplemented coalgebras.



318 Differential homological algebra

A coalgebra C' is a positively graded module over a commutative ground ring R
which has an associative diagonal A : ' — C'® C and a counit € : ' — R. We
denote the so called reduced coalgebra by C' = kernel(e).

In detail, a diagonal is a degree 0 linear map A : C' — C' ® C which is associative
in the sense that the diagram

c & cec
1A |A®1
ceoC 2% cecCcecC

commutes.
A counit is a degree 0 linear map ¢ : C' — R such that

C
>~/ A\
ReC <& cec 25 O0®R

commutes where the slant maps are the canonical isomorphisms.

The coalgebra is called (graded) commutative if

C
A A
cec L cecC

commutes.

Recall that the ground ring R is a coalgebra concentrated in degree 0 with diagonal
A:R=RQR,A(l)=1®1landcounite: R= R, ¢(1) = 1.

A supplemented coalgebra is a coalgebra C' over R together with a map of coal-
gebrasn : R — C.

We have a direct sum decomposition C' = C @ n(R). We identify R ~ n(R)
and we note that the counit properties show that diagonal can be described
via:

A =181,
and, if ceC, then
Ale)=c®@1+1@c+Xd @
where ¢/, c¢"eC.
The reduced diagonal A : C — C @ C'is given by A(c) = 3¢ @ ¢”.

Remarks. A differential coalgebra C' is just a coalgebra with the extra structure
of a degree -1 differential d : C' — C' for which the structure maps of diagonal
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and counit are maps of differential objects. The ground ring R is a differential
coalgebra with the zero differential. And a supplemented differential coalgebra
is just a differential coalgebra with the supplement 1 : R — C' being a map of
differential objects.

The following is the coalgebra notion which is dual to the notion of indecompos-
ables for an augmented algebra.

Definitio 10.1.7. If C is a supplemented coalgebra, the module of primitives
PC is the kernel of the reduced diagonal, thatis, PC =ker A:C — C®C.
Thus, ce PC ifand only if A(c) = c®@ 1+ 1®ec.

The primitives form the firs stage of an increasing filtratio of the reduced coal-
gebra C.

Let C be a supplemented coalgebra. For n > 1, the coalgebra C' has a unique
iterated diagonal given by

A C - C®...(n—times)---®C
where
AL — 1, AR = A
A) :(1®...®1®A).A<n—l) :---:A®1®---®1)-A(”‘1).
This is well define by Exercise 8.

Similarly, for n > 2, the reduced coalgebra C has a unique iterated diagonal given
by

A :C—-C®...(n—times) - @C
where
AV =15 AP =

(nfl):_”:(z®1®_”®1)_z(7171).

AY=-(1g---®10A)-A
Definitio 10.1.8. If C' is a supplemented coalgebra, the reduced coalgebra
filtratio is the increasing filtratio of C given by F,C = ker A :C —
C®---®C.

Thus, F»C = PC and if C is connected, that is, if Cy = R, then F,,;1C = C in
degree n.

Lemma 10.1.9. Let C be a supplemented coalgebra and assume that C'is fla as a
module over R. Then, forn > 2, F,,C' = the inverse image of PC ® --- @ PC C
C ® ---® C with respect to the map A,
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Proof: Tt is clear that the inverse image via the map A" of any
Ce @0 PCeC®--aC

is contained in F;, C'. Thus, the inverse image of PC ® --- ® PC is contained in
F,,C. We need to show that A" factors through PC ® --- ® PC.

Assume inductively that we can factor
—(n-1)

A F,C—-PC® - PCRC®---0C

with k& < n — 2 factors of PC. Thus, F;,C'is contained in the inverse image of
PC® - @PCoC® --@C

with respect to the map Z( n=l) and F,, C is precisely the kernel of the composition

_ ~(n-1) . .
2 PC® - - @PCRC®--®C

1819808 PO ... PCRCRC® - ®C

Since 0 —» PC —C 2. 0O ® C'is exact and C'is flat it follows that F}, C factors
through PC® --- @ PCRC® ---® C with k + 1 < n — 1 factors of PC.

The case k = n — 1 shows that F;, C'is precisely the inverse image of PC ® - - - ®
PC with respect to the map A, O

The dual notion to the choice of a generating module of an algebra is the choice
of a retraction onto the module of primitives of a coalgebra. We have:

Corollary 10.1.10. Let C be a supplemented coalgebra. Assume that C'is fla as
a module over R, that C'is connected, and let r : C'— PC' be a retraction onto
the module of primitives. Then two elements x,y € C' are equal if and only if

(reer) 8@ =re- o 5"
foralln > 1.

Proof: Consider the element z = = — y. If z # 0, then, since C is connected,
there exists n > 2 such that ze F,,C — F,,_,C. Since Z(nfl)(z) ePC®---®
PC,0=@r® —or) A" () =A"""(2). Thus, z€F,_,C, which is a
contradiction. |

The next lemma is the coalgebra analogue to the statement that a map of algebras
is determined by its values on a set of generators.

Lemma 10.1.11. Let f,g: C — D be two maps of supplemented coalgebras
where D is fla over R and connected. Let r : D — PD be a retraction onto the
module of primitives and assume thatr - f = r - g. Then f = g.
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Proof: By corollary 10.1.10, it suffice to note that

(T®'~~®7’)~Z(”)~f:(r~f®~~®7”~f)~z(”>

= (T-g®-~®7“-g)~z(n)Z(T®~--®T)-Z<n)-g

foralln > 1. O

Definitio 10.1.12. Let f : C' — D be a map of supplemented coalgebras. Let
g : C'— D be a linear map of possibly nonzero degree. Then g is a coderivation
with respect to f if g(1) = 0 and the following diagram commutes:

C ER D
1A A
ceoc 129990 pep

The next lemma shows that coderivations are determined by the projection onto
the module of primitives.

Lemma 10.1.13. Let g, h : C' — D be two coderivations of supplemented coal-
gebras with respect to a coalgebra map f : C'— D. Suppose that D is fla over R
and connected. If r : D — PD is a retraction onto the module of primitives and
r-g=r-h,then g = h.

Proof: The proof is similar to that of Lemma 10.1.5.

(T@"‘@T)'Z(n)

= (r@...0r)- (Sfe-0he-af) A" =(ra-.or) A" . h

g=(r® 01 (Ef0 090 -0 f) A"

for all n > 1. Both of the above sums contain n summands, one for each possible
placement of g or h, respectively. O

The next corollary is the coalgebra analogue of Corollary 10.1.6 and its proof is
just the dual of that one.

Corollary 10.1.14. Let f : C — D be a map of supplemented coalgebras with
D connected and fla over the ground ring. Let v : D — PD be a retraction onto
the primitives and suppose that C and D are in fact supplemented differential
coalgebras. Then, v - f -d=1r-d- fimpliesthat f -d = d - f, thatis, f is a map
of differential supplemented coalgebras.
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Exercises

(0))

@

3

“@

®)

(6)

)

Show that the sign convention for tensor product of maps satisfie the com-
position law

(f®g) (h@k)=(—1)tc@de®)(f. )@ (g- k).

Let d: A — A be a derivation with respect to the identity map 1: A — A.
Show that d(1) = 0.

Let A be anaugmented algebra and let D( A) be the graded set of all derivations
of A with respect to the identity map 1 : A — A. Show that D(A) is a graded
Lie algebra. That is, show:

(a) Ineach fi ed degree D(A) is closed under linear combinations.

(b) If d, e e D(A), then the graded bracket [d.c] = de — (—1)des(d)des(c)gq
isinD(A).

(c) Ifde D(A) and deg(d) is odd, then d* = dd is in D(A).
Verify that in a supplemented coalgebra C' the diagonal can be described by
A(l)=1®1,
and, if ce C, then
AC)=c@1+1@c+2d @
where ¢/, ¢ € C.

Show that the diagonal A : C'— C ® C'is associative, that is, (A ® 1)A =
(1 ® A)A ifand only if the reduced diagonal A : ' — C' @ C'is associative,
thatis, (A ® 1)A = (1® A)A.
Let f : C' — D be a map of supplemented coalgebras and let g : C' — D be
a coderivation with respect to f.

(a) Show that f(1) = 1 and f preserves reduced coalgebras and the module
of primitives, f(C) C D, f(PC)C PD.
(b) Show that g preserves the module of primitives, g(PC) C PD.

(c) Show that the composition €-g:C — D — R is 0 and g preserves
reduced coalgebras, g(C') C D.

Let C be a supplemented coalgebra and let ¢D(C) be the graded set of
coderivations of C' with respect to the identity map 1 : C' — C. Show that
¢D(C) is a graded Lie algebra, that is, show that ¢D(C) and the graded
bracket satisfy the same laws as in exercise 3a,b,c.
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(8) In an (associative) algebra A, give an inductive proof that any n-fold multipli-
cation u, : A® ---(n — times)--- ® A — A of n elements is equal to the
composition

pr(pel)- - (p®1®...(n—2—times)---®1)
(L®1®...(n—1—times)---®1).
Similarly, in an (associative) coalgebra C, give an inductive proof that any n-
fold diagonal A : C' — C' ® ... (n — times) - -- ® C is equal to the com-
position
(AR1®...(n—1—times)---®1)
X(A®1®...(n—2—times)---®1)- (A®1)-A.

10.2 Universal algebras and coalgebras
Let V be a positively graded module over a commutative ring R. The universal
associative algebra generated by V' is just the tensor algebra T'(V), that is:
Definitio 10.2.1. The tensor algebra T'(V) is the augmented algebra

TV)=RaVe (VeV)sa(VeaVaeV)as...

with augmentation € : T'(V) — R characterized by (V') = 0 and multiplication
given by justaposition of tensors

pllar @ @a,) @01 @ @by)] =a1 @ ®@a, @by @ Dby
Up to isomorphism, 7'(V') is uniquely characterized by the following universal
property.

Lemma 10.2.2. There is a linear map :'V — T(V) such that for all linear
maps f : V. — Ainto an associative algebra A, there is a unique map of algebras

f:T(V)— Asuchthat f -1 = f.
Clearly, f is given by

flaa® - @an) = (far)----- (fan).
In fact, T'(V) is also universal for derivations:

Lemma 10.2.3. Let f:T(V) — A be a map of augmented algebras and let
g 'V — A be alinear map of possibly nonzero degree. Then there exists a unique
derivation g : T(V') — A with respect to f such thatg-. = g.
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Clearly, g is given by

?(al ®...®an)
=3 (=1)desl@)ldeg(a)+tdeg(ai)l(£q ). (gag) - - - (fay).

We now present the notions which are dual to the above and which apply to
coalgebras. Suppose V' is a connected positively graded module, that is, Vj = 0.
Then the universal associative coalgebra cogenerated by V is the tensor coalgebra
T'(V') which is described as follows.

Definitio 10.2.4.

(a) Asagraded R module, the tensor coalgebra 7" (V) is the same as the tensor
algebra, that is,

T(V)= RaVaeaVeV)e (VavVeV)s....

We remark here that the fact that V' is connected implies that this infinit
direct sum is also the infinit product.

(b) The diagonal is given by
Ala; ® - ®a,) =5 g(a1 @ ®a;) @ (aiy1 @+~ @ ay).

We remark here that this diagonal does not agree with the multiplicative
diagonal which makes the tensor algebra into a Hopf algebra.

(c) The counite: T'(V) — R is given by
e()=1,e(a1 ® - ®a,) =0.
(d) The supplement 7 : R — T'(V) is given by n(1) = 1.
Up to isomorphism, 7"(V')) is uniquely characterized by the universal property:

Proposition 10.2.5. The standard linear map 7w : T'(V) — V such thatm-n =0
has the following property. For all supplemented (associative) coalgebras C' and
all linear maps f : C — V with f - n = 0, there is a unique map of supplemented
coalgebras f : C — T'(V) such that 7 - f = f. That is, f lifis f.

Proof: Since the module of primitives PT"(V') = V, results of Section 10.1 show
that f is unique if it exists. So it suffice to defin a suitable f and check that it is
a map of supplemented coalgebras.

We introduce the notation f(") = f® ... (n — times)--- ® f.
Defin f(1) = 1 and, on the reduced coalgebra C,

F=f+ f<2>Z(2) + f(;;E(z) 4
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To show that f is a map of supplemented coalgebras, we need to show that

Z(Z) . [Enzlf(n)z(n)]

_ [EPZIf(p)Z(p) ® ZqZIf(q)Z(Q)] _Z(2>

= [Ep_’quf(p)Z(p) ®f(q)Z(Q):| R

This follows from the fact that A" = (Z@) ® E(q)) “A®" Whenever
p+qg=n. O

Tensor coalgebras are also universal for coderivations:

Proposition 10.2.6. Let f, g : C — V be linear maps such that f(1) = g(1) =0
and suppose that f has degree 0. Let f : C — T'(V') be the map of supplemented
coalgebras which lifts f. Then there exists a unique coderivationg : C — T' (V)
with respect to f such that -G = g. That is, § lifts g.

Proof: As in the proof of Proposition 10.2.5, the lift g is unique if it exists.

We set

g[”]zzglzlf(@...@g@...@f

with g in the i-th place. Now defin g(1) = 0 and, on C,

=g+ g?A® £ BA® 4 .

We need to check that g is a coderivation with respect to £, that is, we need

——(2 _ _ - — N (2
A()-g=(9®f+f®g)-A<>-

This follows from

Z(Q)g[n]z(m

= Sigen (g[p] ®?(f1) 4 ?(p) ®g[q]) ) (Z(p) ®Z(q)) ~Z<2>.

Exercises

)

@

Letw; ® - @ w, eT"(W). Showthatzw(wl ®--Quw,) =0 if k>
nand, if k < n, it

=YW ®@ - Qwi,) ® (Wi 11 Q- Qwiy) X+ @ (Wi, 11 - Qwy)
the sum being over all partitions of length n tensors into & parts.

Suppose that f : T7"(W) — V' is a degree 0 linear map which is nonzero only
on length m tensors in 7"(W). If f : T"(W) — T'(V') is the unique lift of f
to a map of supplemented coalgebras, show that f(w; ® - - ® w, ) = 0if m
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does not divide n and, if n = mgq, then it

:f(wl®"'®wm)®f(wm+l®"’®w2m)
@ f(w(m,fl)qul ®®wn)

(3) Supposethatg : T"(W) — W is a degree 0 linear map which is nonzero only
on length m tensors in 7"(W). If g : T(W) — T"(W) is the unique lift of
g to a coderivation with respect to the identity map of 7"(WW), show that
g(w; ® -+ @ w,) = 0if n < m and, if n = mg, then it

= 3(—1)des(g)ldes(wi)+tdeg(wi)]y,
R RQw; ® g(wi“ ®"'®wi+m)®wi+m+1 ® @ wy,

the sum being over all subsets of m successive tensors.

10.3 Bar constructions and cobar constructions

The cobar construction is a functor from the category of connected differential
coalgebras to the category of differential algebras which corresponds to the loop
space functor on the category of pointed topological spaces. Dually, the bar con-
struction is a functor from the category of differential algebras to the category of
differential coalgebras which corresponds to the classifying space functor on the
category of topological groups. Since the description of algebras is more intuitive,
we begin with the cobar construction.

Let C be a connected differential coalgebra over a commutative ring R with counit
€ : C — Rand let C' = kernel(e) be the reduced coalgebra. Let s~1C denote the
desuspension, that is,in general,

(571‘/)71 = Vn41-
The cobar or loop construction on C'is the following differential algebra Q(C'):
Definitio 10.3.1.

(a) Asanalgebra, (C) = T'(s~C) = the tensor algebra on the desuspension
of the reduced coalgebra.

(b) Q(C) has a so-called internal differential d; which annihilates the unit, is
a derivation of degree —1, and is given on generators by

di(s7tc) = —s(dc)

where d is the differential of C.
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(c) ©(C) has a so-called external differential dz which annihilates the unit, is
a derivation of degree —1, and is given on generators by

dg (Silc) = E(_l)deg(cﬁ)sflcg ® 571C;~/
where the diagonal is
Ale)=c®1+30d +1®c

(d) ©(C) has a so-called total differential given by d = dr = d; + dg. The
augmented algebra Q(C) with total differential is called the cobar or loop
construction on the coalgebra C.

Remarks. Itisclearthat (d;)?> = 0. Anexercise shows that the associativity of the
diagonal gives that (dz)? = 0. Hence, both the internal and external differentials
give Q(C) the structure of a differential algebra. Since the internal and external
differentials are derivations, the total differential is also a derivation. An exercise
shows that d;dg + dgd; = [d;,dg] = 0 and hence the total differential dy also
gives Q(C) the structure of a differential algebra.

Alternate notation

-®ste, by [ei]...|e,] or

It is customary to denote the element s~ !¢, ® - -
= (—1)des()~1¢ Observe that with

[c1] ... [¢,]. We also introduce the notation ¢
this notation, we have the formulas:

difer| .. | ... Jen] = B(=1)desle)tFdeglci-)=ie | dey| ... |en]
= —X[c|...|az1lde] . . e
and
dglery ... ¢y ooy cn)
— E(_l)dcg(m )+ -4deg(ci1)+deg(c))—i [01| o |c; \c,’/| o |Cn]
=Sferl. . |Glef] - lea]

where the reduced diagonal is:

Ale;) =2c @ .
We now turn to the functor which converts algebras into coalgebras, the so-called
bar or classifying construction.

Let A be an augmented differential algebra over a commutative ring R with
augmentation € : A — R and let A be the augmentation ideal. Let sA denote the
suspension, that is,in general,

(Sv)n = ‘/n—l .



328 Differential homological algebra

The bar or classifying construction on A is the following differential coalgebra
B(A) where the internal, external, and total differentials are all coderivations with
respect to the identity:

Definitio 10.3.2.

(a) As an algebra, B(A) = T'(sA) = the tensor coalgebra on the suspension
of the augmentation ideal.

(b) B(A) has a so-called internal differential d; which annihilates the unit, is
a coderivation of degree —1, and whose projection on the length 1 tensors
is nonzero only on length 1 tensors and that projection is given by

d;(sa) = —s(da)

where d is the differential of A.

(c) B(A) has a so-called external differential dr which annihilates the unit,
is a coderivation of degree —1, and and whose projection on the length
1 tensors is nonzero only on length 2 tensors and that projection is
given by

dp ((sa)(sb)) = (—1)‘1“g(”’) s(ab).

(d) B(A) has a so-called total differential given by d = dr = d; + dg. The
coalgebra B(A) with total differential is called the bar or classifying con-
struction on the algebra A.

Remarks. It is clear that (d;)? = 0. Since this is a coderivation, it is sufficien
to check it on length 1 tensors. An exercise shows that the associativity of the
multiplication gives that (dg)? = 0 on length 3 tensors. Since this is a coderiva-
tion, this is sufficien to check it in general. Hence, both the internal and external
differentials give B(A) the structure of a differential coalgebra. Since the internal
and external differentials are coderivations, the total differential is also a coderiva-
tion. An exercise shows that the coderivation d;dp + dgpd; = [d;,dg] = 0 and
hence the total differential dy also gives B(A) the structure of a supplemented
differential coalgebra.

Alternate notation

It is customary to denote the element sa; ® - - - ® sa,, by [a1]...|a,]. Observe

that with this notation and with @ = (—1)4°¢(2)+14, we have the formulas:
dilay] .. |ai| ... |a,] = B(=1)deele)t+deglai)tifg | da,|. .. |ay]

= —((@|. .. [a=t|da;] . . . |an]
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and
dglai]...|ailais1] - |an)
= Z(—l)ng<"" )+t deg(a;)+i-1 [@1, ..oy @iy @ity ap]
==X[ar,..., G, Qis1y--.,0p).
Exercises

(1) Show that the internal, external, and total differentials all make Q(C) into an
augmented differential algebra.

(2) Show that the internal, external, and total differentials all make B(A) into a
supplemented differential coalgebra.

10.4 Twisted tensor products
In this section we introduce twisted tensor products which are the algebraic ana-
logue of principal bundles.
Recall the sign convention for maps
f: XY g:Z-W

of possibly nonzero degree. On elements, we have

(f®g)x®y) = (-1 (fr @ gy)
and, for maps, we have

(F@9)(h@k) = (-1)* D=0 (fh@ gh).

In general, a sign is always introduced when two entities of nonzero degree are
commuted past one another.

For example, if X and Y are chain complexes, then the tensor differential dg on
X ®Y is given by this sign convention and the formula

dey=d®1+1®d.
The tensor differentialon X; ® --- ® X; ® --- ® X, is given by the formula
de =321, 210 ®d;®---®1.
Let A = anaugmented differential algebra and let C' = a supplemented differential
coalgebra over a commutative ring R. Thus, the augmentation is a map of differ-
ential algebras € : A — R and the supplement is a map of differential coalgebras

n:R— C.Letpy: A® A — Abe the multiplicationandlet A : C — C ® C be
the diagonal or comultiplication.
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Definitio 10.4.1. A twisting morphism 7 : C' — A is a map of degree —1 such
that

eTr =0
and
dr 4+ 7d = p(r @ 7)A.
Twisting morphisms allow us to defin twisted tensor products A ®, C or C ®,

A. As a graded module, these are just A ® C' and C' ® A, respectively, but the
differential is altered by adding to the tensor differential another term £1T°;.

Definitio 10.4.2. If 7 : C' — A is a twisting morphism, then the twisted tensor
product A ®, Cis A ® C with the differential d, = dg, + ', where

T, =pe)(leral)(1eA)

Similarly, the twisted tensor product C ®, A is C ® A with the differential d, =
dg — I'; where

I, =(1euwlerel)(Asl).
The fact that these definition of d, give differentials are consequences of
Lemma 10.4.4 below.
Three definition which are useful in the statement of 10.4.4 are:
Definitio 10.4.3.

(@ If f: X —Y is a map of degree n betweem graded objects, then
Df : X — Y is the map of degree n — 1 given by

D(f) =df — (=1)" fd.

(b) If f,g: C — A are maps of degrees n and m, respectively, then f U g :
C — A is the map of degree n + m given by

chcoeclagpals
() If f:C — Aisamap,thenl'y : A® C — A ® C is the composition

AoC L Agcoc B A A0 c X AgC.

Themapl'y : C® A — C ® Aisdefine inasymmetric fashion.

Thus, the fact that 7: C' — A is a twisting morphism asserts by definitio
that

D(r)=71UT.
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Lemma 10.4.4.

(@) If f,g: C — A are maps of the same degree and a,b are scalars, then
Faf+bg = aI‘f + bl“g.

() If f: C — A, then D(T'y) = I'p(y) in both cases A ® C and C ® A.

(c) In the case of A® C, T% = (—1)18U)T ;. In the case of C @ A, T2 =
(d) If 7: C — A is a twisting morphism, d> = 0. That is, in the fi st case,
(dy +T;)% = 0, in the second case, (ds, — T';)? = 0.

Twisted tensor products admit a Serre filtratio and a Serre spectral sequence
which are analogous to the concepts which go by the same name for fibrations
Let 7 : C' — A be a twisting morphism and let A ®, C be the resulting twisted
tensor product. We shall call A the fibre C' the base, and A ®, C the total space
of the twisted tensor product.

Definitio 10.4.5. The Serre filtratio is the increasing filtratio of A ®, C by
differential submodules define by F, (A ®, C) = A® C<,.

The resulting spectral sequence is the Serre spectral sequence and, if C'is fla over
the ground ring, it has the following properties:

(a)
B, =4,8C, d=d;®1.
(b)
El,=H(A)&C,, d =1adc.
(©)

B2, = H,(H,(A) ® C..d")

and, if either H,(A) is fla over R or if R is a principal ideal domain and
C and H,(C) are both projective over R, then

E; = H,(A) @ H,(C).

(d) The spectral sequence is a homology spectral sequence confine to the firs
quadrant and abuts to H,(A @, C').

Since the Serre filtratio is a filtratio by A-submodules, it follows that, from the
E' term onwards, the spectral sequence is a spectral sequence of modules over
H.(A). In particular, if cve H,,(A) and B e E} , for r > 1, then the differentials
commute up to sign with the action of H,(A), that is,

d"(af) = (=1)"ad ().
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The Zeeman comparison theorem applies to this Serre spectral sequence and yields
the following:

Let (A,C,7) and (4',C",7") be two triples consisting of augmented algebras,
supplemented coalgebras, and twisting morphisms. A morphism F': (A,C,7) —
(A", C',7") consists of a map of augmented algebras f : A — A’ (a map of the
fibres and a map of supplemented coalgebras g : C' — C’ (a map of the bases)
suchthat 7/ - g = f - 7. Itinducesamap f ® g : A®, C — A’ ®, C of twisted
tensor products (a map of the total spaces).

Proposition 10.4.6. [ C and C' are fla modules over the ground ring and
f®g: AR, C — A @, C is a map of twisted tensor products, then, if two out
of three of f, g, f ® g are homology equivalences, so is the third.

Exercises
(1) Prove lemma 10.4.4.

(2) (a) Show that the twisted tensor product A ®, C' is a left differential A
module, that is, d, ((a - b) ® ¢ = (da - b) @ ¢ + (=1)48@ g . d (b® c),
a,be A, ceC.

(b) Show that the twisted tensor product A ®, C is a right differential C
comodule, that is, show that

Ao, C 5 U®. 0)®C
1 d; ! d; @1+ (g, 0)®d
A, C 5% (A, C)eC

commutes.

(c) Verity the analogues of (a) and (b) for the twisted tensor product C' @, A.

10.5 Universal twisting morphisms

There are two universal twisting morphisms, one for coalgebras and one for
algebras. Let A be an augmented differential algebra and let C be a supplemented
differential coalgebra.

The two universal twisting morphisms are:
(1) The universal twisting morphism out of a supplemented coalgebra:
e : C — QC), 7¢(1) =0, 7¢(c) = s e =]

forceC.
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(2) The universal twisting morphism into an augmented algebra:
T4 : B(A) — A, 74(1) =0, 74[a] = a, Tala1]...]a,] =0 if n > 1.
It is easy to check that these are twisting morphisms, that is, they both satisfy
dr+7d=717UT, eT =0.

Let 7 : C'— A be any twisting morphism and note that we can regard this as a
map 7 : C — A. Since this is a linear map, it has a unique extension to a map out
of the the tensor algebra

o QC) — A
and a unique lift to a map into the cotensor algebra

74 : C — B(A).
That is, we have a commutative diagram

c % QO)
A/ T ST
B(A) o4

The universal properties are:

(1) 7: C — Aisatwisting morphism if and only if the extension7¢ : 2(C) —
A is a map of augmented differential algebras.

(2) 7: C — Ais a twisting morphism if and only if the lift 74 : C' — B(A)
is a map of supplemented differential coalgebras.

Thus, the one-to-one correspondences
TA = T= T¢
give natural bijections between the three sets:

Supplemented Diff Coalgebra maps(C, B(A)), Twisting morphisms(C, A), and
Augmented Diff Algebra maps(Q2(C), A).

In particular, the natural bijections
map(C, B(A)) = map(Q(C), 4)

show that the loop functor €2 and the classifying functor B are a pair of adjoint
functors.

The explicit adjoint correspondence between maps is given by:

Lemma 10.5.1. Given a map of supplemented differential coalgebras f : C —
B(A), the map of augmented differential algebras o(f) : Q(C) — A is given
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by a(f)([e1]..-[en]) = (fer) ... (feu). Given a map of augmented differen-
tial algebras g : Q(C) — A, the map of supplemented differential coalgebras
a~'(g) = Blg) : C — B(A) is given by

B(g)(c) = lgc] + Silgch1lgch o] + Silgcs11gcs olgch 5], + -

where the reduced iterated diagonal is A (¢) =%ic,, ®---®d,, forceC.

As usual, the adjoint of the identity map 15 (4) : B(A) — B(A) is the adjunction
map of differential algebras « : QB(A) — A and the adjoint of the identity map
Loccy : C) — Q(C) is the adjunction map of differential coalgebras 5 : C' —
BQ(C). These are given explicitly by:

Lemma 10.5.2.
(a) On generators of QB(A), a([a1]...|a,]) =0ifn > 1land = ay ifn = 1.
(b) The projection of (3 onto primitives of BQ(C) is given by proj - $(c) = [[¢]]
and thus
Be) = [ld] + Billez 1 ]lles )] + Zillesa]lles o)lles )] + -
with the reduced iterated diagonal notation as in Lemma 10.5.1

Remarks. From the universal properties of the twisting morphisms we get the
universal properties of the twisted tensor products Q(C) ®,, C'and A ®., B(A).
The firs is an initial object for twisted tensor products with fi ed base C' and the
second is a terminal object for twisted tensor products with fi ed fibr A. These
are evident from the following commutative diagram:

Q(C) o, A = A
l l !
QC)®,, C — A®,C — A®, B(A)
! —_— !
C = ¢ I B(A).

In the next section we shall prove:

Proposition 10.5.3. The twisted tensor products A ®., B(A) and Q(C)®;.
C' are acyclic, that is, their homologies are the ground fiel concentrated in
degree 0.

This has the following corollaries.

Corollary 10.5.4. If the twisted tensor product A @, C'is acyclic, then there is a
map of augmented differential algebras Q(C) — A and a map of supplemented
differential coalgebras C — B(A) both of which are homology isomorphisms.
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Proof: The twisting morphism 7 : C' — A extends to a map of augmented dif-
ferential algebras 2(C') — A and yields a map of acyclic twisted tensor products
Q(C) ®,, C — A®; C. Since this is a homology isomorphism on the base and
total space, this is a homology isomorphism on the fibre

Similarly, the twisting morphism 7 : C' — A lifts to a map of supplemented dif-
ferential algebras C' — B(A) and yields a map of acyclic twisted tensor products
A®; C — A®,;, B(A). Since this is a homology isomorphism on the fibr and
total space, this is a homology isomorphism on the base. O

A special case of the above is:

Corollary 10.5.4. The adjunction maps o : QB(A) — A and 3 : C — BQ(C)
are homology equivalences.

Proof: Since the twisting morphism 74 : B(A) — A is the composition
B(A) 4 QB(A) & A, there is a map of twisted tensor products

Since this is a homology isomorphism on the total space and base, it is a homology
isomorphism on the fibre

Similarly, the twisting morphism 7¢ is the composition C 2B Q(C) 2% 0(0),
we have a map Q(C) ®,. C — Q(C) @, BQ(C) and that C' — BQ(C) is a
homology isomorphism follows much as before. O

Exercises
(1) Show that 7o : C — Q(C) and 74 : B(A) — A are twisting morphisms.

(2) Show that 7: C' — A is a twisting morphism if and only if the extension
7o« Q(C) — Ais amap of augmented differential algebras.

(3) Show that 7 : C' — A is a twisting morphism if and only if the lift 74 : C' —
B(A) is a map of supplemented differential coalgebras.

(4) Prove Lemma 10.5.1.
(5) Prove Lemma 10.5.2.

10.6 Acyclic twisted tensor products

In this section, we prove that the twisted tensor products A ®,, B(A) and
Q(C) ®;,. C are acyclic. We begin with:

Proposition 10.6.1. A ®., B(A) is acyclic.
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Proof: Note that the twisted tensor product differential is a sum d, = dg + dj of
so called external and internal differentials where

dr(alai]...|a,]) =dalai]...|a,] — Xafay]. .. |a;_1|da;|aii1]- - - |an]
dg(alai]...|a,]) = aaifag|...|a,] + Xafaq| ... [@1|@iait1] - - |an]-
Let B, (A) = sA®...(n —times)--- ® sA = the span of all [ay]...|a,]. For
n > 0, defin a contracting homotopy h : A ®, B, (A) — A®; B,+1(A) by

0 if a=1

[alai]...|a,] if aeA

h(alay|...|a,]) = {

We can easily check.
Lemma 10.6.2.
hdp +dgh=1—1-¢, hd; = —dh, hd, +d,h=1—1-¢,
where R - A®, B(A) S R are the obvious maps in degree 0 with n(1) =
11],€(1[]) = 1. Thus, A ®, B(A) is acyclic.
We now prove:
Proposition 10.6.3. Q(C) ®,,. C is acyclic.

Proof: The proof is similar to a dual of Proposition 10.6.1 but some care must be
taken with the signs.

As before, note that the twisted tensor product differential is a sum d, = dg + d;
of so called external and internal differentials where

d[([c1| ce ‘C,L}C) = [a| ce \cj}dc — E[a‘ ce |Ci71 |dCi|Ci+1| ce |C/,L]C
dp(ler] .- leale) = [Tl [ele — ne(e)]1 + £ [er] ... [anle} ]
—Siyfel eI I el - Jeale

where A(c) =3¢ @ ¢, A(e) =%, ;@ ;.

LetQ,(C) =s1C®...(n—times)---® s 1C = the span of all [¢;] . .. |c,].
Forn > 0, defin a contracting homotopy 4 : 2, (C) @, C' — Q,,_1(C) &, Cby
setting h = 0 if n = 0 and for n > 1, set

cil...len—ile, if e=1
h([e1] ... Jen]e) = {[0 |if ‘ce€|

We can easily check:
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Lemma 10.6.4.
hdg +dhg =1—mn-€, dih=—hdr, hd; +d;h=1—1n-€
where R L Q(C) @, C S R are the obvious maps in degree 0 with n(1) =
[11, €([]1) = 1. Thus, Q(C) ®, C is acyclic.
Exercises
(1) Check Lemma 10.6.2.
(2) Check Lemma 10.6.4.

(3) (a) In the twisted tensor product A ®, B(A), check that the internal and
external differentials d; and dg satisfi the formulas

d, =0, d*=0, dg -d; = —d; - dg.
(b) Let Z; is the subset of A ®, B(A) consisting of all cycles with respect

to the internal differential. Show that dz (Z;) C Z; so that Z; is a chain
complex with the differential dg.

(4) Do the analogue of exercise 3 in the twisted tensor product Q(C) @, C.

(5) Inboth the twisted tensor products A ®, B(A)and Q(C) ®, C,letZ; denote
the cycles with respect to the internal differential. Show that the external
differential makes Z; into an acyclic chain complex.

10.7 Modules over augmented algebras

Let A be an algebra with unit n: R — A. A (left) module over A is a graded
module M together with a degree 0 linear map p : A ® M — M called an action
which is associative and has a unit with respect to the multiplication, that is, if we
write p(a ® m) = a-m, then we have a- (b-m) = (a-b)-m, 1-m =m for
all a,beA, meM. In other words, the following diagrams are commutative:

A AR M L Ao M
l1op L
Ao M LN M
Ro M 2L Ao M

=N L
M

Remarks. As expected, a differential module over a differential algebra is a
module with a differential in which the structure map is a differential map, that is,
d(a-m) =da-m+ (—1)%e@q . dm forallae A, meM.
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Definitio 10.7.1. If M is amodule over an augmented algebra A with augmenta-
tion ideal /(A) = A, then the module of indecomposables Q4 (M) = M/A - M.

A useful property of the functor Q4 (M) is that it is additive and right exact,
that is:

Lemma 10.7.2.
(@) Qu(M & N)=Qa(M)®Qa(N)
(b) M — N — P — 0 exact implies that Q4 (M) — Q4(N) — Q4(P) —
0 is exact.
The graded version of Nakayama’s lemma is the following.

Lemma 10.7.3. If A is a connected augmented algebra and M is a module over
A which is bounded below, then Q 4 (M) = 0 implies that M = 0.

Proof: 1t follows easily by induction on the degree and the fact that
Z@M—>M—>QA(M)—>O

is exact. U

Corollary 10.7.4. If A is a connected augmented algebra and f : M — N is a
map of modules over A with N bounded below, then f is an epimorphism if and
only if the induced map of indecomposables Q4 (f) : Qa(M) — Q4 (N) is an
epimorphism.

Definitio 10.7.5. A choice of generators is a section ¢ : Q4 (M) — M of the
canonical projection 7 : M — Q4 (M), thatis, 7 -t = 1g, (a)-

Lemma 10.7.6. Let f,g: M — N be two maps of modules over a connected
augmented algebra A and let v : Qo (M) — M be a choice of generators with M
bounded below. If f -1+ =g -1, then f = g.

Proof: One uses induction on the degree and the split exact sequence A ® M —
M — Qa(M) — 0. O

For the remainder of this section, we will assume that the algebra A and the A
modules M have no differential structure. In the presence of differential struc-
tures, the notions of projective and of free modules must be modified One such
modificatio is illustrated in the exercises to this section. But the modificatio we
are really interested in is deferred to a later section.

A free module M over A is one which has a graded basis {z,, } so that

Mz@A-xa.
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This is clearly equivalent to the existence of a free graded R module V such that
M=AxV.

It is evident that there are enough free modules in the sense that, for every module
N, there is an epimorphism P — M with P free.

Furthermore, free modules P are projective in the sense that, given any epimor-
phism f : M — N and any map g : P — N, there existsamap h : P — M such
that f - h = g. It follows easily that a module P is projective if and only if there
exists a module @ such that P & @ is a free module.

Proposition 10.7.7. Suppose A is a connected augmented algebra and M is a
projective A module which is bounded below. Then M = A ® Q4 (M) where
Q4 (M) is projective over R. In particular, if R is a principal ideal domain, then
M is a free module.

Proof: Let M be a summand of the free module F = A ® V. Then Q4 (M) is
a summand of Q4 (F) 2 V. Since V is a free R module, Q4 (M) is a projec-
tive R module. Hence the standard projection 7 : M — Q.4 (M) has a section
t:Qa(M)— M and we can consider the composition f: A® Q4 (M) 1o,
A ML M. Since Qa(f): Qa(A® Qa(M)) — Q4 (M) is an isomorphism,
it is also an epimorphism. Therefore f: A® Q4(M) — M is an epimor-
phism. Since M is projective, A ® Q4 (M) = K & M where K is the kernel
of f. Since,Q4(A® Qa(M)) =Qa(M) =Qa(K)®Qa(M), it follows that
Q4 (K) and hence K itself are 0. Hence, A ® Q4 (M) = M. ]

Given an A module M, the usual definition and facts concerning projective
resolutions hold true and the proofs are standard:

10.7.8. There exist projective resolutions

dp 41 dy dp 1 d €
. ———P 5P ... 5P S5SM-—0,

that is, complexes P, — M — 0 which are resolutions in the sense that they
are exact sequences (of R modules) and such that all the P, are projective A
modules.

10.7.9. Suppose we are givenamap f : M — N of A modules. For any projective
complex P, = M — 0 and any exact complex @, — N — 0, there is a map of
complexes f, : P, — @, covering f, that is, a commutative diagram

d

O e T N N
l«fn lfnfl lf() lf

dy dy, dy - d

_+1> Qn anl —1> v - Q() L) N.

10.7.10. Given a map f: M — N of A modules and two choices for maps
fes 9« ¢ P — Q. covering the same f with P, a projective complex and Q). an
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exact complex, the maps f, and g, are chain homotopic, that is, there exists a map
H, : P, — @, of degree +1 such that d,H, + H.d. = f. — g.. More precisely,
for n > 0, there are A—linear H,, : P, — @, 11 such that

dl 'HO = fO — 90, anl 'dn +dn+1 'Hn = f’n —Ggn,M Z 1.

Exercises
(1) Prove Lemma 10.7.2.
(2) Prove Lemma 10.7.3, Corollary 10.7.4, and Lemma 10.7.6.

(3) Consider the category of positively (nonnegatively) graded differential mod-
ules over a commutative ring R, that is, the category of chain complexes
over RR.

(a) Show that the following objects are projective in this category:

(i) Any module M which is concentrated in degree 0 and has M,
projective over R.

(i) Any acyclic module M which is concentrated in two nonnegative
degrees n and n — 1 with M,, projective over R.

(ii1) Any arbitrary direct sum of objects of the forms (i) and (ii).
(b) Show that any module M is a surjective image of a projective as in (3).

(4) Suppose A is an augmented differential algebra and consider the category of
differential modules over A.

(a) If V is a projective chain complex over R, then A ® V is a projective
differential module.

(b) If M is a projective differential module over A, then M is a retract of
some A ® V where V is a projective chain complex over R.

(c) If M is a projective differential module over A, show that H M is a retract
of HA ® W where W is a projective R module concentrated in degree
0. (This is a strong indication that this notion of projective differential A
module is too restrictive!)

(5) Prove 10.7.8, 10.7.9, and 10.7.10.

10.8 Tensor products and derived functors

Let A be a (graded) algebra over a commutative ring R and let M and N be
right and left modules, respectively, over A. The definitio of the tensor product
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of graded modules over a graded algebra M ®4 N has a definitio which, by
duality, will provide a template for the definitio of the cotensor product of graded
comodules over a graded coalgebra.

This definitio of the tensor product M ® 4 N is based on the usual tensor product
of modules over R and its extension to graded modules over R. We shall assume
that this is known and that it satisfie the standard properties of associativity,
distributivity over direct sums, and that the ground ring is a two sided unit.

To be specific the tensor product M ®4 N is the following quotient of the tensor
product over R, M ® N = M ®p N where

(M ® N), = QB M; ® N; :

i+j=n
Definitio 10.8.1. M ®4 N is the coequalizer of the two action maps:

pLlou: M@ A® N — M N.

In other words, the sequence

MRASNSMON > M®s4 N —0

isexactwhered =pu®1—-1Q 4.

If me M and n e N, we denote the image of m ® nin M ®4 N by m ®4 n and
observe that these elements generate M ®4 N.

A fundamental property of the tensor product is that it is right exact.

Proposition 10.8.2. [f My — My — Ms — 0 is an exact sequence of right A
modules and N is a left A module, then

M1®AN—>M2®AN—>M3®ANHO

is exact. The corresponding statement is true when the roles of left and right
modules are reversed.

Proof: Consider the commutative diagram

16 16 16

M; @ N — My @ N — M3 @ N — 0
| | !

M1®AN — M2®AN — M3®AN — 0
1 | !

0 0 0
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where the exactness of the vertical columns define the tensor product. The right
exactness of the usual tensor product of modules over R says that the top two rows
are exact. Now the exactness of the bottom row is a simple exercise. (I

The tensor product satisfie the following three formal algebraic properties in
Proposition 10.8.3 below: it is associative, distributive over direct sums, and the
algebra is a two-sided unit.

Let A and B be algebras. Let M, My, M be right A modules, let K, K7, K be
left A modules, let NV be a left B module, and let P be an A — B bimodule, that
is, the left and right actions on P commute as follows:

1oup
—

AR P®B AP
lpel L u
P®B LN B

Then:
Proposition 10.8.3.
(a) There is a natural isomorphism
M®s (PR N)x(M®4 P)®p N.
(b) There are natural isomorphisms
(My @ M) @4 K = (My @4 K)® (My, ®4 K),
M®s (K1 @ Ky) =2 (M@ Ki)®(M®a Ks).
(c) The module actions induce natural isomorphisms
AQA NN, M®4 A= M.
Proof:
(a) Let X be the cokernel of the natural map
Y=6®h: (MRARPRIN)®(MRPRB®N)— M®P®N.
Since tensor over R is right exact, the cokernel of §; is
(M ®y P)® N.
Thus X is the cokernel of the composition
M@PR®BRN—->(M®s P) BN — (M ®4 P)®@ N

and this is clearly (M ®4 P) ®p N.
Since the argument is symmetric, X is also isomorphic to M®4
(P ®p N )
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(b) This is an immediate consequence of the fact that tensor over R naturally
distributes over direct sums.

(¢) A natural isomorphism M ®4 A — M is given by m ®4 a — ma with
inverse given by m — m ®4 1. U

Suppose A is an augmented algebra with augmentation ideal A. The ground ring
is a two-sided module over A and we have the following alternate description of
the indecomposables of a module:

Proposition 10.8.4. Let M and N be right and left modules over A, respectively.
Then there are isomorphisms

M®s R2M/M-A=Qu(M), Roa N=N/A-N=Q4(N).

Proof: Since tensor is right exact, we have an exact sequence
MosA—- M4 A— M4 R— 0.

The fact that M ®4 A =2 M completes the proof that M @4 R = M/M - A =
Qa(M). O

We now introduce the derived functors Tor” (M, N) of tensor product and prove
the important result that these are balanced.

Let P, = M — 0 be a projective resolution by right A modules and let Q. —
N — 0 be a projective resolution by left A modules. If we grade P, and @, by the
so-called resolution degree, then P, ® (). can be graded by the addition of these
degrees,

(PRAQ)m= P Po1Q;

i+j=n
and we defin

Definitio 10.8.5. Tor’ (M, N) = H, (P, ®4 Q.,ds) where dy =dp @ 1+
1®dg.

Up to natural isomorphism, Tor” (M, N) is a well-define functor. We shall give
two proofs, the firs depending on the uniqueness of lifts up to chain homotopy
and the the second depending on the so-called balanced property.

Proof 1: Let f: M — M and g : N — N; be maps of A modules and choose
lifts to maps of resolutions f : P, — Py, and g : Q. — @, which cover f and g,
respectively. Then we have a chain map

?@AE:P*@)Q**)PI*@AQI*
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which induces the homology maps
H, (f ©479) = Tor, (f,g) : Tory (M, N) — Tor;; (M, N1).
Tor? (f, g) is independent of the choice of lifts since:

If f, f': P, — Pi, and g, ¢’ : Q. — Q1. are choices of lifts, there are chain

homotopies H and K with H : f ~ f', K : g ~ ¢/, that is,
dH +Hd=f—f,dK+Kd=g—¢.
Then
H@4g:f@ag~foag
and
FoasK:foig=fosg
imply that the induced homology maps satisfy
H, (f @4 9) = Ha(f ©49) = Ho(f ®49)
and hence Tor? (f, g) is independent of the choice of lifts.

Now it is immediate that Tor? (M, N) is a functor for all n > 0, uniquely define
up to natural isomorphism.

Proof 2: Tor (M, N) is a balanced functor in the sense that one of the two
resolutions may be omitted, more precisely,

Lemma 10.8.6. The following maps induce isomorphisms of homology

P.os NP o,y Q 5 Mo, Q.

Since the P, are projective, they are retracts of free A modules V; ® g A with V;
projective over R and hence P; is fla over A, thatis, P, ® 4 ( ) is an exact functor
forall 7 > 0.

Filter the complex P, by the increasing filtratio F,, (P,) = P<,. This induces
the filtration F), (P, ®4 N) = F,(P.) ®4 N and F,, (P, ®4 Q«) = F,(P.) ®a
Q.. In the resulting spectral sequences we have:

E'(P,®4 N)=P,®4 N, d’* =0,
E'(P,@4 N)=P, @, N, d' =dp @4 1,
E%P,®4 Q) =P.®4Qs, d =1®, dg,
EY(P,®4Q.) =P, @4 N, d' =dp @4 1

since P, is fla over A.
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1®4€ . . . . .
Thus P, ® 4 N <2~ P, ®4 Q, induces an isomorphism on E' and is an iso-

morphism of homology.

That P, ®4 Q. £®al, M ®4 Q. is an isomorphism of homology is similar.

Having proved the balanced lemma that any one of the two resolutions can be
omitted, it is easy to see that maps Tor’ (f, g) are independent of the choice of
lifts and the fact that the Tor” (M, N) are functors well define up to natural
isomorphism follows as before. U

Finally, we observe that:

Lemma 10.8.7. There is a natural isomorphism

Tory (M, N) = M ®4 N.

Proof:
Tor (M, N) = Hy(P, ®4 N) =2 M @4 N
since
Py N 2n Py @y N4 M@y N =0
is exact. O

Remarks. If M and N are differential algebras over a differential algebra A, then
the tensor product differential on M ®p N define a differential on the quotient
M ®, N and also on the derived functors Tor” (M, N). The isomorphisms in
this section are all isomorphisms of differential objects.

10.9 Comodules over supplemented coalgebras

Let C be a coalgebra with counit € : C' — R. A (left) comodule over C is a
graded module M together with a degree 0 linear map A : M — C' ® M called a
coaction. The coaction is associative and has a counit with respect to the diagonal
of the coalgebra, that is, the following diagrams are commutative:

A

M = CM
LA lA®1
CoM 25 ceoceM

M
o 1A
RoM <L ceMm
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Remarks. As expected, a differential comodule over a differential coalgebra is a
comodule with a differential in which the structure map is a differential map, that
iS,A'd]\,[ :(dc®1+1®d1\1)AM—>C®M

The primitives of a comodule is the dual of the indecomposables of a module:

Definitio 10.9.1. If M is a comodule over a supplemented coalgebra C'
with reduced coalgebra C' = kernel (¢) : C — R, then the module of primitives
Pc (M) = the kernel of the reduced coaction A : M — C ® M. That is, m e M
is in Po (M) if and only if the coaction is given by A(m) = 1 ® m.

The functor P (M) is additive and left exact under mild restrictions, that is:
Lemma 10.9.2.
(@ Po(M ®N) = Fo(M)® Po(N)

(b) 0 = M — N — P exact implies that 0 — Po (M) — Po(N) — Po(P)
is exact, provided either that C'is fla as an R module or that0 — M — N
is a split monomorphism of R modules.

Proof: Part (a) is clear. Since C' = R @ C, it follows that C is fla if C is flat
Hence part (b) follows from the diagram below with exact bottom two rows and
exact columns:

0 0 0
! ! !
0 —- Po(M) — Po(N) — Po(P)
! ! !
0 — M — N — P
LA LA LA
0 - C®M — C®N — (C®P

The graded version of the dual of Nakayama’s lemma is the following.

Lemma 10.9.3. [fC is a connected supplemented coalgebra and M is a comodule
over C which is bounded below, then Pc (M) = 0 implies that M = 0.

Proof: If there is a nonzero element m in M, then there is such an element of
least degree and A(m) = 1 ® m. O

Corollary 10.9.4. Let C be a connected supplemented coalgebra which is fla

over the ground ring R and let f : M — N be a map of comodules over C' with
M bounded below. Then f is a monomorphism if and only if the induced map of
primitives Po (f) : Po (M) — P (N) is a monomorphism.

Definitio 10.9.5. A choice of cogenerators is a projection 7 : M — P (M),
that is, if  : P (M) — M is the inclusion, then 7 -+ = 1p, (ar).
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Lemma 10.9.6. Let f,g: M — N be two maps of comodules over a connected
supplemented coalgebra C and let m : N — Pc(N) be a choice of cogenerators
with N bounded below. If - f =m - g, then f = g.

Proof: One uses induction on the degree and the split exact sequence 0 —
Po(N)—- N—-C®N. O

For the remainder of this section, we will assume that the coalgebra C' and the C
comodules M have no differential structure. Just as with algebras and modules, the
presence of differential structures requires modificatio of the notions of injective
and extended comodules. One such modificatio is illustrated in the exercises to
this section. But the modificatio we are really interested in is deferred to the
relative homological algebra of section 10.10.

Definitio 10.9.7. An extended comodule M over C is one of the form M =
C®Vwithcoaction A =AR1:CRQV -CCRV.

The basic facts about extended comodules are:
Lemma 10.9.8.
(@ Pc(CoV)=V.
(b) If N is a comodule, there is a one to one correspondence between comodule
maps g : N — C ® V and module maps G : N — V given by:
=(e®1l)-g:N=-CQV >RV =V.
1®g) - A:N—-CN—-CaV.

o

There are enough extended comodules in the sense that any comodule M can be
embedded in an extended comodule. This can be done via the R-split embedding
A:M—-C®M.

It follows from Lemma 10.9.8 that extended comodules @ = C' ® V are injective
if and only if V is an injective R module. That is, given any monomorphism
f:M — N and any map g : M — C ® V with V injective, there exists a map
h: N — Qsuchthath- f =g.

If C is fla over R, it follows easily that a comodule M can be embedded in
an injective extended comodule C' ® V' where V' is an injective envelope of the
underlying R module of M. Thus, a comodule M is injective if and only there is
a comodule IV such that M @ N is an injective extended comodule.

Proposition 10.9.9. Suppose that C' is a connected supplemented coalgebra which
is fla over R and that M is an injective C' comodule which is bounded below. Then
M = C ® Po(M) where Pc (M) is injective over R, that is, M is an extended
comodule.
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Proof: Let M be a summand of the injective extended comodule P =C ® V.
Then P (M) is a summand of Po(P) = V. Since V is an injective R module,
Po(M) is a injective R module. Hence the injection ¢ : Po (M) — M has a
projection 7 : M — P¢ (M) and we can consider the composition f = (1 @ 7) -
A:M—-CeM—C®Po(M).

Since Po(f): Po(M) — Po(C ® Po(M)) is an isomorphism, it is also an
monomorphism. Therefore f: M — C ® Pz (M) is an monomorphism. Since
M is injective, C ® Po(M) = K & M where K is the cokernel of f. Since,
P (C ® Peo (M)) = Pc (M) = Pc (K) ® P (M), it follows P (K) and hence
K itself are 0. Hence, C @ P(M) = M. O

Suppose C'is fla over R. For all C' comodules M, the usual definition and facts
concerning injective resolutions are valid and the proofs are mild variations of the
standard proofs.

10.9.10. There exist injective resolutions of comodules

0—M2LQy2g . g, &

*

that is, complexes of comodules 0 — M a, Q. which are resolutions in the sense
that they are exact sequences and such that all the (), are injective comodules.

Given a comodule M, here is a procedure for making an injective resolution: Let
Q(M) be an injective envelope of M as an R module. Set Qy = C ® Q(M) and
embed M as a comodule into an injective comodule via

n: M2 CeM—CoQ(M).

Let M, = the cokernel of 7 and embedd My, — C ® Q(M,) = Q1 by the same
procedure as was used to embedd M . Successive interation gives an exact sequence
0— M — Qy — @1 — ... whichisthe injective resolution of M as a comodule.

10.9.11. Suppose we are given a map f : M — N of comodules. For any exact
complex of comodules 0 — M -5 P, and any complex of injective comodules
0 — N L Q., there is a map of complexes f, : P, — Q, lifting f, that is, there
is a commutative diagram

M % o p % op 4 L p
Lf L fo L L fn
N L o o9 Lo o &

10.9.12. Given a map f : M — N and two choices for maps f,, g. : P. — Q.
lifting the same f with P, an acylic complex and with @, an injective complex,
the maps f, and g, are chain homotopic, that is, there exists a map H, : P, — Q.
of degree —1 such that d, H, + H.d. = f. — g.. More precisely, for n > 0, there
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are A—linear H,, .1 : P,,1 — @, such that

d() fO g0, n+1 d +dn 1 H _fn gn,nZl.

Exercises
(1) Verify Lemmas 10.9.4 and 10.9.5.
(2) Verify Lemma 10.9.8.

(3) Consider the category of positively (nonnegatively) graded differential mod-
ules over a commutative ring R, that is, the category of chain complexes
over R.

(a) Show that the following objects are injective in this category:

(1) Any acyclic module M which is concentrated in two nonnegative
degrees n and n — 1 with M, injective over R.

(i) Any arbitrary product of objects of the form (1).

(b) Show that any R differential R module can be embedded in an injective
differential R module.

(c) Show that any injective differential module M is accylic, that is,
HM =0.

(4) Suppose C'is a supplemented differential coalgebra and consider the category
of differential comodules over C.

(a) If V is an injective chain complex over R, then the extended comodule
C ® V is an injective differential C' comodule.

(b) If M is an injective differential comodule over C, then M is a retract of
some C ® V where V is an injective chain complex over R.

(c) If M is an injective differential comodule, show that H M = 0. (Hence,
this notion of injective differential comodule is very restrictive. In the
next section, we produce a more useful notion of injective projective
comodule.)

(5) Prove 10.9.11 and 10.9.12.

10.10 Injective classes

Let A be an additive category which has cokernels. Usually, A is an abelian
category. But the example of comodules over a coalgebra is important to us and
this is not an abelian category unless the coalgebra is fla over the ground ring.
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We follow Eilenberg and Moore [43] in definin what is called relative homological
algebra in A. This involves definin what are called relative monomorphisms and
what are called relative injective objects. The essential point is that maps into a
relative injective object can be extended over relative monomorphisms. In this
manner, the relative monomorphisms determine the relative injective objects and
vice versa.

Let Z be a class of objects in .A and let M be a class of morphisms in .A.

Let Z* = the set of morphisms f : A — B in A such that f*: map(4,Q) —
map(B, Q) is an epimorphism for all () in Z.

Let M* = the set of objects @ in A such that f* : map(A4, Q) < map(B, Q) is
an epimorphism forall f : A — B in M.

We note the following properties.
Lemma 10.10.1.
(a) Z C T’ implies that T'" C T*.
(b)y Z CI*.
(c) I =TI*.
(d) M C M’ implies that M'"* C M*.
(e) M C M™.
) M* = M*.
Lemma 10.10.2.

(a) The class of objects M* is closed under retracts, that is, if there exists an
identitymap 1 : P — @ — P and Q) is in M*, then so is P.

(b) The class of morphisms T* is closed under left factorization, that is, if a
composition A L B — CisinI" thensois f.

Definitio 10.10.3. The pair (Z, M) is called an injective class if the following
three properties are satisfied

() M* =T.
(b) T5 = M.

(c) For all objects A in A, there exists an object @) in Z and a morphism
f:A— Qin M.

The objects in 7 are called relative injectives and the morphisms in M are called
relative monomorphisms. Condition (c) above says that there are enough relative
injective objects.
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Remarks 10.10.4. Often an injective class is given in the following way. Specify
the class of relative monomorphisms M. Check that this is closed under left
factorization. Defin the relative injectives to be Z = M*. Check that there are
enough relative injectives, that is, for all objects A in A, there is an object ) in
7 and a morphism F' : A — @ in M. Then the pair (Z, M) is an injective class.
One needs to check that M = Z*.

The split injective class 10.10.5

In any abelian category, an injective class can be given by choosing the relative
monomorphisms to be all split monomorphisms, in which case the relative injective
objects are all objects in the category.

Reflectio via adjoint functors 10.10.6

New injective classes arise from known injective classes by a process called
reflectio via adjoint functors.

We describe this process now. Suppose we are given two abelian categories A
and B (more generally, it is sufficien that these categories be additive categories
with cokernels), an injective class (M,Z) in B, and a pair of adjoint functors
S:A— Band T : B — A with equivalences of morphism sets

A(A,TB) = B(SA, B)

and adjunction maps ST B — B and A — T'SA. We know from Exercise 3 that
the left adjoint S preserves the usual kernels and the right adjoint preserves the
usual cokernels.

Defin a new injective class (M’,Z") in A as follows:
(a) Therelative monomorphisms are M’ = S~1(M)={4,; ERY'™ | SfeM}.

(b) The relative injective objects are Z' = T'(Z) = the set of all retracts of
objects T(Q) with Q in Z.

We need to verify that the pair (M, Z’) is an injective class.

(c) M’ = S71(M) is closed under left factorization, that is, A; — Ay — A3
in S~1(M) implies that A; — Aj is also in S~!(M). This follows from
the fact that M is closed under left factorization.

(d) We note that, for all objects A in .4, there is a map SA — @ which is a
relative monomorphism in M with ) a relative injective in Z. We claim
that the adjoint A — T'Q is a relative monomorphism in M’ (and clearly
TQisinZ'). But SA — STQ — Q is in M implies that SA — STQ is
in M since M is closed under left factorization.

(e) Finally, we claim that T'(Z") = M"".
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Since M’ is closed under retracts, to show that T'(Z') C M’", it suffice to show
that 7'(Z') C M'". But, if A; — Ay is in M’ and @ is in Z, then the map

A(A41,TQ) — A(A2,TQ)
is equivalent to the epimorphism

B(SA1,Q) « B(SA2, Q).
Thus, T'Q is in M.

To show that M C T(T), let M be in M’* and consider the map M — T'Q in
M’ guaranteed by (d). Since M is in M"*, this map is split and M is a retract of

TQ.

Thus Remarks 10.10.4 shows that the pair (M’ = S~1(M),Z' =T(Z)) is an
injective class in A.

The proper injective class for nondifferential comodules 10.10.7

Let B = Mp be the category of all graded R modules and endow it with the
injective class where the relative monomorphisms are all split monomorphisms
and all objects are relative injective objects. Let C' be a graded coalgebra over R
and let A = M be the category of all graded C' comodules.

We have a pair of adjoint functors S': Mo — Mp and T : Mp — M given
by

S(M) = M regarded just as an R-module, M eM¢
T(N)=C®N, NeMg,
with the coalgebra structure givenby A®1: C RN - C® C ® N.
The specifi one-to-one correspondence of maps is as follows:

(a) Givenacomodule M, an R module N, and an R module map f : M — N,
we have the comodule map

F-MEceoM L cgnN.
(b) Given a comodule map f : M — C ® N, we have the R module ma
P p

f-MLocegN-ReN=N.

Thus, the process of reflectio via adjoint functors gives an injective class
in M, the so-called proper injective class, with:

(A) Amap f: M — N of comodules is a relative monomorphism if it
is a split monomorphism of R modules. This is also called a proper
monomorphism. Note that proper monomorphisms are also monomor-
phisms in the usual sense.
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(B) A relative injective comodule is any retract of an extended comodule
C ® N where N is any R module. This is also called a proper injective.
Note that proper injective comodules are injective in the usual sense
only if N is an injective R module.

(C) For any comodule M, the coaction map M 2, C® M is a relative
monomorphism into a relative injective.

Our next and most important example is the differential version of the above,
the injective class in which the relative monomorphisms and the relative injective
differential comodules are also called proper. This will lead to no confusion
with the above since forgetting the differential transforms these new relative
monomorphisms into R split monomorphisms and transforms these new relative
injective comodules into retracts of extended comodules.

The proper injective class for differential comodules 10.10.8

Let B = DMp, be the category of all differential graded R modules and endow it
with the injective class where the relative monomorphisms are all split monomor-
phisms and all objects are relative injective objects. Let C' be a differential graded
coalgebra over R and let A = DM be the category of all graded C comodules.
We have a pair of adjoint functors S : DM¢e — DMpg and T : DMp — DM¢
given by

S(M) = M regarded just as a differential graded R-module, M ¢DM¢
T(N)=C®N, NeDMgp

with the tensor product differential and with the coalgebra structure given by
AR1:CN —-C®C®®N.

The specifi one-to-one correspondence of maps is as before:

(a) Given a differential comodule M, a differential R module N, and a map
of differential R modules f : M — N, we have the differential comodule
map

FMEScem L ogn,

(b) Given a differential comodule map f : M — C ® N, we have the map of
differential R modules

f-MLocgN-ReN=N.

Thus, the process of reflectio via adjoint functors gives an injective class
in DM, the so-called proper injective class, with:
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(A) Amap f: M — N of differential comodules is a relative monomor-
phism or a proper monomorphism if it is a split monomorphism of
differential R modules.

(B) A relative injective comodule or a proper injective comodule is any
retract of C' @ N where N is any differential R module.

(C) For any differential comodule M, the coaction map M 2 CceMis
a proper monomorphism into a proper injective.

Whenever we have an injective class we have a good theory of injective resolutions
as follows and the proofs are identical to the standard proofs. More precisely, we
define

Definitio 10.10.9. A sequence) — M — N — P — 0is called a relative short
exact sequence if P is the cokernel of M — N and M — N is arelative monomor-
phism.

A complex0 — M — @, is arelative acyclic complex or a relative exact sequence
if it can be factored into relative short exact sequences. We can do homological
algebra using injective classes since we have relative injective resolutions which
are functorial up to chain homotopy:

10.10.10. There exist relative injective resolutions

I d_p [
0-MLQy g L. g, Lo
that is, complexes 0 — M -5 Q. which are relative resolutions in the sense that
they are relative exact sequences and such that all the @), are relative injective
objects.

10.10.11. The fact that A : M — C' ® M is always a proper monomorphism
allows us to construct functorial proper injective resolutions of differential
comodules:

0 — M ER CeM — coker(A)  —0
0 — coker(A) A=da, C ® coker(A) — coker(d_1) — 0

0 — coker(d_) A=da, C ® coker(d_;) — coker(d_3) — 0

Qo =CM
Q-1 = C ® coker(A)
Q-2 = C ® coker(d_y).
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In general, Q_,,_; = C' ® coker(d_, ). This functorial resolution is called the
categorical cobar resolution and we denote it by 0 — M — Q. (M).

10.10.12. Suppose we are given a map f : M — N of objects. For any relative
exact complex 0 — M 2, P, and any relative injective complex 0 — N L Q.,
there is a map of complexes f, : P, — @, extending f, that is, there is a commu-
tative diagram

_ d_y n
M X p L op, 0 Len p o L
l f l fU l ffl l ffn
d_, _n
N Lo Mo L Ly o

10.10.13. Given amap f : M — N and two choices for maps f,, g, : P. — Q.
extending the same f with P, a relative acyclic complex and with @), a relative
injective complex, the maps f. and g, are chain homotopic, that is, there exists
a map H, : P, — Q, of degree +1 such that d.H, + H.d, = f, — g.. More
precisely, for n > 0, there are A—linear H_,,_1 : P_,,_1 — @Q_, such that

H_,-dy= f() — 9o, H_,_y-d_, + d,n+1 -H_, = ffn —g-n,n = 1.

Exercises

(1) Prove Lemma 10.10.1.
(2) Prove Lemma 10.10.2.

(3) Suppose we are given two abelian categories A and B3, and a pair of adjoint
functors S : A — Band T : B — A with equivalences of morphism sets

A(A, TB) = B(SA, B).
Show that:

(a) Theright adjoint 7" preserves kernels, thatis,0 — B; — By — B3 exact
in B implies that 0 — T'B; — T'By — T'Bj3 is exact in A, that is, T is
left exact in the usual sense.

(b) The left adjoint S preserves cokernels, thatis, Ay — As — A3 — 0exact
in A implies that SA; — SA; — SA3 — 0 is exact in B, that is, S is
right exact in the usual sense.

(c) Suppose that the injective class (M’,Z’) in A arises by reflectio via the
adjoint functors from the injective class (M,Z) in B. Then a sequence
0 — A; — Ay — A3z — 0 is a relative exact sequence in A4 if and only
if0 - SA; — SAy, — SA3 — 0is arelative exact sequence in B.

(4) Show that the procedure in Remarks 10.10.4 always gives an injective class.
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Verify that the functors in Example 10.10.7 are an adjoint pair and that the
relative injective embedding in property (C) is valid.

Verify 10.10.9. 10.10.10, and 10.10.12

Let A be an abelian category with the injective class of split monomorphisms.
Show that a sequence

0—-M 29(20 gg>(2,1 EL; ......
is a split exact sequence if and only if there exists a contracting homotopy
hy:Qo— M, h_;: Q_; — Q_;+1, i > 0such that

ho-n=1y, dyy1-hi+hyq1-dy=1g,, 1>0.

Nice proper injective resolutions of differential comodules: Let M be a
(right) differential comodule over a differential coalgebra C' over a commu-
tative ring R. Show that:

(a) If M and C are fla modules over R, then there exists a proper injective
resolution 0 — M — @, which is extended and R projective in the sense
thatallthe @_; = Q_; ® C with ()_; and hence all the () _; are projective
R modules.

(b) Do part (a) with R projective replacing R flat

(c) If C is k-connected, that is, C; = 0 for all i < k, then Q. can be chosen
to be tapered in the sense that each Q_; is a (k+ 1)i — 1 connected R
module. And this can be done while doing parts (a) or (b).

If C'is a coalgebra which is fla over the ground ring show that the category
of comodules over C' is an abelian category. If the coalgebra is not fla over
the ground ring, then show that the category is an additive category which has
cokernels.

10.11 Cotensor products and derived functors

Let C be a (graded) coalgebra over a commutative ring R and let M and N be right
and left comodules, respectively, over C. The definitio of the cotensor product of
graded comodules over a graded coalgebra M ®¢ N is the dual of the definitio
of the tensor product of graded modules over a graded algebra.

The cotensor product M O¢ N is the following submodule of the tensor product
over R, M @ N = M ®r N where

(M@N), = € Mi@N;:

i+j=n
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Definitio 10.11.1. MO N is the equalizer of the two coaction maps:

A®1,19A:M®N —M®C® N.

In other words, the sequence

0= MO,N—-MoNSMeCoN
isexactwhere = A®1—-1Q A.

A fundamental property of the cotensor product is that it is left exact with respect to
the injective class where relative monomorphisms are the proper monomorphisms,
that is, the R split monomorphisms:

Proposition 10.11.2. Suppose that 0 — My, — My — Ms is a proper exact
sequence of right C' comodules and that N is a left C module. Then

0— M1D(7N — MQDCN — MgDCN

is exact. The corresponding statement is true when the roles of left and right
comodules are reversed.

Proof: Consider the commutative diagram

0 0 0
! ! l

0 - Mlm()N — MQDCN — MgDCN
! ! l

0 — M, @ N — My @ N — M; @ N
l ! l

0 — M1®C®N — M2®C®N — M3®O®N

where the exactness of the vertical columns define the cotensor product. The
proper exactness guarantees the left exactness of the usual tensor product of
modules over R and hence the bottom two rows are exact. Now the exactness of
the top row is a simple exercise. O

The cotensor product satisfie the following three formal algebraic properties in
Proposition 10.11.3 below: it is associative, distributive over direct sums, and the
coalgebra is a two-sided unit.

Let C and D be coalgebras. Let M, M7, M, be right C comodules, let K, K7, Ky
be left C' modules, let N be a left D comodule, and let P be a C' — D bicomodule,
that is the coactions on P commute as follows:

P A, P®D
LA lA®1
coP 24 cePeD
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Then:
Proposition 10.11.3.
(@) If M, N, and C are fla over R, there is a natural isomorphism
MOq(POpN) = (MOgP)Op N.
(b) There are natural isomorphisms
(M; & My)0c K = (M0cK) & (M;0¢ K),
MOc (K, @ Ky) = (MOcK;) & (MOc K»).
(¢) The comodule actions induce natural isomorphisms
COcN =N, MOsC =M,
that is, there are isomorphisms
A:N—CO¢N, A: M — MOcC.
Proof:
(a) Let X be the kernel of the natural map
YV=56&06 MOIPIN—-(MCRPRN)&(M®PRD®N)

where 61 = ® 1y and do = 137 ® J. Since N is fla over R, the kernel
of §; is (MO¢ P)® N. Since (MOcP)® DN - (MQP)®D®
N is a monomorphism, the intersection of the kernels of §; and d- is
(MO P)3pN.

But, since the argument is symmetric, X is also MO (POp N).

(b) This is an immediate consequence of the fact that tensor over R naturally
distributes over direct sums.

(c) The associativity of the coaction shows that the image of A : M — M @ C
is contained in M O C. And clearly A is a monomorphism.

Let a =Y¥m®ce MOcC C M ®C. We need to show that « ¢ image (A).
Since (1®A)a=(A®1)a, we have Ym® A(c) =XA(m)®c and
hence (11 R6) (1@ A)a=(101R¢)(A®1)aimpliesthat Xm @ c® 1 =
YA(m) ® e(c). Therefore « = ¥m ® ¢ = TA(m - ¢(c)).

Thus, A : M — MO C is an isomorphism. O

Suppose C' is an supplemented coalgebra with reduced coalgebra C. The ground
ring is a two-sided comodule over C' and we have the following alternate descrip-
tion of the primitives of a comodule:
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Proposition 10.11.4. Let M and N be right and left comodules over C, respec-
tively. Then there are isomorphisms

MO¢R = Po(M) = kernel(M — M ® C),
ROcN = Po(N) = kernel(N — C @ N).

Proof: Since cotensor is left exact (applied to sequences which are R split), we
have an exact sequence

0— MO¢R — MOsC — MOqC.
Since A : M — MBO¢C'is an isomorphism, M DO¢ R is isomorphic to the kernel
Po(M)of A: M — MO-,CCMeC. U
We now introduce the derived functors Cotor®, (M, N) of cotensor product and

prove the important result that these are balanced.

Let 0 — M - P, be a proper injective resolution by right C' comodules and let
0—-NZLQ.bea proper injective resolution by left C' comodules. If we grade
P, and Q, by the so-called resolution degree, then P, ® Q. can be graded by the
addition of these degrees,

(PeAQ)w= P P®iQ,
i+j=-n

and we defin

Definitio 10.11.5. Cotor®
1+1®dg.

(M,N)=H_, (P, ®4 Q«,ds) where dg = dp ®

-n

Up to natural isomorphism, Cotor_n (M, N) is a well-define functor. We shall
give two proofs, the firs depending on the uniqueness of extensions up to chain
homotopy and the the second depending on the so-called balanced property.

Proof 1: Let f: M — M; and g: N — N; be maps of A modules and
choose extensions to maps of resolutions f : P, — P;, and g : Q. — Q;, which
cover f and g, respectively. Then we have a chain map fOcg: P,.OcQ, —
P.0Oc¢ Ql* which induce the homology maps H_, (fO,g) = Cotor®, (f,g) :
Cotor®, (M, N) — Cotor®, (My, Ny).

Cotor®, (f, g) is independent of the choice of extensions since:

If f, f/: P, —» P, and g, ¢ : Q. — Q1. are choices of extensions, there are

chain homotopies H and K with H : f ~ f/, K : g~ ¢, that s,

dH+Hd=f—-f,dK+Kd=g—¢.
Then

HOgg: fOcg ~ f'Oc
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and
fBcK : f'Ocg =~ fOcg
imply that the induced homology maps satisfy
H_,(f®479) = H-,(fOcg) = H-,(f3c7)
and hence Cotor?, (f, ) is independent of the choice of extensions.

Now it is immediate that Cotorgn (M, N) is a functor for all n > 0, uniquely
define up to natural isomorphism.

Proof 2: Cotor®,, (M, N) is a balanced functor in the sense that one of the two

—n

resolutions may be omitted, more precisely,

Lemma 10.11.6. The following maps induce isomorphisms of homology

10 Oc1
P.OcN —L P.0cQ, <~ MO~Q,

Since the P; are relative injectives, they are retracts of extended C' comodules
V; ®g C and hence P is cofla over A, thatis, P;,0¢( ) = V; ®p () preserves R
split exact sequences for all 7+ < 0.

Filter the complex P, by the increasing filtratio F_,,(P,) = P<_,. Note that
increasing filtratio meansthat i, _; C F_,,.

This induces the increasing filtration F_,(P.O¢N)=F_,(P.)d¢N and
F_,(P.O0cQ.) = F_,(P.)O¢ Q.. In the resulting spectral sequences we have:
E°(P.0¢N) = P,O¢N, d° =0,
EY(P,O¢N) = P,O¢N, d' =dpOc1,
E°(P.0¢Q.) = P.OcQ., d° =10¢dyg,
E'(P,0¢Q.) = P.O¢N, d' =dpOc1

since P, is cofla over C'and 0 — N L Q. is split exact over R.

10¢ 7 . . . . .
Thus P,Oc N ——cn, P.0O¢ Q. induces an isomorphism on E! and is an isomor-

phism of homology.

That P, ®4 Q. J8cl MO Q. is an isomorphism of homology is similar.

Having proved the balanced lemma that any one of the two resolutions can be
omitted, it is easy to see that maps Cotor®, (f, g) are independent of the choice
of extensions and the fact that the Cotor®, (M, N) are functors well define up
to natural isomorphism follows as before. U

Observe that:
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Lemma 10.11.7. There is a natural isomorphism

Cotor§ (M, N) = MOgN.

Proof:
Cotor§ (M, N) = Hy(P,O¢N) = MOc N
since
0— MOgN 22<8 po,N L2%<L p g,N
is exact.

Lemma 10.118. [f M =K ® C is an extended right comodule, then
Cotor®,, (M, N) = 0 for all n > 0 and all left comodules N. And a similar result
holds with the roles of left and right comodules reversed.

Proof: Since M is a proper injective, this is clear.
A partial converse to this lemma is given in Exercise 3 below.

Remarks. If M and N are differential comodules over a differential coalgebra
C, then the tensor product differential on M ®z N define a differential on
the subobject MO N and also on the derived functors Cotor®, (M, N). The

-n

isomorphisms in this section are all isomorphisms of differential objects.

Remarks on duality. Algebras and coalgebras are dual in the well known way.
This duality extends to a duality between modules and comodules and also to
tensor products and cotensor products and to their derived functors Tor and Cotor.

In detail, let C be a coalgebra, M a right comodule over C' and NV a left comodule
over C. Assume that in each fi ed degree all are projective and finitel generated
R modules. Then the dual C* = hom(C, R) is an algebra via the multiplication

p:CreC =(CoC) 25t
and the unit
n:R=RSC"
Similarly, the dual M* us a right module over C* via
MeC'=MeC)"— M.
In the same way, the dual N* is a left module.

Furthermore, the dual of cotensor is the tensor:

M* @+ N* = (MO N)*



362 Differential homological algebra

The dual of Cotor is Tor:

TorC" (M*, N*) = (Cotor®, (M, N))*.

Of course, the duality goes the other way too, where we start with algebras and
modules which are finitel generated and projective in each degree and and we
end with coalgebras and comodules.

For conceptual reasons, we try to avoid overusing this duality but at times it is
very convenient to use it for computational convenience.

Exercises

()

@

Suppose that M, M; and N, Ny are right and left comodules, respec-
tively, over a coalgebra C. Maps H : M — M; and K : N — N; of pos-
sibly nonzero degree are maps of comodules if A- H = (H® 1) - A and
A-K = (1® K) - A with the usual sign convention.

Show:

(@ If f: M — M; and g : N — N; are maps of comodules (of possibly
nonzero degree), then f ® g restricts to a map of R modules fO¢g :
MDCN — MIDCNL

(b) If M and N are differential comodules over a differential coalge-
bra C, then dg =dy; ® 1 + 1 ® dy restricts to a differential do on
MUOcN.

() If f: M — M; and g: N — N; are maps of differential comodules,
then fO¢cg : MOe N — MyOg Ny is a map of differential modules.

(dIff,fi: M — M; and g,g1 : N — N; are chain homotopic maps of
differential comodules with chain homotopies H : M — M; and K :
N — N; which are maps of comodules, that is, if

H:f2f1> Hd+dH:f_f1aKgzgl>Kd+dK:g_gl7
then
HOcg+ fiOcK : fOcg ~ fiBcgr-

Suppose that 0 — M — N — P — 0 is a proper exact sequence of right C'
comodules and that 0 — P — (). is a proper injective resolution.

(a) Show that there are proper injective comodules Q_, such that there
is a proper injective resolution 0 — N — Q. @ Q. with the standard
projection Q, ® Q. — Q. being a map of resolutions which extends
N — P.
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(b) If0 = M — N — P — 0is a proper exact sequence, show that
0-Q—~Q&Q.—Q.—0
is a proper short exact sequence of proper injective resolutions.
(c) If L is aleft C' comodule, show that there is a long exact sequence
0 — MOqL — NOcL — POcL —
Cotor®, (M, L) — Cotor®, (N, L) — Cotor?, (P, L) —
Cotor%, (M, L) — Cotor%, (N, L) — Cotor%,(P,L) — ....
(3) Suppose C' is a coalgebra over a Dedekind ring (that is, a ring in which

submodules of projectives are projective.) Suppose M is a right comodule
over C' and that M and C are projective over R.

(a) Show that the module of primitives PM is a retract of M.

(b) If M is bounded below and Cotor®| (M, R) = 0, then show that there is
an isomorphism

M — PM ®C.

10.12 Injective resolutions, total complexes, and differential Cotor

LetQ, <~ M — Obean augmented chain complex of differential comodules over
a differential coalgebra C, that is, we have a chain complex of comodules and
comodule maps

d_i- d_; d—; d_; d
Qi Qe Qi Qo - M — 0.

This is a double complex with an internal differential d; in each @_; and an
external differential dg given by the resolution differential d_; : Q_; — Q_;_1.
We have

dr-d; =0,dg -dg =0,dg -dy =dy - dg,
and d; is part of a differential comodule structure for whichdg : Q. — Q.1 isa

map of differential comodules.

We assume that C' is k-connected with & > 0 so that the resolution can be assumed
to be tapered in the sense that each )_, is at least (k + 1)p — 1 connected. We
apply the standard process of assembling this double complex into a single chain

complex called the augmented total complex T(Q,) <~ M — 0.

As an R module,

7(Q.) =@ 50,

p=0
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where (s7'Y), =s71Y, 1 = {s 'y|yeY, 1} is the desuspension. Since we
are assuming that the resolution is suitably tapered, the total complex is concen-
trated in positive degrees.

Differentials in the total complex
The differential of T'(Q,) is the sum dy = d; + dr where:
dr:sPQ-p — s PQ_panddp : s 7Q_) — 57’771@_1,_1
are define by the commutation formulas
di-s?=(=1Ys?.-dy, dp-s " =571 . dg.
One easily checks that:
Lemma 10.12.1. In the complex T'(Q.),
dr-dr=0,dg-dg =0, dg -d; = —d; - dp
and

dr -dr =0.

We note that 7'(Q.) is supplemented by the chainmap n : M — Qy C T(Q.).
Differential comodule structures in the total complex
We make 7'(Q.) into a differential comodule via:
If right comodules,
A:sPQ, —sPQp,®C,isgivenbyA-s? =(s?®1)-A.
If left comodules,
A:sPQ_, - C®sPQ_,, isgivenbyA-s? =(1®s")-A.
One easily checks:
Lemma 10.12.2. [n the case of right comodules, the above maps satisfy:
(a)

(dp®1)-A-s?=A-dgsP,
dr®l1+1@d)-A-s?=A-dr-s?
(dr1+1d)-A-s?P=A-dp-s7?

(b)
(A®1)-A-sP=(10A)-A-s7".
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(c)
(1®e) - AXsP.
and similar formulas hold in the case of left comodules.

Thus, T(Q.), dr is a differential comodule over the differential coalgebra C' and
the supplement  : M — T'(Q.) is clearly a map of differential comodules.

Chain maps and chain homotopies in the total complex

Suppose we have a map of supplemented chain complexes of differential comod-
ules

M LN
In L n.
Q. L pr

Then we get a map of supplemented total complexes

M LN
In Ln
Q) L 1(P)
define by the commutation formulas f - s™ = s7” - f. One checks:
Lemma 10.12.3.
frdpos?=dpfs,
fodp-s?=dp f-s?,
fodrosT=dp s,
and, in the case of right comodules,
(fel)-A-sP=A-f.-s77
with a similar formula in the case of left comodules.

Thus, maps of supplemented chain complexes of differential comodules induce
differential comodule maps of supplemented total complexes.

Suppose we have maps f, g : Q. — P. of chain complexes of differential comod-
ules and a chain homotopy H : (), — P, suchthateach H_, : Q_, — Q_, 11
is a map of differential comodules and H - dp +dp - H = f — g.

We defin a degree +1 chain homotopy of total complexes H : T(Q.) —
T(P), H:s7?Q_, —»s PP, 1 byH-s?=s?"!. H One checks:
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Lemma 10.12.4.
H-d-s?=—d;-H-s7,
(H-dp+dp-H) -s7=f—g,
(H-dp+dr -H)-s?=f—g,
and, in the case of right comodules,
(H®1)-A-s?P=A-H-s?
with a similar formula in the case of left comodules.

Thus, the chain maps on the total complex are chain homotopic via a degree +1
chain homotopy of comodules.

Contracting homotopies in the total complex
If0— M5 Q,is proper exact, then it has an R linear contracting homotopy
ho: Qo — M, hp:Qp —Qypi1,p=>0, h: Qs — Quyr, x<0
such that
dyr ~ho =ho -dr, dr -h_y =h_p-dr,p>0
and
ho - n=1y, dg-hp+h_p1-dp =1
If we set
ho=ho, h_p-s? =5t h,

we get a contracting homotopy for the augmented total complex, i - dp + dr - h =

1 — 7 - e where € is the composition € : T(Q.) — Qo 10, M. One checks:

Lemma 10.12.5.
h-df-s?=—dy-h-s7P,
(h-dg+dg-h)-sP=1—n-¢,
(h-dp +dr-h)-s?P=1-n-e
This implies that n : M — T(Q.) is a homology equivalence, in fact, it has a
(strong) deformation retraction € : T'(Q),) — M such thatn - € ~ 1.
The total complex of a relative injective complex

Suppose finall that 0 — M -5 @, is a proper injective resolution of differential
comodules. We will assume that have right comodules and leave modification in
the case of left comodules to the reader.
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We can assume that each Q_, = ¢, ® C is an extended differential comodule
with differential dy =d® 1+ 1 ® d as a differential module. In other words,
dr=d®1+1R®d.

The differential comodule structure on the total complex is given by:
sPQ_, =s7PQ_,®C,
di - (s?P®1)=(d®14+1®d)-(s?®1),
A-(sTel)=(104)-(s7®l)

In particular, each s 7Q_, = s 7(Q_,) ® C is an extended comodule and a
differential comodule with respect to the internal differential d;.

The case of the external differential is a little more complicated:

Recall that dp : Q. — @Q._1 is a map of differential comodules and let 7 be the
composition:

Q*®Cd_E>Q*71 ®Cl&’@*f1 ®R:§*71-
We get
Lemma 10.12.6. The external differential dg is the composition
Q.00 0.9000 250, ,®C.
That is, if
Alc)=c®1+1®@c+3Sd @
then
dp(z®@c) =7z 1)@c+1(rRc) @1+ Xr(z @)@ ".
In particular,
dp(z®l)=71(2®1)®1

and

di(z®1) =dr(z) ® 1.
If we defin dp : Q, — Q,_; by

dg(z) =1(x ®1)

and d; : Q, — Q. by

di(z®1) =di(z) ®1,

then
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Lemma 10.12.7. (Q.,d;,dg) is a subcomplex of the double complex (Q., d;, dr)
via the embedding

Q. =Q.®RCQ.aC.
Lemma 10.12.8. [f C is simply connected (connected and Cy = (), then in the
total complex T(Q.) = Q, ® C, the total differential dr = d; + dg and:
(a) the internal differential dj is the tensor product differential
de =d; ®1+1®dc.
(b) the external differential d, is given by
dp(z®c)=dp@c+7(z®c)®@1+Ir(z @)@ "
where the diagonal is
Alc)=c1+1c+3Sd .

Finally we come to the definitio of differential Cotor. Let 0 — M — @, and
0 — N — P, be proper injective resolutions of right and left C' comodules M
and N, respectively. Then:

Definitio of differential Cotor 10.12.8. 1 C' is connected, then
CotorS (M, N) = H,(T(Q.)BcT(P,))

As usual we need to know that this is a well define functor, unique up to canonical
isomorphism and, for this, the following suffices

Iff: M — M;andg: N — Nj haveliftsto f: Q. — P.andg: Q1. — P .,
we set
Cotor{ (f,9) = H.(fOcg).

This is well define since

HOcg+ fi0cK : fOcg ~ filcgr
when we are given comodule homotopies of maps of resolutions H : f ~ f;, K :
g~ g1
Remarks. If M, N, and C have zero differentials, then the relationship between

the nondifferential Cotorgp (M, N) and the differential CotorS (M, N) is simply
given by the internal differential d; = 0 and thus

Cotor? (M, N) = @ sprotorgp (M, N).

p=0
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Remarks. If M, N, and C are projective R modules, then we know that the
resolutions ), and P, can be chosen to be extended and R projective in the sense
of Exercise 8 in Section 10.10. In fact, it could be reasonably argued that we
should restrict the definitio of differential Cotor to the category of R projective
differential comodules over an R projective differential coalgebra. There would
then be no loss in assuming that the definitio of a proper injective resolution
included the requirement that it be extended and R projective. In fact, it would be
useful to assume that R is a principal ideal domain or, at least, a Dedekind domain
in which submodules of projective modules are projective modules.

10.13 Cartan’s constructions

We relate total complexes to Cartan’s constructions. Cartan constructions are
a generalization of twisted tensor products and of total complexes which can
substitute for the total complex of a resolution in the definitio of differential
Cotor.

Let C be a simply connected differential coalgebra which is fla as an R module.
Consider twisted tensor products A ®, C with A a differential algebra and total
complexes T'(Q.) with Q. a proper injective resolution. These are both examples
of (right) constructions in the sense of Cartan:

A differential module E is a construction in the sense of Cartan if:

(a) E is a differential comodule over the differential coalgebra C'. E is called
the total space and C'is called the base of the construction.

(b) There is a chain complex F such that £ = F ® C' as R modules.
(c) Fisadifferential subcomplex of E. F'is called the fibr ofthe construction.

(d) E isadifferential comodule over CviaA =1 A: FRC - FC®
C.

(e) Thereisadegree —1linearmap7: FF @ C' — Fwith7(f ® 1) = Orelated
to the differential on E as follows: d(f ® 1) =df ® 1 and, if A(c) =
c®1+1®c+Xd ®”,, then

d(f @ c)=df@c+ (1)) fode+r(f@c) @1+ Sr(f @ d) @ .
(f) The following identity holds
dr(f ® ¢)+7(df @c)+(-1) "= 7 (f @ de) + Sr[r(f @ ¢) @ '] = 0.
Hence, with respect to the Serre filtratio

F,(FE)=F®C<,
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we have

E'E)=F®C, d =dr ®1,
EYE)=H(F)®C,d =1®dc.

Thus, Cartan’s constructions have properties reminiscent of Serre’s computation
of the E' term of his spectral sequence for an orientable fibration

We leave the following Proposition to the exercises:

Proposition 10.13.1. Suppose C' is a simply connected differential coalgebra
which is free over the coefficien ring R. Suppose that F is a chain complex over
R. Let E = F ® C as a C comodule and suppose that F is a differential comodule
over Cand FF = F ® R C E is a subcomplex. Then E is a construction, that is,
there exists a degree —1 linear map

7 FC > F

satisfying the identities in (e) and (f) above. In fact, the identities in (e) are
equivalent to the statements that F is a subcomplex and that E is a differential

comodule and the identities in (f) are equivalent to the statement that d* = 0
in E.

The following lemma is important for considering constructions for bicomodules.
Lemma 10.13.2. Let C and D be simply connected differential coalgebras and

suppose that E is a (vight) construction over C' ® D with fib e F. Then E is also
a construction over D with fib e F @ C.

Proof: That E is a construction over C' ® D gives us a degree —1 linear map
7:F®C® D — F with the property that 7(f ® 1 ® 1) = 0. The differential
on F is then define by the formulas above.

To show that E is a construction over D, we need to defin a differential on
G = F ® C andto give adegree —1 linearmap o : G ® D — G with the property
that 0(g ® 1) = 0 and which will also defin the differential on E by the formulas
above.

First of all, we defin d(f ® 1) =df ® 1. Weset A(c) =c®1+1Qc+2d ®
" and defin
d(f@c)=df @ c+ (—1)1V) f @ de
+7(fecal)@ l+7(fedel)ad.

This define the differential on G which is the restriction of the differential on £
via the embedding G =G® R C E.
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Now defin alinearmap o : G ® D — G by
o(feled) =71(feled el
and forc e C

o(fRced)=17(f@cd)@1+7(fe1ed) @c+7(fodod .

One now checks that this o and the differential on G together defin the differential
on FE. 0

We recall that the opposite coalgebra of a differential coalgebra C' is the differential
coalgebra C°PP which is C as a graded differential R module and which has the
same counit and the twisted diagonal

citcocecLogc

A left differential comodule M over C is then the same thing as a right differential
comodule M over C°PP, The correspondence is given by twisting the coaction

M2 Moo L og M.

In the same way, a differential bicomodule A over C' on the right and over D on
the left is just a right differential comodule over C' ® D°PP. Thus, we immediately
have the existence of proper injective bicomodules and of proper exact sequences
of bicomodules, including the existence of proper injective resolutions of bicomod-
ules. We can form the associated total complexes of these resolutions of bicomod-
ules and get biconstructions. These are just right constructions over C' @ D°PP.

In particular, Lemma 10.13.2 says that a biconstruction is simultaneously a right
and left construction. In addition, a biconstruction is an example of the following.

Definitio 10.13.3. If F isa D — C bicomodule which is a right C' construction
with fibr F, then E is called a right C' construction bicomodule if F' is a left
differential comodule over D such that £ = F' ® C as a left differential comodule
over D.

Remarks. The most important observation related to 10.13.2 is that, if M is a
D — C bicomodule and we form the functorial resolution as a right C' comodule

OHMiM®Cd—0>coker(A)®Cil»coker(do)@)CEQ...,

then it is a complex of D — C' bicomodules and, since each of the cokernels is a
left D comodule, the total complex is a right C' construction bicomodule.

Lemma 10.13.4. Suppose that F1 is a right construction with fib e F' over a
differential coalgebra C' and that FE, is a C' — D differential bicomodule which
is a right D construction bicomodule with fib e G. Then F10¢ Es is a right
construction with fib e F @ G over D.
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Proof: Write £y = F ® C and Es = G ® D where G is a left differential C'

comodule. Then F® G@D “22°L Fo C@G®D is a monomorphism of
differential objects onto F1 O¢ Es.

Let 7: FF ® C — I defin the differential on the construction E;. Defin a dif-
ferential on F' ® G by

7 PGS FeCeG L FeG
that is, the differential is
dfeg)=df @ g+ (-1)"*V fodg+Sr(fod)s
where
Alg) =% @ g
Since A(dg) = dA(g),
1IA®])-dfeg®l)
:(M®A®1yay®g®1+c4ﬁ%“Mf®dg®1+2ﬂf®cU®jU
=df ® Alg) @ 1+ (1)) (f @ dA(g) @

hence the differential on /' ® G C E;O¢ E» is the same as the differential on
F®d.

Ifo: G® D — G is gives E, the structure of a construction via the differential
dp, on E define by the usual formula, then defin the construction structure on
F ® G ® D by the composition

o FoGeD L FeG
and let the differential d on ' ® G ® D be given by the usual formula.

Of course, 0'(f ® g ® 1) = 0 and one checks that
d

FRG®D = FRG®D
l1A®1 l1®A®1
dp, ®1e1+1e1ody
FeCeGeD 28000, pe0gGeD
commutes. Thus, o gives the correct differential on F1O¢ Ey and E1O¢ Fs is a
construction over D. O

Remarks. If you have a Cartan construction, then you can use it to defin dif-
ferential Cotor, but Cartan constructions are hard to get without using proper
injective resolutions. Of course, proper injective resolutions are convenient for
functoriality and, in particular, they are a nice device for proving general homo-
logical invariance when you change the coalgebras and comodules by homology
isomorphisms.
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Exercises
(1) Prove Proposition 10.13.1.

(2) Show that Proposition 10.13.1 implies that following result on twisted tensor
products:

Proposition. Suppose C' is a simply connected differential coalgebra which is
free over the coefficien ring R. Suppose that A is a differential algebra over
R. Let E=A®C as a C comodule and as an A module. Suppose that E is a
differential object which is simultaneously a differential comodule over C' and a
differential module over A. Suppose also that 1 ® 1 is not a boundary. Then E is
a twisted tensor product A ®, C, that is, there exists a degree —1 linear map

7:C— A
which is a twisting morphism in the sense that it satisfie the two properties
dla®c) =da®c+ (=1)a® dec+a(re) @ 1 + La(rd) @ '}
where
Alc)=c®1+1®@c+3Xd @
and
dr+717d=(pe)(leTe1)(1x A).

Hint: Defin 7:C — A by 7(c)=7(1®c) and show that T(a®c) =
(—1)desla)r(c). Use the fact that d*> = 0.

(3) Let A — B — C be a sequence of maps of differential Hopf algebras with C
simply connected and free over the coefficien ring. Suppose that

B=A®C

as a left A module and right C' comodule. Then there is a twisting morphism
7 : C'— A such that B is a twisted tensor product,

B=A®, C.

(4) A differential comodule M over C' is said to be augmented if there exists a
differential map M — C' which is a map of differential comodules.

(a) If E — B is any map of simplicial sets, show that the normalized chain
complex C'(F) is an augmented differential comodule over C(B).

(b) If M is an augmented differential comodule over a differential coalgebra
C, show that there is a proper injective resolution 0 — M — @, such
that the total complex 7'(Q.) is an augmented differential comodule over
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C' and that the map M — T(Q.) is a map of augmented differential
comodules.

10.14 Homological invariance of differential Cotor
The cotensor product is closely related to geometric pullbacks. We begin this

section with some remarks on geometric pullbacks. Consider a pullback diagram
of topological spaces

X — B
i !
A — C

We shall adopt the notation X = A x¢ B for this pullback of A and B over C.
Consider the functor T4 (B) = A x¢ B.

The functor T)4 is said to be homotopically invariant if: Whenever By — B,
is a map of spaces over C' which is a homotopy equivalence then A x¢ By —
A X ¢ Bs is a homotopy equivalence.

If A— C is not a fibration then the functor 74 need not be homotopically
invariant. Consider the example of x — PC over C'and T¢ (x) = * — T (PC) =
Q(C).

But
Lemma 10.14.1. If A — C is a fib ation and By — Bs is a map of spaces over

C which is a homotopy equivalence, then A x¢ By — A X¢ By is a homotopy
equivalence.

The quickest proof uses the long exact sequences of the fibration
AXxec By — By, AX¢c By — By

and is left to the reader.

A homological variation of the above is also left as an exercise.

Lemma 10.14.2. If A — C is an orientable fib ation and By — Bs is a map of
spaces over C which is a homology equivalence, then A Xc By — A X¢ By isa
homology equivalence.

Now consider the following variation involving right differential comodules M
and left differential comodules N over a differential comodule C. When is the
functor Ty (N) = MOg N homologically invariant? It is certainly not always
the case. Consider the case M = R and R — C' ®, Q(C) where the latter is the
acyclic tensor product. Then T (R) = R — Tr(C ®¢ Q(C)) = Q(C) is usually
not a homology equivalence.
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But Cartan’s constructions are analogous to fibration in the following sense:

Proposition 10.14.3. Assume that R is a principal ideal domain. Let E be a right
construction in the sense of Cartan over a differential coalgebra C with fib e F.
Then Ty is a homologically invariant functor in the following sense. if Ny — No
is a map of left differential comodules over C which is a homology equivalence
and if Ny and Ny are R projective, then EOc N, — EQO¢ Ny is a homology
equivalence.

Proof: Assume that NV is any R projective left differential comodule over C.

Filter E by the Serre filtratio and N and C by the skeletal filtration that is, filte
by degree, F,,(N) = N<,,, F,(C)=Cx,.

We have

and
E*(N) = H(N).

And also £ = F ® C as R modules,

E°(E)=F®C, E'dp) =dr ®1,

EY(E)=HF®C, E'(dp) =1®dc
and

F*(E)=H(HF @ C).

Filter EO¢ N by the product filtration

F(EeN)= ) F(E)eF(N)

i+j=n
and let
F,(FO¢N)=EQOcNNFE,(E®N).
As R modules, the short exact sequence
0—EOoN—-EoNSEQCoN
is
0-FaNI5 FoCoN-FeCoCaN
and dpgy =dp ® 1 + 1 ® dy . Hence,
E'dpen) =E"(dp)® 1+ 1@ E'(dy) =dr ® 1 ® 1.
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Therefore,
E’(dpo.n) =dp ®1
and
E'(EO¢N)=HF ® N.
That is,

EY(EO¢N) — EY(E® N) Zo), EY(E®@C®N)

is the short exact sequence
0-HFoN 2 HFoCoN S HF©CoC® N,
Since
E'(dpon) =1®dc @1 +101®@dy
and, since A : N — C' ® N is a map of differential comodules, it follows that
E'(dpo.n) =1®dy.

Thus, E?(EO¢N) = H(HF ® N) and, since R is a principal ideal domain, the
universal coefficien theorem gives a functorial short exact sequence

0 — H(F)® H(N) — E*(EQO¢N) — Tor”(H(F),s 'H(N)) — 0.
The homological invariance of EO¢ N follows from this identificatio of E2. [

Remarks. If we accept the identificatio of differentials, then a quick summary
of the above proof is: With the Serre filtratio on E and the skeletal fitratio
on N,

E°(EOcN)=F®N, d’ =dr ®1,
E'(EOcN)=HF®N, d' =1®d.
And
0— H(F)® H(N) — E*(EQ¢N) — Tor”(H(F),s "H(N)) — 0
is short exact.

When applied to a construction, the cotensor product is homologically equivalent
to differential Cotor. More precisely,

Corollary 10.14.4. If R is a principal ideal domain, C' is an R projective simply
connected coalgebra, E is an R projective right construction over C, and N is an
R projective left differential comodule over C, then there is an isomorphism

H(EO¢N) — Cotor® (E, N).
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Proof: Let0 - E — @, and0 — N — P, be proper injective resolutions which
we can assume are R projective and tapered so that the respective total complexes
are constructions concentrated in positive degrees. In particular, both E — T'(Q.)
and N — T'(P,) are homology isomorphisms and 7'(P,) is a construction. Hence
Proposition 10.14.3 asserts that there are isomorphisms

H(EOeN) — H(EQO:T(P.)) — H(T(Q,)0cT(P,)) = Cotor® (E, N).
O

Remark. Forexample, in Corollary 10.14.4, the construction F could be a twisted
tensor product A ®, C. We would then get

HA = H(A®, CO¢R) = Cotor® (A ®, C, R).
The fact that resolutions are constructions shows that differential Cotor is balanced,
that is:

Corollary 10.14.5. If M, N, and C are R projective with C simply connected
and 0 - M — Q. and 0 — N — P, are R projective tapered proper injective
resolutions, then there are homology equivalences

T(Q.)0eN — T(Q.)BcT(P,) — MOCT(P,).
Let C be an R-projective simply connected coalgebra. The cobar construction

QC ®, C'is the total complex of an R projective proper injective resolution of R
and hence:

Corollary 10.14.6.
Cotor” (R, N) = H(QC ®, CO¢N) = H(QC @ N)
or, when N = R,
Cotor” (R, R) = H(QC).
Remark. If C is a coalgebra with zero differential, there is no internal differential
in 2C and hence
Cotor’, (R,R) =ker C - C®C
= PC' = the module of primitives of the coalgebra.
Exercise

(1) Show that the fact that differential Cotor® (M, N) is balanced implies that
it is well define functor when M, N, and C are all R projective and C' is
simply connected.
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10.15 Alexander—Whitney and Eilenberg—Zilber maps

Let A be the category whose objects are the finit sets [n] = {0,1,...,n} and
whose morphisms are (weakly) monotone maps « : [n] — [m]. Let S be the
category of sets and functions.

Recall that a simplicial set is a contravariant functor X : A — S.

It is customary to write X,, = X ([n]) for the functor on objects and o* =
X(a) : X, — X,, for the functor on morphisms. The elements of X, are called
n-simplices.

Among the monotone maps there are two special sets of maps, the coface maps
and the codegeneracy maps:

(1) for all 0 < i < n, the coface maps are the injections €' : [n — 1] — [n]

define by
. k if0<k<i
e‘(]g): .
k+1 ifi<k<n-1

(2) forall0 < j < n,the codegeneracy maps are the surjections 7/ : [n + 1] —
[n] are define by

. k if0<j<k
(k) = . :
k-1 ifj<k<n+1

Given a simplicial set X, we write

(ei)* :di :Xn - anla 0<i<n
and

(Uj)* =sj: Xpy1 = Xy, 055 <n
and call these maps face and degeneracy operators, respectively.

Note that every monotone map « : [n] — [m] has a unique factorization into a
composition of monotone maps « = 3 - 7y : [n] — [k] — [m] where 7 is a surjec-
tion and 3 is an injection.

We note that every monotone surjection can be written uniquely as a composition

ry:n/‘l .7’]”2 .....77”7“

where 11 < 19 < --- <. We also note that every monotone injection can be
written uniquely as a composition

where 05 > 0,1 > -+ > 01.
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Hence, every monotone map « has a unique expression
a=0-y=¢€%-...¢€

It follows that the maps in a simplicial set o* : X,,, — X, have canonical expres-
sions as

=5, 8,8, ds, -ds, ... ds
where 11 <19 < --- < and dg > g1 > --- > I1.
One can check the standard simplicial identities:
Lemma 10.15.1. The face and degeneracy operators satisfy the identities
didj =djd;, 1<

$iSj; = Sj+15i, ZS]

Sj_ldj, 1< g
dis; =41, i=j, i=j+1
deifl, 1> j + 1.

The chains on a simplicial set X is the free graded R module C'(X) with graded
basis X and differential d : C,,(X) — C,,_1(X) define on generators by

d(o) =X o(=1)'di(0), oeX,.

Definitio 10.15.2. An n-simplex o € X, is called degenerate if it is of the form
s;T for some 7€ X, 1.

The identities in Lemma 10.15.1 show that the degenerate simplices span a sub-
complex D(X) which is closed under the differential. In MacLane’s Homology,
it is shown that D(X) is acyclic, HD(X) = 0.

Definitio 10.15.3. If X is a simplicial set, the complex of normalized chains is
the quotient complex CV (X) = C(X)/D(X).

Of course, C'(X) — CV(X) is a homology isomorphism and CV (X) is the free
module generated by nondegenerate simplices. This makes the normalized chains
more convenient in the sense that, if X is a k-reduced simplicial set, that is, if
X, = * for ¢« < k, then the normalized chain complex cN (X) is k connected,
c’ (X)=0fori <k.

3

Universal models for simplicial sets are A", n >0 :

(A™);, = map([k], [n]) = monotone maps
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We denote a monotone map « : [k] — [n] by the ordered n+ 1 tuple a =
(«(0), ..., a(n)). We note that the face operators are

d; (a(0),...,a(n)) = (a(0),...,ai),...,a(n))
and the degeneracy operators are

$;(0,...,n) = (a(0),...,a(j), a(j),...,a(n)).
Hence « is nondegenerate if and only if the entries are all distinct.

If x ¢ X,, is any n-simplex, there is a unique simplicial map Z : A" — X such
that 7(0,...,n) = .

We now turn to the Alexander—Whitney maps A : C(X xY) — C(X) @ C(Y)
and the Eilenberg—Zilber maps V : C'(X) ® C(Y — C(X x Y'). Once again, the
main reference is MacLane’s Homology.

If o € X, is an n-simplex, the front i-faceis ;0 = d; 11 ...dy,-1d,,0 =7(0,...,1)
and the back j-faceiso; = (dy)" 7o = 7(j,...,n). Thus, on universal examples,

i(0,...,m)=(0,...,9), (0,...,n); =(J,...,n)
The Alexander—Whitney maps are based on this choice of front and back faces.

Definitio 10.15.4. If (0, 7) € X,, X Y,, is an n-simplex, the Alexander—Whitney
map is

A(U’ T) = Z?:Oio- ® Tn—i-
The universal examples for the Alexander—Whitney maps are A : C(A" x
A") — C(A™) @ C(A™) with
A((0,...,n),(0,...,n)) =X ,(0,...,i) ® (i,...,n).
We state without proof the key properties of the Alexander—Whitney maps:

Proposition 10.15.5. The Alexander—Whitney maps A : C(X xY) - C(X) ®
C(Y) satisfy:

(1) they are natural chain equivalences

(2) they are associative, that is,

A

C(X xY xZ) = C(X)®C(Y x1Z)
1A 1A
CXxY)®C0(Z) 22 oX)eCY)eC(Z)

(3) they induce a map of normalized chains

A:CN(X xY)—=CV(X)oCN(Y)
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that is, if (o, T) is a degenerate n-simplex and i + j = n, then so is at least
one of the front face ;o or the back face ;.

The Alexander—Whitney maps defin the differential coalgebra structures on the
chains C'(X) and the normalized chains CV (X) via the Alexander-Whitney
diagonal formed by composition with the induced map of the diagonal X —
X x X, that is,

A=A-C(A):C(X)—C(X xX)—CX)®C(X)
A=A-CNA):CVN(X) - CVN(X xX) - CV(X)oCV(X)

The Eilenberg—Zilber maps V : C(X) ® C(Y) — C(X x Y) are based on the
classical triangulation of a product of two simplices.

Consider the product [n] x [m)].

A monotone path p from (0,0) to (n,m) is a piecewise linear path from lattice
point to lattice point and such that the horizontal moves are to the right and
vertical moves are upward. Thus, p is a function from [n + m] to the lattice points
of [n] x [m] which is monotone in each coordinate 71 - p and w9 - p, p(0) =
(0,0), p(n+m) = (n,m) and such that each step has length 1.

We have the standard monotone path py which goes via:
(0,0),...,(n,0),(n,1),...,(n,m)

and we associate to any monotone path p the integer k& which is the area enclosed
by p and py. Defin the sign of p by sgn(p) = (—1)F.

Now the Eilenberg—Zilber map is the following:
V(iz®vy)
= X,sgn(p)(@(mp(0), ..., mpn +m)),y(mep(0),. .., mp(n +m))),
the summation being taken over all monotone maps p.
The universal example for the Eilenberg—Zilber maps are
V:CA") @ C(A™) — C(A" x A™)
and
V((0,...,n)®(0,...,m)) = E,sgn(p)s*(0,...,n) x t*(0,...,m)

where s* is an interated degeneracy inserting repetitions whenever the firs coor-
dinate of the path is constant, that is, whenever m; p(i) = mp(i + 1), and ¢t* is an
interated degeneracy inserting repetitions whenever the second coordinate of the
path is constant, that is, whenever mop(i) = mop(i + 1).

We state without proof the key properties of the Eilenberg—Zilber maps.
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Proposition 10.15.6. The FEilenberg—Zilber maps V :C(X)C(Y) —
C(X xXY) satisfy:
(1) they are natural chain equivalences
(2) they are associative, that is,
CX)eCY)20(Z &% CX xY)®1Z)
11V Y%
CX)®C(Y xZ) L CXxYxZ)
(3) they are maps of differential coalgebras
(4) they induce a map of normalized chains
V:cN(X)ecN(Y) - CN(X xY)

that is, if o in X or 7 in'Y are degenerate simplices, then V(o @ T) is a
sum of + degenerate simplices.

(5) the Eilenberg—Zilber maps and the Alexander—Whitney maps are inverses
up to natural chain homolopies, thatis, A -V ~ 1, V - A ~ 1. In the case
of normalized chains, A - N = 1, that is, the Alexander—Whitney map is a
left inverse to the Eilenberg—Zilber map.

Remarks. All of the above properties of Eilenberg—Zilber maps except for
(3) may be found in MacLane’s book [77]. Property (3) may be found in the
paper by Eilenberg and Moore on Homology and Fibrations I [42].

If C and D are differential coalgebras, then C' ® D is a differential coalgebra with
the tensor product differential and the diagonal

coD2% ceceobDeD L ceDeCeD

where T is the twist map T'(c ® d) = (—1)de(c)des(d) g & ¢,
We now defin the skeletal filtration

Definitio 10.15.7. An n-simplex o has skeletal filtratio sk(c) < k if there is a
monotone map « : [n] — [k] such that o is in the image

o Xy — X,

Let us denote the skeletal filtratio on a simplicial set X by
F,X ={oeX|sk(o) <n}.

Then

F X, — Xk if k& <n
nek U s* X, if k£ > n where s* runs over k — n fold iterated degeneracies.
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One checks:

Lemma 10.15.8. The skeletal fit ation F,, X is a subsimplicial set of X and
hence generates a subcomplex F,,C(X) of the chains C(X) and a subcomplex
F,CN (X) of the normalized chains C™ (X).

Note that F,,C™V (X) equals 0 in dimensions greater than n.
One can check:

Lemma 10.15.9. The Alexander—Whitney map preserves the skeletal fltration
in the sense that, if (o,7) is a simplex of dimension n in X XY, n=1+j,
and sk(o,T) < k, then sk(;o) + sk(7;) < k, that is, the Alexander—Whitney map
satisfie

AF,C(X xY) C F,(C(X)®C(Y)) =Zit;-n F,C(X) @ C;(Y).
Suppose that 7 : E — B is a fibratio of simplical sets. The Serre filtratio on E
is the inverse image of the skeletal filtratio on B, thatis, F, E = n~ ' F,, B.

Exercise
(1) Verify Lemma 10.15.1.

10.16 Eilenberg—Moore models

We shall denote pullback diagrams of simplicial sets or of topological spaces by

YxxZ & 7

Lh lg

Y ox

Assume that g is a fibratio with fibr F' and hence that h is also a fibratio with
fibr F.

We filte X and Y by the skeletal filtration and we filte Y X x Z and Z by the
Serre filtrations

The diagonal maps give maps
A:Y -Y XY —>Y xX,
A:Z—-7ZXZ—ZxX.
Composition with the Alexander—Whitney map
A:C(YXZ)—-CY)C(Z)
define amap A : C(Y xx Z) — C(Y) ® C(Z) given on n-simplices by
A(0) =it jonh(i0) ® k(0;).
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Lemma 10.16.1. The map A is filt ation preserving.

Proof: 1f o is in the n-th Serre filratio of Y X x Z, that is, serre(c) < n, then
ho is in the n-th skeletal filtratio of Y, that is, sk(ho) < n. Since the Alexander—
Whitney map preserves the skeletal filtration sk(;ho) + sk(ho;) < nfori+j =
n. Thus,

sk(;ho) +sk(fho;) <n

sk(;ho) +sk(gko;) <n

sk(;ho) + serre(ko;) < n.
O

The chain complexes C(Y) and C(Z) are differential comodules over the differ-
ential coalgebra C'(X) via the maps

A:CY)-CY xY)-CY)oCY)—-CY)®C(X)
A:C(Z)—CZxZ)—CZ)oCZ) —CX)®C(Z).
The associativity and naturality of the Alexander—Whitney maps show that there
is a map
A:CYxXXZ)—-CY)oC(X)®C(Z)
such that both diagrams below commute (of course, A = (ly ® Ay z)
Ay xxz = (Ay,x @ 1z)Ay xx 7).

cyxz) =24 C(Y x X x Z)
LA | A
CYV)202Z) 22 Co)eoX)e o)
and
cy xz) 5 CY x X x Z)
LA 1A
C(Y)®C(Z) 25 oY)eCX)e ().

Hence, we have a unique map C(Y xx Z) — C(Y)O¢(x)C(Z) such that
oy xxz) M o xz) CY x X x Z)
! 1A 1A
C(Y)Dox)C(Z) — CY)eoz) 2278 oy)eC(X)eC(z)

commutes.

AX1I-1xA
—

We give C(Y)O¢ (x)C(Z) the subspace filtratio of the tensor product, that is,

F,(C(Y)Oc(x)0(2)) = F (C(Y)De(x) C(2)) ()(C(Y)De (x) C(2Z)).
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Lemma 10.16.1 says that the map

A C(Y XX Z) - C(Y)Dc(X)C(Z)

is filtratio preserving where the domain has the Serre filtratio and the range has
the filtratio coming from the sketetal fitratio on Y and the Serre filtratio on Z.

Let X be a one-reduced simplicial set so that the normalized chains CV (X) are a
simply connected differential coalgebra. We shall change notation so that C'(X)
denotes the normalized chains.

With this understanding, let
0—-CY)—Q.

be an R projective proper injective resolution of the right differential module
C(Y) over the differential coalgebra C = C'(X). We recall that Q, = Q. ® C as
comodules.

Eilenberg—Moore geometric approximation theorem 10.16.2. The composite
map

C(Y xx Z) — C(Y)O¢(x)C(Z) — T(Q+)Bc(x)C(Z)

is a homology isomorphism, that is, there is a natural isomorphism

H(Y xx Z) — Cotor® X)(C(Y), C(Z)).
Proof: Serre’s computation for a fibratio asserts that, in the Serre spectral
sequence of an orientable fibratio sequence F' — E — B, one has

E'C(E)=HF ®C(B), d' =1®dc )
and hence there is a short exact sequence

0— HF ® H.B — E*C(E) — Tot”(HF, H,_,(B)) — 0.
In particular, if F' is the fibr of Z — X, we have a short exact sequence
0— HY ®HF — E*°C(Y xx Z) — Tor”(H, 1(Y), HF) — 0.

We filte T(Q.) by the skeletal or degree filtratio and C(Y') by the skeletal
filtration The augmentation map C(Y') — T'(Q.) is filtratio preserving.

Hence, if we filte 7'(Q.)0cC(Z) by the filtratio induced by the skeletal fitratio
on T(Q.) and by the Serre filtration on C(Z) and C(Y xx Z), we get that the
composition map

A:C(Y xx Z) — C(Y)Og(x)C(Z) — T(Q:)B¢(x)C(Z)

is filtratio preserving.
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The theorem will follow when we show that, in the spectral sequence associated
with the filtratio on T'(Q.)O¢(x)C(Z), we have a short exact sequence

0— HY ® HF — E*(C(T(Q.)0cC(Z)) — Tor’(H, (Y),HF) — 0,

similar to the above sequence for E>C(Y x x Z). Since we have an isomorphism
at %, we have a homology isomorphism.

In brief summary, the proof goes as follows:
E(T(Q.)0cC(2)) =T(Q.,) ® C(Z), E'(d) =1®d".
E(T(Q)0c¢C(Z) =T(Q.) ® C® HF =T(Q.) ® HF, E'(d)=dr ® 1.

Hence, we get the above short exact sequence and this would complete the proof.
We now go into more detail on the identificatio of the differentials.

First of all, we record the following observation: We shall denote by dn the
restriction of the tensor product differential dg =d® 1+ 1®d on M ® N to
the differential on the cotensor product M O¢x N. Then, under the isomorphism
A : M — MUOgC, the differential dg corresponds to the differential d); on M.

With the skeletal filtration we have
EY(T(Q.)) = T(Q.), E°(dr)=0,
ENT(Q.) = T(Q.), E'dr) = dr,
E2(T(Q.)) = HT(Q.) = H(Y).
Also with the skeletal filtration we have
EY(C)=C, E°d¢)=4d} =0,
EY(C)) =0, E'(dc) = de,
E*(C) = H(C).
With the Serre filtratio of C(Z), we have
EY(C(Z))=C®HF, d' =dc ®1.
Hence, with the filtratio of T'(Q.) ® C(Z), we have
EY(T(Q.) ® C(Z)) = T(Q.) ® C(2),
E%d) = E°(dr) @ 1+ 1®d} 5 = 1@ d} g,
ENT(Q.)©C(Z) =T(Q.) ® C® HF,
E'd)=dr ®1®1+1®dc ®1.
With the fItration of 7'(Q.))0¢ C(Z), we have
E'(T(Q.)0cC(Z)) = T(@,) ® COcC(Z) = T@,)  C(Z),
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via the differential isomorphism A : C(Z) — CO¢C(Z). Hence
E'Nd)=1901Qdyz =1010dyz +10de @ 1210 dg ).
Thus,
EY(T(Q.))0cC(2)) =T(Q.) ® H(C(Z),d¢ 7))
= T(Q,)®C®HF =T(Q.)® HF,
via the isomorphism 7(Q.)0cC ® HF = T(Q,) ® HF. It follows that
E'(d)=dr ®1.

Hence, E*(T(Q.))0cC(Z)) = H(T(Q.) ® HF, dr ® 1) and there is a short
exact sequence

0— H(T(Q.) ® HF — E*(T(Q.) ® HF)
— Tor”(H,_1(T(Q.), HF) — 0.

Since HT(Q.) = H(Y'), the above short exact sequence is isomorphic to what
we want and the proof is complete. O

Remarks. There are two ways to replace simplicial sets by topological spaces in
the statement of the geometric approximation Theorem 10.16.2.

First, one can assume that Y and X are both simply connected spaces. Then replace
the singular complexes S(Y') and S(X) by the firs Eilenberg subcomplexes which
are the subsimplicial sets where the 1-skeleton is restricted to a point. Then restrict
the pullback to these complexes in the obvious way. Since the homotopy types of
all the simplicial sets in the pullback does not change, this translates into a true
topological statement.

Alternatively, one can assume that X is a simply connected space and that both
Y — X and Z — X are fibrations Now, replace the simplicial set S(X) by the
firs Eilenberg subcomplex and restrict all the singular commplexes to being over
S(X). Since fibration restrict to fibrations no homotopy types change and, once
again, this translates into a true topological statement.

10.17 The Eilenberg—Moore spectral sequence

Let M and N be differential comodules over a simply connected differential
coalgebra C. The Eilenberg-Moore spectral sequence is a purely algebraic object
which relates the nondifferential Cotor on the homologies to the differential Cotor.

Proposition 10.17.1. If C is a simply connected differential coalgebra which is
projective over the ground ring and which has fla homology HC, then there
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is a functorial convergent second quadrant spectral sequence with abutment
Cotor® (M, N) and with

2 _ HC
EZ, , = (Cotor”, (HM,HN)),.

Proof: Let
00— M — Q.

be a proper injective resolution of the right comodule M over the differential
coalgebra C. With no loss of generality, we can assume that the resolution is
tapered in the sense that each (), is atleast 2p — 1 connected. We can also assume
that we can write each Q_, = Q_, ® C as extended differential comodules with
respect to the internal differential d; and that each Q_, is a fla R module.

Since a proper injective resolution is split as a resolution of differential modules,
it follows that the internal homology of the resolution

0— HM — H;Q,

is also split exact. By the Kunneth theorem H;Q, = H;Q, ® HC and the reso-
lution

0— HM — HQ,

is in fact a proper projective resolution of the comodule H M over the coalgebra
HC.

We filte T(Q.)0O¢ N by the resolution degree, that is,
F"(T(Q*)DCN) = T(Q*[?S’n)DCN = T(@—pgn) QN

and note that the tapering of the resolution guarantees that this filtratio is finit
in each fi ed degree. Hence the spectral sequence based on this filtratio will
converge.

Note that
E,=5"Q ,®C@N, d =d®l+1®dy
in the spectral sequence of T(Q.) ® N. And
E',=Hs"Q ,9HC®HN =Hs"Q_,® HN, d' =dp ® 1
in this spectral sequence.
Hence,
E'=s7Q ,®N, d"=d;®1+1®dy
in the spectral sequence of 7(Q.)0¢ N. And
E'=Hs"Q_,® HN = Hs "Q_,0ycHN, d' =dpOc1

in this spectral sequence.
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Thus,
E? = Cotor®©(HM, HN)

in the spectral sequence which abuts to Cotor® (M, N'). We are done. U

Remarks. From the construction of the Eilenberg—Moore spectral sequence, there
is an increasing filtratio of Cotor” (M, N) indexed by the nonpositive integers

.CF,,CF-nC..-CF_ | CFy=Cotor’ (M,N).

Since C' is simply connected, this filtratio is strongly convergent in the sense that
it is finit in each fi ed degree.

Note the important edge homomorphism

Cotor” (M,N) = Fy — Fy/F_y = Ey, C Ej, = HMOpycHN.

Remarks. Consider the algebraic structures of associative algebras, associa-
tive coalgebras, and (bi)associative Hopf algebras. In this book, it is invariably
the case that, if a particular differential Cotor has this structure, then the whole
Eilenberg—Moore spectral sequence, including the edge homomorphisms, respects
this structure. The reason for this is that the Eilenberg—Moore spectral sequence
is define Dby the filtratio by resolution degree and the various algebra structures
in differential Cotor are define by the Kiinneth theorem and maps of total com-
plexes of resolutions, both of which are compatible with the filtratio by resolution
degree. In particular, these algebraic structures induce the same structures on the
E? term, that is, on the nondifferential Cotor define by the homologies. Important
examples are:

(1) If

EF —
!

e N

Y —

is a homotopy pullback of simplicial sets with X being 1-reduced and, if
all the spectral sequence terms are R projective, then the Eilenberg—Moore
spectral sequence is a spectral sequence of differential coalgebras and the
edge homomorphism HFE — HY Oy x HZ is a morphism of coalgebras.

(2) If, in addition, the above example is a homotopy pullback of simplicial
monoids with X being 1-reduced and, if all the spectral sequence terms
are R projective, then the Eilenberg—Moore spectral sequence is a spectral
sequence of differential Hopfalgebras and the edge homomorphism H £ —
HYOp x HZ is a morphism of Hopf algebras.
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(3) If C is a simply connected supplemented differential coalgebra, then
the Eilenberg—Moore spectral sequence abutting to CotorC(R, R) is
a spectral sequence of differential algebras and the edge homomor-
phism Cotor” (R, R) — ROy¢ R = R is an augmentation morphism of
algebras.

(4) If C = C(X) is the normalized chains on a 1-reduced simplicial set and
if all the spectral sequence terms are R projective, then the Eilenberg—
Moore spectral sequence abutting to Cotor” ) (R, R) = H(QX) is a
spectral sequence of differential Hopf algebras and the edge homomor-
phism H(QX) — ROpcx R = R is an augmentation morphism of Hopf
algebras.

The Eilenberg—Moore spectral sequence is often used for computation but its
functoriality has another use in proving a strong form of homological invariance.
Let M and N be differential comodules over a simply connected differential
coalgebra C such that C' is R projective and HC is R flat Let M; and IV,
be differential comodules over a differential coalgebra C; satisfying the same
hypothesis.

Corollary 10.17.2. Let C — C be a map of differential coalgebras as above and
let M — My and N — Ny be maps of differential comodules with respect to the
coalgebra map. If these maps are all homology isomorphisms, then the induced
map

Cotor® (M, N) — Cotor®t (M;, Ny)

is an isomorphism.

10.18 The Eilenberg—Zilber theorem and the Kiinneth formula

The Alexander—Whitney map A:C(X xY) - C(X)®C(Y) and the
Eilenberg—Zilber map V : C(X) ® C(Y) — C(X x Y) are two natural chain
equivalences which have different uses and virtues. The use of the Alexander—
Whitney map is that, in composition with the induced map of the diagonal,

c(A)
R

C(X) C(X x X) 2 C(X) ® O(X),

it endows the chains with the structure of a differential coalgebra. The virtue of
the Eilenberg—Zilber map

V:0X)®CY) — C(X xY)

is that it is a map of differential coalgebras and a chain equivalence (homology
isomorphism).
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Let
E & z B oz
Lh lg  ad Lo L
vy L X v, L x

be two pullback squares where g and g, are fibrations Let
ExE 2B zxz7,
Lixf  lgxa
yxy, N x«x
be the product pullback square.

Homological invariance and the fact the Eilenberg—Zilber maps are maps of dif-
ferential coalgebras immediately implies that:

Proposition 10.18.1. The Eilenberg—Zilber map define an isomorphism

V = Cotor¥(V, V) : Cotor?X)2CX)(C(v) @ C(v1),C(Z) @ C(Z,))
— Cotor® X*X)(C(Y x Y1), C(Z x Zy)).

This is compatible with the Eilenberg—Zilber map

V:CE)®C(E)) — C(E x Ey).

Before discussing this further we shall compress the notation and denote by X the
normalized chains C'(X).

Using this notation, let 0 — Y 2, Q. and 0 — Y; 5 Q. be nice (= tapered and
R-projective) proper injective resolutions of right differential comodules over the
respective differential coalgebras X and X;. And let

0 — YxYvi 2% Q.90
! Y
0 - Yxy %L P,

be a map from one proper injective resolution to a proper injective resolution. (See
Exercise 1 below.)

Recall that the Eilenberg—Moore geometric approximation theorem says that the
composite map

n0O1

E S voyz 5 7(Q.)0x Z
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is an homology isomorphism where A : ¥ — Y Ox Z is the restriction to E of the
Alexander—Whitney map A : Y X Z — Y ® Z and T'(Q.) is the total complex of
the resolution.

Consider the diagram

E® B 2% (YOxZ)® (Y1O0x, 7)) 22290720, 7(Q,)0x Z & T(Q1.)0x, 7

1 11Tl = B 11Tl =
V. C (Y eYi)Oxex, (Z8Z1) 2255 T(Q.) © T(Q1)Oxex, (2.8 Zy)
! | vav A | VoV

ExE 2 (YxY)Ox.x, (ZxZ,) 225 T(P,)Ox vx, (Z x Zy)

The top and bottom horizontal compositions are homology isomorphisms by the
geometric approximation theorem. The right and left vertical maps are homology
isomorphisms by the usual Eilenberg—Zilber theorem. (See Exercise 2.)

The square A commutes since we have a map of resolutions extending VOV. The
square B commutes since we are using the same twist maps on the left and right.
The square C commutes since the Eilenberg—Zilber map is a map of differential
coalgebras and this diagram is covered by the commutative diagram

ARA

FoE — ERE®E ®E
! l1eT®1
|V EQFE 9 F®E;
! VeV

ExE 2 (ExE)®(ExE).
If we take the homology of the above commutative diagram, we get:
Proposition 10.18.2. We have a commutative diagram
HE® HE, 2% Cotor® (Y,Z) ® Cotor™ (Y1,Z)

| HV IRV
HExE) 5L Cotor™* X1 (Y x V1,7 x Z4)

in which the horizontal maps are isomorphisms and, if the homologies HE and
HE, are fla over R, the vertical maps are isomorphisms.

We shall call the left-hand vertical map the Eilenberg—Zilber map for differential
Cotor.

For the sake of completeness, we record from the above proof the purely algebraic
Kiinneth formula.

Proposition 10.18.3. The twisting map gives a morphism

Cotor® (M, N) ® Cotor®t (M, Ni) — Cotor®®“t (M @ M;, N @ Ny)
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which is an isomorphism if C,M,N,Cotor®(M,N) and Cy,M,, Ny,
Cotor® (M, Ny) are all R projective.

Exercises

1) If0 - M — Q,and0 — M; — Q1. are proper injective resolutions of right
differential comodules over the differential coalgebras C' and C';, respectively,
then

0—-> MM — Q:® Q1.

is a proper injective resolution of right differential comodules over the differ-
ential coalgebra C' ® C.

(2) Prove the map 1 ® T'® 1 restricts to an isomorphism
1 @ T® 1: (M\ch) ® (MllelNl) — (M ® Ml)DC®Cl (N ® Nl)

10.19 Coalgebra structures on differential Cotor

Consider the diagonal map of pullback squares

k

E 5 7z ExE = 7247
) lg = Lhxh lgxg
y L x yxy L xxx,

where the map ¢ is a fibration When HE is R flat this induces a coalgebra
structure which is compatible with the Eilenberg—Moore model in the following
manner.

Whenever the homology HE of a space is fla over the ground ring it has a
coalgebra structure define by the composition of the Alexander—Whitney map
with the induced map of the diagonal

A:HE ™2 g x p) 222U 1(Ee E)~ HE  HE.

Since we always have a commutative diagram

HE A8, H(E x E) AV HE®HE

Ln Ln Inen
Cotor™ (Y, Z) 2, Cotor™ ¥ (Y XY, Z x 7)) & Cotor® (Y, Z) ® Cotor™ (Y, 2)

in which the vertical maps are isomorphisms, it follows that, if HE =
Cotor® (Y,Z) is R flat then we have coalgebra structures on HE and
Cotor™ (Y, Z) which are isomorphic.

Remarks. We can strenghten the Kiinneth Theorem 10.18.2 as follows:
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If the homologies HE and HE) are fla over R, then we have a commutative
diagram

nen

HE ® HE, Cotor™ (Y, Z) ® Cotor™! (Y1,Z,)
| HV |V
HExE) 5 Cotor™ X1 (Y x Y1,Z x Zy)

in which the horizontal maps and vertical maps are isomorphisms of coalgebras.
All that is new is that the right hand map is a map of coalgebras. The proof of this
fact is that we already know that the horizontal maps and the left-hand map are
isomorphisms of coalgebras and hence so is the right-hand map.

Remarks. It is important to observe that there is no intrinsically define coal-
gebra structure in a differential Cotor, Cotor” (M, N), define for differential
comodules and differential coalgebras. The coalgebra structure in this section
depends on the geometry of the Eilenberg—Zilber map.

For example, if C' is a commutative differential coalgebra then the comulti-
plication C' — C' ® C' is a map of coalgebras and hence, if Cotor® (R.R) is
R flat then the induced map Cotor® (R.R) — Cotor®*“(R® R,R® R) =
Cotor® (R.R) ® Cotor® (R.R) gives a coalgebra structure. But there is no guar-
antee that this structure has any relation to the coalgebra structure discussed in this
section. Suppose that there is a map of differential coalgebras C' — C'(X) which
is a homology isomorphism. The isomorphism of differential Cotors

Cotor® (R.R) — Cotor® ™) (R.R)
need not be a morphism of coalgebras.

Remarks. Suppose we have a pullback square

EFE — Z
! !
Yy —- X

with the vertical maps fibration and HE a fla R module. Since the Eilenberg—
Moore spectral sequence is define by the filtratio by resolution degree and since
the maps which defin the coalgebra structure on the differential Cotor, that is, the
diagonal map on a space and the Eilenberg—Zilber map, are both compatible with
this filtration it follows that,this Eilenberg—Moore spectral sequence is a spectral
sequence of coalgebras

E? = Cotor"* (HY, HZ) = Cotor®* (CY, CZ).
Exercises
(1) Show that the map
Cotor™ (Y, Z) — Cotor® (R, R)

is a counit for the coalgebra structure in this section.
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10.20 Homotopy pullbacks and differential Cotor of several variables

Pullbacks of several variables are the geometric analoques of iterated cotensor
products and homotopy pullbacks of several variables are the geometric analogues
of the several variable derived functors. We introduce these ideas in this section.

For us here a pullback of several variables is just the pullback of a zigzag diagram
of maps as follows

Xi—A X0 - Ay — X3 — .. A1 —X,_1—A,_1 — X,.
We write the pullback as
X1 xa, Xo Xg, X3 Xa, ... Xpo1 Xa, | X5
These pullbacks of several variables can be regarded as iterated pullbacks:
Xy xa, Xo Xg, Xz X, ... X521 Xa, , Xy
= X1 Xa, (Xo x4, (X3 x4, (Xn-1 x4, , Xn)..0)).
Consider maps X — A <+ Y — B « Z. We note the following identities.
Lemma 10.20.1.
(@) Pullbacks of several variables are associative:
Xxa (Y xpZ)=(Xx4Y) xpZ.
(b) There are left and right units:
Ax, X=X, X x4 A=X.
(c) If' = is a point, then
X Xxax=F, s x, X=F
where F is the fib e of X — A.
(d) Points induce splittings into a product:
X xa*xxpZ=(X xq%) % (xXxpZ).
We defin the homotopy pullback of several variables by replacing the maps out
of the X; by fibration with total space E; in the standard way:
X\ ~FE — A, Xo~Fy — A x Ay, X3g~=FE3 — Ay x A3,... X,
~F, 1 —A, o xA, 1, X, ~2E, > A,_1.
Then the homotopy pullback is

E1 X A, E2 X Ay E3 XA, ...E,,,,l >(An71 En.
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We remark that this is balanced in the sense that we get something homo-
topy equivalent to the homotopy pullback if we replace all the maps X; —
A;_1 x A; by fibration except possibly for one (which could be one of the ends),
that is,

Lemma 10.20.2.

X1 xa, Xoxg, X3 Xa, - xyg,, Xy

n—1

— By x4, By x4, B3 X4y Xy, By

n—1

is a homotopy equivalence if all of the maps X; — A;_1 X A; except possibly one
are fib ations.

There are several other ways in which we can get something equivalent to the
homotopy pullback.

Lemma 10.20.3. The above map is a homotopy equivalence if for all 2 < i <n
the maps X; — A;_1 arefib ations (orifforalll < i <n — 1themaps X; — A;
are fib ations).

Proof: Lemmas 10.20.2 and 10.20.3 are easy consequences of the fact that, if
X — Aisafibration thensois X x4 Y — Y and that the inclusion of X x4 Y
into the homotopy pullback is a homotopy equivalence. See the diagram below
in the proof of Theorem 10.21.1 and the firs part of that proof for guidance.
The point is that all the squares in that diagram are forced to be homotopy
equivalent to homotopy pullbacks by either of the hypotheses of Lemmas 10.20.2
or 10.20.3. O

We note the following properties of the pathspace fibratio PA — A in the homo-
topy pullback:

Lemma 10.20.4.

(a) The homotopy pullback X x 4 PA is just the homotopy theoretic fib e of
X — A

(b) Contractible spaces induce splittings of the homotopy pullback
X x4 P(AXx B)xpZ=(X x4 PA) X (PB xpZ).

We recall the striking similarity between pullbacks and cotensor products. Let M,
N, and P be differential comodules over differential coalgebras C' and D. We
have associativity, left and right units, primitives, and splittings induced by the
ground ring R:
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Lemma 10.20.5.
(MOgN)Op P = MOg(NOp P)
MOsC =M, COcN =2 N,MOsCOcN = MOcN
MOcR = PM, ROgcN = PN
MOcROpN =2 (MOcR)® (ROp N)
Remarks. It is worth noting in the above Lemma 10.20.5 that the two isomor-
phisms
AO1,10A : MOcN — MOsCOe N

are in fact the same.

Now let Cy, Cy, ...,C,_1 be differential coalgebras over a commutative ring
R. Let M; be a right differential comodule over Cy, for 2 <i<n—1 let
M; be a C;_1 — C; differential bicomodule, and let M, be a left differential
comodule over C;,_;. Let 0 — M; — ;. be proper injective resolutions and
let 0 — M; — T'(Q;.) be the associated total complexes. We defin the several
variable differential Cotor as follows:

Definitio 10.20.6. The several variable differential Cotor is
Cotor®tCn=1 (M. .., M,)
= H(T(Ql*)‘:‘cl T(QQ*)Dcz cee Dcnfl T(Qn*))

This is balanced in the sense that the iterated cotensor product is homology
equivalent to the several variable differential Cotor if all the differential comod-
ules are constructions except possibly for one (which could be one of the ends),
that is:

Lemma 10.20.7.
M, B¢, M>0¢, M30c, ... Oc, , M,
— T(Q1+)0¢, T(Q2:)0¢, T(Q3+)0¢, .. Oc, , T(Qn+)

is a homology equivalence if all of the differential comodules M; except possibly
one are (bi)constructions.

There are several other ways in which we can get something equivalent to the
differential Cotor.

Lemma 10.20.8. The above map is a homology equivalence if for all 2 < i < n
the M; are right bicomodule constructions over C; (or if forall 1 <i<mn—1
the M; are left bicomodule constructions over C;_1).
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Proof: Lemmas 10.20.7 and 10.20.8 are easy consequences of the fact that, if M
is a right construction over C and N is a C' — D differential bicomodule which is
a right bicomodule construction over D, then M O¢ N is a right construction over
D and hence P — MUOgx NOp P preserves homology isomorphisms.

For example, suppose that n = 3. Abbreviate the total complexes by 77,75, T5.

Assume that My is not necessarily a construction but that M; and M3 are. Then
My — T, and M, — T} are equivalences and M, T5 are constructions. Hence

MO¢, My — M O¢, Ty — T10¢, Ty
are equivalences.
Likewise, since M3 and 77 O¢, T3 are constructions,
MO¢, My0¢, My — T10¢, T50¢, M3 — T10¢, 1500, T3
are equivalences.
Or assume that M5, Ms are right bicomodule constructions. Then
MO¢, My — T10¢, My — T10¢, T
are equivalences, as are
M\O¢, My0¢, My — Ty O¢, MyOc¢, My — T10¢, T20¢, T
(]

Just as for homotopy pullbacks we have splittings and collapse theorems for several
variable differential Cotor. If C, = --- = C,,_1, we shall write

Cotor®Co-1(M,, ..., M,) = Cotor® (M, ..., M,).

Lemma 10.20.9.

(a) If M; = C, then differential Cotor reduces to differential Cotor of one less
variable, that is,

CotorC(Ml,.‘.,Mn) & CotorC(Ml,‘..,Mi,...,Mn)

(b) If M; = R, if C'is R projective, and if all of the differential Cotors are R
flat then

Cotor® (Mj, ..., M,) = Cotor® (M,,...,M;_1,R)
® Cotor® (R, My 1,..., M,).

Proof: Both parts of the lemma are consequences of the balanced property of
differential Cotor, namely, we get the same result if we neglect to resolve one
of the variables. Hence, both parts reduce to the corresponding properties of the
cotensor product. O
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Remarks. Interms of constructions, Lemma 10.20.9 can be phrased in the some-
what stronger form as follows:

Let T; be a construction. for 1 < 7 < 3.
If C — T5 is a homology equivalence of bicomodules, then
T10cTy0cTs « T1OcCOcTy « T10c T3

are homology equivalences. Furthermore, if 7} is a biconstruction, then the above
are all equivalences of right constructions. And, if T3 is a biconstruction then the
above are all left constructions. The obvious modification hold true if C' = M,
orif C' = Msj. In particular, all the complexes are biconstructions if 77, T5 and T3
are.

If R — T, homology equivalence of bicomodules, then 75 can be chosen to be
T ® S where T is the total complex of a left resolution of R and S is the total
complex of a right resolution of R. Then

T10cTh0cTy « ThOc(T ® S)0cTs «—
(T10cT) ® (SOcTs) «— (T1Bc R) @ (ROCTs)
are homology equivalences. And, if 77 and T3 are biconstructions, then
(T'O¢R) ® (RO Ts)
is a biconstruction.

These collapsing and splitting results are compatible with the Eilenberg—Moore
models as follows:

Let X;,...,X, and A be simplicial sets with A being 1-reduced. We also use
these abbreviations to denote the corresponding normalized chains.

Lemma 10.20.10. Suppose all the differential Cotors are R projective, then there
are isomorphisms of coalgebras:

(a)
H(X1 Xg oookooxg X)) — H(X1 X4 ... X X4 #)@H (kx4 Xjr1 X4 oo X4 Xp)
1= 1=
Cotor? (X1, R,...Xn,) — CotorA(Xl...H,X“R)®CotorA (R, Xjx1...-, Xn)

H(X1xXg ... Xi xqg Axg Xjp1 Xg x4 Xp) — H(X1 Xq ... Xixq Xig1 Xa x4 Xn)

Cotor? (X1,..., X Xigt. .., X,)

e
S
2
+
=
G

Cotor4 (X1,...,

Proof: The vertical maps are isomorphisms of coalgebras and so are the top maps.
The two bottom maps are induced by the isomorphisms of complexes

T1DC-~-DCRDC -~-DCTn *)T:[DC ~-~DCR®RDCE+1DC-~-DCEL
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and

10...0AO...

1
Ti0¢ ...0cC0¢ ...0cT, T\O¢ ...0cT,

and hence are part of commutative diagrams. Therefore, the bottom maps are both
coalgebra isomorphisms. O

Just as with the two variable differential Cotor, there are two possible proofs of the
fact that the several variable version of differential Cotor is a well define functor
of several variables, independent of the choice of resolutions and independent
of extensions of maps of comodules to maps of resolutions. We can use the
balanced fact that we can omit one of the resolutions and thus one of the choices
of extensions. Or we can use the fact that extensions of comodule maps are unique
up to chain homotopy.

We note that filterin total complexes of resolutions by the resolution degree gives
an Eilenberg—Moore spectral sequence:

Let C1,...,C, 1 be differential coalgebras and let My, ..., M, be differential
comodules with M; a right C; comodule, My a Cy — C3 bicomodule, ..., and
M, aleft C,,_; comodule.

Then the same proof as in the two variable case gives the following proposition.

Proposition 10.20.11. [f the C; are simply connected differential coalgebras
which are projective over the ground ring and which have fla homologies HC;,
then there is a functorial convergent second quadrant spectral sequence with
abutment Cotor®Cn= (M, ..., M,) and with

E?, = (cotorl_ﬂlpcl ..... HCw (g, . L HM,),.

This Eilenberg—Moore spectral sequence is used to prove the homological
invariance.

Corollary 10.20.12. With hypotheses as in Lemma 10.20.10, let C; — D; be a
maps of differential coalgebras and let M; — N; be maps of differential comodules
with respect to the coalgebra maps. If these maps are all homology isomorphisms,
then the induced map

Cotor® - Cn=1(M,,..., M,) — Cotor?t=Pr-1(Ny ... N,)

is an isomorphism.

10.21 Eilenberg—-Moore models of several variables

Consider a pullback of several variables

E:Xl X A4, XQ X A, ---Xn—l XA, Xn
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where the X; and A; are simplicial sets and the A; are 1-reduced in the sense that
their 1-skeletons consist of a single point. (Of course, we can translate the results
below to simply connected spaces by considering Eilenberg subcomplexes.)

Assume that this is a homotopy pullback in the sense that the maps X; — A; are
fibration for all 1 < ¢ < n — 1. We will compress notation by writing X for the
normalized chains C(X).

The Eilenberg—Moore geometric approximation theorem for several variable
homotopy pullbacks 10.21.1. There is an isomorphism of R modules

H(E) = Cotor Az A1 (X Xy, ..., X,,).

Proof: For1 <i < j <n,write
Eij=Xixa, Xig1 Xa,,., - Xa,., Xj.

For example, X; = E;; and E; ,, = E. In general, these fi into a honeycomb
diagram in which the squares are all homotopy pullbacks. For example, all the
squares below are pullback diagrams:

X1 E1,2 — E1,3 — B4 -

! ! ! !
Al — Xo «— Ey3 «— Eyy —--
! il !
Ay — X3 — E34 -
! !
Ay — X, e
!
Ay e

It is evident that, if a vertical map is a fibration then all the squares to its left are
homotopy pullbacks and all the vertical maps to its left are fibrations (Of course,
the same remarks apply to horizontal maps being fibration and to homotopy
pullback squares.)

In our case, every square is a homotopy pullback square and all the vertical maps
are fibrations

Let 0 — X; — T; be the supplemented total complexes of proper injective
resolutions.

The proof of geometric approximation theorem for several variables now follows
by successive application of the known two variable theorem. In detail:

Eyy = X104, Ty

is a homology equivalence by the two variable theorem.
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Likewise,
B3 — By 204,Ts

is a homology equivalence by the two variable theorem. Since T3 is a construction,
the composite

Ei3 = E1004,T5 ~ X104, T50,,T3
is a homology equivalence.

If we continue we see that the composite

T,

Ein— B, 104, T, X104, 1504,T304, ...0y4,
is a homology equivalence. ]

For the differential Cotors where the coalgebras are the normalized chains on
a simplicial set, we have coalgebra structures coming from the fact that the
Eilenberg—Zilber maps are maps of differential coalgebras. This is just as in the
two variable case and corresponds to the geometry via the Eilenberg—Moore geo-
metric approximation. In detail, the coalgebra structure is define by the following
three ingredients:

(1) There is the diagonal map of simplicial sets A : X — X x X and hence
the induced maps of differential Cotor

A = Cotor® 4 (A,...,A):
A : Cotort-An1 (X, ..., X,,)
— CotorAr At AnxAu (X 5 X0 X, x X)),

(2) There is the Eilenberg—Zilber map V : Y ® Z — Y x Z which is both
a chain equivalence and a map of differential coalgebras. It induces an
isomorphism

V = Cotor¥V(V,...,V):
Cotord®Prdna@Bia (X @ vy, X, ®Y,)
— CotorA B du-xBusi (X 5 vy X, x Y,).

(3) There is the Kiinneth theorem which is valid when the differential Cotors
are R fla (given R projective coalgebras):

Cotor®1®P1sCoa®@Dut (N @ Ny, ..., M, @ N,,)
=~ CotorCt - Cn- (My,....M,) ® Cotor?tPu-1(Ny, ..., N,),

then we get just as in the two variable case:
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Let

E = X1 X A, XQ X A, ...Xn,l XA, 1 Xn
be a homotopy pullback over 1-reduced simplicial sets Ay, ..., A, _1. The
maps

E&EXESEQE
commute with their extensions to maps of resolutions, hence:

Proposition 10.21.2. If the homology HE is R flat then the isomorphism in
10.21.1,

H(E) CotorAt A2 -Ana (X1,Xo,...,X,)
is an isomorphism of coalgebras.

Remarks. The Eilenberg—Moore spectral sequence converging to the above coal-
gebra is a spectral sequence of coalgebras.

10.22 Algebra structures and loop multiplication

We begin this section by interpreting loop multiplication in terms of homotopy
pullbacks. Afterwards, we will discuss how this leads to a natural associative
multiplication in differential Cotor.

But firs a question: Where does the loop multiplication come from in the
Eilenberg—Moore models? For most spaces X, there is no multiplication

CX)®CX)—C(X)
but there is one in the Eilenberg—Moore model for the loop multiplication
QX x QX — QX.

Where did it come from? The answer is that it came from these several variable
differential Cotors.

Consider the right and left pathspace fibrations
PrX ={w: T - X|w(0)=x}, 7:PrX — X, n(w)=w(l),

PoX={y:I—-X|wl)=+}, 7m:PX— X, 7(y)=~(0).

Let QX = {(w,7)|w(0) = y(1) = %, w(1) = 7(0)} and note that the map
QX — QX, (w,v) — w 7 is a homotopy equivalence.
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We have a map of the homotopy pullback diagram

PrX — 0OX < QX x0QX

! ! !
X — — QX

*

! !
X <~ PLX
to the homotopy pullback diagram

PprX «— PpX — QX

! ! !
X — X — P X
! !

X — P X
where the composition
QX x QX — QX — QX
is the standard loop multiplication (w,y) — w * 7.

Let C be a simply connected supplemented differential coalgebra and suppose
that Cotor” (R, R) is R projective. The above description of loop multiplication
suggests that we use the splitting and collapsing of differential Cotor to defin a
multiplication in Cotor® (R, R) which is natural on the category of supplemented
differential coalgebras. In this respect, it is very different from the coalgebra
structure on Cotor® (X) (R, R) which is define and natural only on the category
of simplicial sets.

Definitio 10.22.1. The multiplication in differential Cotor® (R, R) is:
p = Cotor® (R, R) ® Cotor® (R, R) = Cotor® (R, R, R)
— Cotor’ (R, C, R) = Cotor” (R, R).

In this definitio we use the fact that R — C'is a map of differential bicomodules
over C. We now describe this multiplication explicitly in terms of resolutions.

Let 7; be the total complex of a proper injective resolution of R and choose
T, =S ® T where S and T are the total complexes of left and right resolutions
of R. Let T} be the total complex of a resolution of C. Then the multiplication is
induced by the maps of complexes

(Ty0¢S) ® (TOeTs) = TyOeTh0c Ty — T10cTo00 Ty
— T10cC0OcT3 « T10cTs.
Associativity amounts to the easily verifie statement that the two maps
Cotor’ (R, R, R, R) — Cotor® (R, C,C, R)

are induced by equal maps on the level of complexes.
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The unit is given by the map R = ROy R — Cotor® (R, R). In terms of the
maps of resolutions, the fact that this is a left unit is proved by the observation
that, for x € T3, 101 ® 10z — 1010z represents the identity map in homology
R® ROcTy — 110 COcT;3.

This algebra structure is compatible with the Kiinneth theorem.

Proposition 10.22.2. [f'C and D are simply connected supplemented differential
coalgebras, then

v : Cotor’ (R, R) ® Cotor” (R, R) — Cotor®®” (R, R)

is an morphism of algebras. That is, if we write v(a ® ) = a ® (3 for the mor-
phism and p(a ® v) = « * v _for the multiplication , then

(axy) @ (Bxe) = (=)D (0 @ B) « (v x€)
for a, « in Cotor® (R, R) and $3, € in Cotor” (R, R). (If the two Cotors are R
projective, the map v is an isomorphism of algebras.)

Proof: The sign in the formula comes from the fact that isomorphisms
of chain complexes X ® Y — Y ® X use the twist morphism T(z ® y) =

(—1)dee(@)degv) (4 @ 2). In terms of resolutions, the relevant multiplication is
given by the commutative diagram

T¢0c RO TS @ TP Op ROp TP — TC @ TP Ocep R ® ROcop TS © TP

!
TC0cT 0TS @ TPoOpTPoOpT? — TC @TPOcepTC @ TP Ocep TS @ TP
T T

TC0eCOcTS @ TPOpDOpTY —  TE @TPOcepC @ DOcap TS @ TP

The sign comes from the top square. U

The above multiplication on differential Cotor is chosen so that it is automatically
compatible with the Eilenberg-Moore model for the homotopy pullbacks:

Proposition 10.22.3. Let X be a I-reduced simplicial set. Then the diagram

below commutes

H(QX)® H(QX) — HOX xQX) & H(OX)
1= |= 1=
Cotor® (R, R) ® Cotor™ (R,R) — Cotor® (R,R,R) % Cotor"(R,R)

Furthermore, if H(QX) is R projective. then the horizontal maps are maps of
coalgebras so that

H(QX) — Cotor™ (R, R)

is an isomorphism of Hopf algebras.
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Finally we relate this multiplication to the multiplication in the cobar or loop
construction QC.

Proposition 10.22.4. If C is a simply connected supplemented differential coal-
gebra, then there is an isomorphism of algebras

Cotor® (R, R) — HQC.
Proof: Since the twisted tensor product Q2C' ®, C' is an acyclic construction,

it follows that Cotor” (R, R) = H(QC ®, CO¢ R) = H(QC) as R modules.
Hence, we need to show that it is an isomorphism of algebras.

Since the ayclic twisted tensor products QC ®, C and C' ®, QC' are the total
complexes of resolutions of R, the multiplication is given by the map of complexes

QC ®, OcRO:C ®, QC 5 QC ®, 0cC0¢C ®, QC
and this reduces by isomorphisms to
QC®R®QC 5 QC @, C®, QC

where the differential in the domain is the tensor product differential and the
differential in the range is a special case of the following lemma whose proof is
left as an exercise.

Lemma 10.22.5. If A and B are augmented differential algebras and C is a
supplemented differential coalgebra with twisting cochains T : C — A and o :
C — B, then the differential in

AR, C®, B2 A®, CO-C®, B
is given on the left by
d=d, ®1+1®d, —(1®dc ®1).

(Of course the differential on the right is the restriction of the tensor product
differential d; @ 1®1+101®d,.

There are three relevant maps of differential objects.

First, there are the obvious two inclusions which play the role of left and right
units

ROR2QC S QC®R2Q0CL QC®ReR
and, second, the map below which uses the multiplication in Q2C'

0C @, Ce, 0C L QC
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where

x-y ife=1

7(‘/E@C@y):{o if ceC.

It is easy to check that v is a chain map and one sees that the difference in the
signs of the left and right twisted tensor products has an essential role.

It is obvious that the compositions 7y - u - o and =y - 14 - 3 are the identity.

We claim that i - « and p - 3 are homology isomorphisms, but, for example, i - «
is the composition

R® ROcC®, QC — QC @, COcC @, QC

where R ® R — QC ®, C is a homology isomorphism and C @, QC'is a con-
struction. Hence, p - a and likewise p - 3 are homology isomorphisms.

It follows that Cotor® (R, R) and HQC are isomorphic as algebras. O
It follows from Corollary 10.5.4 that:

Corollary 10.22.6. If A is a augmented differential algebra and T : C' — Ais a
twisting morphism such that A ®. C' is acylic, then there is an isomorphism of
algebras

Cotor’ (R, R) — HA.

Exercise

(1) Prove Lemma 10.22.5.

10.23 Commutative multiplications and coalgebra structures

In special circumstances, there are ways of getting algebra and coalgebra structures
on differential Cotor. These methods are often accessible to computation.

Let C be a simply connected differential Hopf algebra. Then the multiplication
v:C ® C — Cis amap of differential coalgebras and induces a multiplication

v : Cotor’ (R, R) ® Cotor® (R, R)

Cotor” (R.R), Cotor® (R, R).

— Cotor®®“ (R, R)
This multiplication has the usual unit
R = R® R = Cotor” (R, R) — Cotor® (R, R)

as a two-sided unit. Write a8 = v(a ® () for this multiplication and write
a3 = p(a ® B) for the natural multiplication introduced in the previous section.
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Since v is define by the Kiinneth theorem and maps of coalgebras, v is a morphism
of the algebra structures define by w. This implies that:

Proposition 10.23.1. The multiplications * and <) are the same and both are
graded commutative.

Proof: Since v is a morphism of the natural algebra structure *, we have the
formula

V(@@ B)* (y®e) =v(a®f) xv(y®e)

which can also be written as

(—1)2E 00 (o 5 7)0(B % €) = (a0 B) * (70).
Use the fact that the two multiplications have a common two-sided unit. Hence

(ax )O(1 %) = (@01) * (10¢)
alde = a *e.

And hence

(—1)tesdesl@) (1 5 v><><ﬂ 1) = (108) * (yO1)

(105 = .
(]

Remarks. The above proof is essentially the same proof as one of the usual
proofs used to show that the fundamental group of an H-space has two equal
multiplications both of which are commutative.

The above has a slight extension to a geometric version. Suppose that we have
a homotopy pullback diagram of simplicial monoids with strictly multiplicative
maps:

E — Z
l b
Yy — X

For example, this could be a homotopy pullback diagram of simplicial loop spaces.
If we make the standard assumption that X is 1-reduced, then

Cotor™ (Y, Z) ® Cotor™ (Y, Z)
— Cotor™ ** (Y x Y, Z x Z) — Cotor”™ (Y, Z)
define an associative multiplication with unit
R = Cotor* (%, ¥) — Cotor” (R, R).

The proof of the following is left as an exercise.
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Proposition 10.23.2. The map HE — Cotor™ (Y, Z) is an isomorphism of alge-
bras and, if HE is R projective, it is an isomorphism of Hopf algebras.

Remarks. We can apply the above proposition to homotopy pullback dia-
grams of topological loop spaces as follows. Suppose the homotopy pullback £
over the simply connected space X is the loop of the homotopy pullback E over
the two-connected space X . Apply the singular complex functor to £ and consider
the diagram which is the restriction to the second Eilenberg subcomplex of X,
that is, the maximal subcomplex whose two-skeleton is a point. Loop this via the
Kan loop group construction and take the normalized chains.

The following lemma is also left as an exercise.

Lemma 10.23.3. [f C and D are (graded) commutative differential coalgebras,
then the diagonal A : C — C @ C and the twistmap T : C @ D — D ® C are
maps of differential coalgebras.

Since maps of differential coalgebras induce maps of differential Cotor compatible
with the natural multiplication, this lemma immediately gives

Proposition 10.23.4. If C'is a simply connected commutative differential coalge-
bra with Cotor® (R, R) projective over R, then

A
Cotor® (R, R) Qoo (BR), (4010 2C (R, R)

=~ Cotor® (R, R) ® Cotor® (R, R)
and
Cotor® (R, R) — Cotor® (R, R) = R

give Cotor® (R, R) the structure of a Hopf algebra with commutative diagonal
and the natural multiplication.

Exercise
(1) Prove Proposition 10.23.2.
(2) Prove Lemma 10.23.3.

10.24 Fibrations which are totally nonhomologous to zero

Let F — E — B be a fibratio sequence and assume that ' and B are connected
and that the homologies HB and HF' are R flat Then the homology HE is a
comodule over H B via the coaction

A:HE — H(ExE)— H(E x B)~ HE @ HB.

The following lemma is immediate.
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Lemma 10.24.1. The image of HF — HE is contained in the module of primi-
tives of the comodule Py p(HE) = kernel HE — HE ® HB.

Definitio 10.24.2. A fibratio sequence is totally nonhomologous to zero if
HF — HEF is an R split monomorphism.

Proposition 10.24.3. I[f F — E — B is totally nonhomologous to zero, then
HF — Pyp(HE) is an isomorphism and there is an isomorphism of right HB
comodules

HE — HF ® HB.

Proof: The following lemma is an exercise.

Lemma 10.24.4. If C is a connected differential coalgebra and x is an element
of least degree such that dx # 0, then dx is primitive.

We claim that the homology Serre spectral sequence collapses. Since E? =
HF ® HB as differential coalgebras, the coalgebra module of primitives PE? =
PHF @ PHB. Since elements in H B cannot be in the image of a differential,
the only possibility for targets of nonzero differentials is in H F'. But this is ruled
out by the hypothesis of totally nonhomologous to zero. Hence, E? = E3 and
likewise

EF*=F=...=F*=HF®HB
as coalgebras. Hence, the edge homomorphism HF — Py p(E™) is an isomor-
phism. Thus, the inclusion HF' — Py p(HE) is also an isomorphism.

The splitting HE — HF define aunique map of H B comodules
HE - HE® HB— HF ® HB

suchthat Py (HE) — Pyp(HF ® HB) = HF is an isomorphism. Since H B
is R projective, it follows from Corollary 10.9.4 that HE — HF @ HB is a
monomorphism of H B modules. But this is not enough. Filter H E by the filtratio
coming from the Serre filtratio on the chains of E. Then the map of associated
graded objects is the isomorphism

EF'HE =FE* - E°(HF ® HB) = HF ® HB.
Hence, the map HE — HF ® H B is an isomorphism of comodules. O

Definitio 10.24.5. Let f : B — C be a morphism of connected coalgebras and
assume that B is R flat Then A = BO¢R =kernel B—- B® B - B® (C —
B ® C is called the coalgebra kernel of f.

We need a lemma to make some sense of this.
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Lemma 10.24.6.
(a) If B has a commutative diagonal, then A is a subcoalgebra of B.
(b) The composition A — B — C factors through the ground ring R.

(c) Ifg : D — B isamorphism of coalgebras such that the composition factors
as f-g: D — R — C, then g factors through A.

Proof:
(a) If the diagonal is commutative, then
A= B0O¢cR = R0O¢B.

We need to show that A(A) C A® A.
Since

AR A=BoA(|B®A,

symmetry implies that it is sufficien to show that A(A) C B® A.
Let x ¢ A and write

Alz)=z1+10z+ X' @ 2"
AR)=2"@1+1®s +Zy @y"
Note that
BoASBeB Y BoeCeB
is exact. Associativity gives the equality
f=1A)-A=(A®1) A
Since Xy’ ® 3" is a linear function of 2/, observe that
f#)=201014+10201+1010z+31Qz ®@a”
+3(@@ler"+1es @ +3y @y’ ®2") =0.
Hence, A(A) C A® A.
(b) Itis clear that A C kernel(f).

(c) Since the composition f-¢g: D — B — C is 0 and since ¢ is a map of
coalgebras, it follows that g(D) C A. ]
Hence we should use the notion of coalgebra kernel only if the diagonal is com-
mutative. Let f : B — C be a morphism of connected Hopf algebras with com-

mutative diagonals. Then the above coalgebra kernel A is actually a sub-Hopf
algebra of B and is called the Hopf algebra kernel. We need to check:

Lemma 10.24.7. A is a subalgebra of B.
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Proof: Let x, y e B and write
Alz)=z1+1@z+ X0 ®@2"
Aly) =y1+1y+3y @y

IfreA,then BB — B®C sends both 1 @ z and X2’ ® 2" t0 0. If ye A a
similar statement holds.

We compute A(zxy) = A(z)-A(y) and see that zyeA. Hence A is a
subalgebra. [l

Proposition 10.24.8. Let ' — E — B be a fib ation sequence of connected
simplicial monoids with B I-reduced. Assume that there is a short exact sequence
of graded Lie algebras

0—-L —-L—->L"—0

which are R free and such that the map HE — H B is isomorphic to the map of
universal enveloping algebras UL — UL". Then there is an isomorphism of Hopf
algebras

HF - UL

Proof: Since there is an isomorhism of coalgebras
UL=UIl'@UL"

and of UL’ modules, it follows that UL = UL’ @ UL" as UL"” comodules and
that

Cotor?P (HE, R) = Cotor’ (UL, R)
_ {0 ifn>0
HEOypR=ULOy;»R=UL" ifn=0
Hence, the edge homomorphism of the Eilenberg—Moore spectral sequence
HF = Cotor?®(CE, R) — Cotorl! ’(HE,R) = HEOypR=UL
is an isomorphism of Hopf algebras.

Note that one can be certain that H F' = U L' as Hopf algebras since it is embedded
as a subHopf algebra of HE = U L. O

Remark. Proposition 10.24.8 has the following algebraic version. Suppose that
A—-B-—-C

is a sequence of maps of simply connected commutative differential coalgebras
and that, for all D = A, B, C, we have that Cotor” (R, R) is R-projective. Then
all Cotor” (R, R) are Hopf algebras with commutative diagonal. Suppose in
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addition that the above sequence is a sequence of differential Hopf algebras and that
B = A® C as an A module and C comodule. Then Exercise 3 in Section 10.13
says that there is a twisting morphism 7 : C' — A such that B = A ®, C. Hence,
the homology of the fibr is

HA = H(BO¢R) = Cotor” (B, R).

If, in addition, all H D are projective over R and there is a Hopf algebra X such
that

HB=X®HC

as Hopf algebras, then the edge homomorphism in the Eilenberg—Moore spectral
sequence is an isomorphism

Cotor’ (B, R) — Cotorl/ ©(HB,R) = HBOpycR = X
and hence
HA = Cotor’ (B, R) = X.

Since HA = X embedds in the Hopf algebra H B, we know that HA = X as
Hopf algebras.

Exercises
(1) Prove Lemma 10.24.1.
(2) Prove Lemma 10.24.4.

10.25 Suspension in the Eilenberg—Moore models

Let QX - PX 5 X be the path space fibratio sequence. Then the homology
suspension is the map

o Ho 1 (X)) 25 Hy(PX,QX) 5 H, 1 (X).

The homology suspension provides an important connection between the
Eilenberg—Moore models and geometry. Under some circumstances it can be
used to compute the coalgebra structure in the homology of a loop space. In what
follows, we shall relate this homology suspension to the Eilenberg—Moore spectral
sequence and prove the result originally due to George Whitehead [134].

Proposition 10.25.1. The homology suspension factors through the indecom-
posables of the loop space and the primitives of the base, that is, we have a
factorization

o HQX) - QHQX) D PHX C H(X).
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The homology suspension is inverse to the transgression 7 in the homology Serre
spectral sequence in the sense that the following diagram commutes:

H,.0X % H,X
! Ul

En r=d" En
0,n—1 n,0

Anticipating Proposition 10.25.1 for the moment, we shall define

Definitio 10.25.2. If the map 7 : QH(Q2X) — PHX is an isomorphism, we
shall say that the loop space is transgressive and, in this case, any lift of the
transgression to amap 7 : PHX — H(£2X) generates the homology of the loop
space as an algebra. In general, elements in the image of the homology suspension
are called transgressive elements.

Recall also that the homology suspension is related to the ordinary suspension
3 X of a space in the following manner.

The suspension of a space is define by the cofibratio sequence X — CX —
YX =CX/XwhereCX =X x I/ *xIUX x Qistheconeand X = X x 1.
This sequence maps to the path space fibratio sequence QXX — PYXX — ¥ X
via the three maps:

12X*>2X7
CX — PZX, <5E,t> = Wiz, t),

where wi, 1 (s) = (x,5), 0 < s <tandwy y(s) = (z,t), t < s < 1is the path
which stops at (x,t) and

Y X - QXX

is the map which is the suspension,  — wi, 1, = (z, ).

In particular, given amap f : ¥X — Y, one gets a commutative diagram

X - CX - XX

P ! I=
QXX — PEX 5 X
Laf Lo LS

Qv —- PY — Y

Hence, if g : X — QY is the adjoint of f, then the composition ¢ - ¢ : HX —
HQY — HY is the same as the composition of ¥ f with the usual suspension iso-
morphism ¥f - s : HX — HXX — HY. In particular, the Bott-Samelson theo-
rem gives:
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Proposition 10.25.3. If HX is a free R module, then the loop space QXX is
transgressive and the suspension ¥ : HX — H(QXX) provides a lift of the
transgression.

It is clear from the above that a homology suspension arises whenever we have a
sequence of augmented complexes A — B = (' (that is, the composition 7 - © =
0 on the augmentation ideals) where A is a subcomplex of an acyclic complex B.
The homology suspension given by the composition

HA S H(B,A) L HC

and is clearly a natural transformation on the category of such sequences.

In particular, the sequence of normalized chain complexes C(QX) — C(PX) —
C(X) = C is such a sequence. If we embed the C' comodule C'(PX) into an
augmented acyclic construction £ = F ® C' with fibor F' and base C, we get
another such sequence F' — E — C and a map of the firs such sequence to this
sequence. The map C'(2X) — F' is a homology isomorphism.

Hence, the geometric version of the homology suspension define above is isomor-
phic to this algebraic homology suspension o : HF — H(E, F) — HC define
for an acyclic construction £ = F ® C.

In more detail, this clearly agrees with the following definitio of the homology
suspension:

Given z eF with dz = 0, the fact that E is acyclic means that we can write
r®1=dzwherez=1Rc+w®1+ Xy ® eandwherey,w € Fande,c e C.

If m: E'— C is the natural map, we defin the homology suspension of z to be
the homology class of 7(z) = ¢, that is, o[z] = [c] € HC.

Finally, let C' be an R free differential coalgebra and consider the Eilenberg—
Moore spectral sequence associated to the differential Cotor, Cotor® (R, R).
If Cotor® (R, R) = H(2X), then we have the homology suspension originally
considered. Or Cotor® (R, R) could be HF for an acyclic construction F' @ C
as above. In both cases, we want to relate these homology suspensions to the
Eilenberg—Moore spectral sequence. We have:

Proposition 10.25.4. The homology suspension is the composition

o:Cotor®(R,R)=F | — F_/F_, = E% C E?,
= Cotor’’(R,R) = PHC C HC

where F_,, is the f'ltration induced by resolution degree.
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To see this, we use the acyclic construction QC ®, C'. Given a cycle z in QC,
write as above

r®1=dz

where 2 =1®c+w® 1+ Xy ® e and where y, w € QC and e, c € C. Reduce
this equation mod F__, and get

r®l=dz=s'c@1+S(xs @) +1@dc+dw® 1

where A(c) = £ @ ¢’ is the reduced diagonal. That is, dc = 0 and c is primitive
in C. Thus

[Flel=[s"del=d1a]d)
in QHC ®, HC. Thus, the homology suspension is as described in 10.25.4.
Remark. Note that [s~!c] is a lift of the transgression of the primitive cycle c.

We immediately get the factorization through the primitives in Whitehead’s
Proposition 10.25.1. On the other hand, the suspension factors through
QH (Cotor” (R, R)) since the square of F_; is contained in F_,. This proves
Proposition 10.25.1.

For future reference, we record the following property of the Eilenberg—Moore
spectral sequence:

Proposition 10.25.5. If E*> = Cotor?“ (R, R) is generated as an algebra by
homological degree —1, that is, by E*, = s ' Cotor?“ (R, R) = s ' PHC, and
the homology suspension @ : QCotor® (R, R) — PHC' is surjective onto the
primitives of the homology, then the Eilenberg—Moore spectral sequence collapses,
E? = E>™, and Cotor® (R, R) is transgressive, that is, QCotor® (R, R) — PHC
is an isomorphism.

Exercises
(1) Prove Proposition 10.25.5.

(2) LetY be a simply connected space and suppose thereisamap f : XX — Y
which in homology is surjective onto the primitives. Show that, if E? is
generated as an algebra by homological degree -1, then the Eilenberg—Moore
spectral sequence which abuts to H (QY) collapses, that is, E? = E*.

10.26 The Bott—Samelson theorem and double loops of spheres
We are going to use the Eilenberg—Moore models to compute the homology of

various loop spaces. Throughout this section, we are going to do computations of
loop space homology, not with spectral sequences, but by replacing the normalized
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chains on the base space with homology isomorphic differential coalgebras with
zero differential.

As a firs example, we are going to use the Eilenberg—Moore models to give
another proof of the Bott—Samelson theorem. We begin by showing that the nor-
malized chains on any connected suspension with R free homology is homology
isomorphic to a differential coalgebra with zero differential.

Lemma 10.26.1. If X is connected and HX is R free, then there is a homology
isomorphism of differential coalgebras HEX — Cy (2X).

Proof: We may assume that X is a simplicial set with a unique 0-vertex. Form
the model for the suspension XX = z * X /X, which is the quotient of the cone
CX =z x X. Simplices in the cone are of two kinds, n-simplices 7 in X and
cones x * 7 which are n + 1-simplices. The face operators are the usual on 7 and,
on z % 7, they are do(x * 7) = 7 and, for ¢ > 0, d;(x * 7) = x * d;7. There are
similar formulas for the degeneracies.

Abackn + 1 — i-face on an n + 1-simplex = * 7 always involves d unless it is a
back n + 1 face. Hence, in ¥ X, it is a point. Hence, in > X it is degenerate unless
it has dimension n + 1 or 0. Hence, in XX, the Alexander—Whitney map

Alxx1) = E;ljol (T*T)Q (T T)p—;
= n+1<x*7—)® ($*T)0 +o (.%‘*T) ®($*T>n+1
=(@*x7)@1+1® (z*7).

Hence, the differential coalgebra Cy (XX) is primitive, that is, it consists entirely
of the unit and primitive elements. Since H X is free, we can pick an embedding
HX CZCy(XX) C Cy(XX) which is clearly both a homology isomorphism
and an inclusion of coalgebras. O

Bott—Samelson theorem 10.26.2. I/ X is a connected space and HX is R free,
then there is an isomorphism of algebras

H(QEX) = T(AX).

Furthermore, the Hopf algebra structure is determined by the suspension map

¥ X — QXX, that is, the inclusion HX — T (H) is a map of coalgebras.

Proof: Since H X is R free, the homological invariance of differential Cotor and
Lemma 10.26.1 imply that

H(QXX) = Cotor® ®*X) (R, R) = Cotor? X (R, R)

as algebras. Since H X has zero differential and H X is a primitive coalgebra, the
internal and external differentials in Q> X are both zero. Hence,

H(QXX)=QHEX =T(s 'HX)
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as algebras where s7': HX — HYX is any lift of the transgression. Since X :
HX — H(QXX) is a canonical lift of the transgression,

H(QYX)=T(HX)
as algebras.

Since X : X — QXX is a map of spaces, it must be a map of coalgebras and the
Hopf algebra structure follows. [l

Remark. It should be noted that, in the above proof, the algebra structure of
H(OQXX) came directly from the algebra structure of differential Cotor. This
depended entirely on the coalgebra structure of the base H (XX ), which in this
case was always trivial. But the result implies that the coalgebra structure of
H(QXX) depends on the coalgebra structure of H X . To determine this coalgebra
structure, geometric properties of the homology suspension had to be invoked.

We turn to the homology of the double loop spaces of spheres. We assert:

Proposition 10.26.3. With any coefficient R, there is a homology isomorphism
of differential coalgebras

H(QS™ ) — c(s™)
and hence
H(Q?8™ 1) = Cotor™ (" ")(R, R)
as algebras.

Recalling that H (5™ 1) = T'(1), this proposition has the following corollaries
which determine the mod p homology of the double loops on any sphere. We begin
with the computation of the odd dimensional case.

Corollary 10.26.4. Let p be a prime.
(a) If'pis odd, there is an isomorphism of primitively generated Hopf algebras
H(Q*S*" V. 72./pZ) = E(1y,71,72,...) ® P(oy,09,...)

where deg(;) = 2p'n — 1 and deg(o;) = 2p'n — 2. The homology sus-
pensions are oT; = " and oo; = 0.

The mod p homology Bockstein spectral sequence has fi st Bockstein dif-
ferentials given by 3'7y = 0 and 3'7; = o; fori > 1.

(b) If p = 2, there is an isomorphism of primitively generated Hopf algebras
H(Q*S" 1 72,)27) = P(&, &, ... )

where deg(&;) = 2'm — 1. The homology suspensions are o&; = 1> .



10.26 The Bott—Samelson theorem and double loops of spheres 419

If m is even, the mod 2 homology Bockstein spectral sequence has fi st Bockstein
differentials given by 3*&y = 0 and 3¢ = (&) fori > 1.

The Bockstein spectral sequence enables us to determine the order of the torsion
in the integral homology. This is a consequence of the fact that the firs Bockstein
differentials in Corollary 10.26.4 make the E' term of the homology Bockstein
spectral sequence into an essential acyclic Hopf algebra. For p odd, it is a tensor
product of E(7y) and the acyclic subHopf algebras E(7;) ® P(o;) for i > 1. For
p =2 and m odd, introduce the two stage filtratio which starts with all even
degrees and ends with everything. Then the associated graded object of E' is
a tensor product of E(&y) and the acylic subHopf algebras E(&;) ® P(£2 ;) for
1> 1.

Corollary 10.26.5. Ifp is any prime and we write the homology localized at p as
F(9252n+1) — Z(p) oV

then pV = 0, that is, the integral homology of this double loop space has all p

torsion of order exactly p.

Finally, the double loop space on even dimensional spheres reduces to the odd
dimensional case:

Corollary 10.26.6. If p is any prime, then there is an isomorphism of primitively
generated Hopf algebras over Z/pZ

H(QZSQTH—Z) _ H(QSZ71,+1) ® H(QZS4n+3).

Proof of 10.26.3: Let x be a primitive cycle in the normalized chains C(25™ 1)
which represents the generator ¢ of the homology H (5™ 1) = T'(+). Such exists
since it is contained in the m — 1 connected Eilenberg subcomplex which is
homotopy equivalent to the simplicial set of singular simplices of Q5™ *!. Now
defin a homology isomorphism of differential coalgebras

0:T() — C(QS™)

by 6(.%) = 2* using the fact that the chains are an associative differential Hopf
algebra. This map is clearly a homology isomorphism of differential coalgebras.

Remark. Let G be the chains on an associative H-space and recall the fact that
the Eilenberg—Zilber map V : G ® G — G x G is a map of differential coalge-

bras. Hence, the composition G @ G Yaxaha gives G the structure of a
differential Hopf algebra.

Since the homology H (5™ 1) is free over R, we have
H(Q28"+1) = Cotor® 5" " )(R, R) = Cotor(*5" "' )(R, R)
as algebras. This proves 10.26.3.
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Proofof 10.26.4: Given an element x and a positive integer k, let
T(z) = (1,3,2%,...,2"1) C T(x)

be the subcoalgebra of the tensor Hopf algebra spanned by the powers
1,z,2%,..., 2" 1. Observe that:

Lemma 10.26.7. Let the coefficient be Z/pZ where p is a prime.
(a) Ifpisodd, then

H@QS™ ) =T() = @ T, (")
k=0

as coalgebras.

(b) If p =2, then
H(QSM-H) _ T(L) — ®T2 (LQk)
k=0

as coalgebras.

The proof of the above lemma is immediate. For example, when p is odd, observe
that each 7),(:?" ) is a subcoalgebra of T'(¢) and note that writing n = a;p" +
ap_1p" ' 4 --- 4 ag in terms of its dyadic expansion and then using this to
express " as a product says that multiplication gives an isomorphism

Q") = T()
k=0

on each finit tensor product. The map is a map of coalgebras since T'(¢) is a
Hopf algebra. The isomorphism extends to the infinit tensor product since it is
the union of the finit tensor products.

The Kiinneth theorem implies that with Z/pZ coefficients
Lemma 10.26.8.
(a) If pis odd, then

H(Q?S2" ) ®Cotor port NZ/pZ, 7./ pT)

as algebras.

(b) If p =2, then

H(Q2Sm+1) ®CotorTz NZ)2Z,7.)27)
k=0

as algebras.
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Caution should be taken with the coalgebra structures above. It might be
that these are not isomorphisms of Hopf algebras. It turns out that they in
fact are isomorphisms of Hopf algebras but, until we know better, it could
be otherwise.

The basic computation is:
Lemma 10.26.9. As an algebra:
(a) If'p is an odd prime and x has even degree 2n, then
Cotor™ “)(Z,/pZ, Z/pZ) = E(s'z) @ P(2)

where deg(s'x) = 2n — 1,deg(z) = 2pn — 2 and the homology suspen-
sions are o(s™'z) =z, o(z) = 0.

(b) If p =2 and x has arbitrary degree m, then
Cotor™)(7,/27,7./27) = P(s ')

1

where deg(s~tx) = m — 1, and the homology suspension is o(s 1 x) = x.

This lemma proves the part of Corollary 10.26.4 that is concerned with the algebra
structure. We proceed to prove this lemma using duality.

If C is a finit type commutative coalgebra which is free over R, then the dual
A = C* is a commutative algebra and we have that Tor 4 (R, R) is a Hopf algebra
which is dual to the Hopf algebra Cotor® (R, R). If we use Zp) coefficient and
set C =T, (x) we get that A = P,(y) = P(y)/(y”) = the truncated polynomial
algebra with deg(y) = deg(x).

With Z, coefficients consider the complex
R=A®E(s)®@T(t)

with deg(s) = deg(z) — 1, deg(t) = pdeg(x) and differential the derivation
define by

dy =0, ds =y, dt = sy’ '.

R is an acyclic complex and a differential algebra. It provides a resolution of Z,,
over the algebra A and the multiplication is a map of resolutions

R®R —TR
and induces a multiplication on
R @4 Ly = E(s) @ T(t).
Since the latter has zero differential,
Tora(Zy), Zy)) = E(s) @ T'(t)

as algebras.



422 Differential homological algebra

If pis odd, both the elements s and ¢ must be primitive for degree reasons. Hence,in
this case, we have

Tor 4 (Z(p),Z(p)) = E(S) X F(t)
as Hopf algebras. It follows that
COtOI‘Tp('T) (Z(p),Z(p)) = E(Silﬂf) X P(Z)

as Hopf algebras and the homology suspensions are as indicated. Of course, we
can reduce this result mod p to the desired result with Z /pZ coefficients

If p =2, then we use Z/2Z coefficient and make R into a differential Hopf
algebra by making y and s primitive but setting

Alt)=t®1+s®@s+1®t
It follows that, mod 2,
Tora(Z/27,7./27) = E(s) @ T'(¢)

as Hopf algebras with s primitive but with A(t) =t ® 1+ s ® s + 1 ® t. We can
lift this result up to the Hopf algebra with coefficient Z,) and get that over this
ring, we also have

TOI‘A (Z(Q) s Z(Q)) = E(S) ® F(t)

as Hopf algebras with s primitive but with A(t) =t ® 1+ s® s + 1 ® t. It fol-
lows that this Hopf algebra structure is completely determined and that

Cotor!» (@) (Z(9), Zz)) = P(s'2).
As before, we complete the computation by reducing the result mod 2.

The fact that the Hopf algebras in Corollary 10.26.4 are primitively generated
follows from a result of Milnor and Moore which we do not prove here.

Proposition 10.26.10. Suppose that B is a connected Hopf algebra over Z/pZ
with commutative multiplication. Let £ : B — B be the p-th power operation
&(x) = P and consider the subHopf algebra (B C B of all p-th powers. There
is an exact sequence

0— P(¢B) — P(B) — Q(B).

In particular, the kernel of the map P(B) — Q(B) is concentrated in degrees
divisible by p.
The dual of this proposition implies that all the generators in Corollary 10.26.4
are primitive.

We complete the proof of Corollary 10.26.4 by determining the firs Bockstein
differentials 3. We start with an explicit computation over Lip)-
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Lemma 10.26.11. For all primes p,
H2pn72 (Q2SQ"+1 ) Z(p)) = Z/pZ

Proof: We use the cohomology version of the Eilenberg—Moore model, that is,

H' (8™} Zy)) = Torp:(asen1) (L), L))
where H*(Q5?"+1) = I'(y) = A with deg(y) = 2n.
Let R be the free A resolution of Z,) which is the differential algebra

AQEGB)QEM#) 9T (w) ® -+
with differentials
dy =0, d(vi(y)) =0,
ds =y, d(s7i(y)) =7 (Y)vi(y) = (@ + yit1,
d(t) = (y), dw) =pt — sy,

and degrees
deg(y) = 2n, deg(s) =2n —1, deg(t) =2pn — 1, deg(w) =2pn —2,....

The generators y, t and w are all introduced to kill cycles which occur in the
resolution.

Then H*(Q*S%"*1) with Z,,) coefficient is the homology of
Z(p) ®4 R = E(S) & E(t) & F(’LU) Q-

with differentials

It follows that
H?pnfl (QQS2n+1 ; Z(p)) — Z/pZ
and thus
H2pn72 (Q2SQ"+1 ) Z(p)) = Z/pZ
O

Lemma 10.26.11 is just another way of saying that the firs Bockstein differentials
in the mod p homology of Q252"+ are

617'1 =0, ifpisodd

B = 53 if p = 2 and m is even.
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Now consider the Hopf invariant fibratio sequence

Jp—l(SQn) — QS271+1 hi) QSQpn+1
of spaces localized at p. Recall that
prl (SQH) =S™yetru---uU 62(19—1)71,

(so that, if p =2, J;1(S?") = S?") and that the mod p homology of the Hopf
fibratio sequence is

Tp(v) = T(r) — T(F).
Since T'(¢) = T, (v) ® T'(«") as coalgebras, the fibratio is totally nonhomologous
to zero and
H(952n+1) — H(Jp—l (SZn)) ® H(QSan+1)

with mod p coefficients Since J,_1(S*") is a skeleton of Q252" "1, we observe
that the mod p homology isomorphism of differential coalgebras

T(L) _ H(QSQH-H ) N CQSQH-H)
restricts to a mod p homology isomorphism of coalgebras
T,(0) = H(J,-1(5)) — C(J,1(5™)).

Hence, in the next lemma, all the homologies of the loop spaces are given by Cotor
with respect to the homologies of the bases and we get

Lemma 10.26.12. As algebra with mod p coefficient
H(Q?S*" ) = H(|QJ,_1(S*")) @ H(Q* S+
as algebras and the loops on the p-th Hopf invariant
O, - Q282n+1 _, 2 g2nptl
induces in homology the projection on the second tensor factor.

If p is odd, the above states that

o0
H(Q*S* Y = {E(ry) ® P(oy)} ® {E(Tl) ® ®E(Ti) ® P(ai)} .

i=2
where the projection on the tensor factors beginning with E(7 ) is induced by the
loops on the Hopf invariant. We know that 3'7, = o in the case of Q252" +1,
Since we know this result also for 2252771 we know that 3' 75 must project to
o9. But these are primitive classes and so the choice is unique, 3'7 = o9 in the
case of Q252"+ also. Induction shows that 3'7; = ¢, forall 4 > 1.

If p = 2 and m is even, a similar proof shows that 3*¢; = ¢2 | forall i > 1.
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This completes the proof of Corollary 10.26.4 when m is even.

Finally, we prove the result in Corollary 10.26.6 on double loop spaces of even
dimensional spheres. If p = 2, this is already done in Corollary 10.26.4. If p is
odd, then 10.26.6 follows from the fact that

Qs2n+2 ~ S?n+1 X Qs4’rL+3
localized at an odd prime p.
Exercise

(1) (a) If p is an odd prime, then show that, with respect to the firs Bockstein
differential 3!, the isomorphism of mod p homology

H(Q2S2+2) = H(QS?+1) @ H(Q2§1+3)
is an isomorphism of differential Hopf algebras.
(b) If p = 2, show that
H(Q2S%"+2) = H(QS2 1) @ H(Q28m+3)

is an isomorphism of Hopf algebras and that, in the notation of Corollary
10.26.4, the Bockstein differentials are given by

Bl =p'¢ =0

and for i > 2, 3¢ = ¢2 | modulo the ideal generated by &;. (Hint: Use
the computation of rational homology and the Hopf fibratio sequence

SQ'rl+1 N QSQ'IL+2 N QS4"+3.)

10.27 Special unitary groups and their loop spaces

In this section we compute the homology of some of the special unitary groups
and then use this to compute the homology of their loop spaces. It is very useful
to fin a generating complex for the Lie group if there is one. Loosely speaking, a
generating complex is a subspace whose reduced homology generates the homol-
ogy Pontrjagin ring of the Lie group. It is often the case that the homology of
the Lie group is the exterior algebra generated by the homology of the generating
complex. The generating complex has two uses. First, it controls the coalgebra
structure of the homology of the Lie group and, second, via the coalgebra structure
and the homology suspension, it enables the computation of the homology of the
loop space.

First consider the case of the unitary group and the special unitary group. Let V'
be a finit dimensional vector space over the complex number fiel C and suppose
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we are given a positive definit Hermitian form on V/, that is, for all z, y €V,
there is a complex number (z, y) which is biadditive,

(T1 + 22, 9) = (71,9) + (22, 9),

conjugate symmetric, for all x,

{y,2) = (z,v),
bilinear, for all complex numbers c,
(ax,y) = alz,y)

and positive definit

(z,z) > 0
with

(z,7) =
only if z = 0.

Definitio 10.27.1. The unitary group U (V') is the group of all invertible lin-
ear operators 7' on V' which preserve the Hermitian form, that is, (T'z, Ty) =
(x,y) forall z, y e V. The special unitary group SU (V) is the subgroup of U (V)
consisting of all unitary transformations of determinant 1.

Inthe case x = (x1,...,2n), ¥ = (Y1,-..,Yyn) €V = C", we set
(z,y) = Xi_ 27
and write
Un)=U0(C"), SU(n)=SU(C").
In particular, the standard basis eq, . .., e, for C" is orthonormal
<€7’,7 €j> = 5,]
The generating complexes for the special unitary groups are given by the suspen-
sions of the complex projective spaces.

Definitio 10.27.2. The complex projective space CP(V) is the space of all
complex lines in V. If = is a nonzero vector in V, we shall use (z) = {\x | AeC'}
to denote the complex line spanned by x. We write CP"~! = CP(C™).

Given a unit complex number u € S C C, |u| = 1 and a complex line (x) rep-
resented by a unit vector x in V', we defin a unitary operator T'(u, {(x)) in U (V)
by

T(u, () (y) = [wly, )x] + [y — (y, z)x],
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that is, 7'(u, (z)) multiplies the 2 component of y by the scalar « and is the
identity on the component of y which is orthogonal to z. Clearly, the determinant
of T'(u, (x)) is u. In order to get a continous map

0:8"xCP" ! — SU(n),
we defin
O(u, (z)) = T(u, (z)) - T(u™", {e1)).
We note that we have a factorization
0=0-1:5'"xCP" ! = S'ACP" — SU(n)
and we claim that © is the embedding of a generating complex.
Consider the principal bundles
SU(n —1) — SU(n) & §*1

where n > 2 and 7(T) = Te, : The following two propositions show that S* A
CP" ! is a generating complex for SU(n) with any coefficients

Proposition 10.27.3. The map 7 : SU(n) — S*"~! restricts to a factorization
stacpt - stacpPt/StACP T g
where the second map is a homeomorphism.
Proposition 10.27.4. With any coefficients the homology
HSU(n) = Elzz,...,T2,-1]

as an algebra where deg(z2; 1) = 2i — 1 and the map 7 : SU (n) — S?"~! sends
To,—1 to a generator of the homology of the sphere.

The two propositions above can be combined so that the Hopf algebra structure is
determined.

Corollary 10.27.5. With any coefficients there is an isomorphism of Hopf alge-
bras

E[H(S* ACP" )] — HSU(n)

where E[H(S' A CP"~1)] is the exterior algebra with the coalgebra structure
being the unique multiplicative structure given by the diagonal on the generators
in H(S' A CP"71). But, since S' AN CP"~! is a suspension, this is a primitively
generated Hopf algebra.

Proof of Proposition 10.27.3: First we note that n > 2 implies
- O(u, (x)) = [ulen, z)x + [, — (en, z)x]
= (u—1){e,,z)x+ e,
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from which it follows that the inverse image of e, is precisely when v =1 or
x L e,,thatis, it consists of

LxCopPtust xopPi
Since the domain is compact,
Sl A Cpn71/51 A C«Pn72 N S2n71

will be a homeomorphism if and only if it is one-to-one and onto away from the
basepoint.

To see that it is one-to-one, let u # 1 and (z, e, ) # 0, |z| = 1 and suppose that
en + (u—1{e,,z)x=e#e,.
Then
(u—1){ep, vy =€—e,
and the line (z) = (e — e,,) is determined by e.

That is,

from which we get

Substituting these into the previous equation we get

le —en|?
(en,e) — 1

and thus u is determined by e. Thus the map is one-to-one away from the basepoint.

u=1+

To see that the map is onto away from the basepoint, let e # e,, |e| = 1 and defin
w and z by the formulas

T = a(e — en)7 ‘Oé|2 = \6*%"?
le—en |?

w= 1 + <(3n ~(3>_1 ’

Clearly, {(e,,z) # 0 and |z| =1, u # 1. If it is in the domain, it is clear that
- O(u, (x)) = e. So it suffice to show that |u| = 1. Write u = 1 + z so that

lul> =ui =14 2z +Z + 2%.

The verificatio that z +Z + 2z = 0 is a simple exercise and finishe the proof
that the map is onto. O
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ProziofProposition 10.27.4 and Corollary 10.27.5: Letxy,...,x9,_1 beabasis
for HC P"~! with x9;_; in dimension 2¢ — 1. The inductive statement is to show
that

HSU(n) = Flxo,—1] @ HSU(n — 1)
as Hopf algebras.

Since SU (1) = {e}, it s trivially true for n = 1. Assume that the result is true for
n — 1 and that n > 2.

Since SU(n — 1) — SU(n) & S?"~! is a principal bundle, the homology Serre
spectral sequence is a spectral sequence of HSU(n — 1) modules and also of
coalgebras. Hence, the existence of a generating complex immediately gives that
the homology Serre spectral sequence collapses, that is, £ = E>, and hence that

HSU( ) [xQn 1]®HSU(TL—1)

as HSU(n —1) modules. (This can also be seen by the fact that
d*" 129, 1 € Hy, 5SU(n — 1)) must be a primitive element and that there are
none in that dimension.)

Hence, the cohomology Serre spectral sequence (which is the dual of the homolgy
Serre spectral sequence) also collapses and

as F[za,_1] modules. Because of the graded commutativity of the cohomology
ring, this will be an isomorphism of algebras if we know that (22, 1)? = 0.
But graded commutativity implies that 222 = 0 for odd dimensional cohomology
classes. Since there is no 2 torsion, (22, 1)? = 0 and

H*SU(n) = Elzen-1] @ H*SU(n — 1)
as algebras.
Dually,

HSU(n) = Elzg, 1] ®@ HSU(n — 1)

as coalgebras. In particular, they are all primitively generated. Now, in order to
show that this is an isomorphism of Hopf algebras, it suffice to check that

[I2n—1,$2j—1] = Top-1%2j-1 + T2j-1Tan—-1 = 0 forj<n
and

2 _
Lop—1 = 0

Since these are even dimensional primitive elements, they must be zero.

This proves Proposition 10.27.4 and Corollary 10.27.5. O
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The fact that the special unitary group has a suspension as its generating com-
plex makes the computation of the homology of its loop space an immediate
consequence of the Eilenberg—Moore spectral sequence. Recall the commutative
diagram related to the suspension

ceprt — Cc(CP*Y) — woph!
! ! !
QSU(n) — PSU(Mn) — SU(n)
where the left and right vertical maps are adjoints.

In the Eilenberg—Moore spectral sequence with any coefficient R, we have
E?, = Cotor” V(™) (R, R) = Cotor®l"s " '}(R, R) = Plys,...,y2n2]

as algebras where the 39, have total degree 2¢, homological degree —1 and the
homology suspensions are o (y2;) = 2;, 1. Since E? is generated as an algebra by
homological degree —1 and since the homology suspension is surjective onto the
primitives, it follows that E? = E> in the Eilenberg—Moore spectral sequence.
Since QSU (n) is homotopy commutative, so is its Pontrjagin ring, there are no
extension problems, and hence

Proposition 10.27.6. With any coefficients
HQSU(n) = Plya, ..., y2n2] = PIHCP" ]

as (nonprimitively generated) Hopf algebras, that is, the diagonal is given on
generators by

Ayar) = Zigj—k Y2i @ Y2j
where yo = 1.

Note that it is a generating complex which determines the coalgebra structure in
the above.

10.28 Special orthogonal groups

The homology of the special orthogonal group looks very different depending on
whether we are localized at 2 or away from 2.

In the firs case, we choose mod 2 coefficient and, much like the previous case of
the special unitary group, the special orthogonal group has a generating complex
which is a projective space, not the suspension of one as in the previous case. This
means that the mod 2 homology of the special orthogonal group is not primitively
generated.
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Let V be a finit dimensional real vector space with a positive definit symmetric
bilinear form (z, y). Then the orthogonal group O(V) is the group of all invertible
linear operators 7' on V' which preserve this form, that is, (T'z, Ty) = («,y) for
all z, yin V, and the special orthogonal group SO(V') is the subgroup of all such
linear operators of determinant one. We write O(n) and SO(n) for the case when
V' = R"™ with the standard positive definit form
(,y) = X @iy
where x = (z1,...,2,) and y = (Y1, ..., Yn)-

We defin for n > 1 continuous maps 7" : RP"~! — O(n) by

T((x)(y) = —(y,z)x + [y — (y, 2)r = =2(y, x)x +y

where « is a unit vector which represents the real line () spanned by x and y is
any vector in R". Thus, T'({x)) is multiplication by —1 on the line (x) and is the
identity on the orthogonal complement.

Ifn > 2andey,. .., e, is the standard orthonormal basis, we defin © : RP"~! —
SO(n) by
O((z)) =T((x)) - T({e1))-

Forn > 2 let 7 : SO(n) — S™~! be the map define by 7(T) = T'(e,,) and we
have the principal bundle sequence SO(n — 1) — SO(n) = S7~ 1.

We have the following analogues of 10.27.3, 10.27.4, and 10.27.5.

Proposition 10.28.1. The map 7 : SO(n) — S"~! restricts to a factorization
RP"71 N RPnfl/RPn*? _ Snfl
where the second map is a homeomorphism.

Since this is a simpler variation of Proposition 10.27.3, we leave this proposition
as an exercise.

Proposition 10.28.2. With mod 2 coefficients the homology
HSO(H) = E[l‘l, ce ,.’L‘n,l]

as an algebra where deg(x;) = i and the map 7 : SO(n) — S" ! sends x,  to
a generator of the homology of the sphere.

We shall prove Proposition 10.28.2 but firs we note that, since RP"~! is a
generating complex for the mod 2 homology of SO(n), it follows that Propositions
10.28.1 and 10.28.2 have as an immediate consequence the Hopf algebra structure
of the mod 2 homology of SO(n).
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Corollary 10.28.3. With mod 2 coefficients there is an isomorphism of Hopf
algebras

E[HRP" '] — HSO(n)

where E[HRP" '] is the exterior algebra with the coalgebra structure being
the unique multiplicative structure given by the diagonal on the generators in
HRP" . Thus,

Azg) =4 j-k T Q
where xo = 1.
Proof of Proposition 10.28.2: We use induction on n, the case n = 1 being trivial.
The existence of a generating complex gives that
HSO(n) = E[z,—1] ® HSO(n — 1)

as HSO(n — 1) modules. In fact, in the homology Serre spectral sequence of the
principal bundle SO(n — 1) — SO(n) — S"~!, we have that

E* = FElz,1)® HSO(n — 1)

as coalgebras. Hence, the primitives satisfy PE>® = (z,_;) ® PHSO(n —1)
and, since primitives of H.SO(n) must be detected in the associated graded
EYHSO(n) = E*, we have

PHSO(n) C (xy—1) ® PHSO(n —1).

Since the firs violation of the following equations must be primitive, it follows
for dimensional reasons that they are valid:

2 .
[l'n_171']‘_1] = Oa xn,—l = 07 J S n.

Thus,
HSO(n) = Elx,.1] @ HSO(n — 1)
as algebras. O

We now turn to the consideration of the homology of the special orthogonal groups
with Z[1] coefficients

Proposition 10.28.4. With Z[1] coeficients
(a)
HSO(27’L + 1) = E[tg, N ;t47171]

as primitively generated Hopf algebras where the generators ty;_1 have
degree 41 — 1.
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()
HSO@2n +2) = E[ts, ..., tan—1, Ton+1]

as primitively generated Hopf algebras where the generator o, 1 has
degree 2n + 1.

We remark that (a) implies (b) in a straightforward manner. Since the previ-
ous generating complex RP?""1 C SO(2n + 2) is an odd dimensional projec-
tive space, we have that Hy, 1 (RPQ”H;Z) ~ 7 and that the composite map
RP**! — SO(2n + 2) — S?"*! maps the generator s, of this homology
group to the generator of the homology group of the sphere. Hence,

HSO(Q?I + 2) = E[JC27L+1} ® HSO(QTL + 1)

as HSO(2n + 1) modules. The same arguments as in the proof of Proposition
10.27.4 show that

H*SO(2n +2) = Ez2p+1] ® H*SO(2n + 1)
as algebras and that

as algebras and finall as primitively generated Hopf algebras. We leave to the
reader this routine verificatio of (b) and proceed to the proof of (a).

The proof of (a) requires that we do an induction using the principal bundles
SO(2n—1) - SO(2n+1) — SO(2n+1)/SO(2n —1)

and we start by computing the homology of the unit tangent bundles 7'(S*") of
the even dimensional spheres,

T(5*") = SO(2n+1)/SO(2n — 1).

Lemma 10.28.5. With Z coefficient

Z, k=0
7)27, k=2n—1
L T

)

0, otherwise.

Proof: Consider the homology Serre spectral sequence of the unit tangent bundle
sequence

Sanl N T(SQn) N S?n
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and compute the transgression in this spectral sequence by the commutative
diagram

SQn—l = Sanl N DQ’H, s SQ?L
I= 12 ! I=
gn-1 2 g1 RP¥M™/RP—2 . g
l= ! 1=

5271,—1 — T(sQn ) — 5271,

The top two rows are the standard cofibratio sequences and the compatibility of
cofibratio sequences with the transgression gives that dy, 9, = 2x9,_1 in the
homology Serre spectral sequence with

E?> = HS* @ HS*" ' = E[29,] ® E[x2,_1].
The result of the lemma follows. |

We now finis the proof of (a). The case of n = 1 being trivially true, we can start
by using the inductive assumption that

HSO(27’L — 1) = E[ts, ce 7t4n75]
as Hopf algebras.

With Z[%} coefficients the homology Serre spectral sequence of the principal
bundle sequence

SO(2n —1) — SO(2n +1) — T(5*")
shows that
HSO(2n +1) = E[ty, 1] ® HSO(2n — 1)

as HSO(2n — 1) modules. Once again, arguments identical to the ones in the proof
of Proposition 10.27.4 give that this is an isomorphism of primitively generated
Hopf algebras.

This completes the proof of Proposition 10.28.4. O
Let us consider the loop spaces of the special orthogonal groups.

First of all, suppose that G — H is any covering of connected topological groups
and let K be the kernel. If K is finit of order n we can consider the transfer
7:C(H) — C(G) given on simplices o of H by

7(0) = Egex 90

where @ is any choice of a lift of o to a simplex in G. Clearly, the transfer 7 is a
chainmap and 7 - 7 = n - 1. Since G is connected we also have that

T-m =24k {yg>n-lg
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where £, denotes left multiplication by g. Thus,

Lemma 10.28.5. If G — H is a finit n-sheeted covering of connected topo-
logical groups, then H,G — H,H is an isomorphism of homologies with Z[%]
coefficients

Hence, Proposition 10.28.4 also computes the homology with Z[%] coefficient
of the double coverings Spin(n) — SO(n) which are the universal covers of the
special orthogonal groups. Since the groups Spin(n) are simply connected, the
Eilenberg—Moore spectral sequence applies directly to these groups and QSpin(n)
is the component of the identity of 250(n). We get:

Proposition 10.28.6. With Z[L] coefficients
(a)
HQSpin(2n + 1) = Plya, . - ., Yan—2]
(b)
HQOSpin(2n +2) = Ply2, .., Yan—1, 22n)
as algebras where the generators have the indicated degrees.

Proof: Consider part (a). The Eilenberg—Moore spectral sequence has

: 1 1
E2 _ CotorHSpln(n) (Z |:2:| ,Z |:2:|)

! 1 1
_ COtOI‘E[x:5""’g/4"'7I] (Z |:2:| ’Z |:2:|> = P[yQ, .. ,’y47172]

as algebras and all the generators are in filtratio —1. Since this is a spectral
sequence of Hopf algebras, these generators must be primitive and so must their
differentials. But since the coefficien ring has no torsion, there are no nonzero
primitives in filtration less than —1. Hence, the spectral sequence collapses and
E? = E*. Since these loop spaces are homotopy commutative H-spaces and since
E* is a free commutative algebra, there are no extension problems and we have
computed case (a).

The computation of case (b) is similar. 0

Exercises

(1) (a) Show that there is a homeomorphism RP® — SO(3). (Hint: Show
that every element of SO(3) has at least one eigenvector of eigen-
value 1. Thus every element of SO(3) can be represented as a rotation
through some angle with this eigenvector as an axis, the rotation being
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clockwise or counterclockwise depending on the choice of the pole of the
axis.)

(b) Use the above to show that Corollary 10.28.3 implies that
H*(RP3;Z/2Z) = a polynomial algebra on a 1 dimensional generator
u truncated at height 4, u* = 0.

(2) Verify Proposition 10.28.1.



11 Odd primary exponent theorems

In order to prove the odd primary exponent theorems for spheres and Moore
spaces, we have to use techniques from most of the chapters of this book.

We have to use localization. The theorems are not true without localization.

We have to use homotopy groups with coefficient and the structure of Samelson
products on these groups in order to construct the maps which will give product
decomposition theorems for certain loop spaces.

We have to use the fibr extensions of cubes and squares in order to tie together
in fibratio sequences different product decompositions.

We have to use Bockstein spectral sequences to analyse the torsion in the homology
and homotopy of these loop spaces.

We have to use exact sequences of free differential graded Lie algebras in order to
construct tensor product decompositions of universal enveloping algebras. In fact,
it might be said that the main result of this chapter is the geometric realization
via an infinit weak product of just such a tensor product decomposition of the
universal enveloping algebra of a free differential graded Lie algebra.

We have to use differential homological algebra, not so much in the form of the
Eilenberg—Moore spectral sequence, but in the chain equivalences with differential
Cotor which underlie the Eilenberg—Moore theory.

Surprisingly, the only chapters in this book which we do not use much of here are
the chapters on the Hopf invariants of Hilton, James, and Toda. These are exactly
the things which were used in the proofs of the original exponents theorems of
James and Toda and even of Selick.

We show here that, for a prime p greater than 3, the p-primary component of
7. (8*"1) has exponent p". This theorem is true for p = 3 but the failure of the
Jacobi identity for Samelson products in mod 3 homotopy theory makes the proof
much harder in this case. The details for the case p = 3 will be omitted but the odd
primary exponent theorem and related product decompositions will be assumed

437
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to be proven for all odd primes. Since Gray has produced infinitel elements of
order p" in m,(S?"*1), the odd primary exponent theorem for spheres is the best
possible [46].

The question of whether there is an exponent for all of the homotopy groups
of a Moore space was firs raised by Michael Barratt [9]. Minus the proof of
an important lemma, we show that p"*! annihilates the homotopy groups of an
odd primary Moore space P™ (p") with m > 1 [102]. Since Cohen, Moore, and
Neisendorfer [27] have shown that 7, (P™ (p")) contains infinitel many elements
of order p" ™!, the result on the exponent of the homotopy groups of odd primary
Moore spaces is also the best possible. By the way, we do give complete details
of the original upper bound that p?” =1 annihilates the homotopy groups of an odd
primary Moore space P™ (p") with m > 1 [28].

Finally, we show that double loops are necessary in order to have any H-space
exponents for Moore spaces. On the single loop space of a Moore space, no power
maps are null homotopic [28].

11.1 Homotopies, NDR pairs, and H-spaces

In this section, we review some fundamental notions connected with homotopies
and use these to show that some homotopies can be simplifie in the definition
related to H-spaces.

Recall the definitio of a homotopy between two pointed maps. For the sake of
simplicity, all maps and all homotopies will preserver basepoints.

Definitio 11.1.1. A homotopy H : X x I — Y from a continuous pointed map
f:X — Y to a continuous pointed map g : X — Y is a continuous map H :
X x I — Y such that

(a)
H(z,0) = f(x), H(z,1)=g(x). forallzeX
(b)
H(x,t) =% forall tel.
If A C X is a subspace the homotopy is said to be stationary on A if
H(a,t) = f(a) = g(a)
forall (a,t)e A x I.

Of course, a homotopy from one pointed map to another is just a path in the space
of pointed maps map. (X,Y).

Definitio 11.1.2. Given homotopies H : X x [ — Y from f: X - Y to g:
X—>Yand K: X xXxI—-Y fromg: X —-Y toh: X — Y, the composition
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or product homotopy H * G : H x I — Y is the homotopy from f to h define
by

(H * G)(z,t) = {

Definitio 11.1.3. Given a homotopy H : X x I — Y from f to g, the inverse
or reverse homotopy is the homotopy H~! : X x I — Y from g to f define by

H (2, t) = H(z,1 —t).
Definitio 11.1.4. Given homotopies H : X x [ — Y and K : X x I =Y,

both from f : X — Y tog: X — Y, ahomotopy L from H to K is a continuous
map

L: XxIxI—Y
which satisfie
L(z,s,0) = H(x,s), L(z,s,1)=K(x,s) forall (z,s)
L(z,0,t) = f(x), L(z,1,t)=g(z) forall (x,t).
Thus, a homotopy of homotopies is a path in the space of homotopies from f to g,
map; (X x I,Y) ={H : X x I - Y|H(z,0) = f(z), H(x,1) = g(x)}.

The fundamental lemma is the generalization of the fact that the composition of a
path with its inverse path is homotopic to the constant path:

Lemma 11.1.5. If H is a homotopy from f to g, then the composite homotopy
H « H~' is homotopic to the stationary or constant homotopy from f to f.

Proof: Let L : X x I x I — Y be define by

H(z,25),0<s < 3(1—1),
L(x,s,t) = ¢ H(z,2—2s), 3(14+t) <s<1
H(z,1—t), $(1—-t) <s< (1 +1).
Then (H x H ')(x,s) = L(x,s,0) is homotopic to the constant homotopy
L(z,s,1) = H(z,0) = f(x). 0

Definitio 11.1.6. If A C X is a subspace, then the pair (X, A) is called an NDR
pair if the inclusion ¢ : A — X is a cofibration in other words, if the pair (X, A)
has the homotopy extension property. In detail, given amap f : X x 0 — Z and
a compatible homotopy K : A x I — 7Z, there is a continuous extension of f and
K toahomotopy H : X x [ — Z.

Of course, (X, A) is an NDR pair if and only if the inclusion
AxTUX x0C X xT

admits a retraction.
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We refer to the basic paper of Steenrod [126] or to the book of George Whitehead
[134] for the proof of the following basic proposition.

Proposition 11.1.7. If (X, A) and (Y, B) are two NDR pairs, then the product
(X,A)x (V,B)= (X xY,XxBUAXY)

is an NDR pair.

An immediate corollary is:

Corollary 11.1.8. If X is a space with a nondegenerate basepoint *, that is, if
(X, *) is an NDR pair; then the inclusion of the wedge

(XxX, XVX)=(XxX, X xxUxx X)
and the inclusion of the fat wedge
(XXX XX, XXxXxxUXXx*xxXUxxX xX)
are both NDR pairs.
Let X be an H-space with multiplication
prXxX =X, plzy) =zy

and suppose that the basepoint is nondegenerate. Thus, the fact that the basepoint
is a homotopy unit says that the maps given by

r—xx and x— *xx
are both homotopic to the identity map of X to itself. In other words, the compo-
sition
XvXcxxxhbXx
is homotopic to the fold map given by
(x,*%) —x and (%) 2.
Since the inclusion X V X C X x X is an NDR pair, it follows that

Lemma 11.1.9. n an H-space X with nondegenerate basepoint, the multiplica-
tion is homotopic to a multiplication 1 : X X X — X for which the basepoint is
a strict unit, that is,

zx=x and *xx=x.

Hence, it is no real loss of generality to assume that an H-space X has a non-
degenerate basepoint which is a strict unit. In the remainder of this section, we
will make this assumption. We will then show that, if the H-space is homotopy
commutative, then the commuting homotopy can be assumed to be stationary on
the wedge. Similarly, we will show that, if the H-space is homotopy associative,
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then the associating homotopy can be assumed to be stationary on the fat wedge.
These are both consequences of the next lemma.

Lemma 11.1.10. Suppose (Z, B) is an NDR pair and H : 7. x I — W is a homo-
topy from f to g. Suppose that the restriction K : B x I — W is homotopic to a
stationary homotopy. Of course, this requires that

f(b) = g(b) = K(b,0) = K(b,1) Vbe B.
Then H is homotopic to a homotopy L which is stationary on B.
Proof: H can be regarded as definin a map
H :ZxIx0—W
such that
H'(2,0,0) = f(2), H'(2,1,0) = g(2)

for all zeZ. The fact that K is homotopic to a stationary homotopy can be regarded
as definin a compatible map

K :BxIxI—W
such that
K'(b,5,0) = K(b,s), K'(b,s,1)= f(b) = g(b).

Thus K'(b, s,1) define a homotopy which is stationary on B.

We let A(z,1,t) = g(t) and note that this define a compatible map
A Zx1xI—W.

Similarly, we let B(z,0,t) = f(z) and note that this define a compatible map
Bx0xI—W.
We now have a map
C:ZxIx0UZX0OXxIUZXx1IXxIUBXIXxI—W.
From the standard fact that the pair (I x 1,1 x 0U0 x I U1 x I) is homeomor-

phic to the pair (I x I, I x 0) and the fact that (Z x I, B x I) is an NDR pair, it
follows that we have an extension to a map

D:ZxIxI—W.

The restriction D(z,s,1) = L(z, t) is the required homotopy, O

Here are some facts which I learned from Frank Adams and Michael Barratt. They
are consequences of the above Lemma.

Lemma 11.1.11. Let X and Y be H-spaces with strict units and with respective
multiplications px and py .
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(@) If f : X — Y is a basepoint preserving H-map, then the homotopy f 1, ~
wy (f x f) can be chosen to be stationary on the wedge X V X.

(b) If X is homotopy commutative, then the commuting homotopy uxT ~ px
can be chosen to be stationary on the wedge X V X.

(c) If X is homotopy associative, then the associating homotopy px (pux X
1) ~ ux (1 X px) can be chosen to be stationary on the fat wedge x X
XXXUX xxx XUX xX xx*.

Proof: Let F' be a homotopy from fuy to ux(f x f), that is, F': f(ab) ~
f(a)f(b) fora,b € X. As usual we abreviate multiplication in an H-space by jux-
taposition, ;1(a,b) = ab. Let G; be the homotopy from py (f X% f) to itself given
by Gi(a,b,t) = F(a,*,t)f(b). The composite homotopy F' * G ' is homotopic
to a homotopy F from fpuy to uy (f x f) whichis stationary on X x x. Let G be
the homotopy from py (f x f) to itself given by Ga(a, b, t) = f(a)Fi(x,b,1)).
The composite homotopy F} * G; ' is homotopic to a homotopy from fux to
wy (f x f)) which is stationary on the wedge X V X. This is the required homo-
topy to prove a).

Part (b) follows from part (a) by considering X =Y with puy = pux o7 and
f=1

To prove part c), let ' : a(bc) ~ (ab)c be a homotopy. Let Gi(a,b,c,t) =
(F(a,*,*,t)b)c. Then Gy : (ab)c ~ (ab)c is a homotopy which agrees with F' on
X x % x *. Thus the composite homotopy F * G7 ' : a(bc) ~ (ab)cisdefine and
is homotopic to a homotopy F : a(bc) ~ (ab)c which is stationary on X X x X *.

Construct homotopies Fy, Fy, ..., Fs : a(bc) ~ (ab)c which are respectively sta-
tionary on the increasing unions of

X Xk X %,k X X X o#,% Xk X X,

F X X X X, X X*xx X, X XX X%

such that the homotopy F; is homotopic to the composite homotopy F;_1 * GZ-’1
for i < 4 ori = 6 and Fj is homotopic to G5 ' * F}.

Then Fj is the required homotopy which is stationary on the fat wedge. O
Exercises
(1) Fill in the details in the proof of part c) of Lemma 11.1.11.

(2) Let X be apointed space and let the space of Moore loops LX be the space of
pairs (w, a) where a > 0 is positive real number and w : [0, c0] — X is a path
with w(0) = x and w(t) = « for all t > a. Let LX have the product topology
where the positive reals have the usual topology and the paths have the
compact open topology. We say that the pair (w, a) is a loop which ends at a.
Let (w, a) be aloop which ends at a and (v, b) be a loop which ends at b. Defin
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the product loop (w, a) * (v,b) = (w * 7y, a + b) which ends at a + b by
{w(t), 0<t<a,

=12 o et

Show that

(a) The space of Moore loops LX is a strictly associative H-space with the
basepoint being a strict unit.

(b) The space of Moore loops LX is homotopy equivalent to the loop space
QX. Hint: Show that the sequence LX — M X — X is a Serre fibratio
sequence with contractible total space.

Suppose that FF = E' 5 B is a fibratio sequence of pointed spaces and that
f:X — Fandg: X — F are pointed maps.

(a) Show that
mapf“{](X xI,E)— mapﬂfm](X x I, B)
is a fibration
(b) If the compositions 7 f = * and wg = *, then
map; (X x I, F') — map; (X x [, E) — map, (X x I, B)
is a fibratio sequence.

Suppose that FF— E — B is an orientable fibratio sequence. Two
homotopies X x I — E defin a map

X xIx{0,1} — E.
Suppose that A C X is a subspace and that
AxIxI—FE

is homotopy of the restrictions of the two homotopies to A x I. Project the
above homotopies into F to two homotopies into the base B and let

XxIxI—B

be a homotopy of these two homotopies which is compatible with the
projected homotopy of homotopies on A. This leads to the lifting problem

XxIx{0,1}UAXIxI — FE

! !
X xIxI — B.

The solution to this lifting problem is the existence of a lift of a homotopy
of homotopies. Show that the obstructions to this lifting problem lie in the
cohomology groups

H" (X, A;m, F).
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11.2 Spheres, double suspensions, and power maps

In this section, we will introduce some specifi H-space structures on local-
ized spheres 52"~ and on related spaces such as on localized homotopy the-
oretic fibre C(n) of the double suspension 2 : §2"~1 — Q28?7+ and on
localized homotopy theoretic fibre S?"~1{k} of k-th power maps on spheres
k:S?n—1 — §2n=1 k(x) = x...2 = zF. (If the H-space structure is not homo-
topy associative, then 2* denotes some choice of a k-th power, for example,

23 = z(zx). And these k-th power maps on spheres are of course degree k maps.)

Throughout this section, we will assume that all spaces are localized at an odd
prime p. For example, S*"~! will denote the localized sphere. We have two goals.
First, we wish to introduce H-space structures on the three examples above such
that the obvious maps between them are H-maps. Second, we wish to check that
these structures are homotopy commutative and homotopy associative and that the
homotopy theoretic fibre S2"~{k} have H-space exponent k. (That is, the k-th
power maps are null homotopic on S2"~!{k}.)

We begin by recalling the following well known general fact which will enable us
to show that the homotopy theoretic fibre C(n) and S?"~1{k} are H-spaces.

Lemma 11.2.1. The homotopy theoretic fib e F of an H-map f: X — Y is an
H-space.

Proof: Up to homotopy equivalence, replace f by a fibratio f:X — Y. Then
F is the actual fibr of f. Furthermore, X is an H-space with a multiplication p
and f is an H-map. The diagram below is homotopy commutative

XxX 4L X
Lrxf LS
V<Y mult '

Since f is a fibration it follows that £ is homotopic to a multiplication v which
makes the diagram strictly commutative. Hence, with this multiplication, f is a
strict H-map and clearly v restricts to a multiplication on the fibr F. O

Loosely speaking, the multiplication on the double loop space 22 S?"*1 restricts
to a multiplication on the bottom cell S2”~!. But, the fact that these are local-
ized spaces and not cells makes it better to convert the double suspension X2 :
5211, 02620+ to 2 homotopy equivalent fibratio X2 : §27~1 — 2 §2n+1
and to consider the lifting problem

S?nfl % 5‘2n71 L) S?nfl
122 x »? »2

02§20+l 5 )2 g2n+1 mult 02g2n+1
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Since we can assume that we have strict units, the obstructions to this lifting
problem lie in

Hm+1<512n—1 % 51277,—175«211—1 vV 5271'_1;71'”10(71)).

These groups can be nonzero only if m+1=4n—2 and 7,C(n)=
77471—30(n) 7& 0.
Since

H.(Q*S* Y. 7,/p7) = E(19,71,72,...) ® P(oy,09,...)
with degree 7, =2p'n —1 and degree o; = 2p'n — 2, the localized pair
(Q252n+1 821 is 2pn — 3 connected, that is, the fibr C(n) is 2pn — 4 con-
nected. Hence, 4, _3C(n) = 0 for 4n — 3 < 2pn — 4, thatis, for 1 < 2(p — 2)n
which is always the case if p is an odd prime and n > 1. Hence, the lift exists.
Since obstructions to uniqueness of lifts up to fibr homotopy lie in

™ <S,277,_1 ™ 51277,—1 5«271—1 vV 54271,—1.7.(. C(?’l))
it follows that

Proposition 11.2.2. [f p is an odd prime and n > 1, then there is an H-space
structure (unique up to homotopy if p is an odd prime and n > 2 or if n > 1 and
p > 5) such that the double suspension X2 : S?"~1 — Q252"+ s an H-map.

Now, since the homotopy theoretic fibr of an H-map is an H-space, Proposition
11.2.2 and Lemma 11.2.1 give that

Corollary 11.2.3. Ifp is an odd prime and n > 1, then there is an H-space struc-
ture on C(n) which makes C(n) — S*"~1 — Q28?1 into a fib ation sequence
of H-spaces and strict H-maps.

Let k be a positive integer. Consider the power maps k : 2" ~! — §2"~1 and let

S?n=1LE} be the homotopy theoretic fibre Replacing k by a fibration we have

. = K . .
a fibratio sequence S*"~!'{k} — S?"~! = §?7~1 Since the power map is an

H-map when the H-space is homotopy commutative and homotopy associative,
we get from Lemma 11.2.1 and Exercise 1 below

Proposition 11.2.4. If p > 5 and n > 1, then there is an H-space structure on
S* =Y kY which makes the fib ation sequence

S2n71{k} BN Sanl L S?nfl
into a sequence of H-spaces and strict H-maps.

If k is a positive integer, then k : §2"~1 — §27"~1 being a fibratio implies that
we can assume that the homotopy commutative diagram
Sanfl k_} 5*27171
Lk Lk

Sanl k_} S?'nfl
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is strictly commutative. Since we are localized at an odd pr~ime, Ton_1.527 1 {k} =
0. The only possibly nonzero obstruction group H2"~1(S*"~1; 7y, 1 52" 1{k})

to the fibr homotopy uniqueness of the lift 5271 %5 §27~1 i in fact zero. Hence,
the lift is unique up to fibr homotopy and above diagram must factor as

SQn—l ﬁ) S§2n—1 i) Sf?n—l

Lk 11 Lk

g2n—1 EN §2n—1 LR g2n—1

Hence:

Proposition 11.2.5. Localized at an odd prime, the k-th power map on the fib e
k:S?n kY — S?LkY is null homotopic. Thatis, the H-space S*" ' {k} has
H-space exponent < k.

Exercises

(1) (a) Ifpisanodd prime andn > 2 (orif n > 1 and p > 5), then the H-space
structure on S*"~! is homotopy commutative.

(b) If p > 5 and n > 1, then the H-space structure on S>”~! is homotopy
associative.

(c) If pis an odd prime and n > 2 (orif n > 1 and p > 5), then the H-space
structure on C'(n) is homotopy commutative.

(d) If p>5and n > 1, then the H-space structure on C'(n) is homotopy
associative.

(Hints: By Exercise 4 in Section 11.1, obstructions to lifting commuting

homotopies lie in the groups

H™ (SZn,fl % 5271717527171 vV Sanl;ﬂ.mC(n))
and obstructions to lifting associating homotopies lie in the groups
H™ (S x §2n71 % §" 1 fat wedge; m,, C(n)).)

(2) If k is a positive integer and k : S>"~1 — S2"~1 is any k-th power map in
any H-space structure on S>"~!, show that this map is a map of degree k.

(3) Let X be an H-space, let k£ be an integer, and let & : X — X be any k-th
power map. Show that

(a) The map k induces multiplication by & on the homotopy groups 7. (X).

(b) The two multiplications on the loop space {2.X are equal to each other
and both are homotopy associative and homotopy commutative.

(c) The loop on the k-th power map is a k-th power map, that is, Qk = k.
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11.3 The fib e of the pinch map

Throughout this chapter, we assume that p is an odd prime and that all spaces are
localized at p. Consider the pinch map ¢ : P?"*!(p") — 5?71 which collapses
the bottom cell of the Moore space P?" "1 (p") = S%" U, e*"T! to a point. Let
F*+11p" be the homotopy theoretic fibr of ¢. In this section, we will determine
the homology of this fibr and give a small model for its differential coalgebra of
normalized chains.

Up to homotopy equivalence, there is a fibratio sequence

Qg2n+1 g) F2n,+1{pr} N P2n+l(p7') T, g2+l

in which the firs three spaces are the sequence of a principal bundle. Thus, there
is an associative action

E QSQnJrl % F2n+1{pr} _ F2n+1{pr}

which is compatible with the loop multiplication in the sense that the following
diagram commutes:

0§2n+1 5 QG2+l mult 0§2n+1
11x0 1o
952n+1 % F2n+1{p’r} i) F27L+1{p7'}

With any coefficients the group of normalized chains C'(F?"+!{p"}) is a module
over the group of normalized chains C'(©25%*" 1) via the composition

W C(Q§«27l+l) ® C(QSQn—H) Z) C(S2n+1 % F2n+1{pr}) i) C(QF271+1{pr}

Since the diagram below commutes

C(Qs?rz,+l) ® C(QSQH+1) mult C(Qs?n-‘rl)
l1x0 1o
C(QSQ"'H) % C(F2n+1{pr}) LN C(F2rn+1{pr})

it follows that
xxl=plzr®1l)=0.(z)
for all z in C'(Q52"+1).

Recall that, with any coefficients H(Q52"*1) = T'(1) = a tensor Hopf algebra
on a primitive generator ¢ of degree 2n.

Proposition 11.3.1. With coefficient Z,):

(a) the homology H(F*"*1{p"}) is torsion free with a basis {1,g1,9s, ...,
Jn, - - | such that degree gy, equal to 2kn for all k > 1.
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(b) the coproduct is given by

Alge) = gr ® 1+ 1@ gy + 221D (i k — 1) g © g
(c) the action of H(QS?" 1) = T(1) on H(F*"*1{p"}) is given by

ok ge = G

for k> 1. Thus, the reduced homology H(F*'T'{p"}) is a fiee
H (28" 1) module.

(d) the inclusion of the fibe 0 : QS* 1 — F2n+1Ipr Y induces 0,(1%) =
p" gx in homology.

Proof: Consider the mod p” homology Serre spectral sequence of the principal
bundle sequence

Qg2+l 9, F2n+1{pr} 2, P2n+1(p7-)'
It is a left module over H (252" *1) and has
E? = HQS* ) @ HP™ ' (p")) =T() ® (1,u,v)
with degree v = 2n and degree v =2n + 1.
We claim that the firs nonzero differentials are given by
" 1ev)=101, d"T'(1®u)=0.

This is a consequence of ¢,(v) = e where e is a generator of Hy,, 1(S?"*1), of
naturality, of the map of fibratio sequences

952n+1 = 952n+1
1o !
F2n+1{pr} s PS2”+1
li
P2n+1 (pr) —q 52n+1

into the path fibration and of the transgression d*"*! (1 ®e) = 1 ® 1.
Since the spectral sequence is a spectral sequence of H (252" *!) modules,
d2”+1(bk ®u):0’ erL+1(Lk ®’U):Lk+1®1

and E?"*! hasa Z/p"Z basis {1 ® 1,1 @ u,t @ u,1> @ u, ...} concentrated in
even degrees 2nk.

It follows that £2"*2 = E> inthemod p” spectral sequence and that the homology
H(F?"*+{p"}) with localized coefficient Z,) is torsion free of rank 1 in each
even degree 2nk with k > 0.
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With coefficient Z,), consider the homology Serre spectral sequence of the
principal bundle sequence

QSQrH-l g F2n+1{p7} L> P2n+1(pr).
Since the reduced Z,) homology H (P***!(p")) = Z/p"Z - u = a torsion mod-
ule concentrated in degree 2n, we have
E*=HQS*"" Y@ HP" ") =E ,aF;, ,=T1)®1aT()@u

Since the firs summand is torsion free and the second summand is torsion, we
have that E? = E™.

Since we know that Hy,, (F?"*1{p"} is torsion free of rank 1, we have short
exact sequences

0 — Hyp (252" 1) & Hop (F* 1) = Z/p'Z — 0.
Hence, if gy, is a generator of Ho,,; (F2"*!), we have 0. (:*) = p" g
Since the coproduct
Ay = e1+1edl +30 6k —i)d @F

naturality and the preceding formula yields
Algr) =gr @ 1+ 10 g +Si1p" (i b — 0)gi ® g

Finally, p"gr = 0.(¢%) = F71 % 0,.(1) = F L xp'gy = p"tF ! % g, implies that

gr = (¥ % g1 and that o/ g, = gj.4 ;- O

Remark 11.3.2. It follows from 11.3.1 (b) and (d) that the embedding of
reduced Z,) homologies H (52" ') — H(F?"*!'{p"}) can be identific with
the embedding H(QS*' ') C - H(QS*"*!) inside the reduced coalgebra

H(QS?"!1) ® Q. In particular, the reduced coproduct in H (F?"*{p"}) is com-
patible with the reduced coproduct in - H Q5" ).

We now construct small coalgebras which are chain equivalent to the normalized
chains C(F*"T1{p"}), that is, we construct small diffferential coalgebra models
which are linked to the chains by homology equivalences.

We begin with some remarks on twisted tensor products.

Let A be a Hopf algebra and let C be a coalgebra. Recall that the tensor product
A ® C'is a coalgebra via the usual coproduct (or diagonal):

1T ®1

A:ARC222 A ACeoc % AvCceAsC.

Note also that this structure makes A ® C into an A module coalgebra. That is,
if Aactson A ® C'® A ® C via the Hopf algebra diagonal of A and the twist as
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follows,
'L‘:A@(A@C@A@C)MA@A@(A@C)@A@C 19T ®lol
ARARC)RARARC XY AR ARC,

then the coproduct A : A® C — A® C ® A® C is a map of A modules.

Suppose now that A is a differential Hopf algebra, C' is a differential coalgebra,
and 7 : C — A is a twisting morphism. Here is a special case when the twisted
tensor product A ®, C'is a differential A module coalgebra, that is, A ®, C'is a
differential coalgebra via the above coproduct structure on the tensor product and
the action of A is given by a map of differential objects:

Lemma 11.3.3. Suppose that A is a differential Hopf algebra with zero differential
and that C' is a differential coalgebra with trivial coproduct, that is, C = PC.
Assume that the image of the twisting morphism is primitive, 7 : C — PA C A,
then the twisted tensor product A ®, C'is a differential A module coalgebra.

We leave the proof of this as a simple exercise.
We now construct such a twisted tensor product to model the normalized chains
C(F**1{p"}). We do this by modeling the fibratio sequence

9527z+1 i) F21L+1 {pr} 7_) P2n+1 (pr).

Throughout the remainder of this section, the coefficien ring is Z,).

The chains on P?"*! are modeled by the differential coalgebra C'(r) which is a
free module with basis {1, u, v}. The respective degrees are 0, 2n, 2n + 1 and
the respective diagonals are

A =121, AW =u®l+leu, A@)=vl+lcu.

The chains on 252" *! are modeled by the tensor Hopf algebra 7'(+) with zero
differential and ¢ primitive of degree 2n.

Defin a twisting morphism 7 : C(r) — T'(¢) by
71=0, 7u=0, 7TV=—0L.

Thus the twisted tensor product T'(:) ®, C(r) satisfie the hypotheses of
Lemma 11.3.3 and is a 7'(+) module coalgebra. Its differential is given by

d.(Fo1)=0, d.(Fou=0 d(eov)=pFreou->I>" el

The next result shows that this twisted tensor product and the homology are chain
equivalent to the normalized chains of C(F?"+1{p"}).
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Proposition 11.3.4. With coefficient Zy), there are homology isomorphisms of
differential coalgebras

H(F™ 1 {p'}) & T(1) @, C(r) & C(F*Hp'}).

Proof: As in Chapter 10, we can pick a primitive cycle x € Cy,, (252" +1) which
represents the homology class ¢. It is primitive since we pick a cycle in the 2n — 1
connected Eilenberg subcomplex which is equivalent to the whole complex. Then
the map

0 T (1) — C(QS> ), F i ah
is a homology isomorphism of differential Hopf algebras.

Similarly, there is a primitive cycle z e Cy, (F?"T1{p"}) which represents the
homology generator g; € Ha,, (F?"*1{p"}). And let w € Ca,, 11 (F?"*1{p"}) be a
primitive chain such that dw = p"z — 0,(x). Both z and w are primitive since
they come from the Eilenberg subcomplex.

Now defin 6" : C(r) — C(F*" T {p"}) by
0'1=0, 0u=2z 6% =uw

and defin © : () ®, C(r) — C(F**1{p"}) as the composition with the
action

() @, C(r) L%

C(QSQn—H) ® C<F2n+1{pr}) i) C(F2n,+l{pr}).

Hence,

@(Lk ®1) = zF 1, @(Lk ® u) = F %z, @(Lk ® ) — 2F s w.

We claim that © is a map of differential coalgebras.

First, © is a map of coalgebras since ', 6”, and the action p are all maps of
coalgebras.

Second, © is a map of T'(+) modules and sends the T'(¢) basis elements 1 ® 1, 1 ®
u, l®vtolx1=1,1%z= 2 1%w = w. We check that

d0(1®1)=dl =0=0d (11)
dO1®u)=dz=0=0d,(1®u)
dO1@v)=dw=p2z—-0(x) =p2—2x1=0(p 1Qu—1®1)
=0d,(1®v)

Therefore, the ©® commutes with differentials and is a map of differential
coalgebras.
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We claim that the elements 1 ® 1, ¢* ® u represent a basis for the homology of
T(t) ®; C(r). We can see this directly from the formulas for the differential.

On the other hand, the elements 1, z* * z represent 1, gi 1, which is a basis for
the homology of C'(F?"**{p"}). Thus, © is a homology isomorphism.

Finally, let £ : C(r) — H(F*""'{p"}), 1~ 1, urs 2z, v+ 0 and defin the
map

U:T() @ C(r) — H(F*"Hp'})
as the composition
T(1)®C(r) — T(e) @ H(F*" Hp'}) = H(E>" 1 {p}).
(1l =1x1=1,9("@1)=lF«1=pg,
V(i @u) = x g = gryr, ¥ @0)=0.
Since ¢ and the action p are maps of coalgebras, the map W is a map of coalgebras.
Since ¥ is a map of 7'(¢) modules and
dP(1®1)=dl=0=¥d(1®1), dV(l®u) =dgpn =0=Yd(lQu),
d¥V(1®v)=d0=0=Y(p"1®u—t®1)=Td(1®v),
it follows that ¥ is a chain map and a map of differential coalgebras.
By inspection, ¥ is a homology isomorphism. O
Exercises
(1) Prove Lemma 11.3.3.

(2) Let p be an odd prime and let S?"*!{p"} be the homotopy theoretic fibr of
the degree p" power map p” : S+l — §2ntl

(a) Show that the mod p homology
H(82n+1{pr}) — H(QsQ?L-H) ® H(SQTL+1) _ T(Lgn) ® E(v2n+1)
asa H(QS5?" 1) = T(1, ) module and the 7-th the Bockstein differential
is given by ﬁr V2n+1 = l2p-
(b) Show that the integral homology is
(Z/p L, if k=2nj,j>1
0 if k#2nj.

(c) Show that the map 5?1 — §?"+1{p"} induces an epimorphism in
integral homology.

Fk- (32n+1{pr}) — {
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(d) Show that the isomorphism with coefficient Z/pZ in part a) is an iso-
morphism of primitively generated differential Hopf algebras.

(e) Show that the coalgebra structure of the integral homology is given by
Alup) =up @1+ 1@ uy + X810k — i)u; @ upy.

(f) LetC = (1, v) be the coalgebra with zero differential and with v primitive
and of degree 2n + 1. Check that 7: C' — T(i2,), 70 =p"to, is a
twisting morphism.

(g) Show that, with any coefficients there are homology isomorphisms of
differential coalgebras

T(LZn) 7 C— C(SZTL+1{pr})'

(h) Show that, with coefficient Z/pZ, there are homology isomorphisms of
differential coalgebras

T(LQ/,L) ®T C = H(52n+1{pr}).

11.4 The homology exponent of the loop space

Throughout this section, suppose that p is an odd prime and that all spaces have
been localized at p.

The fibratio sequence
QF2HL T QP2 (pr) s Q820+
shows that the rationalizations
QF7" I 0 Q~ Sl 9 Q ~ S ®Q
have the same homotopy type. Hence, the integral homology satisfie

H Q') = {f—torsion Z’ Z;«:é(())’, 32

We determine the exponent of this p-torsion in homology.

Proposition 11.4.1. The p-torsion in H(QF?"*1{p"}) has exponent p" 1.
Proof: Let C" = H(F?"*1{p"}) and let C = H(Q5?"+1).

Since there are homology isomorphisms of differential coalgebras

C' —T(1) ®, C(r) — C(F"t1)
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there are isomorphisms
H(QF*"H{p'}) = Cotor® "™ 0D (7, 7))

= Cotor” W0z, 7))
= Cotorc/(Z(p),Z(p))
= HQC'.

Similarly, the homology isomorphism

C=T) — C(Qs*"*1)
yields
H(Q2§21) = CotorC(QSz"“)(Z@)’Z(p))

= Cotor® (Zpy, Zypy)
= HQC.

Since C' has zero differential, the cobar construction Q2C' splits into a direct sum
of tensors of length &,

QC = Pc)

k>0

where (C)_, =C®---@C = 6%)}6, and the differential is homogeneous in
the sense that

dCFy c oY,

Hence, the homology of the cobar construction splits into a direct sum of homo-
geneous pieces,

HQC = Cotor® (Z,), Z))

= @ COtOT?k (Z(p) s Z(p))

k>0

—@ 2 (C) /b (C

k>0
where

2(C) = kerneld : C°F — oo _
the cycles of tensor length £ and

b (C) = imaged : O - oW =

the boundaries of tensor length k.
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Similarly,

HQC/ = COtOI‘C/ (Z(p) ) Z(p))

= @ COtOr(_j]; (Z(p) ) Z(p))

k>0
=P = (C)/b(C).
k>0
The fact that
_ ) _ 1 ) 1
H(F2n+1{p7} _ C/ _ 7H(QSQ,Z+1) _ 77“0
p p

and the fact that this is compatible with the reduced coproduct implies that

79k 1 —ek
cr o= prkC ,
, 1
z,(C") = ot 21 (C),
1
b (C") = o T) 21 (C).

There is a short exact sequence

Fr0(C) ) pra(C)
— 1 - n 1
mbk(c) br(C) w01 (C)

Since

is isomorphic to

2z (C
k( ) = COtOI’gk(Z(pMZ(P))

b (C)
with p-torsion of exponent p and since
b (O)
S b (C)
is isomorphic to
b (C)

P (C)

455
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of exponent p", it follows that the p-torsion in

HQC/ _ HQF2'7L+1{p’r'}

A>O

has exponent p’ 1. O

11.5 The Bockstein spectral sequence of the loop space

Throughout this chapter, we assume that p is an odd prime and that all spaces
are localized at p. In this section, we determine the mod p homology Bockstein
spectral sequence of the loop space QF2"+1{p"}.

We begin by computing the homology H (QF?"+1{p"}; Z/p*Z) with coefficient
7./p°7Z where s < r.

When s < r, reduced homology with Z/p*Z coefficients
HP(p") = (u, v)

is a free module on generators u of degree 2n and v of degree 2n + 1. If s = r,
then the short exact sequence

0—Z/p"Z—Z/p*" 7 —Z/p"Z — 0

has the Bockstein connecting homomorphism v = u, fu = 0.If s = 1, then the
Bockstein differentials are

Biv=0, flu=0 ifi<r—1
Brv=u, g =0.

Since QP?"1(p") = QL P> T1(p"), the Bott-Samelson theorem shows that,
when s < r, the Hopf algebra

H(QP* Y (p");Z)p"Z) = T(u,v) = UL(u,v)

where T'(u, v) is the tensor algebra and U L(u, v) is the universal enveloping alge-
bra on the free Lie algebra L(u,v). In case s = 1 or s = r, the Hopf algebras and
Lie algebras are differential objects with the differentials given by the respective
formulas v = w and 3" v = u as above.

The loops on the pinch map Qq : QP?"*1(p") — QS5?"*! induces the map of
differential Hopf algebras

H(QP™ ' (p7)) = T(u,v) = UL(u,v) — HQS™ ' (57)) = T(:) = UL()

given on generators by
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where degree ¢ equals to 2n and where the respective differentials are (i =
0if s =rand #'v = Ofor all i.

Let L = the kernel of the map of Lie algebras L(u,v) — L(¢). We claim that L
is a free Lie algebra Lj~((ad” (v)(u)) on generators

u, [v,u], [v, [v,u]], ... ,ad® (v)(u), ...
and that:

Proposition 11.5.1. With coefficient Z/p°7Z, s < r, there is an isomorphism of
Hopf algebras

H(QF2n+1{pT}) =UL = UL(u, [v,u], [v, [v,u]],..., ad]"(v)(u), o)
= ULj>o(ad” (v)(u)).

Proof: Consider the fibratio sequence of loop spaces
QF? T ™ — QP (ph) — QST
Since there is a short exact sequence of Lie algebras
0—L— L(u,v) — L(t) = 0,

it follows from Proposition 10.24.8 that this fibratio sequence is totally nonho-
mologous to zero, and that as a H (52" ") = UL(v) comodule and UL module,

H(QP?*" " (p")) = UL(u,v) = UL @ UL(1).
Proposition 10.24.8 asserts that
H(QF 1y }) = Cotor? X (U L(u,v), Z/p° Z.)
= (UL®UL(1))By)Z/p°Z =UL
as Hopf algebras.

Now refer to Proposition 8.7.3. In brief, that argument goes as follows. Since L is
a Z/p*Z split subalgebra of the free Lie algebra L(u,v), it follows that L is also
free, that is, UL = T'(W) and that its module of generators W is a free module
over the algebra T'(u) via the adjoint action. Since

TW)®T(v) =T (u,v)
as graded modules, the Euler—Poincare series satisfy

X(T(u,v)) = x(T'(W)) - x(T(v)),
that is,
1 1 1

1 — 20 — 2n+1 XW ’ 1 — 2n+17
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which can be solved to give
X(W) _ E?,Ot27l+(2rL+l)k.
Since w is surely a generator of UL = T'(WW) and since W is a free T'(v) module,
the computation of x (W) forces W to have a basis
w, [0y, [v, [0, u]), -+, ad* (0) (u), .. .
Thus,
L = L(u, [v,u], [v, [v,4]],...,ad"* (v)(u),...) = Lpso(ad® (v)(u)).

O

Now the mod p homology Bockstein spectral sequence of the loops on the fibr
of the pinch map is given by:

Proposition 11.5.2. The terms of the homology Bockstein spectral sequence of
QF 1 prY are given by:

(a) As primitively generated Hopf algebras
E'=...=F =UL =UL> (ad"* ! (v)(u))

and

B

c—1

Bad" "t (v)(w) = Y (3, k — 5)lad’ (v)(u), ad" 7 (v) (u)].

1

<.
Il

(b) As primitively generated Hopf algebras
E'=H(UL,B") == E(19,71,72,...) ® P(01,03,...)
where

T, = ad”k’l(v)(u)
o = % Z [ad?~( adp 7 (w)(u)]

have respective degrees 2p*n — 1 and 2p*n — 2 and
ﬁH_l _0 ﬁH—lU _0 ﬁH_l _)\kO'k
where \i, is a nonzero scalar for all k > 1.
(c) And
E'*? =...= B = BE(n).
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Remark. Since the scalar )\, is nonzero, we will often redefin o}, to include this
scalar in its definitio so that 8"+! 7, = oy.

Proof: The mod p homology of the fibratio sequence
QF? 1) s QP2 () - QG2+
is the sequence of universal enveloping algebras
UL — UL(u,v) — UL(t)

induced by the short exact sequence of Lie algebras. Since (° =0, s <
r—1 and f'v=u in UL(u,v) = E'(QP?*"*1(p")) = E"(QP?"*'(p")) in
the temporarily constant Bockstein spectral sequence, it follows that UL =
EYQF?> T p"}) = E"(QF?"*1{p"}) in the temporarily constant Bockstein
spectral sequence, and that the sequence

Er(QF2n+l{p7’}) _}ET(QPanLl(pr)) _ ET(QSZn+1)

of r-th terms of Bockstein spectral sequences is the same as the above sequence
of universal enveloping algebras at E'. But it now has the nonzero differential 3"
and we wish to compute the homology

H(Er (QFQnJrl{pr})’ﬂr) — Er+1(QF2n+1{pr}).

Proposition 8.3.5 implies that U L(u, v) = UL ® U L(.) as a differential U L mod-
ule and as a differential U L(¢) comodule. Thus, Exercise 2 of Section 10.3 implies
that there is a twisting morphism 7 which makes U L(u,v) = UL ®, UL(¢) into
a twisted tensor product. Since this tensor product is acyclic,

HUL(u,v) = HT (u,v) = TH(u,v) =T0 = Z/pZ,

it follows that the computation of the homology of its fibr HU L is the same as
the computation in Corollary 10.26.4 of the mod p homology H (2?S*"*1) of the
double loop space of the odd-dimensional sphere, that is,

E U (QF™ 1Y) = HUL = HQUL(,))
= H(QT(1)) = Cotor” “N(Z/pZ, 7./ pZ.)
= E(10,T1,72,...) ® P(01,09,...)
as algebras where degree(;) = 2p*n — 1 and degree(o ) = 2p*n — 2.

Furthermore, for k > 1, 73, is characterized by its homology suspension in the
fibratio sequence, thatis, o(7;) = ¢*. Since Lemma 9.5.2 gives the computation
Brok = ad” "' (v)(u), it follows that 7, = ad”" ' (v)(u) which is a Lie bracket
and therefore primitive.

We also know that the Bockstein differential 5" in the graded Lie algebra
L = Ly (ad®* ' (v)(u)) is compatible with the the trigrading imposed by total
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degree, the number of occurences of u, and the number of occurences of v.

By Lemma 9.5.4, the element 7}, = %Z?:l[adj_l (v)(u), ad?" I (w)(u)] is
a nonzero cycle in L with precisely two occurences of u. Since L is generated
by elements with one occurence of w and since 5”7, = 0, it is clear that 5 is
not a boundary in HU L. It is also clear from degree reasons that its homology
class cannot be a product of two classes, each with one occurence of u. Thus, the

generator o = 0, which is a Lie bracket and therefore primitive.

We know from Section 11.4 that the p-torsion in the integral homology of
QF?"T1{p"} has exponent p’ *! and we know that this space is rationally equiva-
lent to the sphere S?" 1. Thus, E"t? = E"*3 = ... = E* = Z/pZ and the only
way to make E"*! acyclic is via 3”7, = A\poy where A\ # 0 for k > 1. O

11.6 The decomposition of the homology of the loop space

The mod p homology Bockstein spectral sequence of QF2"+1{p"} inspires this
section’s construction of a tensor product decomposition of the mod p homology
of this space.

We begin with an algebraic version of the Hurewicz theorem which relates the
homology of a free differential algebra with that of its module of indecomposables.

Algebraic Hurewicz theorem 11.6.1. Let A be a connected supplemented dif-
ferential algebra with A and the module of indecomposables Q(A) free as mod-
ules. Suppose that the homology of the indecomposables is n connected, that is,
HiQ(A) =0 for k < n, then the natural map

HiA — H,Q(A)

is an isomorphism if k < 2n and an epimorphism if k = 2n.
Proof: Let I(A) be the augmentation ideal. The powers of the augmentation ideal
satisfy I(A)**" C I(A)* and therefore defin an increasing filtratio of A via:

A if k>0
FrA=<I(A) if k=-1
I(A)* if k< -2
Since A is connected, this filtratio is finit in each fi ed degree.
If Vo1 .41 = Q(A)., then the associated graded object of the above filtratio is

the tensor algebra

E%A) =T(V1.).
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Themap A — A/I(A)? = R ® Q(A) induces a map of associated graded objects
E°(A) - R®Q(A).

EY(A) is the firs term of a convergent second quadrant homology spectral
sequence of algebras E*(A) with abutment the homology H A and there is a
map of spectral sequences

E*(A) = E°(Q(A)) = R& Q(A)
where the range is the constant spectral sequence with abutment R & Q(A).

Since these are homology spectral sequences, the differentials are
&’ E; > Ei—s,j+s—1
It follows that
BY(A) = H(T(Vo1,.),d") = T(H(Voy,.,d°)) = T(H-1Q(A))

with H(V,L*,do) =0 if * — 1 < n, that is, if *x <n + 1. The firs possibly
nonzero differential is d' : B!, ,, ., — E'—2,2n + 2 which lands in the inde-
composables in total degree 2n. Hence, for all s > 1,

E(A) — E*(Q(A))
is an isomorphism in total degrees < 2n and an epimorphism in total degree = 2n.
Thus the same is true for £ and the abutments. O

The algebraic Hurewicz theorem enables the construction of a decreasing filtratio
of the differential Lie algebra

L= L(u,[v,u],...,ad’ (v)(u),...) = Lijso(ad’ (v)(u)
with degree(v) = 2n, degree(u) = 2n — 1, and differential dv = 5" = u.

Proposition 11.6.2. There is a decreasing f'ltration Ly, of the differential graded
Lie algebra L define by

Ly=1L
and
Ly =[L,L] = kernel Ly — (u)
and, for k > 1, there are short exact sequences of differential graded Lie algebras
0— Lpy1 — Ly — (p,0%) = 0

where (71, 0y is an abelian Lie algebra and each Ly, is a free Lie algebra and
HULy = Q) S(7j,05) k>1
j=k

as primitively generated Hopf algebras.
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Proof: We observe by inspection that HQL = H (u, [v,u], [v,[v,u]], ...) con-
tains (u) as a summand, in other words, ) L contains (u) as a differential summand.
Hence, there is a map of differential objects

L— QL — (u)

and L is the kernel of this map. Since L, is a subalgebra of a free Lie algebra, it
is also a free Lie algebra.

Although inspection shows that the firs two generators of L; are [u, u] and [v, u],
the algebraic Hurewicz theorem will tell us everything we need to know about the
generators.

The short exact sequence
0—L — Ly— (u) —0
of differential Lie algebras yields a sequence of universal enveloping algebras
ULy — ULy — Ulu)
with U(u) = S(u) = E(u) and with the middle
ULo =UL; ®: U(u)
being a twisted tensor product of the ends. Since
HULp = S(u) ® éS(Tj,O’j) — HU(u) = S(u)
j=1

is an epimorphism of homology, the algebraic version of the Eilenberg—Moore
spectral sequence in Proposition 10.24.8 shows that

HUL, = Cotor"V“)(HU Ly, Z/pZ.)
o0
= HULyOyy w)Z/pZ = ® S(7j,05)
j=1

as Hopf algebras.

The algebraic Hurewicz theorem implies that (71, o1 ) is a summand of the homol-
ogy of the indecomposables HQU L, in other words, (71, 07) is a differential
summand of the module of indecomposables QU L .

It follows that the composition
L1 — QLI — <T17O'1>
is a map of differential Lie algebras and we defin

Ly, = kernel L; — {(m,01).
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Again, since Lo is a subalgebra of a free Lie algebra, it is also a free Lie algebra.
Just as before, the short exact sequence of differential Lie algebras
0— Ly — Ly — (m,01) =0

yields to a sequence of universal enveloping algebras

ULy, - ULy — U(r,01)
with

U({r,01) = S(m1,01) = E(r1) ® P(o1)

and with the middle equal to a twisted tensor product of the ends

UL, =ULs ®, U{ry,01)

and the algebraic version of the Eilenberg—Moore spectral sequence in Proposition
10.24.8 shows that

HULy = Cotor’V 1) (HU L, , 7./ p7Z)

= HUL\Ogpy s, 0,)Z/pZ = ®S(Tj70j)
Jj=2

as Hopf algebras.

Continuing in this way, we get for all £ > 1 short exact sequences of differential
Lie algebras

0— Liyy1 — Ly — (1,0) — 0
where each (7,0} ) is an abelian Lie algebra and each Ly is a free Lie algebra
and
o0
HULyyy = HUL Oy 7, 0)Z/pZ = (R) S(7;,0;)
j=k+1
as Hopf algebras. O
Let

This is an intersection of decreasing Lie subalgebras of L and the filtratio 1is finit
(or eventually constant) in each degree. L is a subalgebra of L and therefore is
also a free Lie algebra. Furthermore,

HULy = lim HULy, = Z/pZ.
—00
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The algebraic Hurewicz theorem implies that the module of indecomposables
QULy = QLy = Loo/[Loo, Loo) is acyclic. That is,

HQL. =0

and therefore there is a set of generators {z,, dz, } of Lo which is finit in each
degree. (Note that the basis begins with [u, u] and [v, u] in degrees 2n — 2 and
2n — 1. The acyclity of the generating set is illustrated by d[v, u] = [u, u].)

Hence,
Ly =L(zy,dza)a
and
ULy = UL(24,d%)a = T(2a,dzy o
is an acyclic tensor algebra.

We note that the isomorphisms in Proposition 11.6.2 are define by multiplication

mult

ULk+1®U<Tk,Uk>—>ULk®ULk UL,

where

ULy — ULy,
is the inclusion and

Ulrg,o1) = S(1,01) — ULy
is the obvious S(oy,) = P(o}) right equivariant section determined by
1l— 1,00 — o, T — T-
If we iterate the steps in the proof of Proposition 11.6.2, we get
UL=UL, ® S(u)
=ULy ® S(11,02) ® S(u)
k-1

= UL, @ (Q) S(75,0;) @ S(u)

Jj=1

=ULyw ® ®S(Tj,0‘j) ® S(u)
J=1
=T(2q,drs)a ® ® S(1j,0;) ® S(u)
j=1
as differential coalgebras and also as modules over the tensor algebra
T(xa,dxo)q-
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By construction, this isomorphism is define by the limit of the maps

ULy ®S(Tk,0'k)®S(Tk,1,0k71)®"'®S(T1,0'1)®S(u)
k+2
4>®UL]€ mult ULk
j=1

It is important to note that the injection
S(rg,01)®---S(r1,00) = UL
extends to an injection

S(Thy1,0041) ® -+ S(m1,01) = UL.

Thus, the maps
S(k,01) @+ ®@8(r1,01) »UL®---®UL — UL

give a limit map

o0

U ®S(7‘k,ak) — UL.
k=1

We then multiply this with other maps
®: UL ® Q) S(m,00) © S(u) M UL UL @ UL ™% UL
k=1
to get an isomorphism of differential coalgebras.

Exercise

(1) Use the techniques of chapter 9 to show that L; is the free Lie algebra
generated by

[w, ], v, ul, s [u, [v,ul], [v, [o, ulls [u, [v; [o, ull]s [v; [v, [0, 6]l

11.7 The weak product decomposition of the loop space

Recall that the weak product of a countable set X; of pointed spaces is the direct
limit of the finit products
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Thus, with any fiel coefficients the homology of a weak product is the tensor
product of the homologies,

H]][X | =QRHX,).
Jj=1 Jj=1

The purpose of this section is to prove a weak product decomposition of the loop
space QF?"+1{p"}. This weak product decomposition is the geometric realization
of the tensor product decomposition of the homology

T(wa, 5 Ta)a @ Q) S(7,00) @ S(u) = HQF"{p'}; Z/pZ)
k=1

which is given in the previous section.
Proposition 11.7.1. Localized at an odd prime p, there is a homotopy equivalence
i F
& 0% \/Pn(v (pr) > H S2p‘/n71 {pr+1} > SZn,fl N QF2n+l{pT}
« Jj=1

where
(a)
VP )

«

is an infinit bouquet of mod p" Moore spaces with only finitel many in
each dimension and where the least value of n,, is 4n — 1,

(b)
SQp-’ n—1 {pr+1 }
is the fib e of the degree p"+! map

" 1 71 ma9 71
pl+ :521).]” _ S2pjn ,

(c) S?"~1 is the localized sphere.

Remark. Proposition 11.7.1 can be thought of as illustrating the mod p homol-
ogy Bockstein spectral sequence of QF?"*1{p"}. In this spectral sequence, the
homology of the firs factor

H (QE \/ P (pT)> = T(2a, B4 )a

«
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is acyclic with respect to the differential 5", the homology of the second factor
o H Sprn,—l{pr'} — ®S(Tj70'j)7 ﬁr-&-lTj =0,
j=1 j=1

is acyclic with respect to the differential 3" !, and the homology of the third
factor

H(S*" ) = S(u) = E(u)
survives to /.

Remark. Although Proposition 11.7.1 is true for all odd primes, the failure of
the Jacobi identity for mod 3 homotopy groups makes it necessary for the proof
to become very, very much more complicated if p = 3 and » = 1. Hence, for the
purpose of this proof, we will assume that p > 3 or that r > 2.

Proof: We need to construct three maps

X : QR \/ Pre(ph) — QF* '),

0 H Sprn—l {pr} _ QF27L+1{p7‘}’

Jj=1
E SQn,fl _>QF2n+1{pr}
with respective images in mod p homology isomorphic to the tensor algebra
T(ma b) BTSUO.)(!7

the tensor product

® S(Tj7 gj ),
i=1

and the exterior algebra
S(u) = E(u).

Then multiplying these maps together via

00
QE\/Pn” (pr) ~ HSprnfl{pr} > S2nfl X X0 xp
a Jj=1

QFQnJrl{pr} % QFQnJrl{pr} % QF2n+1{pr} mult QF2n+1{pr}

gives a mod p homology isomorphism.
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Since these spaces are all finit type localized at p, this is a homology isomorphism
with local coefficient Z,) and hence a homotopy equivalence of spaces localized
at p. (Since these are H-spaces, it is a homotopy equivalence even in the nonsimply
connected case whenn = 1.)

Before beginning the construction of these three maps, we need some pre-
liminaries.

First, note that we have maps
vr=>y: P2n (pr) N QP2n+1(pr)

and that the Bockstein (= restriction to the bottom cell) v = y factors through
QF*+1Lpr) | that is,

g2l B qErntlory Lo gpatlpn),
If we are careful, no confusion will result by identifying the map
v PM(pT) — QP L(pr)
with its mod p reduction
py="v-p: P?"(p) £ P (p") LpPtp).

Similarly, we will identify the map p with its mod p” and mod p reductions
pp=B"v

P2n71(pr) N Sanl l_‘> QF2n+1{pr}
P2n—1(p) é) PQn—l(pr) N SQn—l i) QFZH-H{pr}.

We note that the Bockstein formula Sv = p is valid in integral homotopy or in
mod p” homotopy and the Bockstein differential formula 8"~ = p is valid in the
mod p homotopy Bockstein spectral sequence.

The Hurewicz maps satisfy

mod p”, mod p, or integrally, whatever is appropriate.

Second, since the composition is null homotopic in the cofibratio sequence

52"1 L} S?nfl _ P2n+1(pr)
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it follows that we have a lift of this to the path space P(P?"*!(p")) and hence a
map of fibratio sequences

SZn—l{pr} i) QP27L+1(p7')

| l
Sanl — P(P2n+1(pr))
Lp" 1

S2n71 — P27z+1 (pr)

and that the map v : S?" 1 {p"} — QP?"*1(p") is equivariant with respect to the
right actions of 2.5%"*! on the domain and range.

Thus, the map in mod p homology
H(S*"7Hp'}) = S(u,v) — HQP*" ' (p") = T(u,v)

is the standard S(v) = P(u) = T'(u) right equivariant injection determined by
VU, U U

We now construct the map

X QE\/P"”’ (pr) _ QF271+1{pr}.

Since the elements z;, which are generators of the tensor algebra T'(z,, 8" T4 )a
are Lie brackets of the elements v and w, they can be interpreted as relative
Samelson products

Xa Phe (pr) N QFQn—O—l{pr}

of the homotopy classes v and ;. We can also reduce mod p and, whether we do
or not, the Hurewicz map satisfie

?(Xa) = Ta-
We also have the relative Samelson products
B Xa s PP () — QF )
and the Hurewicz map satisfie
P(B"Xa) = " ¢(Xa) = B 2o

For each a we have amap x,, : P"e (p") — QF?"*1{p" } with the reduced homol-
ogy image spanned by ¢(x.) = . and ¢(5" xa) = 5" x,. We add these up to
get a map

\/P"" (pr) _ QF27Z+1{pr}.
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Denote the multiplicative extension of this map by

Y QE\/P”" (pr) _ QF27L+1{pr}.

«

We note that y induces an isomorphism in mod p homology

X:H (QE \/ P (pr)> — T(zq, ") C HQF*" 1 {p'})

«

onto the tensor subalgebra.
We now construct the map
oo
0 H SZpJn—l {pr-&-l} _ QF2"+1{pT}.

i=1
It is sufficien to construct the maps

0, SQpJnfl{pr} N QF2n+l{pr}
which are mod p homology injections onto

S(tk,01) CUL

and then use the loop multiplication on QF?"*1{p"} to multiply them together.
It is convenient to use the Moore loops with strict associativity and strict unit. In
this way, the map of the finit product

k
H SZp’n—l{pH—l} _ QF217,+1{pr}
j=1

extends to a map of one more factor

k
H Sva’nfl {pr+1} BN QF21L+1{pr}

j=1
and one can take the direct limit to get a map of the infinit weak product.

Consider the relative Samelson product

Th (l/) _ adpk -1 (V)(/J) : P2pkn—l (pr) _ QF271+1 {pr}.
In the presence of the Jacobi identity (which is valid if either p > 3 or if r > 2),
Lemma 9.5.2 implies that the Bockstein (73 (v) is divisible by p (= zero mod p),

that is, with respect to the Bockstein cofibratio sequence

. B
P2p‘n72(p) = P2p"n71(pr) g P?pknfl(prw%)
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the composition

Brv) = () - B2 PP (p) B Pt ) T qp gy

is null homotopic. Hence, there exists an extension of 73 () to a map
Tr (y) . Pzp‘" 77,71(p7>+1) N QF2n+1{pr}
such that the mod p” reduction satisfie
pTe(V) =Tk - p=Tr(V).

Let e generate the top nonzero mod p homology group of prin-l (p") and let e
generate the top nonzero mod p homology group of P27 "~1(pr+1) Then e maps
to €. Since the Hurewicz map in mod p homology satisfie

(1 (v)) = 1 (v)s(e) = 7, (v) = 75,
it follows that

(Tr()+(@) = 7k (v) = 7.

In addition,
(Tk(1):(87€) = " (Tr (V)«(€) = B 7 (v) = o (v)
up to a nonzero scalar.

Let
O - QEPP T () — QF
be the multiplicative extension of 7 (v) and let
0, : SZpk71,—l{p'r’+l} ¥, szp’“ n+1(pr+l) N QP2n+1(pr)

be the composition with the equivariant map 1) constructed above.

Then 6}, maps the mod p homology H(S%""~1{p"*'}) isomorphically onto
S(1,0k) C UL, as desired.

Finally, the fact that
e SQm N QF2n+1{pr}

maps the mod p homology isomorphically onto S(u) = E(u) C UL completes
the proof of the weak product decomposition Theorem 11.7.1. O
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We adopt the shorthand notations

Q, =z \/ P (p)

H — H SQpJnfl {pr}

T j=1
so that the equivalence in 11.7.1 becomes

& - QT « H ><527171 =, QF2"+1{pr}.

r+1

We use the weak product decomposition of Proposition 11.7.1 to define
Definitio 11.7.2. For all » > 1, the map of localized spaces
7, QS gl
is define to be the composition
proj -®' - Qo QST L QFFHLYTY
Q, x H % §2n-1 _, g2n-1

r+1

where Q0 is the loop of the connecting map in the fibratio sequence, ®~' is
the homotopy inverse to the equivalence in Proposition 11.7.1, and proj is the

projection onto the sphere factor of the product decomposition.

One easily checks that the map 7, has degree p” on the bottom cell, that is, that

the composition with the double suspension map

o - 22 . 5271,—1 N QSZH+1 N 5271,—1

has degree p". The case » = 1 is particularly important and will be denoted by

™ =T7.

In the next section, we will prove another weak product decomposition which

gives further information about the maps 7, .

Exercises

(1) Verify that the map 7, in Definitio 11.7.2 has degree p” on the bottom cell.

(2) Use Toda’s odd primary exponent result
PPk (2821 C 27, (520
and the map 7 in Definitio 11.7.2 to prove that
PP (QS* ) C p? B2, (8% ).
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(3) If pisan odd prime, prove that p"*! annihilates the p-primary component of
7. (S* 1) forall n > 1.

11.8 The odd primary exponent theorem for spheres

Let p be an odd prime. In this section, we prove the odd primary exponent
theorem for odd dimensional spheres. This is a consequence of a weak product
decomposition for the loops on the homotopy theoretic fibr E?"+1{p"} of a map
P2n,+l(p7') — 5277,+1{pr}.

Since the composition in the cofibratio sequence
P2n+1(pr) 4, gan+l LR g2n+1
is null homotopic, we can replace p” by a fibratio and (assuming that this has

been done but not changing the notation) we get as in Proposition 3.2.3 the fibr
extension of a totally fibre square, that is, up to homotopy a commutative diagram

E2n+1{pr} — P2n+l(pr) L) 5271,+1{pr}

LA 1= 1
F277,+1{pr} —, p2n+l (pr) 4, §2n+1

Ik ! Ip
952n+1 N * N 52n+1

in which the rows and columns are all fibratio sequences up to homotopy.

The subject of this section is the loop of this square and its continuation one step
to the left as a 3 x 4 diagram in which all the rows and columns are fibratio
sequences up to homotopy. That is, in the homotopy commutative diagram below,
all rows and columns are fibratio sequences up to homotopy. (Recall that the loop
of a k-th power map is also a k-th power map.)

Qt

Q2§21 pry LR QE+Upy - Qprrlp) 2L sl

e ) 1= 1 9j
02 g2n+1 Q20 QF2n+1{pr} N QP271+1(pr) Q_q> 0g2n+1
1 Q2% 1 QK ! 1y’
QZS?TL+1 = QQS?nJrl N * s QS?n+1

Let C(n) be the homotopy theoretic fibr of the double suspension ¥ : §?"~1 —
025%7+1 Since the map

Ok - QF2n+1{pr} N QQSQn+1
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is degree 1 on the bottom factor S>"~! of the weak product decomposition of
QF?+1{pr}, there is a map of fibratio sequences

C(TL) N SQn—l z) QQ S27L+1

! Lu =

QE>+1{pr} — QF7+1{pr) e 02 g2n+1

We note that multiplication of the double suspension sequence by the factor
Q. x [, yields the fibratio sequence

Q, x H xC(n) — Q, x H x G2l I, 2 g2t
r1 r1

where the fibr space projection 7 is the composition of the projection on the
sphere factor with the double suspension, 7 = X2 - proj; .

The main result of this section is that the above fibratio sequence is equivalent to
one which occurs in the above fibr extension of the totally fibre square.

Proposition 11.8.1. There is a homotopy equivalence from the top fib ation
sequence to the bottom fib ation sequence in

Q x[[s1 xC(n) — Q x[[,, xSt — Q2e¥l
v 1@ = .
QE2n+1{pr} N QF2n+1{pr} Q_"") QQSQ7L+1

Furthermore, the vertical maps are constructed by multiplying the above map
of the double suspension sequence by lifts of the maps x and 6 used in
Proposition 11.7.1.

One gets the immediate corollary:
Corollary 11.8.2. If'p is an odd prime, then the compositions

T - 22 . 5277,71 N QZSZ’IMLI N Sanl
and

22 NP 9252n+1 N SQn,fl N Q252n+1

are both p" power maps, that is,

mX=p, Y.m =0 =p".
Proof of Corollary 11.8.2: The firs equation 7, - ¥ = p" is a consequence of

the definitio of 7, as the projection on the bottom cell of QF?"*1{p"}. In detail,
the fact that the integral homotopy exact sequence of the fibratio

Ton_1 (Q?SQnJrl) % 7T2"_1(QF271+1{pr}) — Top_1 (QP2n+1(pr))



11.8 The odd primary exponent theorem for spheres 475

is equal to
7227 —7/pT
implies the firs equation.

If we use the equivalence of Proposition 11.8.1 to identify

Q, x H XS2n71 ~ QF2n+1{pr}’
r+1
then the map (2« annihilates the firs two factors and therefore the composition
Qp" = Qr - Q0 factors through the bottom cell S?" L.

In detail, the equation Y2 . m, = Q%p" follows from the fact that

Qm@(erH) = x

r+1

and thus
Qk-® =Qk - - proj.
Hence,
Pp =0k -Q0=Qr -® -1 . Q0=
Qk - p-proj - @1 - Q0= (Qk - pu)- (proj - &1 - Q9) =%% . 7.
]

By setting r = 1 in Corollary 11.8.2, we immediately get the odd primary exponent
theorem for odd dimensional spheres.

Corollary 11.8.3. If'p is an odd prime, then the localized groups satisfy
pr Q2821 C 27, (§2n )

and induction starting with n = 1 gives
p'm (S ) =0 foralln > 1.

Proof of Proposition 11.8.1: We begin with a discussion of Samelson products in
the loop space 2P?"*1(p"), relative Samelson products in the fibratio sequence
QF? 1} 5 QP2 () — Q2L
and Samelson products over the loops on an H-space in the fibratio sequence

QB ('} — QP () - 57 (g},

Samelson products of interest are formed from the even class v : P?"(p"

QP2 +1(pr) and the odd class p : S?" 1 — QF?+1pr} — QP2+ (pr

) —
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It is obvious that the only nontrivial length 2 products are [v, u], [u,p] and,
even if we know nothing about relative products or products over the loops on
an H-space, it is obvious that these lift to QF2"+!{p"} since at least one of
the factors vanishes in the base 2.5%"*1. Moreover, these lifts will have proper
Hurewicz images as commutators since there is a mod p homology monomorphism
QF271+1{pr} — QP27)’+1(pT).

But we need to know about the theory of relative products in order to call these
lifts Samelson products and to use the Lie identities. For example, the Lie identity
[, (v, 1] = [l v], 1] + [v, [, 1] needs to be justifie in QF?"*1{p"} by the
theory of relative Samelson products. Lie identities are necessary in order to prove
the vanishing of the r-th Bockstein differential, 3”7, () = 0. This identity is vital
in the construction of the map

H _ QF271+1{pr}.

r+1
Similarly, it is obvious that the nontrivial length 2 products [v, p], [u, ] lift to
QE?"+t1{p"} even though neither of the two classes v, p vanish in the base
Q827 +1Lpr . This base is the loops on an H-space and hence Samelson products
vanish in it and thus lift to the fibr QE?"*1{p"}. But we cannot call these lifts
Samelson products without a theory to include them, and hence we cannot use
the Lie identities. Fortunately, we have the theory of Samelson products over the
loops on an H-space. (Historical note: When Proposition 11.8.1 was firs proved,
there was a theory of relative products but no theory of products over the loops on
an H-space. This was overcome then by an ad hoc argument)

Since S?"*1 is an H-space, the relative Samelson products
Yo P (pr> N QF271+1{pr}

which occur in the proof of Proposition 11.7.1 can be regarded as Samelson prod-
ucts define over the loops on an H-space. Since the multiplication on S?" 1 {p"}
is define so that the map S?"*!{p"} — S?"*! is an H-map, these Samelson
products are natural with respect to the maps of fibratio sequences

QE2n+1{pr} — Qp2n+1(pr) & 95271+1{pr}

1 QA 1= 18y
QF271,+1{pr} _ QP271+1(pr') Q_q) 0.§2n+1

and we can regard the Samelson products ,, as being in QE*" T {p" }. If we add
them up and take the multiplicative extensions, we get a map

Y: Qr _>QE271,+1{pr}
which is a lift of the map
X : Q, — QFQnJrl{pr}.
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Since we are localized at an odd prime we can assume that the H-space structures
on $*"*1 and $*"*1{p"} are homotopy commutative and hence that the Jacobi
identities hold for Samelson products define over the loops on an H-space. It
follows that, not only do the elements

7 (v) = ad” =1 (v) (1)

lift from QF?"F1{p"} to QE*" 1 {p"}, the Bocksteins 37 (1) are zero mod p in
both spaces. Hence there exist mod p" ™! extensions 7, () of the elements 7 (v)
in both spaces. That is, we have factorizations

P2p"n—1(pr) - P?pkn—l(prﬂ) Te(v), QE27L+1{pr} . QF2n+1{pr}.
Just as in the proof of Proposition 11.7.1, we get lifts to maps
05 ) QB )
and can multiply them together to get a map of the weak infinit product
0 : H — QE*" T pr}
r+1
which is a lift of the previous map 6 into QF?" 1 {p"}.
We start with a map of fibratio sequences

C(’I’L) — SQrbfl N Q?SQ7L+1
! 1@ I=

QE211+1{pr} N QF2n+1{pr} Q_’f) Q?SQn+1

and multiply the left-hand vertical map by the maps
Q, — QE2n+1{pr}’ H _>QE27L+1{p’7’}
r+1

and the middle vertical map by

Qr _ QF277’+1{pr}, H _ QF2n+1{pr}
r+1

to get the map of fibratio sequences

Q x[[,.1 xC(n) — Q x[[., x5t — Q252+l
1w 1@ = .
QE271+1{pr} N QF271+1{pr} Q.*f) QQS2n+1
of Since the maps of the bases and the total spaces are homotopy equivalences of
spaces localized at p, the map U of the fibr spaces is also a homotopy equivalence
of spaces localized at p. This completes the proof of Proposition 11.8.1. ]
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11.9 H-space exponents
The factorization of the p-th power on the double loop space
p=32.q:Q2g2ntl I, g2l I 2gen+l

lifts to a map of 2n — 1 connected covers via the maps of fibratio sequences

(@282 )20 — 1) T 8212 —1) 25 (Q28201) (20 — 1)

! ! !
QQSQnJrl N SQn—l & QZSZnJrl
! ! !

K(Zy),2n=1) & K(Zy),2n—1) = K(Zg),2n - 1).

Thus we have a factorization of the p-th power on the connected covers

P (282 (20 — 1) T §2 1 (2n — 1) 2 (02820120 — 1),

If we iterate this we get a factorization of the p”-th power on universal covers of
2n-fold loop spaces

pn . (92715271+1)<1> _ Sl <1> 2} (92715271,+1)<1>.

Since the universal cover S (1) = R is contractible, we get the following H-space
exponent theorem.

Proposition 11.9.1. If'p is an odd prime, the p" -th power map is null homotopic
on the universal cover of the localized 2n-fold loop space

(92” 52"+1)<1> _ QZH (52n+1 <2n + 1>)

Remark. The above proposition was firs proved for n = 1 by Selick, for p > 3
by Cohen, Moore, and Neisendorfer, and for p = 3 by Neisendorfer. Earlier results
due to James for the prime 2 and due to Toda for odd primes had shown that the
p?"-th power map is null homotopic on the component of the identity in the
localized iterated loop spaces

QZrH—lSQTH—l

Remark. Exercise 1 of Section 2.10 shows that, for any prime p, there is no
H-space exponent for the localized loop space

927172 (SQn+1<2n + 1>)7

that is, no matter how large k is, the p*-th power map is not null homotopic on
this space. The best possible results on number of loops [115] are known since
Selick’s result for the three-sphere combines with the above factorization of the
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p-th power map to improve Proposition 11.9.1 to show that only 2n — 1 loops are
required, that is, p” is null homotopic on the localized loop space

9271—1(52n+1<2n 4 1>)

We conclude this section with:

Proposition 11.9.2. Ifpis an odd prime, then the p-th power map is null homotopic
on the localized fib e C(n) of the double suspension ¥.? : S*"~1 — Q2§2n+1,

Proof: Recall that, if we replace the double suspension by a homotopy equivalent
fibratio

T Sanl N QQSZHJrl’

then the multiplication on the total space is homotopic to one for which 7 is a strict
H-map and the multiplication on the fibr C(n) is define so that the inclusion
C(n) — S2m1 s a strict H-map. It follows that the p-th power maps induce maps
of fibratio sequences

Cn) L Cn)

! !
S?nfl ﬁ) 5127171
! !

2¢2n+1 P 2 g2n+1
Q-8 = Q5

We claim that the above map of fibratio sequences factors up to fibr homotopy
as

Cn) — * —  C(n

l ! l
G2n—1 LN §2n—1 =, S2n—1
! l= 1

52

2 @2n+1 i 2n—1 2 Q2n+1
QS — S — Q5

Observe that the lower left-hand square is homotopy commutative but, since
the identity map S>™ — S27~! is a fibration it can be assumed to be strictly
commutative. That the lower right-hand square is strictly commutative is a property
of the standard construction which replaces a map by a fibration

The maps on the bases of the two diagrams are homotopic. After a fibr homotopy
on the firs diagram we can assume that the maps on the bases are equal. Given
that, the only obstruction to the existence of a fibr homotopy lies in

H2nfl (SQn*l;ﬂgn_lC(n)) —=0.
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11.10 Homotopy exponents of odd primary Moore spaces

In this section we prove exponent theorems for odd primary Moore spaces. For p
an odd prime, we give complete details for the proof that p>" 17, (P™ (p")) = 0
for all m > 3. We also prove the best possible result that p" 17, (P™ (p")) = 0
for all m > 3, but for the latter we need a hard lemma, the proof of which is too
complicated to give here. In both cases, we prove that there are H-space exponents
for the double loop spaces Q2 P™ (p").

Remark. If we recall that the universal cover of P?(s) has the same homotopy
type as a bouquet of s — 1 copies of S?, then we see that the restriction to Moore
spaces of dimension mm > 3 is necessary in order for the homotopy groups to have
an exponent.

We begin with the remarkable

Lemma 11.10.1. [f'the suspension X f of a map [ : QZ — X out of a loop space
admits a retraction 0 : XX — YXQZ, 0-3Xf = 1xqy, then f admits a retraction
k: X > QZ, k- f=1g4

Proof: Consider the diagram

oz L X

DY X
oxoz L axx 2% axoz
1 Qe 1 Qe
OZ — L — OZ
where e : X7 — 7 is the evaluation.
Then k = Qe - Qg - 3 is the retraction. U

Lemma 11.10.2. /fg : W — Y is a mod p homology monomorphism and W and
Y are both bouquets of mod p” Moore spaces with r fixed then there is a retraction
hY—>VV, h'g:].ﬂ/.

We need a lemma to prove a lemma.

Lemma 11.10.3. [f A is an acyclic differential module over a field then A has a
so-called acyclic basis of the form {x., dx, }a.

Proof: We have d : A/kerd =, kerd. Pick elements z,, in A which project to a
basis T, of A/kerd. Then dx,, is a basis of ker d. The exact sequence

0—kerd — A— A/kerd — 0

shows that {z,, dz, }, is a basis for A. O
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Proof of 11.10.2: With mod p coefficient and the r-th Bockstein differential
3", the reduced homology groups H (W) and H(Y') are both acyclic. Hence the
quotient H(Y')/H (W) is also acyclic. Choose a subset {y3, 87 ys}s € H(Y)
which projects to an acyclic basis of H(Y')/H (W).

If X is a bouquet of mod p" Moore spaces and x ¢ H},(X), there is a map
P*(p") — X which sends the k-dimensional generator in the mod p homology of
P*(p") to z. Thus the image in reduced mod p homology is generated by x, 5" .

Let

7 — \/p\ya\(p") Y

be a map of a bouquet of mod p” Moore spaces whose span is (yz, 5" y3)3.

Then the map W V Z — Y is a mod p homology isomorphism, therefore a homo-
topy equivalence. Using this equivalence, we can project onto the firs summand,
Y — W, to get a retraction. (|

Lemmas 11.10.1 and 11.10.2 imply:

Corollary 11.10.4. The map x : 0, — QP?>"*Y(p") has a retraction & :
QP271+1(pr)—>Qr» K:'X:]-Slr‘

The classifying maps

E\/Pn“ N E2n+1{pr} N F2n+1{pr} N P2n+l(pr)

«

defin a commutative diagram of horizontal fibratio sequences

Qr — QE271+1{pr} N V2n+1{pr} N E\/a Pla E2n+1{pr}

1= ! ! = !
QO - QFFpy o WHRLG) o BV, Pl o Rl
l= ! ! 1=

1
Qr N QP277,+1(p7>) — T2n+1{pr} — Z\/a Pra P2n+l(p7')_
The retraction in Corollary 11.10.4 gives compatible retractions

QE2n+1{pr} s Qr
l =
QF2n+1{pr} N Qr
l =
QP27L+1{pr} N QT
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and hence multiplying the maps in the above fibratio sequences with the retrac-
tions gives a commutative diagram of homotopy equivalences

QEQnJrl{pr} = Qr % V2n+1{p7’}

! !
QF2n+1{pr} = Qr X W2n+1{pr},
! !

P2n+1(pr) i Qr % T2n+1{pr}.
Recall that there are homotopy equivalences
QP2n+2(pr) ~ S2n+1{pr} % 0 \/ P4n+2kn+3(p7*)
k=0
and
P772, (p’l“) /\ Pﬂ (p'(‘) ~ Pm+7’l (pT') \/ P77l+77,71 (p7)

Hence, the Hilton—Milnor theorem implies that all loops on odd primary Moore
spaces are weak infinit products of two types of spaces.

Proposition 11.10.5. Let p be an odd prime. For all integers m > 3, the spaces
QP™ (p") are weak infinit products of spaces T** T {p"} and S**+1{p"}.

The next two results say that the factor (2. can be excised from the fibratio
sequences in the second diagram which appears at the beginning of Section 11.8.

Lemma 11.10.6. There is a homotopy equivalence of fib ation sequences

1.1 xCn) = V+iipy
!

9252n+1 = QQSQ7L+1

Lemma 11.10.7. There is a homotopy commutative diagram

VQrH—l{pr} N T2n+1{pr} N Q‘SQrH-l{pr}

| 1= |
W2n+1{pr} N T2n+1{pr} N Qs2n+1

1 1 !
QQS2n+1 — * — Qs2n+1

in which the rows and columns are all fib ation sequences up to homotopy.
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Proof: Consider the fibr extension of the totally fibre square which begins
Section 11.8, that is, the strictly commutative diagram

B2ty p2n+1(pr) N §2ntlpry

LA = 1
F27z+1{pr} N P2n+1 (pr) i} SQ?L+1

LK ! 1o
Q52n+1 — C — SQn+1’

where C' is contractible and all the rows and columns are actual fibratio sequences.
Since the adjoint

ZVP”“ (pr) _ P2n+l(pr)

factors through E?"+1{p"}, there is a strictly commutative diagram

VP *
) / | ) e
PQ’rLJrl (p7) | S27L+1
* | *
l / l e
C 527L+1

which we can enlarge into the fibr extension of a totally fibre cube, that is,
extend the fibration to fibr sequences so that all the rows and columns are
fibratio sequences up to homotopy.

The back face of this fibr extension is Lemma 11.10.6.

If we consider the left-hand corner of the back face and take one more step back,
then we get a map of fibratio sequences

QE271+1{p7'} — V2n+1{pr}

! |
QF2n+1{pr} — W2n+1{pr}
1 |

QZ SQn-H = QZ SQTL+1-
Omitting the 2, factor in the decompositions of QE>"*+1{p"} and QF?"*1{p"}
gives Proposition 11.10.5. g

Now the fact that $>"*1{p" } has a null homotopic p” -th power map, that C(n) has
a null homotopic p-th power map, the homotopy equivalences in Lemma 11.10.6,
and the fact that the looped fibratio sequence

Q) H xQC(n) - QT27L+1{p1'} N 952n+1{pr}
r+1

is a multiplicative sequence of H-maps yields
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Proposition 11.10.8. If' p is an odd prime, then the p*"*+'-st power map is null
homotopic on QT?"+1{p"}.

Proof: The power map p" : QT?" H{p"} — QT?"+ 1{p"} projects to a null
homotopic map in Q52" 1 {p"} since this latter space has a null homotopic p"-th
power. Hence, this power map factors through the fibr Q[ ., xQC(n) which
has a null homotopic p"*!-st power. Hence, the power p?"*! = p"*1 . p" is null
homotopic on Q72" {p"}. O

The multiplicative decomposition of Q2 P™ (p”) into a weak infinit product of
spaces QT2F 1Ly} and QS2H1{p} yields:

Proposition 11.10.9. If p is an odd prime, then the p*"+'-st power map is null
homotopic on Q> P*"*+1(p").

In order to prove a better result for the H-space exponent of a mod p” Moore space
we need the following theorem whose proof will not be given here.

Lemma 11.10.10. There exists a map
0 T2n+l{pr} _ H
such that the composition
H - T2n+1{pr} N H
r+1 r
has fib e ]], .
Lemma 11.10.10 has the following corollary:

Proposition 11.10.11. There is a fib ation sequence
H XC(TL) _ T2n+1{pr} _ H XQS2H+1{pr}.
1 r

Proof: Consider the commutative square

T271,+1{pr} — 95271+1{pr}
10 !
IL. — *

and enlarge it to the fibr extension in which the rows and columns are all fibratio
sequences up to homotopy

Y — X N QSQ71+1{pT}
l l |=
H,.+1 XC(H) — T2"+1{p7'} — QS?nJrl{pr}
1Y 10 !

IL. = I, — *
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The composition

C(TL) N 527171 N T2n+1{pr} L H

is null homotopic for dimensional reasons. Since the map
H XC(H) - T2n+1{p7*}
r+1

is define by multiplying maps and since 6 is null on the inclusion of C(n), it
follows that 1 factors through the projection on the firs factor

wze-proj:HXC’(n)HHLH
r+1 r+1 T

and hence that the fibr Y of ¢ is [[; xC'(n).

The fact that we have a fibr extension implies that there is a fibratio sequence
up to homotopy

Y — T2n+1 {pl} N H XQs27L+1{pr}

where the base is the (homotopy) pullback of the original commutative
square. O

Just as before, the loop of the fibratio sequence in Proposition 11.10.11 is multi-
plicative, which implies the next two results.

Proposition 11.10.12. If p is an odd prime, then the p"*'-st power map is null
homotopic on QT?"+1{p"}.

Proposition 11.10.13. If p is an odd prime, then the p’ ' -st power map is null
homotopic on Q2 P?"+1(p").

Recall that Proposition 9.6.3 shows that there exist infinitel many elements of
order p" ™! in the integral homotopy groups of P?>"*!(p") for all n > 1 and
therefore also in the integral homotopy groups of P™ (p”) for all m > 3. Hence
the result in Proposition 11.10.8 is the best possible H-space exponent.

11.11 Nonexistence of H-space exponents

The double loops in Proposition 11.10.8 is required since there is no H-space
exponent for the single loop space Q2P (p"). It is the object of this section to
prove this fact. It is remarkable that this result is a consequence of the mod p
Pontrjagin ring H(QP™ (p"); Z/pZ).

First we note that the localized homotopy groups imply:
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Lemma 11.11.1. Let X be a homotopy associative H-space localized at a prime
p. If X is not contractible and k is an integer relatively prime to p, then the power
map k : X — X is not null homotopic.

Hence, for homotopy associative H-spaces localized at a prime p to have a null
homotopic power map it must have one of the form p* : X — X.

Let A be a connected Hopf algebra and assume that A has a commutative and asso-
ciative diagonal and an associative multiplication. This is called a homology Hopf
algebra. If X be a connected homotopy associative H-space, then the homology
H(X) with fiel coefficient is a homology Hopf algebra.

Let k be a positive integer. Let

k
Alk): A— Q) A

be the k-fold diagonal of A. Since A has a commutative diagonal, A(k) is a map
of Hopf algebras. Let

k
/L(k):@A*)A

be the k-fold multiplication of A. Since A is a Hopf algebra, p(k) is a map of
coalgebras.

Definitio 11.11.2. The k-th power map of A is the map of coalgebras
p(k) = p(k) - A(k): A — A.

We note the obvious

Lemma 11.11.3. [f X is a connected homotopy associative H-space, k is a positive
integer, and F is a field then the power map k : X — X induces the k-th power
map k. = p(k) : H(X; F) — H(X; F) on the homology Hopf algebra.

The basic computation proving the nontriviality of power maps is

Proposition 11.11.4. Let A be a connected homology Hopf algebra over a fiel
of characteristic p # 0 and let k = p". If z1, . .., x, are k primitive elements of
A, then

pk) (.. xp) = Y pk)o(z @ @ ).

oeX,

Proof: The k-fold diagonal A(k)(xy...xr) = A(k)(z1) ... A(k)(xy) is the
product of the elements

AR (@) =) (1@ 01zl --@1).
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The distributive law yields

A(k) (@ ...ap) = ngn(y) Y

this sum being taken over all tensor products

Y=% ... Yk

where each y; is either 1 or a nontrivial ordered product of some subset of the x;
with each z; occurring precisely once in the set of products ¥y, ... ,y; and where
sgn(y) is the sign introduced by shufflin the z;.

Hence, the k-th power map is

p(k)(x1...x) = ngn(y) Y1 Yk

For each y we can associate the subset 7 C {1,..., k} which consists of those j
such that y; = 1. The j’s which are not in 7 index the y; which are a nontrivial
ordered product of x; s. Defin S; = ) sgn(y)u(k)y, the sum being taken over
all y associated to . Then

p(k)(xy...z) = ZS”'

We observe that S, = 0ifr = {1,...,k} and
Se =D pk)o(z1 @ ® )
geX,
if m = ¢ is the empty set.

We also observe that S, = S; if the cardinalities of the subsets 7 and 7 are equal.
The number of such subsets of cardinality £ is

() = s

which is divisible by pif 1 < /¢ < k — 1.

Hence

pk) (@1 ...ax) = Y plk)o(z1 @ @ xp).
geX,

0

Lemma 11.11.5. Suppose that A is a connected homology Hopf algebra over a
fiel of characteristic p # 0. If A is isomorphic as an algebra to a tensor algebra
on more than one generator, then, for all r > 1, the p"-th power map p(p") is
nontrivial.
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Proof: Suppose A is the power map p(p"): A — A is trivial. Then it is also
trivial for the associated graded Hopf algebra E”(A) which arises from the fil
tration of A by the powers of the augmentation ideal. But E°(A) is the primi-
tively generated tensor algebra with the same module of indecomposables. Let u
and v be two primitive generators of F°(A). Since the elements ad’ (v)(u) are
infinitel many algebraically independent primitive elements which freely gener-
ate a tensor subalgebra of E° (A) it follows from Proposition 11.11.4 that p(p") is
nontrivial. O

Proposition 11.11.6. Let X be a connected space localized at p and suppose that
the reduced mod p homology H (X ) is nonzero. Then QXX has no null homotopic
power maps.

Proof: Suppose that QXX has a null homotopic power map. We may suppose
that this is a power of p.

There is a least ¢ such that the integral homology H,(X) # 0. The firs nonvan-
ishing integral homotopy group 7, (NXX) = H,(QXX) = H,(X) is a nonzero
group localized at p which has an exponent. A theorem of Kaplansky [72] implies
that H,(X) is a nontrivial direct sum of cyclic groups Z/p*Z. Hence, the mod p
homology H(X;Z/pZ) = QH (X X;Z/pZ) has more than two generators and
no power map p(p") can be trivial on the Hopf algebra H(QX X ;Z/pZ). ]

Exercise
(1) Let A be a connected homology Hopf algebra over a field
(a) If k and ¢ are two positive integers, show that p(k¢) = p(k) - p(£).

(b) Ifthe ground fiel of A has finit characteristic p and k is the least positive
integer such that the power map p(k) : A — A is trivial, then k is a power
of p.



12 Differential homological algebra of
classifying spaces

This chapter completes the presentation of differential homological algebra which
was started in Chapter 10. Following the presentation of Moore in the Cartan
seminar [94], we show how the homology of a topological group determines the
homology ofits classifying space. This leads to the firs quadrant Eilenberg—Moore
spectral sequence which has also gone by a variety of other names, for example, the
Milnor—Moore spectral sequence or the Rothenberg—Steenrod spectral sequence.

We try to emphasize the fact that the spectral sequence is a secondary object
which comes from a chain model of the classifying space. Unfortunately, this
approach is not as successful here as it was with the applications in Chapter 11 of
the second quadrant Eilenberg—Moore spectral sequence. For example, the Borel
transgression theorem requires the use of the spectral sequence.

The algebra of this firs quadrant Eilenberg—Moore spectral sequence is based on
the fact that the normalized chains of a topological group form a differential Hopf
algebra. The second quadrant Eilenberg—Moore spectral sequence was based on
the fact that the normalized chains on a topological space form an associative
differential coalgebra.

In the case of the second quadrant Eilenberg—Moore models, the dominant alge-
braic structure is the structure of an associative algebra in differential Cotor. In the
case of the firs quadrant Eilenberg—Moore models to be studied here, the domi-
nant algebraic structure is that of an associative coalgebra in differential Tor. There
can be other structures but they are not always present. When present, they are
consistent with the dominant structure. For example, if we get an algebra structure
in differential Tor, it combines with the coalgebra structure to give a Hopf algebra
structure.

We apply the firs quadrant Eilenberg—Moore spectral sequence to the computation
of the cohomology of the classifying spaces of the orthogonal and unitary groups.
We use this to verify the axioms for Chern and Stiefel-Whitney classes. Then
we close the book by following Milnor and Stasheff [91] in presenting the lovely
applications of Stiefel-Whitney classes to nonimmersion and nonparallelizability
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results for real projective spaces and to the nonexistence of real division algebras.
Their presentation of these applications cannot be improved upon. The major
difference in our treatment from theirs is in our use of the Eilenberg—Moore
spectral sequence to provide a uniform computation of the cohomology of the
relevant classifying spaces.

In all honesty, it must be admitted that there is a computation of the cohomology
of the classifying spaces of the orthogonal and unitary groups which uses only the
Gysin sequence and some facts about Euler classes. It is given as an exercise in
this chapter.

12.1 Projective classes

Let A be an abelian category. The definitio of a projective class in A is the strict
dual of the definitio of injective class which was given in Chapter 10. It is of
course due to Eilenberg and Moore [43].

Let P be a class of objects in .4. Defin the associated class of relative epimor-
phisms as

P ={f:M—N | f":map,(P,N)— map,(P,M) isasurjection
VP e P}

Let & be aclass of morphismsin A. Defin the associated class of relative projective
objects as

& ={P | f":map,(P,N)— map,(P,M) isa surjection
Vf:M — N €&}

Definitio 12.1.1. The pair (P, &) is a projective class in A if
(@) Pr=¢,
(b) £ =P, and
(c) there are enough projective objects in the sense that
VMeA, 3Jf:P—M with PeP and feé&.
We note that
Lemma 12.1.2.

(a) P* is always closed under right factorization, that is, f - g € P* implies
that f € P*.

(b) & is always closed under retracts, that is, P € £ and Q) a retract of P
implies that () € P*.
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The following lemma is often used to defin projective classes.

Lemma 12.1.3. Suppose that € is a class of morphisms in A which is closed under
right factorization and defin ‘P = E*. If there are enough projective objects, that
is,

YVMeA, 3If:P—M with PeP and fe€&,
then the pair (P, ) is a projective class in A.

Definitio 12.1.4. We say that a sequence M 2 M, ERS Y 3 is relative short exact
if f € £ and g = kernel(f).

We say that a complex

d, i dy - d ,
P P 2L NP SM

is relative exact (or relative acyclic) if all the
Ky— P S M
K, =P ™ K, 1, n>1
are relative short exact where K = kernel(e), K, = kernel(d,), n > 1.

If all the P, are relative projective objects, we say that P, = M is a relative
projective complex. A complex which is both a relative projective complex and
is relative acyclic is a relative projective resolution. The usual proofs show that
relative projective resolutions exist and are functorial up to chain homotopy,
that is,

Proposition 12.1.5. Given an object M in an abelian category with a projective
class, there exists a relative projective resolution P, 5 M.

Proposition 12.1.6.

(a) Given a morphism f : M — N, a relative projective complex P, = M,
and a relative acyclic complex Q, = N, there exists a map of complexes
F : P, — Q. which covers f, that is,

dy -
T T T NV
l El l Fn,—l l FO l f
d
. - Qn dL’ anl dnil’ cee . iL) QO = N

commutes.

(b) Furthermore, any two maps of complexes F, G : P, — Q. which cover
the same f are chain homotopic, that is, there exists a chain homotopy
H : P, — Q.1 such that

dl'H0:F07G07 dn+l'H7l,+Hn—l'dn:Fn*Gn Vﬂ21
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We now specialize to the projective classes which are called proper and are the
basis for the differential homological algebra in this section.

First, let R be a principal ideal domain and let Dmodp be the category of non-
negatively graded differential modules over R. Similarly, let A be a differential
graded algebra over R and let Dmod 4 be the category of negatively graded differ-
ential A modules. We have a forgetful functor ( )# : Dmody — DModp. The
projective classes which form the basis for this chapter are the so-called proper
projective classes in these categories.

Definitio 12.1.7.

(a) The proper projective class in Dmodp consists of all morphisms f : M —
N with f : M — N and the map of cycles Z(f) : ZM — ZN surjections.
These are called the proper epimorphisms. The relative projectives are all
objects M with M and H M projective over R.

(b) The proper projective class in Dmod 4 consists of all morphisms f : M —
N such that f# : M# — N+ is a proper epimorphism in Dmodpg. The
relative projectives are all objects which are retracts of A ® g M with M a
proper projective in Dmodpg,

It is clear that, if f : M — N is a proper epimorphism, then the induced map in
homology Hf : HM — HN is an epimorphism. It is also clear that, if P is a
proper projective, then H P is a projective H A module.

Proper projective classes were invented for the Eilenberg—Moore spectral
sequence. The key properties are:

(1) If P is a proper projective and N is any differential A module, then
H(P®4 N)=HP ®pua HN.

(2) If P. — M is a proper projective resolution, then H P, — HM is a pro-
jective resolution of H A modules.

We leave it as an exercise to check that the definition above constitute projective
classes.

In Chapter 10, a notion of a proper injective class is define for the category of
differential graded comodules over a differential graded coalgebra. This notion
is the dual of the following notion of very proper projective class of differential
graded modules over a differential graded algebra.

Definitio 12.1.8. A morphism f: M — N in Dmod, is a very proper epi-
morphism if f# : M# — N+# is a split epimorphism in Dmodg. A very
proper projective object is any retract of A ® g M where M is any object in
DmodR.
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The dual of this definitio is used in the definitio of differential Cotor. (But there
is the difference that dualization here would produce differentials of degree +1
and not —1 as in Chapter 10!)

We shall leave further discussion of this definitio and the verificatio thatitisa
projective class to the exercises.

Exercises

M
@
3

“

®)

(6)

@)

@®

Prove Lemma 12.1.2.
Prove Lemma 12.1.3.

Let £, F be classes of morphisms and let P, Q be classes of objects in A.
Show that

(a) &€ C F implies F* C &*
(b) P C Q implies Q* C P*
(c) £ECE™, PCP™
(d) £ = &+, Pt = Prer
Let A, B be abelian categories and let
S:A—B, T:B—A
be a pair of adjoint functors with a natural bijection
A(TB,A)~B(B,SA) ¥V A€ A, BebkB.

If (P, €) is a projective class in B3, show that (TP, S~1€) is a projective class
in A where

TP = the set of all retracts of TP where P cP
S71E& = thesetofall fe A suchthat Sfeé&.

Verify that the proper projective classes in Definitio 12.1.7 are projective
classes.

Verify that the very proper projective class in Definitio 12.1.8 is a projective
class.

Suppose that f : M — N is a proper epimorphism in Dmod4 and that H N
is projective over the ground ring R which is a principal ideal domain. Show
that f is a very proper projective epimorphism.

Suppose that HA and HM are projective over a principal ideal domain R.
Show that there exists a proper projective resolution P, — M, which is also
a very proper projective resolution.
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12.2 Differential graded Hopf algebras

For any space X, the coalgebra structure on the normalized chains is given by the
Alexander-Whitney map A : C(X) — C(X) ® C(X). One of the remarkable
technical facts discovered by Eilenberg and Moore is that the Eilenberg—Zilber
map V: C(X)® C(Y) — C(X xY) is a map of differential coalgebras [42].
Furthermore, it is associative and commutative in the sense that the following
diagrams are strictly commutative

CX)eCY)o0(Z) 25 OoX xY)®C(Z)

119V |V
CX)®C(Y xZ) L  COXxYxZ)
C(X) x C(Y) Y, C(X xY)
T | T,
CY)® C(X) v, C(Y x X).

If we defin the cross product of chains by a x f=V(a® ) € C(X xY)
for « € C(X), pe€C(Y), then the associativity and commutativity of the
Eilenberg—Zilber map is:

(axB)xy=ax(Bx7), Taxp)=(—1)te@)del)gq,

Let G be a topological monoid with multiplication i : G X G — G. The Pontrja-
gin product of chains is define by

1:C(G) x C(G) S C(GxG) L5 @), plawp) =a-p.

The good properties of the Eilenberg—Zilber map yield that C(G) is a differential
graded Hopf algebra and, if G is commutative, it has a graded commutative
multiplication.

Furthermore

Lemma 12.2.1. If G and H are topological monoids, then
V:C(G)®C(H)— C(Gx H)

is a map of differential Hopf algebras.

Proof: The only question is whether V is a map of algebras. Consider the diagram

C(G)®CH) 2C0G) oCH) LY (G x H)®C(G x H)

| T Y
C@eC(G)®CH)®CH) C(Gx HxGxH)
VeV 11xTx1
C(GxG)®C(Hx H) AN C(GxGx HxH)

lpep Lpxp
C(G)®C(H) C(G x H)

1<
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Since the Eilenberg—Zilber map is a natural transformation, the bottom square
commutes. Since

(1)) (0 B 8) = (@ T(B x7) x ),
the top square commutes. Hence, V is a map of algebras. ]

Let G be a topological monoid and let X be a left G space with action px :
G x X — X. Just as above, we have that

1 C(G)®C(X) S (G x X) & C(x)

is a map of differential coalgebras which gives C'(X) the structure of a differential
C(G) module coalgebra.

Let G; be a topological monoid and let X; be a left GG; space for i = 1, 2. Just as
above,

C(X1) ® C(Xs) % C(X; x Xo)

is a map of differential module coalgebras with respect to the map of differential
Hopf algebras

C(G1) ® C(Ga) L C(Gy x Go).

Exercise

(1) Prove the two statements on differential module coalgebras which conclude
this section.

12.3 Differential Tor

The algebraic analog of a space with an action of a topological group is a differen-
tial module M over a differential algebra A. If we start with an arbitrary differential
module M over a differential algebra A, we can fin a homologically equivalent
differential module by a process of assembling a proper projective resolution of
M into a total complex. We describe this process in detail now.

Let P, = M be a proper projective resolution. Then P, has two differentials, an
internal differential and an external differential. The internal differential d; : P, —
P, lowers degree by 1, satisfie d; - d; = 0 and is a derivation over A, that is,
dr(az) = (da)x + (—1)48(*) q(drx). The external differential dp : P, — P, ;
preserves degree, satisfie dp - dg = 0, and is linear over A, that is, dg (ax) =
a(dgpx). These internal and external differentials commute with each other, that
is, dp - d; = dj - dg. We assemble a resolution P, into a total complex T'(P,) as
follows:
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Definitio and Lemma 12.3.1.
(a)
T(P.)=Ps" P

n>0
where (sM),, = M, is the suspension operator.
(b) d; and dg are define on T(P;) by
di(s"z) = (=1)"s"(djz), dp(s"z)=s""'dp(z)
where
di-dr-s"=0, dg-dg=0, df-dg-s"=—dg-d;-s".

(c) If Aacts on T(P,) by as" (z) = (—=1)"s" (ax), then dg and d; on T(P;)
satisfy

dg(as"z) = (—1)%8Da(dgs" x),
di(as"z) = da(s"x) + (=1)%¢q(d;s"z).

(d) The internal differential makes s" P, into a proper projective module over

A.
We leave the verificatio of the above lemma to the exercises.
Definitio and Lemma 12.3.2.

(a) The total differential on T(P.) is dp = d; + dg. The total differential
makes T(P,) into a differential module over A, that is,

dr -dp =0, dr(az) = (da)z + (-1)*Ya(drz) Yz e T(P,).
(b) The map ¢ : T(P.) — M define by
€:Py—-M, ¢=0:8"P, =M VYn>1
is a chain equivalence (= homology isomorphism).

Proof: Part (a) is an immediate consequence of Lemma 12.3.1. To prove part (b),
filte T'(P,) by internal degree so that

EE7QT(P*) = Fyp, d’ =dp : Ey()),q =Fp—> By = E)

P.q—1"
Then
M, q=0
1 9
B,y = !
0, q#0.

Hence T'(P,) < M is a homology isomorphism. O
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Lemma 12.3.3. Let H : P, — Q.1 be a chain homotopy between chain maps
F, G : P, — Q. of complexes over A. That is, each H : P, — Q11 is linear
over A and

H-di=d;-H, dp-H+H-dg=F—-G.
Then definin
F'Sn:Sn‘F, G'Sn:Sn'G, H'Sn:$n+1~H

creates A linear maps F, G : T(P,) — T(Q.) and a chain homotopy H :
T(P,) — T(Q.) which satisfie

H(as"z) = (—1)% D aH(s"z), H-d;-s" =—d;-H-s",
(- H A H-dp) - sh=(F —G) ", (dr-H+ H-dr)-sh=(F —G)- 5"

This lemma is also an exercise.
We are now ready to defin differential Tor.

Definitio 12.3.4. Let M be a right differential module and let N be a left differ-
ential module over a differential algebra A. Choose proper projective resolutions
P, — M and ), — N and defin

Tor® (M, N) = H{T(P.) ®4 T(Q.)}.
The lemmas above insure that Tor (M, N) is well define and functorial up to
natural isomorphism.

The following notion of a construction is a generalization of the total complex of a
proper projective resolution and is sufficien to defin Tor” (M, N). A construction
is the appropriate algebraic analog of a principal bundle.

Definitio 12.3.5. A (left) construction over a differential algebra A is a differential
module D over A such that there is an increasing filtratio F, (D) of D by
differential submodules with associated graded

E'(D)=A®D,, d=d®1:A2D—A®D
where D is projective over R.

Since the ﬁ, are projective, there is no problem in lifting them up to D so that
D=A2PD;
J

and the filtratio is then
F.(D)=AePD;.

j<n
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The differential is
dla® x) :da®z+Zb®y, a,be A,z €D,,ye Dy, j<n.
Examples of left constructions over A are twisted tensor products A ®, C with
F,(A®, C)=ARCj<,
and total complexes of resolutions 7'(P,) with T(P,) = A ® T(P,) and
F(T(P.)) = A® {T(P.)} <.

The next proposition and its corollary show that constructions can replace resolu-
tions and also that Tor® (M, N) is a balanced functor in the sense that we can get
differential Tor by resolving only one of the variables.

Proposition 12.3.6. Let f : My, — Ms be a homology isomorphism of right dif-
ferential modules over a differential algebra A. Let D be a left construction over
A. Then we have a homology isomorphism

M1®AD&M2®AD.

Proof: Consider the increasing filtration of M; ® 4 D define by
F,(M; ®4 D) =M,; ®4 F,(D).

There is a map of filtere objects and we have the following maps of associated
graded objects

E°(M, ®4 D) =M, ® D, — E°(My ®4 D) = M, ® D,

and, in the domain and the range, we have the formula for the differential
d’(z ® y) = dz ® y. Thus there is an isomorphism of E' terms and also a homol-
ogy isomorphism. O

Of course, we can interchange left and right in the above proposition and this
gives:

Corollary 12.3.7. Choose proper projective resolutions P, — M and Q),, — N
and suppose there is a homology isomorphism D — M where D is a construction.
Then there are homology isomorphisms

D@y N—=DesT(Q.) = M®4T(Q.) — T(P.)®a T(Q.)

Remark. The above corollary has the consequence that the induced maps on
Tor® (M, N) depend only on the maps of the variable entries A, M, N. They do
not depend on the covering maps of resolutions or constructions since we can,
one at a time, omit the resolution or construction. We already knew this when
differential Tor was define by proper projective resolutions. Now we know it
even if we defin it by constructions.
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We record the following Kiinneth formula.
Kiinneth formula 12.3.8.

Tord®B (M, @ My, Ny @ Ny) ~ Tor (M, N1) @ Tor? (My, Ny)
provided that either Tor™ (M, Ny or Tor? (M, Ny is fla over R.

Proof: 1If P, — My, P, — M> are proper projective right resolutions over A
and B respectively and Q1. — N, Q2. — Ns are proper projective left resolu-
tions over A and B respectively, then

P, ® Py, — My ® M,
and
Ql*@DQb*‘_>Ah @QA&

are right and left proper projective resolutions over A ® B.

Thus,
{T(P1.) @ T(Pox)} @aep {T(Q1+) @ T(Q2.)}
L AT(PL) ©4 T(Q1)} @k {T(Po) @5 T(Qs4)}
is an isomorphism. g

We now come to the important (firs quadrant) algebraic Eilenberg—Moore spectral
sequence. Let A be a differential algebra and let M and N be right and left
differential modules over A.

Algebraic Eilenberg—Moore spectral sequence 12.3.9. There exists a functorial
fi st quadrant homology spectral sequence with

A
E?, = {Tor[*(HM,HN)},

d" : E;ﬁq — B

p—r,q+r—1

and converging strongly to its filte ed abutment

{HM @pa HN}pyq=Fy CF C--- CF, C--- C Foo = Tor" (M, N), 1.

Proof: Let Q. — N be a proper projective resolution of NV so that
Tor (M, N) = H(M @, T(Q.))
and
Tor A (HM,HN) = H(HM ®54 T(HQ.)).

Without loss of generality, we may assume that each Q, = A ® Q, is a free A
module Wﬂl tensor product differential df = dy ® 1 +1® dy, so that HQ, =
HA ® H(Q), with respect to the internal differential d;.



500 Differential homological algebra of classifying spaces

Filter M ®4 T(Q.) by the increasing filtratio of resolution degree, that is,

F,(M @, T(Q.) =P Mess'Q,.

p<n
Then the associated graded object is
Eg.q ={M®45Qp}prqg ={M@5"Q,}p1q
A =dy @41+1@4dr =dy @1+1®4d;r
and hence
EI%A,Q ={HM @ s"HQ)}p+qg = {HM ®@pa " HQp }p1q
= {HM ®mA HQp}q~
The differential is d' = 1 ® 4 dp and hence
2 _ HA
E, , ={Tor, “(HM,HN)},.
The convergence of the spectral sequence is strong since the filtration are finit
in each fi ed degree. O

The convergence of the algebraic Eilenberg—Moore spectral sequence immediately
yields the homological invariance of differential Tor.

Corollary 12.3.10. Homology isomorphisms A; — Ay, My — My and N1 —
Ny induce an isomorphism

Tor 41 (HM,, HN,) — Tor’ 42 (HM,, HN,).

The fact that the Eilenberg—Zilber map induces homology isomorphisms implies
the geometric Kiinneth theorem:

Corollary 12.3.11. Let G; be topological monoids with right and left G; spaces
X, and Y for i = 1,2. Then there are isomorphisms

OI‘V
Tor® (@)@ (0(X,) © C(X,), O (1) © C(Ya))

Tor® (GG (0(X, x X,),C(Y1 x Y2)).
The algebraic Eilenberg—Moore spectral sequence has the Kiinneth spectral
sequence as an interesting special case.

Kiinneth spectral sequence 12.3.12. Let M and N be right and left chain com-
plexes over an algebra with zero differential A. Suppose that M is fla over A.
Then there is a fi st quadrant homology spectral sequence with

2 A
B2, = {Tord (HM,HN)},

and strongly converging to Hy, (M ®4 N).
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Proof: The algebraic Eilenberg—-Moore spectral sequence has the correct £ term.
All we have to prove is that Tor® (M, N) = H(M ©®4 N).

Filter M by total degree,

F,M = M,.

r<p
Filter T(Q.) by complementary degree,
FT(Q.) = @ 8" Qp.q-

p>0,5<q
Filter M ® 4 T(Q.) by the product filtration

F,(M©iT(Q)) = @ FM)oa F(TQ.)

ptq=n
and then the associated graded object is
E'=M®,TQ,), d=10dg.
Since M is fla over A,
E'=M®4 H(T(Q.),dg) = M @4 N.

Hence, E> = H(M ®4 N). Since the spectral sequence is confine to a single
line, it collapses, E? = E™, and there are no extension problems. Therefore,

Tor* (M,N) = H(M ®4 T(Q.)) = H(M ®4 N).

Exercises

(1) Prove Lemma 12.3.1.

(2) Prove Lemma 12.3.2.

(3) Referto Chapter 10 and to Section 12.1 in order to do this exercise on duality.

(a) If A, M, N are all finit type and projective over R, show that there is
an isomorphism

(M@A N)* ~ M*0O4-N*.

(b) IfA, , M, N areall finit type and projective over a principal ideal domain
R, show that there is an isomorphism

{Tor® (M, N)}* ~ Cotory.(M*, N*).
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(4) Let R be a principal ideal domain, let K be an R module, and let M and N
be chain complexes over R where M is fla over R. Use the Kiinneth spectral
sequence to prove the Kiinneth and universal coefficien exact sequences:

0— {HM ®p HN},, — H(M ®p N) — {Tor{'(M,N)}, 1 —0
0— H Mo K— HMor K)— Torl(HM, ,,K) — 0.

12.4 Classifying spaces

According to Dold, a cover V = {V), }, of a topological space X is called numer-
able if it has a partition of unity subordinate to it and a bundle 7 : £ — X is
called a numerable bundle if it has a numerable cover V such that the restrictions
7w m'V\ — V, are trivial bundles for all \.

The definitio of a numerable bundle can be applied to any class of bundles, for
example, if G is a topological group, there are numerable principal GG bundles. And
there are numerable real vector bundles and numerable complex vector bundles.
We shall denote by k¢ (X), kr, and k¢ the respective isomorphism classes of
numerable bundles of these three types.

Definitio 12.4.1. A principal G bundle 7 : £ — B is called a universal bundle
if it is numerable and the natural transformation

[X7B]_)kG<X)’ [f]Hf*E

gives a bijection for all X between homotopy classes and isomorphism classes.
The base B of a universal bundle is called a classifying space. Universal real and
complex vector bundles are define in a similar fashion.

Dold has proved the definit ve theorem in this direction [32].

Dold’s theorem 12.4.2. If 7 : E — B is a numerable principal G bundle and E
is contractible, then it is a universal principal G bundle.

Proof: We will be content to sketch the demonstration of the bijection in the
simple case when the base is a CW complex.

Let A CY be a subspace. A map of a trivial bundle into E, f: A x G — E,
is completely determined by the restriction to a section h = f( ,e): A — FE
with f(a,g) = f(a,e)g. So an extension H : X — FE of h: A — F define an
extension of ftoabundlemap F': X x G — E.

We know that bundles are trivial over contractible spaces. If 7 : D — X is any
principal G bundle over a CW complex X, then D is trivial when pulled back to
any cell. Hence, induction over the cells of a CW complex X shows that there is
a bundle map D — FE. Hence, the natural transformation is surjective for X.
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There is a principal G bundle 7 =1 x 7 : I x D — I x X and the same argu-
ment as above shows that any bundle map of 77!(1 x X U0 x X) — E can be
extended to a bundle map of I x D — FE. Hence, the natural transformation is
injective for X. 0

Milnor has given an elegant and functorial construction [86] of a classifying space
for a topological group G. Let

G ={togo+tigr+ - +tugn | t;>0,Y ti=1,9€G}
be the n-fold join where we identify
togo +t1g1 + -+ tagn =togo +t1g1 +--- + tibi +-+tugn, t;=0.

Thus, there is an embedding G*" C GHnt1),

Clearly G acts on the right (or the left) of G*" compatible with the embeddings,
on the right by

(Z tigi) 9= Zti (9i9)-
The direct limit

EG = nhnolo G*"
is a numerable principal G bundle for which EG is contractible. The base space
BG = EG/G is called the classifying space of G. This construction was intro-
duced by Milnor who showed that it was a principal G bundle with m; EG = 0
for all 1 > 0. He based this on the simple fact that the iterated joins become more
and more connected. The fact that it is numerable and contractible was shown by
Dold [32].

If U(n) is the unitary group, then a principal U(n) bundle is the same thing
as a bundle of orthonormal complex n-frames. Let 7 : £ — X be a principal
U(n) bundle with fibre 7'z = {(f1,..., fu)} =~ U(n) where (fi,..., f,)isa
complex n-frame. There is an associated complex n-plane bundle 7 : CE — X
with fibre 7712 = (f1,..., fu).

Conversely, if 7 : D — X is any numerable complex n-plane bundle with fibre
771z, it has a choice of a Hermitian metric and an associated n-frame bundle
7m: FD — X with fibre 7'z = {(f1,..., f.)} where (fi,...,f,) is an n-
frame in the complex vector space 7' .

Given two choices of Hermitian metrics on D, they are homotopic through
Hermitian metrics, that is, there is a Hermitian metric on I x D — I x B which
restricts to the two choices on the ends. The bundle F (I x D) — I x B restricts
to the two choices of D on the ends. Hence, classificatio of n-frame bundles
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via the universal U (n) bundle EU (n) — BU (n) shows that the construction F D
is independent up to isomorphism of the choice of the Hermitian metric.

Hence, we have natural isomorphisms
FCE~FE, CFD~D.

It follows that: CEU (n) — BU (n) is a universal complex n-plane bundle. In this
case, the total space has the same homotopy type as the base space. The universal
bundle is contractible only in the case of principal bundles.

Similarly, REO(n) — BO(n) is a universal real n-plane bundle.
Exercise

(1) Show that any two classifying spaces for principal G bundles are homotopy
equivalent.

12.5 The Serre fItration

Let G be a topological group. If G is the component of the identity, it is a normal
subgroup and the group of components G /Gy acts on HG, by conjugation. Note
that H)G = HG /Gy = R|G/Gy]. In homology, the conjugation is

HoG® HGy — HGy, Y ro9@B— > 1,9 Bg.
geG /G 9€G /Gy

Ifa=3 c/q, 99> we write this action as a ® 3 — c(a)B.
The algebra HG is the semi-direct tensor product

HG =HG®HGy, (a®p) (y®0)=a-y®(c(7)p)-d.
Suppose ' — E 5 B is a fibratio sequence. Recall that the Serre filtratio on
the chains C'(E) is the inverse image of the skeletal filtratio on the chains C'(B).

When the base and fibr are connected, then Serre [116] has computed that the £
term of the associated Serre spectral sequence satisfie

E'=HF @ C(B).
Consider a left principal G bundle of a topological group,
G—-FE—B
where
B=xxqg E={(xe) | e€E, (xe)~(xge),gcG}

Since F is also a principal G bundle, that is, there is a principal bundle sequence
Gy — E — By with By = * xg, E.
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There is a factorization £ — By — B where the second map is a covering space
with discrete fibr G/G,. Hence, C(By) is a free HyG = R|G/G\] module and,
as a nondifferential module, is a tensor product

C(By) = HiG ® C(B).

The differential has a “twisting” coming from the action of the covering group

G/Gy.

The Serre filtratio on G — E — B is identical to the Serre filtratio on Gy —
E — By. Serre’s computation of the E' term applies to the latter, so we have

E'=HGy ® C(By) = HGy ® HyG ® C(B) = HG ® C(B)

but the last identificatio does not respect the differential and therefore it is better
to write

E'= HG ®p,c C(By).
Consider the Serre filtratio on a Borel construction
XxgE={(xe) | 2z€X,ecE, (xg,e)~ (v,g¢), g€G}

where X is a right G space and FE is a left principal G bundle. If X is connected,
we can apply Serre’s computation of E' directly to the fibratio sequence

X —>XXgFE—xxgFE=B8B
with fibr X and we get
E'=HX ®C(B) = HX ®g,c C(By).

12.6 Eilenberg—Moore models for Borel constructions
In this section we construct the chain models for Borel constructions X xg E
where X is a right G space and F is a left principal G bundle.

Let P, — C(F) be a proper projective resolution of C(F) over the differential
algebra C'(G). The total complex of the resolution gives a homology isomorphism
T(P,) — C(F) and the main result of this section is the following theorem.

Geometric approximation theorem 12.6.1 [94]. There is a homology isomor-
phism

C(X)®c(e) T(P) — C(X x¢g E),
that is, there is an isomorphism

Tor® @) (C(X),C(E)) 2 H(X x¢ E).
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Proof: First of all, we construct the map. The associativity of the Eilenberg—Zilber
map gives the commutative diagram

CX)®C(G)®CE) %  CXxG)xE)

p1ll1®p px1ll1xp
C(X)® C(E) AR C(X x E)
! !
C(X) Qc(a) C(E) - = C(X x¢g E)

which define a map C(X) ®¢(¢) C(E) — C(X x¢ E) and composition gives
the required map

Filter T'(P,) by the C(G) module filtratio generated by skeleta, that is,
FT(P.) = image C(G) & {T(P.)}y > T(P.).

The p-th filtratio is generated by elements of the form az with a € C(G) and
deg(z) < p. On such an element, the total differential is dr(az) = (da)x +
ta(drz) = (da)x mod filtratio p — 1.

In addition, if z = s"y, y € P,, and dgy = > bw + >_ ct with b € Cy(G),
c € Coo(G), then

drr=dix £+ Z bs" tw
mod filtratio p — 2.

If C(E) is given the Serre filtration then the map 7'(P.) — C(E) is filtratio
preserving.

The map induces a map of spectral sequences, converging to an isomorphism of
HE, with the map of E' terms being

HG® (R Qc(6) T(P.)) - HG ® C(B).
The comparison theorem of Moore, as quoted in [22] and proved in the exercises
below, shows that
HyG ® (R®c () T(P.)) — HiG ® C(B)
is a homology isomorphism on the edge, that is,
Ei,o - Ei,o
is an isomorphism.

Remark. In the domain of this map on the edge, the above computation of the
differential mod filtratio p — 2 shows that it is important that the HyG factor
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be included in E,}70 in order to keep the edge closed under the d' differential.
Similarly, in order for E ; in the range to be closed under the d' differential, £}
must be C'(By) = HyG ® C(B) where By = E/G) is the covering space of B
with covering group G/Gj.

The Kiinneth spectral sequence implies that
R®ce T(P.) = R®p,¢ HiG®ce T(P:) — C(B)
=R®pu,¢ HiIG® C(B)
is a homology isomorphism.
In other words, we have proved the following special case of Theorem 12.6.1.
Proposition 12.6.2.
Tor®©)(R,C(E)) = HB
Filter C(X) ®¢(a) T(P:) by
FAC(X) @c(e) T(P)} = C(X) ®c(a) FT(P.).
If C(X x¢ E) is given the Serre filtration then the map
C(X) ®c(a) T(P.) — C(X x¢ E)

is filtratio preserving and the resulting map of the E' terms of the spectral
sequences is

HX ®HOG H()G X (R ®C(G> T(P*)) — HX ®HUG H()G X C(B)
which is a homology isomorphism since
HyG ® R®c(q) T(P,) — HyG ® C(B)

is a homology isomorphism. Thus, the map of spectral sequences is an isomor-
phism at £? and therefore also at £°°. Hence,

C(X) ®C(G) T(P*) — C(X Xa E)
is a homology isomorphism. O
Exercises

(1) Let f: M — N be a map of differential graded modules over a differential
graded algebra A. The mapping cylinder of f is the differential graded module
define by

Z(f) = M & sM & N
with differential d define by
dy =dy, dy=dy, ,d(sx)=—s(dx)+z—fr VreM.



508 Differential homological algebra of classifying spaces

(a) Show that Z( f) is a differential graded module over A, that is, show
d* =0, day)=(da)y+(-1)**“a(dy), ac A, yeL(f).

(b) There is a factorization of f into a composite of maps of differential
graded modules M — Z(f) — N.

(c) The map Z(f) — N is a homology isomorphism.

(d) The map Hf: HM — HN is an isomorphism if and only if
H(Z(f)/M) = 0.

(2) Suppose M is a filtere differential graded module over a differential graded
algebra A and assume that

E})ﬂq = EAO @4 Hy A

and that HA = HyA ® F is free over Hy A. Show that H M = 0 if and only
ifE;_O =0, Vp>0.

(3) Suppose that f : M — N is a map of filtere differential graded modules,
both satisfying the hypotheses of Exercise 2. Suppose that the induced map

1 1 . .
E, (M) — E, ,(N) is isomorphic to a tensor product map

E;O(M) QH, A H!IA - E[}O(N) QH, A HIIA'

Show that Hf : HM — HN is an isomorphism if and only if E ,(M) —
E)o(N) is a homology isomorphism, that is, if and only if E? ;(M) —

E; 1 (IN) is an isomorphism.

12.7 Differential Tor of several variables

The several variable version of differential Tor is the way to establish the connec-
tion between the algebraic coproduct and the geometric diagonal. For example,
the diagonal is represented by

ExecGxgE— EXg*xxgFE
which corresponds to
Tor? (R, R) = Tor? (R, A, R) — Tor(R, R, R)
= Tor* (R, R) ® Tor" (R, R).

This idea was introduced in Moore’s expose 7 in the Cartan seminar [95]. One
could get away without it by just using the geometric diagonal since C'(G) is a
differential Hopf algebra. But you cannot do this evasive sort of thing in the cobar
world. Hence, differential Cotor is used in Chapter 10. This is here in Chapter 12
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to be symmetric with that, and it is the neatest way to establish the connection
between the geometric diagonal and the coproduct in the bar construction.

Let A and B be differential graded algebras. A differential graded R module
M is an A — B differential bimodule if it is a differential left A module and
a differential right B module together with an extra associativity which makes
uw:A® M ® B — M well defined that is, the diagram below commutes

pn®1
—

A M ® B M® B
11®@p Ly
A M LN M

The opposite algebra B°? is: B°? = B as an R module and with multiplication
w?=p-T:BB—-B®B — B.
That is,
by x by = p (by @ by) = (—1)deslbr)des(ba)p,p,
where by * by is the multiplication in the opposite algebra.

Observe that , if M a left differential B°? module, then M is a right differential
B module via the action

M®BL B?Po ML M, mb=(—1)ts(mdee®lyy e B me M.

The notion that M is an A — B differential bimodule is equivalent to the notion
that M is a left A ® B°? differential module.

Explicitly, given an A — B differential module M, it is left A ® B°? differential
bimodule via the left action

AeB?oM L Ao MeBY M
(a @ bym = (—1)deem)dee®lgmp ac A, me M,be B.

Conversely, given a left A ® B°P differential module, it is by restriction both a
left A and a left B module and this makes it an A — B differential bimodule via:

amb = (_1)dcg(m)-dcg(b) (CL ® b)m

Hence, if M isan A — B differential bimodule, we know that there exists a proper
projective resolution of bimodules P, — M since this is just a proper projec-
tive resolution of differential left A ® B°? modules. And these proper projective
resolutions are functorial up to chain homotopy.

We now defin the notion of differential Tor of several variables:
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Let M; be a right differential A module, M,, be a left differential A module, and
M; a differential A — A bimodule fori =2,...,n — 1.

Let P, ., — M, be proper projective resolutions and T; = T'(P;, ) their respective
total complexes.

Definitio 12.7.1. Differential Tor of n variables is:

Tord(My,... . M,) = H{T\ @4 Ty @4 --- @4 Tp,}

Since proper projective resolutions are functorial up to chain homotopy, the defi
nition of differential Tor in Definitio 12.7.1 is well define and functorial up to
natural isomorphism.

Just as in the case of 2 variables, we can use constructions instead of resolutions
to compute differential Tor of several variables. Even though the notion of a
biconstruction is already define as a left construction over the differential algebra
A ® B°P, it is worthline to make it explicit:

Definitio 12.7.2. A biconstruction over a pair of differential algebras A and B is
a differential A — B bimodule D over A such that there is an increasing filtratio
F, (D) of D by differential subbimodules with associated graded

E'(D)=A®D, ® B,
d=d®1®1+1®19d: A9D®B—A®D®B
where D is projective over R.
Thus the filtratio of a biconstruction is

F,(D)=A®PD,;® B.

j<n

Observe that a total complex T'(P,) of a A — B proper projective resolution is
also a left construction with the filtratio

pFHqsn

The several variable version of differential Tor has three useful properties. It is
balanced, it splits, and it collapses. We proceed to explain these ideas.

Tor is balanced in the sense that, in the computation of Tor, we may omit the total
complex 7T; in any one variable (in the middle or on the ends) and replace it by
M;, that is:

TN RATy R4 RaT; @4 - @4 T,
— N1 @aTo®a - @A M;®s--RaT),
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is a homology isomorphism. Thus
Tor* (My,...,M,) = H{T1 @4 Ty @4 -+ @4 M; @4 -~ @4 Ty, }.

More generally, let D; = M; be homology isomorphisms for j # i and suppose
that D; is a right construction for j < ¢ and a left construction for j > ¢. The
interior D; are also required to be bimodules. Then Proposition 12.3.6 implies
that there are homology isomorphisms

Di®g.. D1 R@4T;,@4...D)y 5 D1 ®@u...Dj_ 1 @4 M; Q4 ...D,.
With a little work, this implies that:

Proposition 12.7.3. For any choice of 1 < i < n, differential Tor of n variables
can be computed with n — 1 constructions as follows:

Tor (My,...,M,) = H{D, ®4 - ®4 M; ®4 ---® D, }.

Proof: We give the proof that Tor (My, My, M3) = H{D; ®4 My ®4 D3).
There are homology isomorphisms

Ty @aTo @4 Ts = M @4 T @4 T35 & Dy @4 T @4 T
= Dy @4 Ty ®4 My — Dy ®4 Ty ®4 Ds
= Dy ®4 My ®4 Dj.
O

Remark. This is a repeat of the remark about differential Tor for 2 variables.
The above proposition has the consequence that the induced maps on differential
Tor depend only on the maps of the variable entries. They do not depend on the
covering maps of resolutions or constructions since we can, one at a time, omit
the resolution or construction. We already knew this when differential Tor was
define by proper projective resolutions. Now we know it even if we defin it by
constructions.

Tor is split in the interior variables in the sense that the isomorphism R = R ®r R
implies the isomorphism

T'RATo R4 Q4T @4 RO Ti31 @4+ R4 Ty
={Ti@aTr®a @4 Ti1 @4 RYQR{R®4 Ti41 @4 @4 T, }
and hence
Proposition 12.7.4.
Tor (M, ..., M;_y,R,M;.+,..., M,)
= Tor* (M,,...,M;_1,R) ® Tor* (R, M., ..., M,)
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whenever one or both of the tensor factors is projective over R.
Tor collapses in the sense that
Ti 4T ®4 Q4T 1 @A AR Ti11 ®a - Q4 T,
=T 0ATh®a - R4Ti1 ®aTig1 ®a---Qa T,
and hence
Proposition 12.7.5.
Tord (M, ..., M;_1, A, M;,1,...,M,)
= Tor (My,...,M; 1, M 1,...,M,).

Exercise

(1) If M isaright B module and b * c is the multiplication in the opposite algebra,
check that M is a left B°P algebra by verifying

(b* c)ym = b(em)

where the definitio of the left action is bin = (—1)des(b)deg(m)yyp,

12.8 Eilenberg—Moore models for several variables

Let G be a topological group. With the exception of one fi ed 1 < i < n, suppose
that E; is a free right G space (= right principal G bundle), E, is a free left G
space, and, fori = 2,...n— 1, FE;isafree G — G space (= free left G? x G
space). In the case of the one F; = X we drop all free conditions on it.

Let P, . — C(E;) be proper projective resolutions and let T; = T'(P,) — C(E;)
be the maps of total complexes. As with two variables, the Eilenberg—Zilber
map

V:CE)® ---@C(E,) - C(E) x...C(E,)
induces a map
C(E) ®c(a) - @ca) C(By) — C(E1 xg -+ Xg Ey).
The Eilenberg—Moore geometric approximation theorem for several variables is
Proposition 12.8.1. The composite map
Ti ®c(c) - ®c(e) C(X) Oc(a) - c(a) Tn = C(Er Xa -+ X En)
is a homology isomorphism. That is, there is a natural isomorphism

Tor® @) (C(Ey),...,C(E,)) ~ H(E\, x¢ - xa E,).
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Proof: The proof is a simple induction using the two-variable theorem. We do it
in detail for the case

Ty ®c(a) C(X) ®c(a) T3 = C(Ey xg X x¢ E3).
The two-variable theorem says that there is a homology isomorphism
T1 ®C(G) C(X) — C(El Xa X)

It follows from the two-variable theorem and the fact that 75 is a construction that
there are homology isomorphisms

T ®c(c) C(X) @c () Ts = C(Er xa X) ®c(q) Ts — C(Er xa X X Es).
]
The identity * = % X * gives the geometric splitting
Ey xXg X *x XgFE3 = (B Xg x*) X (x Xg XgEs.
The fact that the Eilenberg—Zilber map
V:CE)xC(X)xCY)xC(E;) - C(Ey x X XY X Ej3)
factors as V - (V ® V) and the compatibility with the diagonal shows that

C(Er) ®c(c) R®c() C(Bs) = C(BE1) ®c(e) R® R&cq) C(Es)
Y Y
C(El Xa * Xa@ Eg) C(E1 Xaq * X *x Xqg Eg)

AL

commutes.

Hence,

T\ ®c) Rocie)Ts = Ti®cg) R®R®cc) T
Y - Y%
C(E, xg *xg E3) —  C(E; Xg * x x xg E3)

commutes. If at least one of H(E) x¢ *) or H(x X E) is projective over R, we
can combine this with the Kiinneth isomorphisms to get that

Proposition 12.8.2.

Tor® @) (C(Ey), R,C(F3)) = Tor’¢)(C(E,),R) ® Tor® @) (R, C(Es))
Y Y
H(El Xag * Xa Ed) H(E1 Xag * X % Xg E3)

L

is a commutative diagram of isomorphisms.

We have shown that the splitting of differential Tor is compatible with the geo-
metric splitting.
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Similarly, we have the compatibility of the collapse of the differential Tor in the
geometric approximation with geometric collapse. It follows from the associativity
and naturality of the Eilenberg—Zilber maps.

Proposition 12.8.3.

Tor (S (C(E)), C(G), C(E3)) Tor () (C(By), C(E3))
'V Y
H(E, x¢ G xg B3) H(E, x¢ E3)

1w

L

is a commutative diagram of isomorphisms.

Finally, we have the following geometric form of the Kiinneth theorem: Let G and
H be topological groups, let X be a right G space and F a free left G space, and
let Y be a right H space and F’ a free left H space.

Geometric Kiinneth theorem 12.8.4. There is a commutative diagram:

Tor® (@) (C(X),C(E)) ® Tor® ) (C(Y),C(F)) — Tor®“*")(C(X xY),C(E x F))
= 1=
H(X x¢ EYo HYY xy F) — H(X xY) xgxuy (ExF))

where the vertical maps are all isomorphisms and the top horizontal map is the
composition

Tor® (@ (C(X),C(E)) @ Tor? H)(C(Y), C(F))
— Tor®(@eCH) (C(X) @ C(Y),C(E) ® C(F))

v
T Y, Tor€ (@) (C(X x V), C(E x F)).

IfH(X xg E) and H(Y xg F) are R projective, then the horizontal maps are
isomorphisms.

Proof: The associativity and commutativity of the Eilenberg—Zilber maps give a
commutative diagram

C(X)®C(Y)®c(a)scw) C(E)®C(F) Y&, C(X xY) Qcaxmy C(E x F)
V- 1eT®l) Y

C(X x¢g EXY xg F) = C(X XY xgxng EXF)

Denote the total complexes of the appropriate proper projective resolutions by
Tx, Ty ,Tg, Tr, Tx xv , TExy . Then we get a map

Tx @ Ty ®c(ayecm) Te @Tr — Txxy Qc(axm) TExF

which covers the top map and induces the map of differential Tors in the top
horizontal map of the proposition. [l

Exercise

(1) Check the details in the proofs of 12.8.2 and 12.8.3.
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12.9 Coproducts in differential Tor

The collapse and splitting of differential Tor enable us to defin a coproduct in an
R projective differential Tor (R, R) via the fact that the augmentation e : A — R
is a map of A — A bimodules:
A _ A Tor4 (1,e,1) A
Tor” (R, R) = Tor” (R, A, R) ————— Tor” (R, R, R)
= Tor? (R, R) ® Tor* (R, R).
Up to the isomorphisms of collapse and splitting, the coproduct is the map
A : Tor” (R, ¢, R) : Tor" (R, A, R) — Tor" (R, R, R)
which can be described in terms of resolutions as follows:

Let 77 be the total complex of a right resolution of R and let T3 be the total complex
of a left resolution of R. Let T, = S ® T where S = Tj is the total complex of a
left resolution of R and T" = T is the total complex of a right resolution of R. Let
T5 be the total complex of a biresolution of A. Then the coproduct A is define
by the map of complexes

T 24T @1y — T @4 To @ T5.
The iterated coproducts
(A®1)-A, (A®1)-A:Tor*(R,A, A R) — Tor* (R, R, R, R)

are define by the two natural composite maps of the complexes, depending on
whether the second or third variable is mapped first

T @4 Ty@aTo@a Ty — Ti @4 Ty @4 To @4 Ts.
Since these are equal maps on the level of complexes, the coproduct is associative.
A counit € : Tor? (R, R) — R is define by the map of complexes

Ty ®4 T35 - R®r R.

Since the composition

Ty @aTo@aTs =T @4 To @4 T3 — ROp @4Ts
is the natural equivalence, it follows that € is a left (and right) counit.
We have shown

Proposition 12.9.1. For any differential algebra A, there is a natural coalgebra
structure on any R projective Tor” (R, R). This is called the canonical coalgebra
structure.

We claim that
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Proposition 12.9.2. There is a natural isomorphism
HBA = Tor (R, R)

where BA is the classifying or bar construction. This is an isomorphism of
coalgebras if HBA is R projective.

Proof: There are acyclic constructions BA ®, Aand A ®, BA. Interms of these
constructions, the coproduct is define by the map of complexes

BA@TA(X)AA@AA(@TBAHBA@A@AR@AA@TBA.

(See Section 10.4 for the definitio of the differentials of these twisted tensor
products.)

Up to natural isomorphism, the coproduct is define by the map of complexes
BA®, A®; BA— BA®, R®, BA, zQa®@y—zQ¢a)®y
where the differential on the range is given by
d(rz®a®y)
—de®a®y+ (1)@ @da@y+ (—1)e@ el @ 4 @ dy
+ Y d'@r ey + (-)*EHE @ @ ar(y) @y

and where A(x) = > 2’ @ 2" and A(y) = > v’ ® ¢ are the diagonals in the bar
construction.

Lemma 12.9.3. The map define by the diagonal in the bar construction
§:BA— BA®, A®, BA, i(x)=) 2 @loa"

is a chain map which is naturally isomorphic to the identity in homology.

Proof: It is easy to check that this map is a chain map.

The composition

BA — BA®, A®; BA— R® R® BA

is the identity and, reversing the collapse of the tensor product, the second map

BA®R, AR AR, BA— RQRR®4 AR, BA

is the natural homology isomorphism which is the tensor product over A with the
construction in the second factor. U

We have the general result:

Proposition 12.9.4. Let A @, C be an acyclic twisted tensor product with twisting
morphism o : C — A. There is an isomorphism

HC — Tor* (R, R)

which is an isomorphism of coalgebras if HC'is R projective.
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Proof: Refer to Section 10.5 on universal twisting morphisms.

The universal property of the twisting morphism of the bar construction yields a
factorization

oc:CLBAL A

where @ : C' — BA is a morphism of differential coalgebras which is a homology
isomorphism when A ®, C'is acyclic. O

Exercise

(1) Prove directly from the splitting of differential Tor of several variables that
the coproduct in Tor” (R, R) is associative. Can you think of another (easier)
proof?

12.10 Kiinneth theorem

The purpose of this section is to prove the Kiinneth theorem.
Kiinneth theorem 12.10.1. There is a map
Tor? (R, R) ® Tor? (R, R) — Tor*®® (R, R)
which is an isomorphism of coalgebras if both factors are projective over R.
Let C be a differential coalgebra and let A be a differential algebra.
Definitio 12.10.2. Given a twisting cochain o : C' — A, there is a chain map
0:C—=CR, AR, C=CR, A®s AR, C
given by §(c) = > ® 1 ® ¢" where A(c) = > ¢ ® ¢” is the diagonal.
The composition
C%C8,A8,C-CRRRC=C&C

is the diagonal.

Definitio 12.10.3. Given twisted tensor products A ®, C'and B ®, D, the tensor
product

(A®, C)® (B®, D) = (A® B) & (C ® D)
is a twisted tensor product via the twisting morphism

E=001)NR)+1R7)(e®n):CRD -CQRB®R®D — A B
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Apply Definitio 12.10.3 to the tensor product of the bar constructions A ®,
BA and B ®, BB to get the twisting morphism £ : BA® BB — A® B. The
universal property of the twisting morphism of the bar construction 7 : B(4A ®
B) — A® B gives a lift to a map of differential coalgebras ¢ : BA® BB —
B(A ® B), that is, this diagram below commutes

BA®BB & B(A®B)

€ LT
A®DB

Lemma 12.10.4. The map £ : BA® BB — B(A® B) is a homology isomor-
phism of differential coalgebras.

Proof: This is a consequence of the Zeeman comparison theorem and the fact that
the twisted tensor products (A ® B) ®¢ (BA ® BB)and (A® B) @, B(A® B)
are both acyclic. O

Clearly, the above proves the Kiinneth Theorem 12.10.1.
Exercises
(1) Verify that the map ¢ in Definitio 12.10.2 is a chain map.

(2) Verify that the tensor product of twisted tensor products is given by the
twisting morphism in Definitio 12.10.3.

12.11 Products in differential Tor

The Kiinneth theorem in the previous section shows that other algebraic structures
can sometimes be introduced into differential Tor.

For example, if A is a commutative differential graded algebra, then the multipli-
cation A ® A — A is a map of differential algebras and induces a map

Tor? (R, R) ® Tor* (R, R) — Tor*®4(R, R) — Tor* (R, R.)

Whether or not Tor” (R, R) is projective over R, this makes it into a (graded)
commutative algebra over R. If it is projective over R, then the above is a map of
coalgebras and hence Tor” (R, R) is a Hopf algebra.

Suppose that A is a differential Hopf algebra, for example, A could be C(G)
where G is a topological group. Suppose that M and N are right and left dif-
ferential module coalgebras over A. Then the diagonals A: A - A® A, M —
M® M,N — N ® N are map of differential algebras and module coalgebras
and induce a map

A, : Tor* (M, N) — Tor*®* (M ® M,N ® N)
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which is a map of coalgebras if Tor” (M, N) is projective over R. Hence, if
Tor? (M, N) is projective over R, this gives a coalgebra structure

§ : Tor* (M, N) — Tor® (M, N) ® Tor" (M, N)

which is also a morphism of the usual coalgebra structure discussed in Section 9
and and which is denoted by A : Tor” (M, N) — Tor® (M, N) @ Tor (M, N).
Since the structure ¢ is the one which is often computable, it is fortunate that we
have

Proposition 12.11.1. If C' is a coalgebra with diagonal A : C — C ® C and
60:C — C®C is amap of coalgebras with a counit in common with A, then
they are equal, A = 6, and both are (graded) commutative, T - § = 6.

Proof: The common counit hypothesis is
Ale)=c@l+1@c+ ) " @c, §c)=c@l+10c+ ) ca@cy

and the following diagram commutes

C 4, C®C
16 16®6
coC 2%, ceocecec L ceceCeC.

Start in the upper left-hand corner. Go right and down and see the terms Y 1 ®
¢® ® ¢” ® 1. Go down and right and see the terms 3" (—1)d¢8(ca)dee(a) ] @ 5 ®
Co ®1.Thus, T -6 = A.

Go right and down and see the terms > ¢* ® 1 ® 1 ® ¢”. Go down and right and
see the terms Y ¢, ® 1 ® 1 ® cg. Therefore, A = 4. O

Here is the algebraic form of the Borel transgression theorem.

Borel transgression Theorem 12.11.2. Let E(V') be an exterior algebra with V
concentrated in odd degrees (but with no such degree restrictions if R is a fiel of
characteristic 2). Then

Tor? V) (k, k) = D(sV)
is a divided power algebra as Hopf algebras.
Proof: Since E and I" both commute with direct limits and since
EVeW)=EV) EW), T(sVasW)=I(sV)a(sW),
it is sufficien to demonstrate the one generator case

Tor? @) (R, R) = I'(sz).
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Recall that T'(sz) hasabasis 1 = vy, 71 = sz,72 = Y (sx),...,vi = vi(sx),. ..
with multiplication

Vi = (65) %4

and diagonal

Av)= Y %@

pt+q=n

The differential Hopf algebra
R=E(@)®T(sx), dx=0, d(vi)=xv-1,i>1
is an acyclic construction over E(V'). Let
A=R®pwv) R =T(sz).

The multiplication R ® R — R is a map of constructions with respect to the
multiplicationmap F(V) ® E(V) — E(V) and the diagonalmapR — R ® R is
a map of constructions with respect to the diagonal map E(V) — E(V) ® E(V).

Hence, these induce a Hopf algebra structure on .4 which has zero differential and
hence is Tor”*) (R, R) as a Hopf algebra. 0

Exercise
(1) Assuming that the differential Tors are all projective over R, verify that
Tor*®B (R, R) = Tor* (R, R) ® Tor? (R, R)

as Hopf algebras if A and B are commutative differential graded algebras.

12.12 Coproducts and the geometric diagonal

Let GG be a topological group with a right G space X and a free left G space F.
Proposition 12.12.1. If H(X X E) is R projective, then

Tor® (@ (C(X),C(E)) = H(X x¢ E)
as coalgebras.

Proof: Since the geometric diagonal define a differential Hopf algebra structure
on C(G) and differential module coalgebra structures on C(X) and C(E), it
define a coalgebra structure on Tor® (<) (C(X), C(E)) which is identical to the
canonical one when both are defined



12.12 Coproducts and the geometric diagonal 521

We have a commutative diagram
A
TorC (@) (C(X),C(E) B moC6x6)(0(X x X),C(E x E))
1 1 :
H(X x¢ E) ER H((X x X) xgx¢ (E x E))
When combined with the Kiinneth isomorphisms, this gives the desired
result. 0

Suppose that G and H are topological groups. Using Milnor’s functorial construc-
tion of the classifying space, the projection maps defin a homotopy equivalence
B(G x H) = BG x BH.

If G is a commutative topological group, the multiplication 4 : G x G — G is a
homomorphism and the commutative diagram below shows that BG is an H-space:

B(x x Q)
! N=
BGxBG < B(GxG) 2% Ba
7 /=
B(G x %)

The details of the following proposition are similar to those of Proposition 12.12.1:

Proposition 12.12.2. If G is a commutative topological group, then there is an
isomorphism of algebras

Tor® ¢ (R, R) — HBG.
If in addition, H BG is R projective, then this is an isomorphism of Hopf algebras.

We illustrate Proposition 12.12.2 with the computation of the homology Hopf
algebra structures of H BG when G is a cyclic group.

Discrete groups

In the case of a discrete group 7, the normalized chains C'm are nothing
but the integral group ring R[n]. The multiplication of the group define
the algebra structure on generators of R[r] via g-h = gh and the coalge-
bra structure § : R[r] — R[r] ® R[r] is given on generators by d(g) =g ® g.
The element 1 is a unit and the augmentation € : R[n] — R,e(g) =1 is the
counit.

In this case, the differential Hopf algebra C'7 has zero differential and hence the
proper projective class over A is the same as the usual projective class. In other
words, a proper projective resolution is the same as a projective resolution. Hence,
HBm = HK(n,1) = Tor®"/(R, R).
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The infinit cyclic group

The integral group ring Z[Z] = Z[t,t~!] = A = the ring of finit Laurent polyno-
mials. There is a projective resolution of Z over A given by

0— Aey L Aey S 7 — 0
where
de; = (t —1)ey, ¢ (Z aiti) ey = Za’i'
We denote this resolution by S — Z and note that
7048 ="(eg=1,e1).

Hence,
HBZ = (1,e1) = E(e1)

and it is clear that this is even an isomorphism of primitively generated Hopf
algebras. We have computed the homology of a circle!

Finite cyclic groups
Letm = {1,¢t,,t""'}, " = 1. The integral group ring is
A=Z[t)/{t" —1).
Let A=t—1land N =1+4t+---+¢"". There is a projective resolution S
R, that is,
d d d c
-— Ae; — Ae;_1 — - — Aeg - R— 0

where

e(eo) =1, degir1 = Aeyi, degipo = Negipq.
Let R = Z/nZ. With R coefficients

HBr=R®s4S=(eg=1,e1,...,€, ...)=

a free R module with one generator in each positive degree.

It is easy to compute the algebra structure in H B7 but the coalgebra structure is
somewhat more difficult

Defin an algebra structure on S by amap ¢ : S ® S — S extending the multi-
plication A ® A — A. On generators the map is

,U/(eQT & 625) = (’I", 5)62T+25
pleari1 ® eas) = plea, @ easi1) = (1, 8)e2r 12541

plezrs1 @ egsp1) =0.
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It is easy to see that this multiplication commutes with the differential and hence
induces the multiplication on H Bm given by the above formulas on generators.
Hence, as an algebra it is the tensor product of an exterior algebra with a divided
power algebra,

HBm = E(e;) @ I'(e2).

In order to compute the coalgebra structure in H Bw, we follow Steenrod and
introduce the following element

Q= > t'®t € Rl @R[
0<i<j<n
Defin a coproduct

6:5—-8®S

on generators by

i—1

i
dey; = E €25 @ e2i—2; + E Qe2j1+1 @ €2i-2j-1)
Jj=0 Jj=0

i
dezip1 = Z(ezj ® €9i—2j+1 + €241 @ tegi_a;).
j=0
Make this a map of modules with respect to the diagonal 6 : A — A ® A.
Lemma 12.12.3. The following identities hold:
tRt—-—11=10A4+A®t
tet)—Q=N®1-1® N
1@14+t@t+-+t" 1 @t" =10 N+ QA®1)
1@t+tt? +- +t"1@1=Ne1l-Q1xA).

These identities show that the above map 6 : S — S® S is a map of chain
complexes. Hence, with coefficient R = Z, the coalgebra structure on H Bt =
R ®4 S is given by the formulas

i—1

i
n(n—1
dey; = E €2 K egio; + E %(62]41 ® e2i—2j-1)
j=0 j=0

i

degiy1 = g (e2j ® €241 + €241 ® €2i-2;).
Jj=0

We break this into three cases.
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If n is odd, take coefficient R = Z/nZ, and note that the second term of the
coproduct on an even dimensional class vanishes. Hence, the coalgebra is exterior
tensor divided power, that is,

HBn = HK(Z/nZ,1);Z/nZ) = E(e1) @ T'(es)

as coalgebras. If we compare this with the algebra computation, we see that this
is an isomorphism of Hopf algebras.

If n = 2" with r > 2, then take coefficient R = Z/2Z, and note that the second
term of the coproduct on an even dimensional class vanishes. Hence, as above,

HBr=HK(Z/2"7,1);Z/2Z) = E(e;) @ T'(es)
as Hopf algebras.

But, if n = 2 and we take coefficient R = Z/2Z, the second term of the coproduct
on an even dimensional class does not vanish and we see that

HBr = HK(Z/27,1);Z/2Z) = H(RP>*;Z/2Z) =T(ey)
is a divided power algebra as a Hopf algebra.
Exercises
(1) Verify the details of Proposition 12.12.2.

(2) Verify Lemma 12.12.3 and the fact that the map § : S — S ® S is a map of
chain complexes.

(3) Use the cohomology Serre spectral sequence of the fibratio sequence
St — §% - Cp>®
to show that the Hopf algebra
H*CP*® =P(u) =

a primitively generated polynomial algebra generated by an element u of
dimension 2.

(4) The fibratio sequence S' — K(Z/nZ,1) — K(Z,2) = K(Z,n) begins
with a principal bundle S — K (Z/nZ,1) — K(Z,?2). This principal bundle
allows us to compute the cohomology Hopf algebra of K (Z/nZ, 1) without
the use of resolutions.

(a) Use the cohomology Serre spectral sequence to show that
H(K(Z/nZ,1);Z/nZ) = E(e) @ H'CP* = E(e) ® P(u)

as modules over the polynomial algebra P(u) where the degree of e is 1
and the degree of u is 2.
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(b) If n = 2, show that Sq' (¢) = e U e = u and conclude that
H"(K(Z/27,1),Z/2Z) = P(e) =
a polynomial algebra on a generator of dimension 1.
(c) If n = 2" with r > 2, show that, as algebras,
H (K(Z/2"7Z,1),Z/2Z) = E(e) @ P(u) =
an exterior algebra tensor a polynomial algebra.
(d) If n is odd, show that
H* (K(Z/nZ,1);Z/nZ) = E(e) ® P(u)
as algebras.

(e) Show that the cohomology generator u is primitive in all cases (a) through
(d) and hence that the Hopf algebra structure of H*(K(Z/nZ,1)) is
determined with the above coefficients

12.13 Suspension and transgression

In Section 10.25 the homology suspension is treated in the context of the sec-
ond quadrant Eilenberg—Moore models such as the cobar construction. In this
section we treat it in the context of the firs quadrant models such as the bar
construction.

Let F 5 E 5 Bbeafibratio sequence. In general, the homology suspension is
the relation

o H.F <L H (E,F) > H..B
and its inverse relation is called the transgression
7 HB< Ho(BE,F) S HF

Both of these concepts are useful in general, but they are most useful when
some ambiguity is removed and one or both of the homology suspension and the
transgression become well define maps.

In particular, the homology suspension is a well define map if the total space
is contractible and hence @ : H(E, F) — HF is an isomorphism. For example,
let E = PB be the path space and then the fibr is the loop space F' = Q2B. We
have the fundamental proposition originally due to G. Whitehead:

Proposition 12.13.1. If B is simply connected with H B projective over R, the
homology suspension factors through the indecomposables of the loop space and
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the primitives of the base as follows
c: HOQB — Q.HQB — PH, 1B C F*HB.

Proof: Since the base is simply connected the E? term of the Serre spectral
sequence has the simple form Ef,_yq = H,(B) ® H,F.Itis a fundamental property
of the homology Serre spectral sequence of the fibratio that the suspension can
be define as follows

d": .
H, QB = E(2).,nfl - E(TJl,nfl A ETTIL,O < E’f21~,0 =HB.

The acyclicity of the total space guarantees that the last “transgressive” differential
is an isomorphism. (It is for this reason that the inverse to the homology suspension
is called the transgression.)

It is sufficien to prove two things:
(1) the kernel of £, | — Ef,, ; contains all decomposables.

(2) the module of transgressive elements £} ; is contained in the module of
primitives.

Let z = xy be a Pontrjagin product of two positive degree classes x y € HQ1B.
Since the spectral sequence is “acyclic”, we know that z = d"w for some r < n.
Since the spectral sequence is a module over the algebra HQ) B, we have

d" (wy) = (d"w)y = zy.
Hence, the decomposable 'y is zero in Efy ,, ;.
Now, let z € Ej , C HB. We claim that z is primitive. Since the spectral

sequence is acyclic, we have that £}, = 0 for all 0 < r < n. But the diagonal
satisfie

A(z) € Y Ely®E],.
r+s=n

Hence, the transgressive element z is primitive. O

Exactly the same proof applies to universal principal G bundles. However, with
the use of a little more geometry and algebra, we can eliminate the hypothesis that
the base be simply connected with projective homology over R.

Proposition 12.13.2. If G is a topological group, then the homology suspension
factors as

o:H.G— Q,HG — PH, BG C H,,,BG.

Proof: Consider the embedding G * G C E of the two-fold join into the infinit
join. Under the action of G, the orbit spaces are G C By where the suspension
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space
G =1IxG/(l.g)~ %1, (0,9) ~ %9
is the unreduced suspension which is the quotient of the cone
Gxe—XG tg+(1—-tle— [t g]
The commutative diagram

G — Gxe — >G

1= s 1<
G — EG — BG

shows that the homology suspension factors as
o TG Ho(Gre,G) — Ho\3SG — Hoyi Be.

But with any coefficients the positive degree elements in the homology of a sus-
pension are primitive. Hence, the image of the homology suspension is primitive.

In order to show that the homology suspension annihilates the decomposables in
HG@G, we interpret the homology suspension in terms of the algebraic bar construc-
tion. Let A = C'G be the chains on the topological group and consider the acyclic
twisted tensor product A ®, BA where the twisting morphism 7 : BA — A is
nontrivial only on length one tensors and is given on those by 7[a] = a. There is
a chain equivalence BA — C(Bg). In fact, the sequence A — A®, BA — BA
is chain equivalent to the sequence CG — CEg — CBg.

Let a be a cycle in A. Since d[a] = a in the twisted tensor product A ®, BA,
it follows that the homology suspension is given by ca = [a]. By the way, this
shows again that oa is primitive, even as a chain.

Let a = be be a product of two cycles in A. Since d(b[c]) = £bc = =+a, it fol-
lows that ca = 0 = the image of b[c] in BA. Hence, the homology suspension
annihilates decomposable elements. 0

Exercises

(1) If M and N are differential modules over a differential Hopf algebra A, show
that M ® N is a differential module over A via the diagonal action

AoMeN 228 Ao Ao Mo N

19T ®1 A®M®A®Nﬂ®/t M&N.
(2) If Ais adifferential Hopf algebra and F and F’ are acyclic constructions over

A, show that there are homology equivalences of differential modules over
A

9

FEEQFSE



528 Differential homological algebra of classifying spaces

and hence a there are homology equivalences
Ry F < R®4 (E®F) = R®y4 E.

(3) If G is a topological group, show that there is a sequence of homology
equivalences leading from the bar construction on the chains BC'G to the
chains on the classifying space C BG. Conclude that the description given in
the proof of Proposition 12.13.2 of the homology suspension given in terms
of the bar construction is correct.

12.14 Eilenberg—Moore spectral sequence
The algebraic Eilenberg—Moore spectral sequence 12.3.9 specializes to the geo-
metric version below.

Proposition 12.4.1. Let G be a topological group with right G-space X and left
free G-space E. Then there is a fi st quadrant homology spectral sequence with

2 _ HG
E, , = {Torp (HX,HE)},
d: E;,q - ngr,q+r71
and converging strongly to its filte ed abutment

{HX®HAHE}p+q:FOgFI gngggFoo: p+q(X><GE)-

If all E" are projective over R, then this is a spectral sequence of commutative
coalgebras.

The classifying space situation is important enough to be mentioned separately:

Proposition 12.14.2. [f G is a topological group, then there is a fi st quadrant
homology spectral sequence with

E; , = {Tor”(R,R)},
converging strongly to its filte ed abutment
R=FCF C---CF,C---CF.=HBG
and the homology suspension o : H.G — H .1 BG factors as follows
H,G— Q,HG =Tor“(R,R) - F} — F,, = HBG.

When the terms of the spectral sequence are all projective over R, then it is a
spectral sequence of commutative coalgebras.

If all the terms E" are projective over R and of finit type, taking duals implies
that the above propositions can be given in cohomology versions which we record
here.
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Proposition 12.14.3. Let G be a topological group with right G-space X and left
free G-space E. Suppose all homologies HG, HX, HE are all projective and
finit type over R and, in addition, all E, are projective over R, then there is a
fi st quadrant cohomology spectral sequence of commutative algebras with

EY? = {Cotor}, ,(HX,HE)}1
d, : B — prera-rtl
and converging strongly to its filte ed abutment
{H'XOg yH'EYt « FO - F' «c .o o FP « oo o F™
= H""(X x¢ E).

The classifying space situation is:

Proposition 12.14.4. Let G be a topological group with R projective finit type
homology. If all E, are projective over R, then there is a fi st quadrant cohomology
spectral sequence of commutative algebras with

EP1 = {Cotorf*G(R, R)}?
converging strongly to its filte ed abutment
RV =F' « Fy « -+« F,, = H""'BG
and the cohomology suspension o* : H''BGHG Jactors as follows
H'"'BG > Q""'H'BG = F* - F' = EL." — EL"
= {Cotor!"“(R, R)}" = {PH*G}".

We close with the following statement of the Borel transgression theorem [10] in
terms of cohomology.
Borel trangression theorem 12.14.5. Suppose

H.G=E(V)

as algebras with V' concentrated in odd degrees, projective and finit type over R.
Then the cohomology of the classifying space is the polynomial algebra

H*BG = P(sV*)

where the the transgression T : PH*G =V* — sV* = QH"BG is an isomor-
phism from the exterior primitives to the polynomial generators.

Proof: In the cohomology version of the Eilenberg—Moore spectral sequence,
E, = Cotory-g (R, R) = Cotor®V')(R, R) = P(sV*).

Since the spectral sequence is concentrated in even degrees, it must collapse
and Ey = Eo, = P(sV*). Since the abutment H*BG is a commutative algebra
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and E., is a free commutative algebra, there are no extension problems. That
is, lifting the polynomial generators up to F'>* = H*B(G gives an isomorphism
H*BG ~ P(sV*). (I

12.15 Euler class of a vector bundle

A real vector bundle £ of dimension n (a real n-plane bundle) consists of a total
space E = E(£), a base space B = B(¢) and a continuous map 7 : F — B such
that:

(1) forallz € B, each E, = 7~ !(x) is a real vector space of dimension n and

(2) there exists an open cover U of B and homeomorphisms ¢y : U X R" —
7~ 1(U) covering the identity map on U such that the restriction, for all
x € Btoeach fibr {z} x R" — E, is a vector space isomorphism.

We adopt the following notation: Ey = E(£)g = E — {0, |z € B} = the com-
plement of the O-section, Rjj = R"™ — {0} = the complement of the origin, if
A C B, then E4 = m'(A) is the restriction of the bundle over A, and

Yoy =vy Yy (UNV)x R = (VNU) x R,
Yoy (@,v) = (x,g0.v (2)(v))
for the transition functions. Thus, each gy v (z) is a linear isomorphism which
depends continuouslyonz € U N'V.
There are three definition of orientability for a real vector bundle.

Definitio 12.15.1. A real vector bundle is geometrically orientable if all of the
gu,v () can be chosen to have positive determinant.

Definitio 12.15.2. A real vector bundle is locally orientable with coefficient R if,
foreach 2 € B, there is a continuous choice of a generator p, € H" (E,, E,0; R).
The choice is continous in the sense that each x has a neighborhood U C B and
aclass uy € H"(Ey, Eyo; R) which restricts to p,, forally € U.

Definitio 12.15.3. A real vector bundle is orientable with coefficient R if there
isaclass u € H"(E, Ey; R) which restricts to a generator i, € H" (E,, Ey0; R)
for all x € B. The class ;t = pi¢ is called the Thom class of the bundle.

The following proposition describes the sense in which these three definition are
equivalent.

Proposition 12.15.4.

(a) Local orientability with coefficient R is equivalent to orientability with
coefficient R.
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(b) Orientability with integral coefficient 7 implies orientability with all coef-
ficient R.

(¢c) Geometric orientability is equivalent to orientability with integral coeffi
cients 7.

Before proving the above, we prove [91]

Thom isomorphism Theorem 12.15.5. Let £ be a real n-plane bundle which is
orientable over R, There is an isomorphism

®: H"(B)® H"(R",Ry) — H""*(E, Ey)

given by ®(a ®e,) = m*a U p with m°a € H*(E) and p € H" (E, Ey) is the
Thom class.

Proof: In the cohomology Serre spectral sequence of the bundle pair (E, Ey) —
(B, B),

EY' = H'B® HY(R", R})

and the orientability implies that the generator e € H" (R", Rjj) survives to
represent the Thom class in E. Hence, Ey = E, and the map ® : H*(B) ®
H*(R",Rj) — H*(E, Ey) is an isomorphism. O

Remark. The Thom isomorphism theorem may be restated as the fact that cupping
with the Thom class is an isomorphism,

(YUp:H'E = H""(E,E), aw aU,p.

Proof of Proposition 12.15.4

Part (al): Orientability with coefficient R implies local orientability with coef-
ficient R. This follows since we can defin p, € H"(E,, E,o) to be the
restriction of the Thom class.

Part (a2): Local orientability with coefficient R implies orientability with coef-
ficient R. Since we have orientability over the neighborhoods U, we have
the Thom isomorphism neighborhood over these neighborhoods and, in
particular, we have H* (Ey;, Eyq) = 0 for k < n.

Now suppose that A is a maximal open subset of B for which Ey is
orientable with coeffienct R. If there exists x € B — A, then the Meyer—
Vietoris exact sequence formed from the restriction maps

0— H"(Ey,ua, Ev,ua0) 2%e, H"(Ey,,Ey,0) ® H"(E4,Ea0)

00l pn (Ev,na,Evu,na0)

shows that there exists a unique Thom class for the bundle over U, U A,
which contradicts the maximality of A.
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Part (b): If the bundle is orientable over the integers, then H"(E, Fy; R) =
H"(E, Ey;Z) ® R shows that it is orientable with any coefficients

Part (c1): Geometric orientability implies local orientability over the integers:
For each set U in an open cover of B, the maps

o« H'(Ey, Eyo) — H'(U) © H"(R", R})

are isomorphisms. Choose py € H"(Ey, Eyo) which map to the pre-
ferred generator 1 ® e, € H*(U) ® H"(R", RY}). Geometric orientability
implies that this is a coherent choice of generators.

Part (c2): Orientability over the integers implies geometric orientability. For each
connected open set U choose the maps ¢y : U x R" — Ey so that ; :
H"(E,Ey) — H*(U) @ H"(R", R}) sends the restriction of the Thom
class to the preferred generator. ]

Remark. Itis clear that all vector bundles are orientable with mod 2 coefficients It
is also clear that complex n-plane bundles are integrably orientable when regarded
as real 2n-plane bundles since elements of the complex general linear group all
have positive determinant.

Definitio 12.15.6. Let £ be a real n-plane bundle which is orientable with R
coefficients with maps 7 : E — B and j : E — (E, Ej). The Euler class x¢ €
H"(B; R) is the unique class related to the Thom class by

T xe = J e

Suppose that &; and &, are real vector bundles of respective dimensions m and n.
Then the product bundle &; X & is the bundle with dimension m + n and with
product total space and product base space, that is,

E1XE2*>Bl><BQ.

If By = Bs, the Whitney sum &; & &, is the bundle with dimension m + n which
is the pullback of the product bundle over the diagonal

D =AM x&), E@®E, — B.
Since
(Rn1+n’R6n+n) — (Rn,Rg) X (Rm,Rgl)
(B x Ey, (B x Ey)) = (E1, E1g) % (Es, Ey)

it is clear that the product bundle & x & is orientable if &; and & are and that it
has Thom class

Hey xe, = Mgy X ey € Hm+n(E1 x By, (El X E2)0)'
The Euler class is given by the product formula

Xerxg = Xeg X Xe, € Hern(Bl X BQ)
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Similarly, the Whitney sum of two orientable bundles is orientable and has Thom
class

He ey = A*(/J’fl X :u’&) = Mg, U ey € Hern (El 5> E27 (El (&5 E2)0)~
The Euler class is given by the product formula
Xerog, = Xer U Xe, € H7”+7L(B)'

The Euler class of an orientable bundle can also be define in terms of the trans-
gression in the cohomology Serre spectral sequence.

The cohomology exact sequence

. — H(E, Ey) — H'(E) — H'(Ey) > H™"(E, Ey) — - -
of the pair (E, Ey) transforms via the Thom isomorphism ( ) Uy : H ™" (E) —
H'(E, Ey) into the exact sequence

The isomorphism 7* : H* B = H*FE transforms the exact sequence into the exact
Gysin sequence

—>Hi_"(B) MH%B) LHI'(EO) iHi_"’+lB—>--~

Hence, the Euler class x¢ is a generator of the kernel of the map H"(B) i
H"(Ey). But, up to a unit multiple, this is clearly the transgression of the preferred
generator in the cohomology of the fibr of the fibratio sequence

Rl — Ey 5 B.
Proposition 12.15.7. If £ is an orientable bundle, then, up to a unit multiple,

the transgression in the cohomology Serre spectral sequence of the fib ation
Rl — Ey = B is given by the Euler class,

T€n—-1 = X¢-

Exercises

(1) If ¢ and p are n-plane bundles, a bundle map f = (f, f) : (E(£), B(€)) —
(E(p), B(p)) is a commutative diagram of maps

where f restricts to a linear isomorphism on each fibre Show that ¢ is
isomorphic to the pullback bundle f*p.
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(2) If the bundles are orientable and the base B(&) is connected, then show

that f either preserves orientation on all fibre or reverses orientation on all
fibres

(3) If the map in Exercise 1 is a bundle map of complex n-plane bundles, then
show that it preserves orientation on all fibres

(4) Ifthe map in Exercise 1 preserves orientation on all fibres then show that the
Euler class is natural in the sense that f*x, = x.. If it reverses orientation on
all fibres then show that f*x, = —xe.

(5) If E — B is an orientable vector bundle of dimension n, then the map 7* :
H'B — H'E, is an isomorphism for i < n — 1 and a monomorphism for
i=mn—1.

(6) Let & be a bundle over B and let By ERN B LNy > be maps. Show that
(a) There is an isomorphism of pullback bundles f*(g*¢) ~ (gf)*¢.

(b) If g and h are homotopic, there is a bundle isomorphism g*¢ ~ h*¢. (Hint:
You may do this the easy way by using classification.

(¢) If g is null homotopic, then g*£ is isomorphic to a trivial (product) bundle.

12.16 Grassmann models for classifying spaces
It is convenient to introduce the classical Grassmann models for the classifying
spaces of the orthogonal and unitary groups.

Let G, (R"*") denote the set of real k-planes V' through the origin in R"**. Every
such k-plane V' and its orthogonal complement V* are spanned by orthonormal
bases B and C, the assignment (B,C) — V define a surjective map

7:0(n+k) — GL(R"™F)

and we give the so-called Grassmann manifold G, (R"**) the quotient topology.
There is a homeomorphism

O(n+k)/O(k) x O(n) = Gi(R"™)

Similarly, let V; (R"**) denote the set of orthonormal k-frames in R"** and
topologize it via the quotient map

O(n+k) = Ve (R")
so that there is a homeomorphism

O(n + k)/1 x O(n) = Vi (R"*).
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The frame bundle 7 : Vi, (R"**) — G} (R"**) is a principal bundle with fibr
O(k).

The universal O(k) bundle 7 : V! — G is gotten by letting n go to infinitit .
That is,

Vi = lim Vi (R"*F), GE = lim GL(R").

n—0o0 n—0o0

Since Vi (R"**) is n-connected, it follows that all the homotopy groups of the
limit VkR are zero. Hence, according to Steenrod [125], it is a universal bundle for
all principal O(k) bundles where the base is a CW complex.

Remark. In fact, it is a universal bundle for all principal bundles over a paracom-
pact base space. This follows from a result of Milnor and Stasheff [91]. See the
remark below.

Using the correspondence between frame bundles and vector bundles, we see that
the so-called canonical k-plane bundle ; is a universal vector bundle. In detail,
this vector bundle has the total space

Ef = E(yw) = {(V,v) |V € BE, ve V)
and projection map
T E(y) - B, w(Vo)=V.
Remark. In Milnor and Stasheff [91], it is verifie that this vector bundle has
a paracompact base and is a universal vector bundle for all vector bundles over

paracompact bases. Hence, the corresponding frame bundle V;? is a universal
principal O(k) bundle for all principle bundles over paracompact base spaces.

Let
Gl ={(V.w)|[VeG], 0#veV}
and defin a canonical (k — 1)-plane bundle ; ; over G by
E(i-1) = Er-1 = {(V,v,w) | (V,v) € GiEy,
w € vt = {we V| {wv) =0}
with the obvious projection map.

Recall that bundle maps

f=(10)(E),B()) — (Elp), B(p)

are define to be vector space isomorphisms on each vector space fibr so that

fip~¢&
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Since the vectors v span a one-dimensional trivial bundle ¢ over G |, we have a
bundle map of k-plane bundles

Y1 @€ — v, (Vov,w,tv) — (V,w+ tv)
which covers the obvious map

T:GE | - GE, (V,v)— V.

We also have a bundle map of (k — 1)-plane bundles
1 = o1, (Voo,w) = (vh,w)
which covers the obvious map

TGl = Gy, (Vo) oot

In the diagram below, the horizontal and vertical rows are bundle sequences

R

k R ™ R
Ry — G, — G

where the fibre are punctured Euclidean spaces.

Since Rg° is contractible, the map 7 is a homotopy equivalence, and up to homotopy
equivalence, the map 7 produces a bundle sequence

Rl — GE | — GE.

Or, in the language of classifying spaces, up to homotopy equivalence, we have a
commutative diagram of bundle sequences

Ok) — EO(k) — BO(k)
! ! =
Skl — BO(k—1) — BO(k)

The firs vertical map selects the last element of a k-frame, the second vertical
map uses the last element of a k-frame to determine an orthogonal complement in
the vector space spanned by the frame, the third vertical map is the identity.

Of course, we could have replaced the real numbers R with the complex numbers
C' and repeated all of the above, using Hermitian metrics, complex orthonormal
frames, the unitary groups, and ending up with a bundle sequence

Gy — Giy — G
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and, up to homotopy equivalence, a commutative diagram of bundle sequences

Uk) — FEUk) — BU(k)
| ! = .
S2k=1 — BU(k-1) — BU(k)

Exercise

(1) (a) Show that the map G | — G can be covered by a map froma (k — 1)-
frame bundle to a k-frame bundle which is equivariant with respect to the
inclusion O(k — 1) — O(k).

(b) Show that the map G | — GI | can be covered by a map from a
(k — 1)-frame bundle to a (k — 1) frame bundle.

(c) Show that there is a map G¥ | — G¥ which can be covered by a map of
universal frame bundles which is equivariant with respect to the inclusion
O(k—1) = O(k).

(d) Conclude that the above map BO(k — 1) — BO(k) is the map induced
by the inclusion of topological groups.

12.17 Homology and cohomology of classifying spaces

Since the homology of a unitary group is an exterior algebra on generators of odd
degree, it follows directly from the homology version of the Borel transgression
theorem that:

Proposition 12.7.1. With any coefficient
HBU(n) =T(¢cQHU(n))
as a coalgebra.
But we prefer the cohomology version.
Proposition 12.7.2. With any coefficient
H*(BU(n)) = H*(GS) = P(c1,...,cn) =

a polynomial algebra where the generators c; have dimension 21 and c,, is the
Euler class of the universal complex n-plane bundle.

The classes ¢; = ¢;(*y, ) are called the universal Chern classes of the universal
complex n-plane bundle +, over BU (n) = GS .

Included in the Borel transgression theorem is that the statement that the generators
¢; are the transgressions of the generators of the module of primitives

PH*U(n) = (e1,ea,...,¢e,), deg(e;))=2i—1
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There is a map of bundle sequences

Un) — Vi — G
! ! !

m ~C C
0 - Gn -1 Gn

where the left-hand map sends the generator of the cohomology of the punctured
complex n-plane to the primitive generator e,, . The naturality of the transgression
and Proposition 12.15.7 show that the transgression 7e,, = ¢, is the Euler class y
of the universal complex n-plane bundle.

Furthermore, Proposition 12.15.7 shows that the Chern class ¢, = ¢, (7, ) maps
to zero via

H*GS¢ — H*GY .
Since the canonical (n — 1)-plane bundle Yk—1 is a universal vector bundle, the

associated (n — 1)-frame bundle FE(7;,_;) = V., | is a universal (n — 1)-frame
bundle.

The map of bundle sequences

Un-1) — 71071 - égq
! ! l

Un) — V& — G¢

n

and the naturality of the transgression shows that, for all 7 < n, the Chern class
¢ = ¢;(yn) maps to ¢; = ¢; (J,-1) via

H*GY — H*GY .
O

The computation of the cohomology ring of BO(n) requires mod 2 coefficient
and slightly more care. But the result is similar.

Proposition 12.17.3. With mod 2 coefficient
H*(BO(n)) = H*(GY) = P(wy,...,w,) =

a polynomial algebra where the generators w; have dimension i and, ifn > 1, w,,
is the mod 2 Euler class of the universal real n-plane bundle.

The classes w; = w; (7, ) are called the universal Stiefel-Whitney classes of the
universal real n-plane bundle 7, over BO(n) = G .

We prove the result by induction on n. The case n = 1 is simply the cohomology
of the infinit real projective space,

H*BO(1) = H*(GY) = H*RP™ = P(w,).
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Assume that we know the result for n — 1. Consider the map O(n — 1) — O(n)
and the corresponding map of cohomology Eilenberg—Moore spectral sequences.
At the E5 level we have the surjective map of algebras

P(wla""wn) _)P(wla"'awnfl)7

where the w; are the transgressions of the primitive generators of the cohomology
of the groups. We know that the generators w; of bidegree (1,7 — 1) survive to
E. in the range. Since the differentials d, go from (1,i — 1) to (14 r,i —r),
the differentials on w; for i < n cannot involve w, and must be zero in the
domain also. In the domain, the differentials on w,, can be nonzero only if some
polynomial in the w; for ¢ < n is annihilated. That cannot happen since these w;
generate a free commutative algebra in the range. Hence, all of the generators
wr, ..., w, are infinit cycles in the domain. Thus, Ey = Fo, = P(wy,...,w,)
in the domain. Lifting up the w,, to H*BO(n) shows that H*BO(n) = P(wy, ...,
wy, ).

In order to ensure that w,, goes to zero in H* BO(n — 1), it may have to be adjusted
by the addition of a polynomial in the lower degree Stiefel-Whitney classes. But
this being done, Proposition 12.15.7 says that w,, must be the mod 2 Euler class
of the universal n-plane bundle. O

Exercises
(1) Use the Gysin sequences of the sphere bundles
S"1 — BO(n —1) — BO(n)
and
St - BU(n —1) — BU(n)

to give inductive proofs of the computations in Propositions 12.17.2 and
12.17.3. Hint: You may assume that w,, # 0 € H*(B0(n); Z/2Z). Use the
inductive hypotheses that

0 — H' BO(n) 22 HI*"BO(n) — H*"BO(n — 1) — 0

is exact. Get a similar inductive hypothesis for the unitary groups without
assuming anything about ¢,, .

12.18 Axioms for Stiefel-Whitney and Chern classes

We defin Stiefel-Whitney classes for all real vector bundles by means of the
computation of the mod 2 cohomology ring of the classifying spaces GI.
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Definitio 12.18.1. If £ is a real n-plane bundle with a classifying map f : B —
GE such that f*v, =~ &, the Stiefel-Whitney classes w; (&) € H(B;Z/27) are

1 1=0
wi(§) = ffwi(y) 1<i<n
0 1> n.

These Stiefel-Whitney classes satisfy the following axioms.

Axioms for Stiefel-Whitney classes 12.18.2.

(a) Dimension axiom: If dimension £ equals n, then wy(£) = 1 and w; (§) =0
fori > n.

(b) Naturality under bundle maps: If ¢ — p is a bundle map of n-plane bundles
covering amap f : B(§) — B(p), then f*w;(p) = w;(§) forall ¢ > 0.

(c) Stability: If e and £ are bundles over the same base space B and ¢ is a trivial
(product) bundle, then w; (£ ® €) = w; (&) forall i > 0.

(d) Nontriviality: w; (1) is a generator of H' (RP>;Z/27).

(e) Whitney product formula: If 1 and £ are bundles over bases 5 and B,),
then

wi(n x €)= Y wi(n) x w;(€) € H'(Bg x B,; Z/2L).
itj=k
Proof: The dimension axiom, the naturality axiom, and the nontriviality axiom
are true by definition

In order to check the stability axiom, it is sufficien to consider the case where € is
a trivial line bundle and £ is a bundle of dimension n — 1. Consider the diagram

h

éﬁq - Gﬁ
g/ |k
B L qr|

where k and h are the natural maps and f*v,, 1 ~ &.

Since 4, _; is a universal (n — 1)-plane bundle, there is a map g: B — GE |

such that g*4,, 1 ~ £. Since k*y,,_1 ~ 4,1, it follows that k - g ~ f.
Since h*vy, ~ 4, -1 @ €, it follows that g*h*~, ~ & & € and hence
w (5 2] 6) = g*h*wl (’Yn) = g*wl (&n—l)
= g*k*wi (’Yn—l) = f*’LU7 ('Yn—l) = w1(§)
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We now verify the Whitney product formula. Since ~,, X 7, is an m + n-plane
bundle over GE x GE, itis classifie by amap ¢, ,, : GE x GF — GE | that

m-+n?
18,
* ~
¢m.n Ym+n = Ym X Vn-

Since Stiefel-Whitney classes are natural with respect to maps, the general Whit-
ney product formula is equivalent to the universal product formula
¢;I,7nwk ('Ym+n) = Z Wi ('Ym) X Wy ('Yn)~
i+ji=k
The mod 2 cohomology ring H*(GE x G#) = H*(GE) @ H*(GE) is the poly-
nomial ring freely generated by the Stiefel-Whitney classes
wl(’}/m)a sy W ("Ym)vwl("}/n)a e 7wn(7n)'

Hence, 95, ,, wi (Ym-+n ) must be equal to a polynomial in these classes.

We claim that this polynomial is

(b:l,nwk(’ymen) = Z wi(’}/m)wi(,yn)-

i+j=k

Assume that this formula is true for all m' <m and n’ < m with m’' +n' <
m + n and hence that the Whitney product formula is true for all bundles of these
dimensions.

Replacing 7, by € B V-1 and Yy, +n bY € B Vi +n+1 has the effect of setting
Wiy (Ym ) = 0 and w15 (Ym+n) = 0 and leaving all the other Stiefel-Whitney
classes unchanged. Hence, our inductive hypotheses shows that the formula is
true modulo the ideal generated by wy, (Y, )-

Similarly, the formula is true modulo the ideal generated by w,, (7, ). Since we are
in a unique factorization domain, the formula is true modulo the ideal generated
by the product w;y, (Yo )wy, (7, ). Thus the formula is true for all k¥ < m + n and

¢;7,,nwm+n (’ym+n) = Wn (’ym)wn (’Vn,)

modulo the ideal generated by w,, (v, )wy, (7, ). But this is the top Stiefel-Whitney
class and is therefore equal to the mod 2 Euler class. The product formula for mod 2
Euler classes says that this formula is exactly true. O

Since the Whitney sum bundle £ & p is the pullback of the product bundle via
the diagonal A*(£ x p), we can also write the Whitney product formula in cup
product form:

Whitney product formula 12.18.2.
wi(E®p) = D wil€) Uwy(p).

itj=k
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If ¢ is any complex n-plane bundle over B with classifying map f : B — G,

that is, there is an isomorphism with the pullback of the universal complex
vector bundle, f*v, ~ &, then the Chern classes can be define in a similar
fashion f*c;(v;) = ¢;(§) and the obvious analogs of Definitio 12.18.1 and
Axioms 12.18.2 can be verifie by essentially the same proofs.

12.19 Applications of Stiefel-Whitney classes

Let £ be a real vector bundle over a base space B. The total Stiefel-Whitney class
of ¢ is the formal sum

w(€) =1+wi(§) + w2 (&) +- - +wp(§) +- -
in the mod 2 cohomology ring
HYB)=H'BoH'Beo H*B®---oH'Ba--- .

Since the leading coefficien is 1, w(&) is a unit in this ring with multiplicative
inverse

W) =14+w1(§) + w2 (&) + - +We(§) +--- .
The terms wy (£) are uniquely determined by the relations

W (&) + Wi -1 (§) w1 (&) + Wr—2(§w2(§) + -+ + Wi (§wr—1(§) +wi(§) = 0.

In terms of the total Stiefel-Whitney class, the Whitney product formula for
Whitney sums becomes

w(§ ®n) = w()w(n).

Suppose that M is a differentiable manifold of dimension n and that there is
an immersion f : M — R"** into some Euclidean space. We will denote the
n-dimensional tangent bundle of M by 7,, and the k-dimensional normal bundle
to the immersion by vy Since 73y @ vay ~ " ¥ isan (n + k)-dimensional trivial
bundle, we have

Whitney duality theorem 12.19.1. The total Stiefel-Whitney class of the normal
bundle is the multiplicative inverse of the total Stiefel-Whitney class of the tangent
bundle,

w(vy ) =w(rar) = w ' (1ar).

Hence, in order to study immersions of manifolds, we need to identify the tangent
bundle.
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Let ~y; ,, be the canonical line bundle over the real projective space RP" . The total
space is

E(vi.n) = {(L,v)| L € RP" is a line through the origin in R"*! v € L}.

Since this is the pullback (= restriction) of the universal line bundle v; over RP>,
we have the total Stiefel-Whitney class

w(ng)=1+u
where u is the generator of the mod 2 cohomology group H'(RP™).
Proposition 12.9.2. If ¢! is a trivial line bundle, then
TRpr @€ 2y, @ D0 = (n+ Dy,
is a Whitney sum of n + 1 copies of the canonical line bundle.

Proof: The total space of the canonical line bundle has two descriptions as iden-
tificatio spaces

E(pn) = {{(x,t:r) |z € Sn, (z,tx) ~(—z,tx)} or, sending (z,tz) — (,t),
' {(z,t) |z e S, (x,t)~ (—z,—t)}.

The total space of the tangent bundle is the identificatio space
E(rppe) = {(z,v) |z € S", v e R"" o Lz, (2,v)~ (—z,—v)}.

Hence, the total space
E(tppr @ ') ={(z,v,t) |z € S",v € R"" v Lz,
(z,0,t) ~ (—2,—v,t)} = {(z,v,tz) |z € S",v € R"*' v Lz,
(z,v,tx) ~ (=2, —v, ~t2)} = {(z,w) |z € §",w € R"*",
(2, 0) ~ (=2, —w)}.

Writing w =t1e; +toea + -+ thr1€n41 shows that 7rp. @ el ~
(n + 1)71.71 . D

The Whitney product formula shows
Corollary 12.9.3. The total Stiefel-Whitney class of the tangent bundle of the

n-dimensional real projective space is

1 1
w(rrps ) = (14 u)"! =1—|—(n—|—1)u+(n_2|_ >u2+...+<”z )u"

We can prove the following nonimmersion theorem.

Proposition 12.19.4. If RP" immerses in the Euclidean space R"*"* and n = 2"
is a power of 2, then k > n — 1.
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Proof: Since
w(tpps ) = (14+u)"" =1 4+u)? 1+u)=1+v* )1+u)=1+u+u*
mod 2, it follows that the total Stiefel-Whitney class of the normal bundle is
w(vppy ) =w " (Trpn)
=1+ w4+ )+ u+u” )P+ =14u+u®+-+u¥
Hence, the dimension of the normal bundle is > n — 1. O

Remark. In fact the Whitney immersion theorem says that every n-dimensional
manifold can be immersed in the Euclidean space R?"~! if n > 1. Hence, in this
one case, the above nonimmersion result is the best possible.

We note that the total Stiefel-Whitney class w(rgps ) = (1 +u)" ™! =1 if and
only if n + 1 = 2" is a power of 2. Hence

Proposition 12.19.5. [f'the projective space RP™ is parallelizable, that is, has a
trivial tangent bundle, then n = 2" — 1 must be one less than a power of 2.

This is related to the nonexistence of real divison algebras by the following result
of Stiefel.

Proposition 12.19.6. [f there exists a bilinear product operation
R"xXR"—R", (z,y)—x-y

with no zero divisors, then the projective space RP" ™! is parallelizable, hence, n
must be a power of 2.

Proof: Letey,...,e, beafi ed basis of R". Given an z the equationa - e; = x
can be solved uniquely for a = f(z) where f(z) is a one to one onto linear
function of x. Suppose that  and hence a are nonzero.

The elements a - e1,...,a-ey,...,a- e, are linearly independent and hence so
are the elements x, xo, . . ., x,, where z; is the projection of a - ¢; on the orthogonal
complement of z. Since changing the sign of = changes the sign of the z;, the
vectors ¥, . . ., ¥, provide a framing of the tangent bundle of RP" 1. ]

Remark. The real numbers, the complex numbers, the quaternions, and the Cay-
ley numbers provide examples of real division algebras in the only dimensions
1,2,4, and 8 where they actually exist. [2, 74, 12]
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