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Preface

L’ injénuité méme d’ un regard neuf
(celui de la science lest toujours) peut
parfois éclairer d’ un jour nouveau d’
anciens problémes.

J. MonobD [77, p. 13]

HIS book is intended as a comprehensive introduction to the theory of
T principal sheaves and their connections in the setting of Abstract Differ-
ential Geometry (ADG), the latter being initiated by A. Mallios’s Geometry
of Vector Sheaves [62]. Based on sheaf-theoretic methods and sheaf co-
homology, the present Geometry of Principal Sheaves embodies the classical
theory of connections on principal and vector bundles, and connections on
vector sheaves, thus paving the way towards a unified (abstract) gauge the-
ory and other potential applications to theoretical physics. We elaborate on
the aforementioned brief description in the sequel.

Abstract (ADG) vs. Classical Differential Geometry (CDG). Mod-
ern differential geometry is built upon the fundamental notions of differen-
tial (smooth) manifolds and fiber bundles, based, in their turn, on ordinary
differential calculus.

However, the theory of smooth manifolds is inadequate to cope, for in-
stance, with spaces like orbifolds, spaces with corners, or other spaces with
more complicated singularities. This is a rather unfortunate situation, since
one cannot apply the powerful methods of differential geometry to them or
to any spaces that do not admit an ordinary method of differentiation. The

X
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same inadequacy manifests in physics, where many geometrical models of
physical phenomena are non-smooth.

These deficiencies gave rise, long ago, to the study of a variety of struc-
tures extending that of a differential manifold. In this regard we may cite,
e.g., the differential spaces according to R. Sikorski [113] (see also [112]),
and the generalized spaces in the sense of M. A. Mostow [79], J. W. Smith
[114] and I. Satake [107], to name but a few. The central idea behind all
these approaches is essentially to single out a family of functions, enlarging
the set of usual smooth functions so that the singularities (with respect to
the latter) are overcome. In customary terminology, one is thus led to a
new structure sheaf, characterizing the (enlarged) “smooth” functions of the
space under consideration.

Circa 1989, A. Mallios, in an entirely different direction and independ-
ent of the other approaches, motivated by S. Selesnick’s paper [109] (holding
no relevance to differential spaces and the like) arrived at a quite general
theory pointing out the essential, algebraic in effect, differential-geometric
mechanism of the classical theory in that context. In this respect, the struc-
ture sheaf of a “smooth” space —in the general sense— was freed from its
functional character, prevalent in the case of the aforementioned generaliza-
tions. As a matter of fact, he defined algebraized spaces (X, A) to which he
attached differential triads (A,d,€2). Here A is a sheaf of commutative as-
sociative and unital algebras, 2 an A-module, and d an Q-valued derivation
of A. Such Q) and d can be constructed in various ways from a given A. One
way is by applying the sheafification process to Kéahler’s algebraic theory
of differentials. These notions laid the foundations for an abstract formula-
tion of differential geometry, where no notion of differentiability is assumed
whatsoever. Indeed, the methods applied therein are rather algebraic, being
based mainly on sheaf-theoretic techniques and sheaf cohomology.

This point of view has an obvious unifying power and naturally includes
smooth manifolds and various differential spaces, standard or otherwise.
Nevertheless, the most important of all is, perhaps, the new insight that
such a generalization gives to the meaning of a geometric space X, i.e., a
space serving as the basis for the development of a sort of “differential” geo-
metry reminiscent of its classical ancestor. Here the adjective differential,
being deprived of its ordinary connotation (recalling differential calculus),
refers rather to a wealth of effective methods and notions parallel to their
classical counterparts. In such a space, the object of primary importance
is the structure sheaf and not X itself, which may contain many types of
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singularities (relative to any classical structure or a given A). Accordingly,
the “removal” of the said singularities consists of changing the pathological
A (expressing our old “arithmetic”) to a new structure sheaf absorbing —so
to speak— the singularities, while X remains unaltered.

In other words, the space X now plays the secondary réle of the carrier of
the generalized “smooth” functions, which can be thought of as the sections
of the structure sheaf A, whereas the entire differential-geometric appar-
atus lives in A4 and certain other sheaves over X. We refer to A. Mallios —
E. E. Rosinger [71, 72] for an application of these ideas to the highly singu-
lar algebra of Rosinger’s generalized functions and the multi-foam algebra
of them, both encountered and confronted with, in problems of non-linear
PDE’s. An interesting discussion (with mathematical, physical, and even
philosophical, repercussions) on the meaning, appearance and removal of
singularities, within CDG and ADG, can be found in A. Mallios [66].

Undoubtedly, the same approach is also important to physical applic-
ations, where —as already mentioned— differentiability is quite a restrictive
property (if not non-natural) and the quest for algebraic methods seems to
be most desirable. In this respect we refer to A. Einstein’s conclusion in [26,
p. 158], the relevant comments of M. Heller [42, pp. 349-350] (in conjunc-
tion with M. Heller-W. Sasin [43]), and A. Mallios [66, 65]. Without going
into details, which are beyond the scope of this book, the same geometrical
mechanism can be applied to the quantum domain. Elementary particles
can be treated as “geometrical” objects, without reference to any space in
the usual sense, by applying the methods of ADG.

In the same spirit, the recent publication of J. Nestruev [83], though in
a different setting, is another advocate of the algebraic formalism motivated
by physical considerations. Indeed, Nestruev’s book “...explains in detail
why the differential calculus on manifolds is simply an aspect of commutative
algebra” (op. cit., p. vii) and why “Perhaps, more important is the algebraic
approach to the study of manifolds” (ibid., p. 6). This is in accordance with
the earlier idea that “a large part of the classical differential geometry is
part of linear algebra, more precisely —of the theory of modules” (R. Sikorski
[113, p. 45]; see also [112]). Technically speaking, a manifold can be defined
as the spectrum of a certain commutative topological algebra ([58], [83]).

The main ideas of ADG are expounded in [62] and are applied to the
geometry of vector sheaves, that is, the abstract analog of vector bundles.
An extensive summary of this work is also given in [63]. It is remarkable that
classical topics such as connections and their curvature, various notions of
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flatness, Riemannian and Hermitian structures, Weil’s integrality theorem,
the Chern-Weil homomorphism, characteristic classes and many more are
treated in this context. Two other volumes ([67]), devoted mainly to physical
applications, are under preparation (see also [68], [69], [70]).

The present author had the opportunity to become acquainted, as early as
1990, with the Geometry of Vector Sheaves through a seminar organized
by A. Mallios at the Mathematics Department of the University of Athens,
by numerous discussions with him, and finally from various preprints and
subsequent drafts of certain sections of his treatise. In this inspiring envir-
onment the author embarked on a research project concerning the geometry
of principal sheaves, results of which are collected in a coherent and system-
atic way herein. Besides its “raison d’ étre” per se, which will be further
justified below, this volume can also be considered as a natural companion
of [62], extending and complementing various aspects of it.

The next figure depicts the relationship between the classical geometry of
fiber spaces, mainly vector and principal bundles, and their abstract coun-
terparts vector and principal sheaves. The vertical arrows of the picture
represent categorical imbeddings.

Classical Differential Geometry

principal bundles vector bundles

I
I
I
I
I
I
I
I
I
1 1 !
| | |
1 1 I
I 1 1
' ! v
. . I
principal sheaves . vector sheaves
I
I
I
I
I
v

Abstract Differential Geometry

The contents in brief. For the reader’s convenience we continue with an
outline of the book. More detailed information can be found in the table of
contents and the individual introduction of each chapter.
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Chapter 1 contains the very basic notions and results of the theory of sheaves
and sheaf-cohomology needed throughout this exposition. It is rather sketchy,
principally without formal statements and proofs, and intends to facilitate
references to standard material fully treated in many excellent books. The
expert may skip this chapter.

Chapter 2 is a detailed categorical study of differential triads, a point of
view not treated in [62]. It is shown that the category of differential triads
is closed under subspaces, quotients, products and various limits, unfolding
evidence to its potentiality as described. Smooth manifolds, differential
spaces and related structures are naturally imbedded in this category. An
abstract differentiability notion, rendering smooth a very broad category of
continuous mappings, is also introduced.

Chapter 3 is devoted to the study of Lie sheaves of groups, the abstract
analog of Lie groups. They are sheaves of groups G admitting a representa-
tion on an appropriate sheaf of Lie algebras £, say p: G — Aut(L), and are
equipped with an abstract form of logarithmic differential 9 : G — Q ® 4 L,
satisfying the property

d(g-h) = p(h™").0(g) +0(h),  (9,h) € G xxG.

We call such a 9 a Maurer-Cartan differential. Lie sheaves of groups consti-
tute both the structure sheaf and the structure type of our principal sheaves,
and one of the building blocks of the theory of connections developed in sub-
sequent chapters. An important example is the general linear group sheaf
GL(n, A), closely related with the geometry of a vector sheaf (of rank n).

Chapter 4 aims at the theory of principal sheaves, originally considered by
A. Grothendieck [36]. However, here we define them in a slightly different
way, allowing the development of the geometry we have in mind. A prin-
cipal sheaf P, for our purpose, is a sheaf locally isomorphic to a (Lie) sheaf
of groups G, the latter also acting on P. After studying the morphisms
of principal sheaves and their relationship with 1-cocycles, we proceed to
the cohomological classification of this category of sheaves. An important
example is the sheaf of frames of a vector sheaf, treated in the next chapter.

Chapter 5 starts with vector sheaves. Each vector sheaf £ determines a
corresponding principal sheaf of frames P(E). By means of the latter, the
geometry of vector sheaves is reduced to that of principal ones. A consid-
erable part of the chapter is devoted to various sheaves associated with a
given principal sheaf P by representations of its structure sheaf G on certain
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sheaves of groups. A vector sheaf is trivially associated with its principal
sheaf of frames.

Chapter 6 introduces the fundamental notion of connection (or gauge po-
tential of physicists) on a principal sheaf P. A connection is defined to be a
morphism of sheaves D : P — Q ® 4 L, satisfying the fundamental property

D(p-g)=p(g~").D(p) +0(9),  (p,g) €P xxG.

It turns out that D is equivalent to a family of local sections (wqy) of Q® 4 L,
analogous to the ordinary local connection forms. The existence of con-
nections is ensured by the annihilation of a particular cohomology class,
named the Atiyah class of the principal sheaf, after the classical analog of
holomorphic connections. Our approach provides yet another, operator-like,
definition of ordinary connections. Other results concern connections linked
together by morphisms of principal sheaves, gauge transformations of con-
nections and the moduli sheaf of connections.

Chapter 7 explains how the connections of a principal sheaf induce connec-
tions on various associated sheaves, principal or vector ones. In particular,
it is shown that the theory of connections on vector sheaves, as developed
in [62], can be deduced from the general theory of Chapter 6.

Chapter 8 is centered on another fundamental notion of differential geo-
metry, namely the curvature of a connection (in the language of physics,
the field strength of a gauge potential). Its existence is ensured if higher
order differentials, extending the Maurer-Cartan differential 0, exist. By
the same token, we obtain the analogs of Cartan’s (second) structure equa-
tion and Bianchi’s identity. In the sequel we focus on flat and integrable
connections, flat principal sheaves and parallelism. Unlike the classical case,
these notions are not equivalent unless an appropriate Frobenius condition
is assumed to be satisfied.

Chapter 9 deals exclusively with the abstraction of the Chern-Weil homo-
morphism using the theory of connections on principal sheaves.

Chapter 10 contains a few applications further illustrating some of the gen-
eral methods and ideas of this work. They are examples somewhat more
technical than those included in the previous chapters. Among them we in-
clude infinite-dimensional connections, Riemannian metrics, the torsion of
a linear connection on Q*, and non-commutative differential triads. Finally,
the concluding problems are not exercises intending to test the reader’s com-
prehension. They are merely inviting him/her to complete our exposition
by pursuing this trend of research towards certain topics not covered here.
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Reverting to CDG, we would like to add that, in the course of our in-
vestigation, we show in detail how the standard theory fits into the present
scheme. Apart from providing a basic example, this endeavor gives two use-
ful by-products: the disclosure, on the one hand, of the basic tools of CDG
that are susceptible of the described abstraction, and, on the other hand,
the investigation of the role of others, less exploited in the classical context
because of the abundance of means therein.

To be more precise, let us mention, as an example, the case of connections
on a principal bundle. Looking carefully at them, we see they involve two
fundamental tools: the adjoint representation and the logarithmic (or total)
differential of the structural group of the bundle. Including them (in an
appropriate, axiomatic way) in the structure of a sheaf of groups, we are
able to define connections on principal sheaves with structure sheaf the said
(Lie) sheaf of groups. In contrast to this, other widely used methods, based
on connection mappings (defined over tangent spaces), global connection
forms, horizontal subspaces and the like, are nonsensical in our framework,
so they cannot serve this approach.

As a moral, we could say that a classical notion fits well here, if it is
susceptible of a convenient localization.

We believe that the preceding summary of contents along with the dis-
cussion on ADG helps to clarify the framework and scope of this book,
succinctly presented in the beginning of the preface.

Readership. The book is addressed to researchers and graduate students
with an interest in differential geometry, wishing to become acquainted with
the theory of connections on principal sheaves within ADG, and/or to look
at the classical theory from a different (algebraic) point of view. Combined
with [62, 67], it can be used as the platform for potential applications to
theoretical physics such as gauge theories, (pre)quantization, gravitation,
and quantum theory.

Although an ample summary of the theory of sheaves is included, some
familiarity with its techniques would be welcome. Similarly, a working know-
ledge of the fundamentals of the geometry of smooth manifolds and bundles
would help the reader to better bridge CDG with the present approach.

Since the book addresses a wide audience, with different backgrounds
and interests, particular care is given to the details of the exposition. For
the benefit of the novice, all the proofs are meticulously laid out, using as
elementary as possible methods, although this may sometimes seem tedious
to the expert.
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Chapter 1

Sheaves and all that

. the central message of Quantum
Field Theory [is] that all inform-
ation characterizing the theory is
strictly local ...

R. HAAG [39, p. 326]

Sheaves were introduced ... by J. Le-
ray and have had a profound effect
on several mathematical disciplines.
Their major virtue is that they unify
and give a mechanism for dealing
with many problems concerned with
passage from local information to
global information.

R. O. WELLS, JR. [142, p. 37]

N this preliminary chapter we gather together the very basic notions of
the theory of sheaves and their cohomology. Rather than writing a com-
plete introduction to the subject, our intention is to fix the notations and
terminology applied in the main part of the book, and to guide the reader to
the sources that seem to be most appropriate for the purpose of this work.
We are primarily concerned with the relationship between sheaves and
(complete) presheaves, their morphisms, and the rudiments of the Cech co-
homology. The latter is almost exclusively used throughout and is developed
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in the general case of A-modules, where A is a sheaf of algebras. Other useful
topics, such as sums and products, the pull-back and the push-out of sheaves
by continuous maps, and certain sheaves of functions are also treated.

For later reference, as well as for the reader’s convenience, each section is
divided into short subsections. Formal statements and proofs have generally
been omitted to allow the reader to proceed in a leisurely manner.

For complete details we mainly refer to Bredon [16], Dowker [23], Go-
dement [33], Grothendieck [36], Gunning [37], Hirzebruch [44], Swan [119],
Tennison [121], Vaisman [123], and Mallios [62, Vol. I}, covering more or less
standard topics. The last book contains a detailed approach to A-modules
and their cohomology. Additional references, for more specific topics, will
be given occasionally.

1.1. Sheaves

Here we deal with the basic definitions and properties of sheaves, their
morphisms and sections.

1.1.1. Sheaves and morphisms

Let X = (X,Tx) be a topological space. A sheaf (of sets) over X is
determined by a triplet
S=(S,mX),

where S is topological space and 7 : § — X a local homeomorphism. The
previous definition implies that 7 is a continuous, open map. However, it is
not necessarily a surjection.

We call S the total or sheaf space, X the base, and 7 the projection
of the sheaf. If there is no danger of confusion, a sheaf as above is simply
denoted by its (total) space S.

For any x € imm, the set

Sy :=m x) =7 {z})

is called the stalk of S at (or, over) z. It is a direct consequence of the
definitions that each stalk S, is a discrete subspace of S, with respect to the
relative topology. Some authors, influenced by the general theory of fiber
spaces, use the term fiber in place of stalk.

For any open U C X, the restriction S|y = 771 (U) of S to U is a sheaf
over U, with projection the restriction of 7 to S|y .
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A subsheaf of S is an open subset 8’ of S. Then the triplet (8, 7|s/, X)
is a sheaf in the usual sense, whence the terminology.

Examples of some sheaves, frequently used throughout, will be given in
Section 1.3.

If (§,7,X) and (7,7’,X) are two sheaves of sets (over the same base
X), a morphism of § into 7, or a sheaf morphism, is a continuous map
¢ : S — T such that 7’ o ¢ = 7 (see the next diagram).

¢

S T

X

DiAaGraM 1.1

A morphism of sheaves is necessarily a local homeomorphism, thus we
may think of (S,¢,7) as a sheaf. Also, ¢ is stalk preserving; that is,
d(Sz) € T, for every x € X. Hence, one can define the restrictions of ¢ to
the stalks of S

bni= 0|5, : S0 — To.

The set of morphisms between two sheaves S and 7 is denoted by
Hom(S, 7).

A morphism ¢ is injective (resp. surjective) if all the restrictions ¢,
share the same property. Moreover, ¢ is said to be an isomorphism if it has
an inverse that is also a sheaf morphism. It is immediate that a morphism
¢ is an isomorphism if and only if ¢, is an isomorphism, for every = € X.

It is obvious that the composition of morphisms (over the same base) is
also a sheaf morphism, thus we obtain the category of sheaves, over the
topological space X, denoted by

Shx.

1.1.2. Sheaves with algebraic structures

Before proceeding further, we first define the fiber product of sheaves. More
precisely, if (S, 7, X) and (7,7, X) are two sheaves of sets, then their fiber
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product over X is the sheaf
(SxxT,rx,X),
where the space
SxxT:={(st) €S xT:m(s) =7'(t)}
is endowed with the relative topology (as a subspace of & x 7'), and
mx(s,t) :=m(s) =7'(t), (s,t) e Sxx T.

An alternative notation for the fiber product of two sheaves S and 7 is
S o7, but it will not be applied here. The fiber product will be rediscussed
in Subsection 1.3.2.

Very frequently, sheaves whose stalks have an algebraic structure will be
considered. In this case, the corresponding operation(s), defined stalk-wise
by some map(s) of the general form

*: S Xx 8D (51,82)— s1x82 €S,

is (are) assumed to be continuous.
For example, a sheaf of groups is a sheaf (G, 7, X), whose stalks G,
are groups, and the multiplication

7:GxxG3(g,h) —(9,h) =g-h€QG,
as well as the inversion
a:Gsgr—alg)=g ' €6,

are continuous maps.

Likewise, we define sheaves of K-vector spaces (K = R, C), sheaves
of rings, and sheaves of algebras.

Another, commonly used, structure is that of an A-module, where
(A, 7, X) is a sheaf of algebras. This is a sheaf of abelian groups, say
(€, m,X), whose stalks &, are, in addition, A,-modules (in the usual sense)
so that the operation (: scalar multiplication)

Axx E3 (a,u)—a-u=au€é&

is also continuous.
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If £ is an A-module, a subsheaf & such that the set &, := &' NE, is
an A,-submodule of &,, for every x € X, is called an A-submodule of £.
Clearly, &' is an A-module itself.

A morphism of sheaves with an algebraic structure will be a
morphism of sheaves ¢ (in the sense of Subsection 1.1.1) preserving stalk-
wise the given structure; in other words, the restrictions ¢, to the stalks
are morphisms of the given structure. For convenience, a morphism of A-
modules will be called A-morphism.

Note. In most of the previous sheaves we have denoted their projections by
the same symbol 7. We follow this practice whenever there is no danger of
confusion, otherwise a distinctive index will be appropriately inserted.

1.1.3. The sections of a sheaf

Let (S, 7, X) be a sheaf and U a subset of X. A section of S over U is a
continuous map s : U — S such that m o s = idy. In a more pictorial way,
the following diagram is commutative.

idy

U X

DIAGRAM 1.2

Though the definition has a meaning for any (not necessarily continuous)
sections, our main concern will be that of continuous ones over an open
domain.

It is obvious that s is an injective map and s(z) € S,, for every x € U.
Moreover, if U is an open subset of X, then s(U) is an open subset of S and
s: U — s(U) is a homeomorphism. Thus, in particular, the sections of S
are open maps, and

the sets s(U), for all U running the topology Tx of X and all

(BTS) s € S(U), determine a basis for the topology of S.

We denote by

(1.1.1) S(U) =T(U,S)
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the set of continuous sections of S over U. If U ;Cé X, then the elements of
S(U) are also called local sections, whereas the set

(1.1.1) S(X)=T(X,S)

consists of the (continuous) global sections of S.

The local structure of a sheaf S ensures the existence of (local) sections
with given initial conditions. To be more precise, for any p € S with 7(p) =
x, there is an open neighborhood U of x and s € S(U) such that s(z) = p.
If t € S(U) is another section with ¢(z) = p, then there exists an open
neighborhood W C U of = such that sy = t|w.

A morphism of sheaves ¢ : S — 7 induces the morphisms of sections

(1.1.2) oy S(U) — T(U),

for every U € Tx, given by

(1.1.2') by (s) :=pos.
In most cases, as is the custom, the induced morphism ¢y is simply
written as ¢. Thus,
the expression ¢(s) may represent either the value of the morph-
(1.1.3) ism ¢ at a point s € S, or the value of the induced morphism ¢y
at a section s € S(U).
The exact meaning of such an expression will be clarified by the context or
by an explicit mention of the domain of the variable s at hand.

It is evident that, when dealing with sheaves with an algebraic structure,
the corresponding sets of sections inherit the same structure. For instance,
if G is a sheaf of groups, then G(U) = I'(U, G) is a group under the operation
defined, point-wise, by

(s-t)(z) :==s(x) - t(x); rxeU,

for every s,t € G(U). Moreover, for every s € G(U), one defines the inverse
section s~ € G(U) with

(1.1.4) s (z) == (s(x)) 7, x e U.

In particular, a sheaf of groups admits a distinguished continuous global
section 1 € G(X), called the unit or identity section, defined by

(1.1.5) 1: X —G:x—1(x) = e,
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if e, is the neutral (unit) element of G,.
Similarly, given a sheaf of unital algebras (A, 7, X), we define the zero
section 0 € A(X)

(1.1.6) 0: X — A:2— 0(zx) :=0g,
as well as the unit section 1 € A(X)
(1.1.7) 1: X — Az 1(x) =1,

where 0, and 1, are, respectively, the zero and unit of A,.
Any A-module £ has also a zero section 0 € £(X).

1.2. Presheaves

We give the basic definitions and properties of presheaves, along with a
detailed description of their relationship with sheaves.

1.2.1. Presheaves and morphisms

Let X = (X,Tx) be a topological space. A presheaf of sets consists of
two kinds of data:

— a family of sets S(U), for all U € Tx, and

— a family of maps

(1.2.1) PV S(U) — S(V),

associated to every pair (U, V) of open subset of X with U O V, and such
that the conditions

(1.2.1a) Py = ids,
(1.2.1p) Pl © PV = Pl

hold for every U, V., W € Tx with U DV DO W.
A presheaf, as above, is denoted by

S = (S(U),pg) .

Sometimes, the symbol pyy is used instead of pg, in order to give (1.2.1b)
a more symmetrical form. The maps ,o‘U, are called restriction maps, al-
though, in the real sense, there is no restriction unless the sets S(U) them-
selves consist of maps. This is the case, for instance, of the sections of a



8 Chapter 1. Sheaves and all that

sheaf (see below). In the same spirit, the elements of the set S(U) are often
called sections (over U) of the presheaf.
Condition (1.2.1b) is illustrated in the commutative diagram:

U

S(U) v - S(V)
S(W)

DiaGraM 1.3

Schematically, we may think of S as a double correspondence

U— S(U),
(if; -V = U) — (o : S(U) — S(V))

3

where zg is the natural inclusion. Hence, categorically speaking, S is a

contravariant functor from the category of open subsets of X and inclusions
to the category of sets. We customarily refer to S by the first correspondence.
By its very definition, a presheaf .S determines an inductive or direct sys-
tem (of sets, groups, modules etc.), with index set the topology ¥ x directed
by the relation
UV = VCU,

for every U,V € Tx.

Examples of certain presheaves, required later on, are given in Section
1.3 below.

A weaker definition of a presheaf allows U to run in a basis B for the
topology of X (see Gunning [37, p. 16], Eisenbud-Harris [27, p. 16]). Such
a presheaf extends to an ordinary one in the following way: Assume that
(S(V), p‘v/v) is a presheaf over a basis B. Then, for any open U C X, we set

S(U) == lim S(V).
B>VCU

(For the relevant definitions and properties of projective (or inverse) limits
see, e.g., Bourbaki [12], Eilenberg-Steenrod [25].) The projection of the limit
to each S(V) is taken, by definition, as the restriction p¥ : S(U) — S(V).
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The restriction pg,, for arbitrary open U, U’ with U’ C U, is given by the
projective limit of the morphism of projective systems

{plrry 1 S(V) = SU' NV) |V € B},
after the observation that

S(U):= lm S(V)= lm SU'NV).
B>VCU’ B>VCU

Such an extension is unique, up to isomorphism, as a result of the universal
property of the projective limit.

If the sets S(U) have an algebraic structure, then the restriction maps
pg are assumed to be morphisms with respect to this structure. Thus, e.g.,
a presheaf of groups is a contravariant functor from the category of open
subsets of X and inclusions to the category of groups. In particular, if S is a
sheaf of abelian groups, we agree that S()) = 0 = {0} (: the trivial group).

Assume now that we are given two presheaves (of sets)
S=(SU),p) and T=(TU),TY),

over the same topological space X. A morphism of S into T, or a presheaf
morphism, ¢ : S — T is a family of maps ¢ = (¢y) , with U running in
T x, where the maps

¢v : S(U) — T(U)

satisfy equality
(1.2.2) ¢ o ¢y = dy o p¥,

for every open U and V in X, with V' C U. In other words, the following
diagram is commutative.

SW) — e ()
oy ud
S(V) i T(V)

DIiAGrRAM 1.4
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The set of morphisms between the presheaves S and T is denoted by
Hom(S,T).

A morphism of presheaves is an injection, surjection or isomorphism,
if the maps ¢y : S(U) — T(U) have the corresponding property, for all
U € Tx. Clearly, the composition of two presheaf morphisms ¢ : S — T
and ¢ : T'— R is defined to be

(1.2.3) ¢porp = (dvou), U e Tx.

Thus we obtain the category of presheaves (over X), denoted by
PShx.

Given a sheaf S, its sections S(U) = I'(U, S), for all open U C X (see
Subsection 1.1.3) , together with the natural restrictions

P S(U) — S(V) : s — sly; VCUu,
determine the presheaf

(1.2.4) [(S) == (T(U,8) = S(U), pY})

3

called the presheaf of sections of the sheaf S.
The previous process determines the so-called section functor

I: ShX — Pth,

between the categories of sheaves and presheaves over X. In fact, to any
object S € Shy, I assigns the presheaf I'(S), whereas to any sheaf morphism
¢: S — T, I assigns the morphism of presheaves

(1.2.4a) [(¢)=¢:T(S) — I(T),
determined by the family of induced morphisms (see (1.1.2) and (1.1.2'))

(1.2.4b) oy : S(U) — T(U)

3

forall U € Tx.
In particular, as we shall see in Subsection 1.2.3, the image of I" is con-
tained in the subcategory of complete presheaves over X.
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1.2.2. Sheaves generated by presheaves

We shall show that a presheaf generates, in a canonical way, a sheaf. In
point of fact, many sheaves arise from presheaves in this way.

Let S = (S U), pg) be a presheaf (of sets) over the topological space X
and let x € X be any point. On the disjoint union

| ] s,
UeN(x)

where N (x) is the filter of open neighborhoods of x, we define the following
equivalence relation: if s € S(U) and t € S(V'), then

(1.2.5) s~t <= 3 WeN@): pl (s)=ply(t).

We denote by S, the resulting quotient space, which is precisely the inductive
or direct limit of all S(U), with U running in NV (x); that is,

Sei= | S(U)/~ = lm S(U).
zeU UeN (z)
The equivalence class of an element s € S(U) is denoted by [s]; € S;. We
call [s], the germ of s at x.

For each open U € Tx and any =z € U, we have the corresponding
canonical map (into germs)

(1.2.6) pue: S(U) — Sy 1 s [s]y.

The relationship between the restriction maps and the canonical maps into
germs is pictured in the following commutative diagram:

S(U) - S(V)

PU,x PV,

Sy
DIAGRAM 1.5

Varying z in the entire X, we define the set
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S:=]J&

zeX

(actually a disjoint union too) and the obvious projection 7 : § — X with
7(8Sz) == x, for every x € X. We topologize S by taking as a basis for the
topology all the sets of the form

{pva(s)|z €Uy €S,

forall s € S(U) and all U € Tx. We show that the triplet § = (S, 7, X) is a
sheaf, called the sheaf generated by (or associated with) the presheaf
S. It is also denoted by

(1.2.7) S =5(9)=S(U+— S(U)).

Let § = S(S). Then, for every open U C X, there is a canonical map
(morphism) of sections

(1.2.8) pu : S(U) — S(U),
defined as follows: For any s € S(U), the section py(s) is given by
(1.2.8") (pu(s)) (z) := [s]. € Sz, zel.

Another useful notation is

(1.2.9) §:= pu(s).
Thus, taking into account (1.2.6), (1.2.8’) and (1.2.9), it is seen that
(1.2.10) 5(2) = (pu(s)) (2) = 3]s = puals),

for every s € S(U) and = € U. Therefore,

the basis for the topology of the sheaf S, generated by the
(BTGS) presheaf S, consists of the subsets $(U) of S, obtained from
all s € S(U) and all open U C X.

The symbol S in (1.2.7) indicates a process known as the sheafification,
by which, to every presheaf, we associate a sheaf. In fact, S determines the
sheafification functor

S:PShxy — Shx
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between the categories of presheaves (of sets) and sheaves (of sets) over the
topological space X. To prove the previous claim one has to explain how
the sheafification process generates a morphism of sheaves

(1.2.11) ¢=8S(¢): S=S(S) — T =S(T)
from a given morphism of presheaves
o= (gv):S=(S(U),p0) — T = (TWV), 7).
To this end, one sets
(1.212) Is. =S(0)]s, =i wEX,

where the map

b= T (60): T SW)=S —T= lm (V)
UeN (z) UeN (z) UeN (z)

is defined, in turn, by

(1.2.13) Ga([s]e) := [ (s)]a = du(s)(x),

for every s € S(U).
Equalities (1.2.10) and (1.2.13) imply the commutativity of the diagram

Sw) — 1)
PU,x TUx
S % T

DIAGRAM 1.6

which, along with Diagram 1.5, proves that (1.2.13) is well defined. Apply-
ing the topology described in (BTGS), it is verified that S(¢) is indeed a
continuous map (commuting with the projections).

Combining (1.2.13) with (1.2.10), it follows that

(1.2.13") ¢(5(x)) = ¢u([sl2) = du(s)(2),
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for every s € S(U) and z € U.
On the other hand, if

@)y =8(@)y =S((¢v)),  Ueix

are the morphisms of sections induced by ¢ = S(¢) (see (1.1.2)), we also
obtain the next commutative diagram.

sw) — L)
pU U

DiagraMm 1.7

If we start with a presheaf S, endowed with an algebraic structure de-
termined by an operation, say *, then the same structure passes to (the
stalks of) the sheaf S = S(S). Indeed, for any a,b € S,, we let

axb:=pwa (piw(s) * piy (1)),
if s € S(U), t € T(V) are presheaf sections representing a and b, respectively,
in S,; that is,
a=1[s]y =5z) and b=t], =1t(2),

where U, V, W € N(x), with W C UNV. It is not difficult to show that
a * b is well defined and has the properties of the original operation on the
presheaf. In this case, the canonical maps py and py, are morphisms with
respect to x.

Note. Let S = (S(U),pY) be a presheaf, with U running in the topology
Tx, and let S be the sheafification of S. If U is restricted to run in a basis
B for Tx, then we can repeat verbatim the sheafification process and obtain
a sheaf, say S. The sheaves S and S are identical set- theoretically and
topologically. Indeed, it is an easy exercise to verify that

S, = lim S(U)= lim SU)=S38,,
— —
UeN (x) ze UCB
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thus S = S , as sets. Moreover, their topologies coincide since the corres-
ponding bases (see (BTGS), p. 12) are equivalent.

Similarly, assume that T = (T(V), py;/) is a presheaf with V € B and let
T be its extension to a presheaf over Tx (see page 8). Since T is the restric-
tion of T to B, the previous arguments imply that the sheaves generated by
T and T coincide, i.e., S(T) = S(T).

1.2.3. Complete presheaves

In the last two subsections we defined the functors I' : Shx — PShyx and
S:PShx — Shx. If we start with a sheaf S and apply successively ' and
S, we obtain a canonical sheaf isomorphism

(1.2.14) S(I'(S)) —— S

in the following manner: For any u € S (I'(S)),., there is a section s € S(U),
for some U € N (z), such that u = [s],. The desired isomorphism is realized
by the assignment

S(I'(S)), 2 u=[s]s — s(z) € S,.

It is a well defined map, independent of the choice of s. Since the elements
of S(I'(S)) are the germs of sections of S (see Subsection 1.2.2), the former
sheaf is called the sheaf of germs of the sections of S. Therefore,

a sheaf coincides, up to isomorphism, with the sheaf of germs
of its sections; hence, for any open U C X and any section
s € S(U), [s]z = s(z) within an isomorphism, for every = € U.
Accordingly, a morphism ¢ : & — 7 identifies with the sheaf
morphism generated by {¢y : S(U) — T(U) |U € Tx}; that is,
¢ =S((¢v))-

In particular, if u € S, there is an s € S(U), for some U € N (x), such
that u = s(z). Thus, in virtue of (1.1.2") and (1.1.3)

(1.2.15)

3

o(u) = ¢(s(x)) = du(s)(x) = d(s)(2).

In other words, we are led to the following useful conclusion:
(1.2.15)) A rr.lorph%sm of sheaves is completely known once it is known
section-wise.
However, if we start with a presheaf S and apply successively S and
', the resulting presheaf I' (S(.S)) is not necessarily isomorphic with S (for
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counter-examples see, e.g., Gunning [37, p. 19], Warner [140, p. 168]). We
do obtain isomorphic presheaves if we consider the category of complete
presheaves, denoted by

COPth.

More precisely, a presheaf S = (S(U),pY) is said to be complete if, for
every open U C X and every open covering (Uy)aer of U, the following two
conditions are fulfilled:

(CP. 1) If s,t € S(U) are any sections such that

P, (8) = pg, (1),
for all @ € I, then s = t.
(CP. 2) If s € S(Uy), a € 1, is a family of sections such that

U
P02, (30) = it (35);  Uap = UaNUs,
for all a, B € I, then there exists a section s € S(U) such that

pga(s)zsa, ael.

The element s € S(U), ensured by (CP. 2), is unique, in virtue of (CP. 1).

Now, based on (1.2.9) and (1.2.10), we can prove that, for all open
U C X, the maps

pu : S(U) — T'(U, 8(5)) =S(S)(U) : s — 5
are bijections and determine the desired isomorphism
(1.2.16) S ——T(S(9)).

It is worthy to note that the isomorphism (1.2.16) is the necessary and
sufficient condition for the completeness of the presheaf S. Therefore,
a presheaf over a topological space X identifies with the presheaf of
sections of some sheaf (over X) if and only if the initial presheaf is
complete.

Furthermore, if {¢y : S(U) — T(U)|U € Tx} is a morphism between
the complete presheaves S and T', and ¢ = S((¢y)) is the morphism induced
by the sheafification of (¢r) (cf. (1.2.11) and the notations before Diagram
1.7), then, within an isomorphism,

(1.2.17) @)y =S((0v))y =dv, UeTx.
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A typical example of a complete presheaf is provided by the sections
of a sheaf. Other examples are obtained from various spaces of functions.
For instance, if X is a topological space, then, for any open U C X, we
denote by C°(U,K) the algebra of K-valued continuous functions on U.
The assignment

U — C°(U,K), UeTx

is a complete presheaf of algebras generating the sheaf of germs of con-
tinuous functions on X, denoted by Cx. It is a sheaf of algebras such
that, in virtue of (1.1.1) and (1.2.16),

Cx(U) = C"(U,K), U e %Tx.

Likewise, if M is a smooth manifold and C*°(U,K) is the algebra of
K-valued smooth functions on U, then the complete presheaf of algebras

Ur— C*(U,K), UeZy

generates the sheaf of germs of smooth functions on X, denoted by
Cy7- It is again a sheaf of algebras such that

Cy(U) = C>*(U,K), UeZy.
Sheaf theory jargon. Some authors use the terms sheaf and étalé space
where we use complete presheaf and sheaf, respectively.
1.3. Some useful sheaves and presheaves

We collect below certain sheaves and presheaves frequently encountered in
this work.

1.3.1. The constant sheaf

Let F' be any set equipped with the discrete topology. Then the constant
sheaf (over the topological space X) with stalks of type F is the triplet

FX = (X X valaX)a

where p; : X x F' — X is the projection to the first factor. If there is no
danger of confusion, often Fx is simply denoted by F'.
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The above characterization of the stalks is due to the fact that
pr(z) ={z} x F=F, z e X.

We note that the assumption “F' is a discrete space” is essential in order
to prove that p; is a local homeomorphism. In fact, these conditions are
equivalent.

It is shown that the continuous local sections of F'x are precisely the
locally constant functions with values in F.

We obtain F'x also as the sheafification of the constant presheaf

F = (F(U),pY),
where F(U) := F, for all open U C X, and pg := idp. Since
lim F(U) = {a} x F,
UeN(x)

we see that
S(F)= J ({z} x F) = X x F = Fx.
zeX
We note that F' is not a complete presheaf; hence, if f € F(U) = F is a con-

stant (viewed as a constant function (“section”)), then the correspondence
(see (1.2.9))

F(U)> f+— feFx(U)

is not a bijection. It is only an injection; therefore, in a suitable terminology,
F' is known as a monopresheaf .

1.3.2. Products and sums of sheaves

In Subsection 1.1.2 we defined the fiber product S xx 7 of two sheaves
(S,7,X) and (7,7', X). Tts stalks are

(S XXT)m = S:E Xlzjr-

It is obvious that, for any open U C X, a section f € (S xx 7)(U) has the
form f = (s,t) € S(U) x T(U); hence,

(1.3.1) (S xx T)(U) = S(U) x T(U).
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On the other hand, given two presheaves
S=(SU),p}) and T = (TWU),70).
their direct product is the presheaf
SxT:=(S(U)xTU),p} x /).

Thus, if we consider the direct product I'(S) x I'(7") of the presheaves of
sections of two sheaves S and 7 (see (1.2.4)), we immediately check that

Sxx T =S(I(S) xI(T));

in other words,
S xx T is generated by the presheaf U —— S(U) x T (U).
Similarly, if S = S(U — S(U)) and T = S(U +— T(U)),

SxxT=S(U+— SU)xT(U)).

In particular, if S and 7 are A-modules (see the last part of Subsection
1.1.2), then their fiber product is again an A-module. In this case we also
use the symbol

ST =8SxxT,

and we call it the direct or Whitney sum of the A-modules S and T .
We can define the fiber product of any family of sheaves (S;)ic;.
This is denoted by
IIs:

iel
It coincides (within an isomorphism) with the sheaf generated by the (com-
plete) presheaf

U»—)HSZ(U) U € %y,
i€l

IIs = S(U»—> HS,»(U)).

il i€l

that is,

However, the equality of stalks

(I15), - IIs-

el el
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is valid only if I is finite, otherwise the stalk of the product is, in general,
injectively mapped into the product of the stalks.
The direct or Whitney sum of any family (S;) of A-modules

Ps
icl
is defined analogously. As before, we have that
Psi = s(U — @Si(U)).
il el

If (Si)i=1,..n is a finite family of A-modules, then

n n
i=1 i=1
as A-modules. In particular, if S; = S, for every ¢ = 1,...,n, we also set

Sn:SXX”-X)(SgS@"'@S:@S

n-factors n-summands

Occasionally, in order to distinguish the fiber product/direct sum S”
from the exterior power SA - -+ AS (n times), also denoted by 8™ (see
Subsection 1.3.4), the former product/sum is denoted by S,

This will be applied, in particular, in Chapters 9 and 10.

1.3.3. The tensor product of A-modules

This is another very important notion needed in the sequel. More precisely,
we assume that S and 7 are two A-modules over the topological space X,
where

A is a unital commutative associative K-algebra sheaf.

This kind of algebra sheaf will systematically be used throughout.
We further consider the presheaf determined by the correspondence

Ur— S(U) @41y T(U); UeZx,
and the restriction maps

py @15+ S(U) @ 4y T(U) — S(V) @ 401 T(V),
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if V. C U. Here pf/, 77 are the natural restrictions of sections of the respect-
ive sheaves. The tensor product figuring in both cases is a generalization of
the usual tensor product, having now coefficients in the algebra A(U). Its
construction is analogous to the general construction of the tensor product of
modules over a commutative ring (see Bourbaki [14]). The previous presheaf,
which is not necessarily complete, is denoted by

(1.3.2) I'(S) ®rwy N(7),

and is called the tensor product of the presheaves (of sections) I'(S)
and I'(7). It is a I'(A)-module in the sense that each individual product
S(U) @4 T (U) is an A(U)-module.

Now, the tensor product (over A) of the A-modules S and 7T is
defined to be the sheaf S ® 4 7 generated by the presheaf (1.3.2); that is,

(1.3.3) S®UT := S(F(S) ®r(4) F(T))
This is again an A-module, whose stalks satisfy (see Mallios [62, p. 130])
(1.3.4) (S®AT), =S ®a, Ty

Moreover, as in the ordinary case of the tensor product over a commutative
ring,

(1.3.5) SOAAZ A4S =S,

The usual properties of the tensor algebra hold true in the present frame-
work.

Finally, if ¢ : S — 8 and ¢ : T — 7' are two morphisms of A-modules,
we consider the induced morphisms

[(¢):T(S) —T(S) and T(y):T(7)— I(T).
We recall from Subsection 1.2.1 that
F(¢) = {QEU : S(U) - S/(U)}Ueng

and similarly for I'(¢)). Then the tensor product of the A-morphisms
¢ and v is the A-morphism

PR : ST — S AT,
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defined by

(1.3.6) p19Y =S (T(¢) @ (¥)).

More explicitly, ¢ ® 1 is the morphism generated by the presheaf morphism

{¢v @ v : S(U) @) TWU) — S'(U) @40y T'U)} yeg,. -

Regarding the behavior of ¢ ® ¢ on the stalks, we add that

08V 5g,m, = (9ls,) ® (¥l,)-

Note. To clarify that the tensor product of A-morphisms (1.3.6) is defined
with respect to the algebra sheaf A, we should have written ¢® 4v. However,
for the sake of simplicity, this practice is generally not applied.

1.3.4. The exterior power of A-modules

As in the previous section, we consider a unital commutative associative
K-algebra sheaf A and an A-module §. The p-th exterior power of S is
the A-module

(1.3.7) NS == SA4--N4S .
N————

p-factors
obtained by sheafification of the (not necessarily complete) I'(A)-presheaf

(1.3.8) U— N(SWU)) :=SUO)Aawy - NanSU) .

p-factors

The exterior product S(U)A 41y - - Aa@)S(U) is defined as in the ordinary
case of modules over a commutative ring (see Bourbaki [14]).
It is proved that

(1.3.9) (A'S), = A’(S.); r € X,
and

(1.3.10) SAAAZ ANLS = S.
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The exterior power A’S is defined for all p = 0,1,..., by agreeing that
/\OS = A and /\18 = &. Hence, the usual properties of the exterior algebra
hold true also in the present framework.

We shall return to the exterior algebra of a particular A-module in Sec-
tion 2.5, where a simplified notation of the exterior power will be introduced
(see also the final remark of Subsection 1.3.2).

The exterior product of two A-morphisms

¢6:S—T and ¢v:8—>7T
is the A-morphism
defined by
(1.3.11) ¢ ANy :=S(T(¢) AL (¥)).

The exterior product of p morphisms is defined analogously. As in the
case of the tensor product of two A-morphisms (see the note at the end of
Subsection 1.3.3), we write ¢ A v instead of ¢ A4 1.

1.3.5. Sheaves of morphisms

In Subsection 1.1.1 we defined the set Hom(S,7) consisting of the morph-
isms between two sheaves of sets S and 7. Analogously, we define the set of
morphisms with respect to a given structure. So, if S and 7 are A-modules,
the set of A-morphisms between them is an A(X)-module, denoted by

Homu (S, 7).

Let us clarify the scalar multiplication of the previous A(X)-module
structure. For any a € A(X) and f € Homy(S,7), the morphism «f is
defined by

(af)(u) = a(r(u)f(U); uweS,
if 7 is the projection of S (cf. also the notations of page 4).

Since, for every open U € X, the restricted sheaves S|y and 7|y are
A|y-modules, we may define the A(U)-modules

HOH]_A|U(S|U,T‘U), UeTx.
Thus the correspondence

U'—>H0mA‘U(8|UvT‘U); UGTXv
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determines a complete presheaf, with restriction maps the usual restrictions
of morphisms to subsheaves. The sheaf generated by the previous presheaf
is called the sheaf of germs of A-morphisms of S in 7, denoted by

Hom(S,T).

It is clearly an A-module (over X) such that, by the completeness of the
generating presheaf,

Homa(8,T)(U) = Hom 4, (S|u, T|v),
for every U € Tx. In particular,
Homy(S,T)(X) =2 Homy(S, 7).
Given an A-module S, we define its dual to be the A-module
S* :=Homy(S, A),
while the sheaf of germs of A-endomorphisms of S is
End4(S) == Homu(S,S).
We have the identifications
(13.12) S*(U) = Homy, (Slv, Alv),
End(S)(U) = Hom yy,, (Slv, Slv),

for every U € Tx. We note that End4(S) is an A-algebra sheaf, since each
Hom 4, (S|v, S|lv) has a ring multiplication provided by the composition of
endomorphisms.

Finally, if S is a sheaf endowed with any algebraic structure (not only
that of an A-module, as before) we denote by

Aut(S)

the sheaf of germs of automorphisms of S. Sometimes, an appropriate
index indicates, if necessary, the particular structure involved. By definition,

Aut(S) = S(U — Aut(S|p)),

where Aut(S|y) = Iso(S|y, S|y) is the set of automorphisms of S|y, with
respect to the given structure. It is immediate that Aut(S) is a sheaf of
groups. In virtue of (1.3.12), we obtain

(1.3.13) Aut(S)(U) = Aut(S|).
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1.3.6. Multiple operations

In certain cases we shall encounter sheaves derived from the successive ap-
plication of various products such as the tensor, exterior, and fiber product.
Since it is often convenient to work with presheaves, one may wonder what
the right presheaf may be in such a case.

Instead of stating a general, technical result, let us describe a few con-
crete examples which will clarify our point.

Let £, F, R be A-modules over the topological space X = (X, Tx) and
consider the A-module § = (£ ® 4 F) xx R. Typically, the fiber product
is generated by the presheaf P : U — (£ @4 F)(U) x R(U), U € Tx.
However, the tensor product figuring in the previous expression is not easy
to handle. Though (€ ® 4 F)(U) # E(U) ®@ gy F(U), we can consider the
presheaf P : U — (EWU) @ 4wy F(U)) x R(U), generating an A-module
S. It is not hard to show that S = S , within an isomorphism. Therefore, S
may be thought of as generated by the second presheaf, i.e.,

(E®aF) xx R=S(Ur— ((E(U) ®aw) F(U)) x R(U)).
Similarly we show that
(EAAE) xx R=S(U — (EWU)AuqnE(U)) x R(V)).
The same principle applies, e.g., to (EA 4€) ®4 F, thus
(EAAE) @aF =S(U — (EW)Aaw)E(U) @4y F(U)).

Other combinations of products are dealt with analogously.

1.4. Change of the base space

We give two important constructions allowing the shifting of a sheaf over
a given base to a sheaf over a new base, in a way preserving the algebraic
structures.

1.4.1. The pull-back of a sheaf

In this case the change of the base space is accomplished by moving, so to
speak, the base space backwards by means of a continuous map.



26 Chapter 1. Sheaves and all that

Let f:Y — X be a continuous map between the topological spaces Y
and X. If S = (S, 7, X), then the pull-back or inverse image of S by f
is the sheaf

fH(8) = (f1(8), 7%, Y),

whose sheaf space
(1.4.1) f(S) =Y xx 8:={(y,2) €Y x S| f(y) = 7(2)}

is equipped with the relative topology as subspace of Y xS, and its projection
is 7 := pry|yx ys. The space (1.4.1) is known as the fiber product, over X,
of the topological spaces Y and S (compare with the fiber product of sheaves
in Subsections 1.1.2 and 1.3.2).

For every open U C X, there is a canonical, or adjunction, map of

sections

(1.4.2) [ 8U) — fHS)(f 1)),

defined as follows: If s € S(I7), then the section f;;(s) is determined by
(1.4.3) &)W = (v.s(fW)), yef'(U).

The totality of the sets of the form

B)  fo6) ) = {(y,s(FW)) [y € FHU)} = FH(U) xv Slu,

obtained by taking all the sections s € S(U), for all U varying in the topology
Tx of X, provides a basis for the topology of f*(S).
On the other hand, for each y € Y, there is a canonical bijection

(1.4.4) fy :Spy) — [(S)y 12— (y,2).
Therefore, for a given open U C X, (1.4.3) yields
(1.4.4°) Fy(s(F ) = (v, 5(f () = fir(s)(w),

for every s € S(U) and y € f~1(U).

Now let S and 7 be two sheaves over the topological space X and let
f:Y — X be a continuous map. A sheaf morphism ¢ : S — 7 induces a
morphism between the corresponding pull-backs (by f)

[H@): [H(E) =Y xx 8§ — fH(T) =Y xx T,
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with f*(6) := (idy % 6)| ;. g, i

(1.4.5) F @)y, 2) = (y,0(2)),  (y,2) € [7(S).

As a result, for a fixed continuous map f : Y — X, the correspondence
(see the final notation in Subsection 1.1.1)

e.,

f*:Shx — Shy,

associating f*(S) to every S, and f*(¢) to every morphism ¢ between
sheaves in Shx, is a covariant functor between the aforementioned cat-
egories of sheaves. This is the pull-back functor.

For any continuous maps g: Z — Y and f: Y — X, and for every S €
Shx, the sheaves (fog)*(S) and ¢g*(f*(S)) are isomorphic, as a consequence
of the universal property of the pull-back. Thus we obtain the equality

(1.4.6) (fog) =g of,

within an isomorphism.

To complete our brief exposition on the pull-back of a sheaf, we describe
how this arises from a presheaf of appropriate sections. In fact, for an open
V CY, we define the following set of continuous sections (over V) of S
along f

Sp(V):={s:V — S : continuous with 7o s = f|v }.

The correspondence Sy : V +—— S(V), V € Ty, together with the usual
restrictions of sections, determines a complete presheaf. It can be shown
that

fH(8) = 8(8y).

Therefore, for every open U C X,
F1(S) (1) = 8¢ (F71(0)).

If S now has an algebraic structure determined by an operation, say
*: S8 xx S — §, then this structure is inherited by f*(S). Indeed, using the
same operation symbol for both § and f*(S), we may set

(1.4.7) (2,2) % (2,2') == (z,2 % 2),

for every (z, 2), (z,2") € f*(S).
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As a useful application of the last considerations, let us mention that,
if A is a sheaf of unital algebras (over X) and 1 € A(X) denotes the unit
section, then f*(A) is a sheaf of unital algebras (over Y') with unit section
1* given by 1* = f (1), if f% : A(X) — f*(A)(Y) is the (global) adjunction
map.

Similar conclusions hold for the zero section of f*(.A) and the zero section
of f*(€), if £ is an A-module.

1.4.2. The push-out of a sheaf

In this case, the base space of the sheaf is

continuous map.

More precisely, we assume that S = (S, 7, X) is a sheaf and f: X — Y
a continuous map between the topological spaces X and Y. Then, for every
open V C Y, we consider the continuous sections S(f(V)) of S over the
open set f~1(V) C X. We check that the correspondence

‘moved” forward by means of a

(1.4.8) Vi—S(f'(V); Ve,

along with the natural restrictions of sections, is a complete presheaf. The
push-out or direct image of S by f is the sheafification of (1.4.8), denoted
by f«(S) = (f«(S),Y, m,); that is,

£(8) == S (V— S (V))):
hence, for any open V C Y,
(1.4.9) FA(S)V) = S(F7HV)).

By the same token, if ¢ : S — 7 is a morphism of sheaves (over X),
there is an induced morphism

generated by the presheaf morphism
(1.4.10) {07 107 :SUTV) — T (V) }yes, -

To transfer an algebraic structure of S to f«(S), we first consider the
same structure on every S(f~1(V)), and then we pass to f.(S), by applying
the procedure described at the end of Subsection 1.2.2.
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It is useful to describe the behavior of f.(¢) : f.(S) — fi«(7) with regard
to the local sections. For every open V' C Y, there is an induced morphism

of sections (see (1.1.3))

Fo(@) = F@)y : fu(S)V) — f(T)(V).
Now, for a o € f.(S)(V), there is an s € S(f 1 (V)) such that o = 3, where

§ is the image of s under the isomorphism S(f (V) —— f.(S)(V) (see
(1.2.9)). Hence, from the following analog of Diagram 1.7, namely

DIAGRAM 1.8

we obtain (after ggf—l(v) =9)

f(0)(0) = f(0)(5) = o(s),

from which one infers that

f(@)(3) =9(s),  seS(FHV)).

As in the case of the pull-back, we obtain the (covariant) push-out
functor

f« : Shx — Shy.

Since (g o [)«(S) = g«(f«(S)) within an isomorphism, we have the identific-
ation

(1.4.11) (go s =gso fs,

for any continuous maps f: X - Y andg:Y — Z.

To illustrate further the construction of the push-out, let us consider the
case of a sheaf of unital algebras A (over X) with unit section 1 € A(X). The
push-out f.(A) is sheaf of unital algebras (over Y). By (1.4.9) and (1.2.8),
the corresponding unit section 1, € f.(A)(Y) is given by 1, = py (1), where
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py - A(X) = A(fH(Y)) — f.(A)(Y) is the canonical (unital algebra)
isomorphism of sections. Hence, applying (1.2.9), we have that 1, = 1.

Similar results hold for the zero sections of f.(A) and f.(€), if £ is an
A-module.

1.5. Exact sequences

Given an A-morphism ¢ : S — 7 between two A-modules § = (S, 7, X)
and 7 = (7,7, X), the kernel of ¢ is defined by

kerg:={2€ S : ¢(2) =0}
If 0 is the zero section of S, clearly ker¢p = ¢ 1(0(X)). Since, by the
properties of sections, 0(X) is open in S, it follows that

ker ¢ = (ker ¢, 7T|ker¢> X)

is a subsheaf of S. It is also an A-module, because (ker ¢), = ker ¢, is an
A,-submodule of S, for every x € X. Thus, ker ¢ is an A-submodule of S.
In a similar way, the image of ¢

im ¢ := ¢(S),
being an open subset of 7, determines the A-submodule of 7
im¢ = (Im @, 7' [im ¢, X).
Its stalks (im ¢), = im ¢, are A,-submodules of 7, for every x € X.

Note. The kernel and image can also be defined for morphisms of sheaves
bearing other appropriate algebraic structures, such as groups, rings etc.
They also inherit the respective structure.

A sequence of A-modules and A-morphisms

(1.5.1) "'—>5171@;>51L>3i+1—>"'

is said to be exact if ker ¢; = im ¢; 1, for every index ¢. If this happens only
at certain term(s), e.g., S;, then we say that the sequence is exact at S;.
The sequence (1.5.1) is exact if and only if the induced sequence of stalks

bi—1,x

S d)i,z
1—1,x ©,T

- —

Sitlg — -
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is exact, for every z € X.
In particular, a short exact sequence of A-modules is a sequence of
the form

(1.5.2) 0—R-Ys 2T o0

Here 0 denotes the constant .A-module Ox (see Subsection 1.3.1).

Exact sequences of presheaves of modules are obtained analogously. To
this end, we first consider a presheaf of (unital commutative associative)
K-algebras A = (A(U ), O"L/[). An A-module or A-presheaf is a presheaf
S = (S(U), pY) such that:

S(U) is an A(U)-module, for every open U € Tx, and
prla-s)=oy(a) pi(s);  (a,8)AU) x S(U),

for every U, V € Tx with V C U.

Accordingly, an A-morphism ¢ = (¢y) of S = (S(U), pg) into T =
(T(U),77) is a morphism of presheaves such that every ¢y : S(U) — T(U)
is a morphism of A(U)-modules.

Given an A-morphism ¢, the A-modules

ker ¢ = ker ((¢v)) == (ker ¢y, P\%ker(zﬁv)v
im ¢ = im ((¢r)) = (im du, 7 lim oy, )
(for all U € Tx) are called, respectively, the kernel and the image of the

A-morphism ¢.
A sequence of A-modules and A-morphisms

(1.5.3) RN 1'71&52'&5%1—"“
is said to be exact if ker ¢; = im ¢;_1, for every i. This means that, for
every open U C X, the corresponding sequence

oiU

Pi1,U

- — Si-1(U)

Si(U) Sit1(U) — -

is exact.

Starting with an exact sequence of the form (1.5.1), the sequence of
I'(A)-modules

(¢i1) L(¢i)

- — I(Si1) I(S;) [(Siv1) — -+
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is not necessarily exact. On the contrary, the sheafification of an exact
sequence of A-modules of the form (1.5.3) leads to the exact sequence of
S(A)-modules

S(¢i1) S(:)

- — S(Si-1) S(5;) S(Si41) — -+

since the inductive limits preserve the exactness.
By the same token, in particular, a short exact sequence of A-modules

(1.5.4) 0—R-Ls 2.7,

leads to the corresponding short exact sequence of S(A)-modules

0 — S(R) S®) S(¢)

S(S) S(T) — 0.

But, as already said, the converse is not always true; that is, starting with
a short exact sequence of the form (1.5.2), we obtain the exact sequence

(1.5.5) 0 —I(R) YL 1) "L re,

where the morphism I'(¢) is not necessarily surjective (for relevant counter-
examples we refer, e.g., to Warner [140, Section 5.11], Wells [142, p. 52]).

The cohomology theory, discussed in the next section, measures the de-
viation of (1.5.5) from being exact at I'(7).

1.6. Sheaf cohomology

Sheaf cohomology can be approached from various points of view. Its full
treatment is adequately covered in most of the references mentioned in the
introduction of this chapter.

Guided by the needs of the present work, we first give a brief account
of the Cech cohomology (see Subsections 1.6.1 and 1.6.2), some aspects of
which will be encountered in subsequent chapters. A very short account of
cohomology via resolutions, aiming mainly at the abstract de Rham theorem,
is given in Subsection 1.6.3. The aforementioned theorem will only be needed
in Chapter 9 (Chern-Weil theory), whence the brevity of our discussion.

The cohomology with coefficients in a sheaf of non abelian groups re-
stricts only to the 1st cohomology set. This case will be treated in Subsec-
tion 1.6.4. We close with Subsection 1.6.5, where we sketch the construction
of the 1st hypercohomology group, in order to make the results of Section
6.7 readable.
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1.6.1. Cech cohomology with coefficients in a sheaf

This is a popular approach to cohomology, allowing direct computations
without use of resolutions (cf. Subsection 1.6.3). Some of its drawbacks are
remedied by assuming that we work over paracompact topological spaces.
The sheaf of coefficients are mainly A-modules, a fact generalizing the or-
dinary cohomology theory with coefficients in a sheaf of K-modules, where
K is a ring.

We begin with an arbitrary topological space X and a fixed open covering
U = (Uy)aer of it. If S is an A-module over X, then, for any integer ¢ > 0,
we define the set of (Cech) g-cochains of U with coefficients in S

C'U,S) = [ SWUap.a):
(a0, ,0q)

where, for the sake of convenience, we have set
(1.6.1) Uag..ag = Uag N ... N Uy,

From Subsection 1.2.1 we recall that S(0)) = 0.

Thus, by definition, a g-cochain is a map f which, to every ¢ + 1 indices
from I, assigns a section faq. .o, = f(a0...q) € S(Uay...q). Accordingly,
setting

(8 ’ f)ao,..aq = S‘Uao...(lq ) faou.aqa
for every s € A(X) and f € CY(U,S), we see that C?1(U,S) is an A(X)-
module.

The g-th coboundary operator or homomorphism

87 CUU,S) — CTU,S)
is defined by

g+1
o Ua c Qe
5q(f)a0...aq+1 = Z(il) on/gmaq+1 " (fao---ai---aq+1)
—0
(1.6.2) ;+1

)
+1

e Z(—l)zfao...ai...aq+1 ‘Uaonnq
=0

for every f € C9U,S). Clearly, pg are now the ordinary restrictions of
sections and the “hat” (7) indicates omission of the corresponding entry. A
useful convention is the following:

CUU,S) =0, §9=0, q<O0.
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If there is no danger of confusion, we simply write § in place of
04, for all ¢ > 0.

In a different terminology, any collection o = (Usy, .. ., Ua,) of open sets
from the covering U, with Uy,...a, # (0, is called a g-simplex with support
o] := Uny..0 .+ Using the previous notations and terminology, a g-cochain
f can be interpreted as a map assigning, to each ¢-simplex o, a section
f(o) € S(lo]).

If we define the i-th face of a simplex o to be the (¢ — 1)-simplex

(1.6.3)

0= (Ungs -+ s Ungy -+ s Uy )

then (by interpretation a cochain as a map of simplexes) the coboundary
operator can be written in the following condensed form:

q+1 )
1(f) = D=1z f (o).
i=0
To illustrate (1.6.2), we calculate two frequently occurring cases. For a
0-cochain f = (fa) € C°(U, S), we have that

(1.6.4) 3(f) = 8°((fa)) = (f5 = o)y,
while, for an 1-cochain f = (fa.5) € CY(U,S),
(1'6'5) (5(f) = (51((.fa,3)) = (faﬂ + fﬁ'y - fcw)‘Uan.

A fundamental property of ¢ is that
(1.6.6) 59 6 67 = 0; qge 7,
where, for convenience, we let
(1.6.6") Z§ = NuU{0}.

Thus, the collection of cochains, together with the coboundary operators,
determines the (Cech) cochain complex of A(X)-modules

0T, S) BN ciu,S) 2 ot U, S) — -
briefly denoted by

(1.6.7) C'(U,S) = (C1U,S),8)

+.
QEZO
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The g-th (or g-dimensional) Cech cohomology A(X)-module of U
with coefficients in S is defined to be the quotient

HU,S) = ker 57 /im 57"
Still, it is customary to set

(1.6.8a) Z1U,S) := ker ¢4,
(1.6.8b) BYU,S) :=im s,

by which we denote, respectively, the A(X)-modules of g-th (Cech) cocycles
and coboundaries of U with coefficients in S. Therefore,

(1.6.9) H'U,S)=2ZU,S)/BIU.S).
For any cocycle f € Z9(U,S),
(1.6.10) [flu € H'U,S)

stands for its cohomology class, with respect to U.

Note. Influenced by the case of cohomology with coefficients in a sheaf of
abelian groups, the cohomology module (1.6.9) is also called the g-th (Cech)
cohomology group.

From (1.6.4) it follows that a 0-cochain f is a 0-cocycle if and only if f
determines a global section of S. Hence, (1.6.9) implies that
(1.6.11) HU,S) =T(X,S) = S(X).

To examine the behavior of the quotients (1.6.9) with respect to the
open coverings of X, we first consider an open refinement V = (V;);e of U.
In this case we can find a refining map 7 : J — I ; that is, a map such
that V; C U, ;). For every ¢ € Zar , T induces a corresponding cochain map
(actually an A(X)-morphism)

7, CUU,S) — C1(V,S),
determined by

(1.6.12) T4(Pioweda = Frtio)rtinlv,

.9
J30---Jq
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for every f € C9(U,S) and jo,...,jq € J. Since the morphisms 7, commute
with the coboundary operators as in the diagram

CUU,S) — L IV, S)

04 04

oy, s) — L, catly, )
DI1AGRAM 1.9
we obtain the A(X)-morphisms
(1L6.13) 722 AU, S) — BV, S): [flu — [ro(Flvs q €75
If 7:J — I is another refining map (thus, V; C U.(;) N Uz, for every
j € J), then we show that Ty = T4, for every ¢ > 0. The proof is based on

a homotopy argument.
More precisely, we define the homotopy operators

hq : Cq(u;s) - qul(vjs); q > 17

by setting
q—1 -
o i U
Pa(Fiowedns = DD P F o). 2G7G)-7Gy )
(1.6.14) ;2
= 2V Frto)rGyrorrta-olvy, . 1

for every f € C1(U,S), where

U = Us(jo)...x( and V= Viy..j, -

Ji)7(3i)--T(Jg—1i)
We check that
Ty —Tg =09 o hy + hyt1 069,

if ¢ > 1, whereas
7_'0—7'0=h10(50.
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The following diagram may be useful. To avoid any confusion, we note
that its sub-diagrams are not commutative.

§a-1 04

U, S) ciU,S) cru,8) —— -

Tq| |Tq hgi1

g1 q

C’q(V,S) CqH(V,S) .

DiagraM 1.10

As a consequence of the preceding,

74(f) = 1a(f) = 67 (hy(f)) € BUWU. S),

for every f € Z9(U,S). Hence, (1.6.13) leads to

(1.6.15) 7 ([flu) = [r(Nlv = [7(Dy = 7 (Iflu); [ €2°WU,S),

which proves the assertion stated after (1.6.13).

Since [fly + 7, ([f]u) is independent of the choice of the refining map,

there exists a unique A(X)-morphism

(1.6.16) & U, S) — HIV,S)

with tz]f = 71,, for an arbitrary refining map 7:.J — I. It is immediate that
th=id and &, =t otll,

for any open coverings U, V and W of X, with W CV C Y. Thus, consid-
ering the set of all proper open coverings of X directed by the relation =,
defined by

U=xyv < VCu,

we obtain an inductive system of A(X)-modules (H?(U,S), t4¢). Then the
inductive or direct limit

(1.6.17) HY(X,S) := lim H'(U,S)
u
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(with respect to the directed set of all proper open coverings of X) is the
g-th (dimensional) Cech cohomology A(X)-module of X with coef-
ficients in the sheaf (A-module) S. Traditionally, the previous coho-
mology module is also called the g-th cohomology group of X with
coefficients in S.

Note. The necessity of considering proper open coverings stems from the
logical difficulties concerning the set of all open coverings of X (see Dowker
[23, pp. 60-61], Hirzebruch [44, p. 17]).

For each open covering U, there exists a canonical map

(1.6.18) ty: HIU,S) — HI(X,S).
Then, for a cocycle f € Zq(L{,S), the class
(1.6.19) [f] = tu([f]u)

denotes the cohomology class of f in the module (1.6.17).
For any refinement V of U, we obtain the next commutative diagram, as
a result of the general theory of inductive systems and their limits (see, e.g.,
Bourbaki [12, p. 89]).
. s §
HIU,S) v HIV,S)

tu ty

HY(X,S)
DiaGgraM 1.11

However, in order to get a feeling of the mechanism expounded so far,
we give a direct proof of the commutativity of Diagram 1.11. To this end,
we take the refinement V of U and a refining map 7:.J — I. We consider a
common refinement W = (Wy)rer of both U and V, as well as any refining
maps 0 : K — [ and p : K — J with Wy C Uy, and Wy, C V), thus
Wi C Uyy) N V). Clearly, Top: K — I is also a refining map such that
(T 0p)g = pq o Ty, in virtue of (1.6.12). Therefore, for an arbitrary class
[flu € HIU,S), equalities (1.6.15) and (1.6.16) imply that

5 ([flu) = [og(Hw = [(T 0 p)g(F)lw
= [(pg(1a (N = t (5 ([Flur)).
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This proves that the classes [fly € HI(U,S) and #4([flu) € HI(V,S) are
equivalent (in the inductive limit); hence,

tu([flu) = tv (B[ Flu)),

as required.
The particular case of ¢ = 1 is worthy to be noted because the morphism
(see (1.6.13) and (1.6.16))

(1.6.20) T{"Etz{,’ CHY(U,S) — H'(V,S)
is injective, for every V C U. Therefore,

r71 1 agh ~ r71
HY(X,S) := h7m>H Uu,S) _|E|H Uu,S)

(disjoint union). For details we refer to Mallios [62, Vol. I, p. 183].

The collection of the A(X)-modules H9(X,S), for all ¢ € Z§, is the
Cech cohomology of X with coefficients in the sheaf (A-module)
S, denoted by H*(X,S). It can be proved that:

If X is a (Hausdorff) paracompact space, then H*(X,S) satisfies

(1.6.21) _
the axioms of a cohomology theory.

The assumption that X is a (Hausdorff) paracompact space is a sufficient
condition ensuring the existence of the long cohomology sequence, derived
from a short exact sequence of sheaves. Details are given in the next sub-
section. For a neat exposition of the axioms of a cohomology theory, one
may consult, e.g., Warner [140, pp. 176-177].

1.6.2. Cech cohomology with coefficients in a presheaf

Let S = (S(U),pll) be an A-module over any topological space X (see
the discussion following (1.5.2)). The construction of the g-th Cech co-
homology module of X with coefficients in the presheaf S, namely

HY(X,S),

is analogous to the one with coefficients in a sheaf (.A-module). The only
difference is that, instead of the A(U)-modules of sections S(U) = T'(U, S),
we consider the A(U)-modules S(U). Hence, in all the expressions involving
restrictions of sections, we use the restriction morphisms of the form pg.
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For instance, the coboundary and homotopy operators are now given by the
first equalities of (1.6.2) and (1.6.14), respectively.

Accordingly, the Cech cohomology of X with coefficients in the
presheaf (A-module) S is the collection of A(X)-modules

H*(X,S)={HYX,S)}

qezg'
It should be noted that (compare with (1.6.21)):

H*(X, S) satisfies all the axioms of a cohomology theory, without any
restriction on the topology of X.

In the context of the cohomology theory with coefficients in a presheaf,
we obtain long exact cohomology sequences, whereas this is problematic
for the cohomology with coefficients in a sheaf, unless X is a (Hausdorff)
paracompact space (see the end of Subsection 1.6.1).

To be more specific, regarding the previous comment, assume first that

o= (pv):S=(SU),py) — T = (TU), )

is an A-morphism of A-presheaves over any topological space X. The
morphism ¢ induces corresponding cochain morphisms

(1.6.22) bugq: CU,S) — CIU,T); qE€Zg,
(actually morphisms of A(X)-modules) given by
(1622/) (¢U7Q(f))a0,,,aq = ¢Ua0...aq (f(l()...(Xq)

for every f € CY(U, S) and (g, ...,aq) € I971. Tt is easily verified that the
morphisms (1.6.22) commute with the coboundary operators, as pictured in
the next diagram.

cou, s) — e oy
04 04
cr(Y, S) _ DUt | CH U, T)

DiAGrRAM 1.12
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Hence, they define (by passage to the quotients) the morphisms
Grq s HIU,S) — HUU,T), qEZS.

Moreover, for every open refinement V of U, we obtain the following com-
mutative diagram.

) B -
HIU, S) —29 o H9U,T)
£ 5
4 ¢T;7q 7q
V. S) HIW,T)

DiaGraM 1.13

The vertical morphisms are defined analogously to (1.6.16). For simplicity
we have used the same symbol, although they refer to modules derived
from cochains with values in different kinds of sections. Therefore, for each
q € Zg, (¢z*4,q) is a morphism of inductive systems (with respect to U)
yielding the A(X)-morphism of cohomology modules

(1.6.23) g = lim ¢, HY(X,S) — HI(X,T).
u

Usually, we simply write ¢* instead of ¢;, unless we want to explicitly men-
tion the dimension of the cohomology modules involved.
An important consequence of the previous considerations is that:

A short exact sequence of A-modules over any topological space X

(1.6.24) 0—R-Y.s 2.7 0

induces the long exact (C'ech) cohomology sequence
0 — (X, R) Y A°(X,S) 2 A%X,T) 2 H'(X,R)
(1.6.25) L ANX,S) 2 HNX, T) 2 HA(X,R) — ...
A9(X,R) 2 H9(X,8) 2 HYX,T) 2 HI*(X,R) — ---

The connecting morphisms or Bockstein operators §* will be de-
fined in a moment. Once again we write 6" instead of 47, for all g € ZaL .
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Note. Another common notation for the connecting morphisms 6* is 0.
However, the latter symbol is reserved for a completely different use from
Chapter 3 onwards.

Let us now explain how ¢* is defined by the so-called chasing diagram
routine . For convenience, we consider the diagram

0 CI2(U, R) v, cr2U, S) _®. CI2(U,T) 0
§a+1 (1) sa+1 sa+1
0 C (U, R) v, cru, S) _®, Cr YU, T) 0
81 (1) 67 (III) 81
0 CY(U, R) Y e U, s) 0 ca U, T) 0

DiAaGraM 1.14

consisting of commutative squares (in virtue of Diagram 1.12) and horizontal
exact sequences (in virtue of equalities (1.6.24) and (1.6.22)). For simplicity,
the morphisms between cochains in the horizontal sequences of the diagram,
induced by the morphisms ¢ and v of (1.6.24), are denoted by the same
symbols instead of ¢y 4, Y14 etc., as in (1.6.22).

Let ¢ € H9(X,T) be an arbitrary cohomology class. Then there is an
open covering U of X and a g-cocycle f € Z9(U,T) such that ¢ = [f] =
tu([flu) (by the analog of (1.6.19) for the presheaf T'). Because of the
exactness of the bottom sequence of Diagram 1.14, there exists a cochain



1.6. Sheaf cohomology 43

g € CUU,S) with ¢(9) = duq(g) = f. By the commutativity of sub-
diagram (III), we have that

Dug+1(69(9)) = 6% du1,q(9)) = 69(f) =0

thus §9(g) € ker ¢y g1 = imty 4+1. Hence, there exists an h € C9M (U, R)
satisfying vy q+1(h) = 69(g). This equality, combined with the commutative
sub-diagram (I) and (1.6.6), yields

Yugr2(877 (h)) = 077 (Yu g1(h)) = 671 (8%(g)) = 0.

But 1y 412 is injective, thus 6971 (h)=0, i.e., h € Z9 (U, R). Therefore, the
previous constructions allow one to define §* by setting

In a more detailed form, we can equivalently write

05 (F1) = Iy g1 (07(9))]:

for an arbitrary g € C1(U,S) with ¢y 4(g) = f.

Of course, we must show that the previous definition is independent of
the choice of g. Indeed, assume that g € C?(U, S) is a cochain with ¢y 4(g) =
f. As before, we find a cocycle h € Z9+1(U, R) such that 1441(h) = 59(3).
As a result,

(1.6.26) Yugri(h —h)=0d%(g - g).

On the other hand, ¢y 4(g —g) =0, or (9 — g) € ker ¢y 4 = im )y 4. Thus,
there is a k € CY(U, R) with vy 4(k) = g — g. Applying 67 to both sides of
the last equality, we obtain 69(yy 4(k)) = 6%(g — g), which, by (1.6.26) and
the commutativity of sub-diagram (II), yields 1/ 4+1(69(k)) = Yr1g+1(h—h).

The injectivity of ¥y,+1 now implies that 69(k) = h — h. In other words,

h — h € B9t (U, R) from which it follows that [h] = [h], as required.

We now return to the case of A-modules and consider the short exact
sequence

(1.6.27) 0—R-Y 82T 0.

From the comments at the end of Section 1.5, it is clear that in the induced
sequences of cochains

0 — CUU,R) 12, 0oy, 8) 242, 09U, T)
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¢u,q is not surjective. The cochain morphism ¢y 4(f) in the preceding se-
quence of cochains is determined by

(¢M,q(f))ao,,,aq = Q_SUo,Omaq o fao...aq

(compare with the case of presheaves, where the analogous expression is
given by (1.6.22")). Therefore, the foregoing method of deriving the long co-
homology sequence (1.6.25) cannot be directly applied to the case of sheaves.
We overcome this shortcoming by defining the liftable cochains

Cq(uaT) = ¢M,q (CQ(U,S)) C Cq(u7T)7
yielding in turn the exact sequences

_Yua_ cU U, S) _Pua CUU,T) — 0,

0— CUYU,R)
for every q € Z . Moreover, restricting the coboundary operator §7 (q € Zg)
to C4U,T), we get the complex

~o—1 ga—1 = 4§ ~g+1
— 1 (uvT)*)Cq(Z/AT)—)Cq (Z/[,T)—>,

from which, analogously to (1.6.8a-b), (1.6.9) and (1.6.17), we define the
A(X)-modules

ZYU,T), BYU,T), HIU,T),

)

also called modules of liftable q-cocycles, q-coboundaries, and q-co-
homology, respectively. Accordingly, we define the liftable ( Cech) co-
homology H*(X,T) of X with coefficients in 7. Then, working as in the
case of the presheaf cohomology long exact sequence, we obtain the long
exact sequence in liftable Cech cohomology

0 —H(X,R) = (X, 8) 2= BO(X,T) 2= H'(X,R)
(1.6.28) L ANX,S) 2 BN (X, T) 2 BA(X,R) — ..
HY(X,R) L A9(X,8) 2 (X, T) 2 A (X, R) — -

Note that, in the present case, Diagram 1.14 needs to be replaced by
Diagram 1.15 on the next page.
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0 CI2(U,R) v, Cr2(U,S)
§at1 (1) §a+1
0 CrT YU, R) v, criu,S)
51 (II) 54
0 CIYU,R) L4 ciU,S)

At this stage the assumption that X is

¢

—_—

¢

_

(III)

¢

DiagraM 1.15

Cor2(U, T) 0
ga+1
C U, T) 0
54
CUU, T) 0

a (Hausdorff) paracompact space

(see (1.6.21)) enters the scene. Namely, one can prove that:

(1.6.29)

(1.6.30)

If X is a (Hausdorff) paracompact space, then there exists an iso-

morphism of A(X

)-modules

HY(X,T) — HY(X,T);

thus, the short exact sequence of A-modules (1.6.27) induces the
long exact cohomology sequence

0 —HX,R) L 10X, 8) 2 HOX,T) 2 HY(X,R)

LEN(X 5) L A(X, T) LHQ(X R) —

a9, R) L 19X, 8) 2 79X, T) 2

= H""YX,R) —
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A key factor to the proof of (1.6.29) and (1.6.30) is the following result:

Let § LT 0 be an exact sequence of A-modules over a

(Hausdorff) paracompact space X, and let U be an open covering
(1.6.31) of X. Then, for any q-cochain f € CYU,T), q € Z, there is
an open refinement V of U with a refining map 7 : J — I such
that 7(f) € ¢v.q (CI(V,S)) =: C1(V, T).
Stated otherwise, the previous result asserts that any ¢g-cochain f, as above,
is refinement liftable. Hence, there exists a g-cochain g € CY(V,S) such
that 6v.4(9) = 74(f).
The proof of the previous statement can be found, in one form or another,
in most of the references cited in the introduction of the present chapter. A
particularly detailed proof is given in Mallios [62, Vol. I, Lemma 5.2]. The
reader may also consult the same source (pp. 202-207) for equally detailed
proofs of (1.6.29) and (1.6.30).

We close with the following fundamental fact:

Over a (Hausdorff ) paracompact space X, all the cohomology the-

1.6.32 . . X . . . ‘
( ) ories with coefficients in A-modules coincide up to isomorphism.

1.6.3. Resolutions and the abstract de Rham theorem

Another approach to cohomology is based on resolutions. Although it is not
employed in this work, we shall describe its rudiments in order to state the
theorem in the title, needed only in Section 9.5.

An (abstract) complex of A-modules over a topological space X, de-

noted by
C" = (€, d")gez,

is a sequence of A-modules and morphisms

q—1 q
i1 @ LAINLTES S

Cq

(over X)), such that
diodi ! =0, g€’

(compare with the cochain complexes defined in Section 1.6.1). The morph-
isms d? are traditionally called the differentials of the complex.

If S is an A-module over X, then a resolution of S is an (abstract)
complex of A-modules of positive degree, i.e.,

(1.6.33) 00 L ot 2
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such that the augmented sequence

(1.6.34) 0—s8-et et L
is exact, for some A-morphism i.

A resolution, as above, is called acyclic if HP(X,C9) = 0, for all p > 0
and ¢ > 0. Here we have used the Cech cohomology defined earlier, although
the definition of acyclicity remains valid for any other cohomology theory
we might use.

A common example of acyclic resolution is a fine resolution; that is, one
whose modules C9, ¢ € Z7, are fine sheaves. More precisely, a sheaf F of A-
modules (over X)) is said to be fine, if, for every locally finite open covering
U = (Us)aer of X, there exists a partition of unity of F subordinate
to U. By the last term we mean a family of endomorphisms

{fa:fﬂf‘ael},

with the following properties:

> fa=idlF,

ael
Supp(fa) = {I €X: fa|.7:m # 0} C U,.

For instance, if X is a (Hausdorff) paracompact space, then the sheaf Cg(
of germs of continuous K-valued functions on X is fine. Similarly, if X is a
(Hausdorff) paracompact smooth manifold, the sheaf of germs of K-valued
smooth functions C$°, and the sheaf differential forms Qx are also fine.
On the contrary, constant sheaves, and the sheaf of germs of holomorphic
functions over a complex analytic manifold are not fine.

To facilitate the concluding discussion of this subsection, we define some
other important categories of sheaves.

A sheaf S is called soft if every section of S over a closed subset of the
base X can be extended to a section over the entire X. This is equivalent to
saying that the restriction map S(X) — S(B) is surjective, for every closed
B C X. Fine sheaves are soft.

On the other hand, a sheaf F is called flabby if the restriction map
F(X) — F(U) is surjective, for every open U C X. Flabby sheaves are soft.

Finally, an A-module £ is called injective if, for any exact sequence of
A-modules

0—8-2F,
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the induced sequence
Homu4(F,€) &, Hom4(S,&) — 0

is also exact. The induced morphism ¢* is given by ¢*(f) := f o ¢.

Now, given the resolution (1.6.34), the global section functor I'y induces
the sequence of A(X)-modules

Tx (i) T'x (d9)
_—

0 — I'x(S) Ix (C)

(1.6.35) 1
Ty (CY) _Ix@) | Ty (C?) — ---
From (1.1.1’), (1.1.2) and (1.2.4b), we recall that I'x(S) = I'(X, S) = S(X),
for any sheaf S, and I'x(¢) = ¢x, for any morphism ¢.

The sequence (1.6.35) is not necessarily exact, except at I'y(S) and
I'x(C%). On the other hand,

Ix (d7"1) o Iy (d) = 0,

thus the A(X)-modules 'y (C?), together with the A(X )-morphisms I'x (d9),
for all ¢ > 0, form a complex.

Taking into account the previous considerations, the so-called abstract
de Rham theorem is stated as follows:

If the sequence (1.6.34) is an acyclic resolution of S over a (Haus-
dorff) paracompact space X, then the following isomorphisms of
A(X)-modules hold true:

HY(X,S) = kerI'x (i),

(1.6.36) .
HY(X,S) = kerI'x(d?) /imIx ("), ¢>1.

To close, we mention that another way of building up a cohomology
theory of a space X with coefficients in a sheaf S is by associating S with
a certain acyclic resolution. Then the cohomology modules (groups) are
obtained as quotients of (abstract) cocycles by coboundaries, by means of
derived functors (like I'x). For instance, we can associate S with injective
resolutions (see, e.g., Brylinski [17], Mallios [62, Vol. I]), fine or soft
resolutions (see, e.g., Warner [140], Wells [142]), as well as flabby ones
(see, e.g., Bredon [16], Godement [33]). In all these cases, the isomorphisms
(1.6.36) are still valid for the corresponding —via resolutions— cohomology
groups H1(X,S).
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1.6.4. The 1st cohomology set

Unlike the Cech cohomology with coefficients in an .A-module or in a sheaf of
abelian groups, in the non-abelian case we cannot define cohomology groups
of dimension greater than 1.

Let X be a fixed topological space and G a sheaf of (not necessar-
ily abelian) groups. As in Subsection 1.6.1, given an open covering U =
{Uy | € I} of X, we define the groups of 0 and 1-cochains C°(i,G) and
CY(U,G) respectively.

A l-cochain f = (fag) € C'(U,G) is called a 1-cocycle if the condition

(1637) faﬁ : f,B'y = foz’y

holds for all a, 3,7 € I with U,gy # (. The set of G-valued 1-cocycles over
U is denoted, as usual, by Z'(U, G).

Two 1-cocycles f, f' € Z'(U,G) are said to be cohomologous (or equi-
valent), if there is a O-cochain h = (h,) € C°(U, G), satisfying

(1.6.38) fop =ha fap- hEl,

for all o, 5 € I with U,p # 0. The corresponding quotient is, by definition,
the 1st cohomology set of U with coefficients in G

(1.6.39) H' U, ),

whose elements are denoted by [fly = [(fag)lu-
The previous set is equipped with the particular element 1;; , determined
by the class of the trivial 1-cocycle (fog) = (1|v,,), i-e.,

Ly = [(Yu,p)lu

(recall that 1 is the unit section of G; see (1.1.5)).

If we take an open refinement V = (V;);es of U and any refining map
7 :J — I, as in the abelian case (see also (1.6.12)), we define the cochain
maps

70: COWU,G) — C°'(V,G) : f = (fa) = (0(H)i) = (Frin |y,
7 :C'U,G) — C'(V,G) : f = (fap) = (11(F)ij) == (friyr()

Vz‘j)'
The maps 79, 7 induce the morphism

(1.6.40) S =1 H'UG) — H' V.G : [flu— 1)y,
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which is independent of the choice of 7 (compare with (1.6.13) and (1.6.16)).
This is quite straightforward now. Indeed, assume that 7 : J — [ is an-
other refining map. Then, for every f € Z'(U,G) and i,j € .J, the cocycle
condition (1.6.37) implies that

71(f)ij = hi- (i - by

with h; == fz()r). Hence, [T1(f)]v = [11(f)]y, which proves the assertion.
Moreover, analogously to (1.6.20), it can be shown that (see also Mallios
[62, Vol. I, pp. 183 and 274 ])

(1.6.41) the morphisms tzé are injective.
As a result, we obtain the inductive system (H Yu,q), t% ), whose induct-
ive limit (as U is running the set of all proper coverings of X) is the 1st

cohomology set of X with coefficients in G; that is,

(1.6.42) HY(X,G) = lim H'(U,G).
u

For every open covering U of X, there is a canonical map
tu: H'(U,G) — H'(X,G),

thus we define the cohomology classe
(1.6.43) [(Fap)) := tu([(fas)lur)-
An immediate consequence of (1.6.41) is that
(1.6.44) the canonical maps ty are injective, for every U.

The 1st cohomology set is equipped with the distinguished element

1:=ty(1y) € HY(X,G).

It is independent of the choice of the element 1;; corresponding to a partic-

ular covering . This follows from the definition of the trivial cocycle, and
Diagram 1.11 adapted to the present data.
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1.6.5. Cech hypercohomology

We outline the construction of certain hypercohomology groups, which will
be applied in Theorem 6.7.2. For complete details we refer to Brylinski [17],
Mallios [62, Vol. I] and their references on the subject. Here we mainly
follow the terminology and notations of [62].

With this future application in mind, we consider a complex of A-
modules of positive degree (see the beginning of Subsection 1.6.3)

6 = (Em, d = {dm})mezg

For convenience we also set £™ = 0, for every m < 0.

Let U be an open covering of X. Fixing, for a moment, an m € Z;, we
may consider the chain complex (see also (1.6.7))

c Uu,em = (C"(U, EM), o= {5”’7”})”623,

where each §™™ : C™(U,E™) — C™" LU, E™) is the usual coboundary oper-
ator. Varying now both n and m, we form a double complex of A-modules

C" (U, E,6,d) = ({C"U €™}y ez st 0 ).

Jnm gn+lm

gn—1m . em s gy em sn+lm
Jrm—1 (1) dn+im—1

T onu ety XL ome gy gmery O
Jrm—2 Jn+1,m—2

DiaGraM 1.16
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The previous diagram illustrates the double complex just described. By
definition, all the sub-diagrams like (I) are assumed to be commutative. The
vertical operators between various cochains are induced by the corresponding
differentials of the given complex £.

A double complex gives rise to an ordinary complex of A-modules

{tot(C"(U,€")), D} := (8", D) ey

whose elements are defined by the relations:

"= cwu.em),
n+m=p
DP = 3 g (S S
n+m=p
for every p € ZO+.

The p-th Cech hypercohomology group H” (U, £") of U with coef-
ficients in the complex £° is defined to be the p-th cohomology group of
the (total) complex tot(C"(U,£")). In other words,

H (U, &) =ker D’ /imDP ', peZ.

As in the case of the ordinary Cech cohomology, the p-dimensional
Cech hypercohomology group of X with coefficients in £° is

H”(X,£") .= lim H (U, E").
u

The inductive limit is taken with respect to all the proper open coverings of
the space X.



Chapter 2

The category
of differential triads

In physics there is an urgent neces-
sity to base some geometric models
of physical phenomena on sufficiently
non smooth generalizations of the dif-
ferential manifold concept.

M. HELLER [42, p. 12]

HIS chapter introduces the notion of an algebraized space, which will
be the base space of all the sheaves considered in the remainder of
this work. An algebraized space, together with an appropriate differential
(Leibniz) operator, determines a differential triad. The latter lies in the
foundations of the abstract differential geometry alluded to in the preface.
These notions, originally due to A. Mallios, have been defined in [62].
We supplement his treatment by showing that differential triads form a

23
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category containing, as subcategories, the smooth manifolds and —after a
suitable sheafification— the differential spaces in the sense of R. Sikorski [113]
(see also the seminal ideas of his earlier work [112]). Subspaces, quotients,
infinite products, projective and inductive limits also exist in this category.

Finally, a convenient notion of abstract differentiation for maps between
two topological spaces is defined, provided that at least one of the spaces
bears a differential triad. This notion of differentiability (having nothing to
do with ordinary calculus) implies that every continuous map is differenti-
able in abstracto.

The categorical results of this chapter are due to M. Papatriantafillou
and are taken from [97], [99] and [100]. With the exception of Sections 2.1
and 2.5, the remainder of this chapter can be omitted on a first reading.

2.1. Differential triads

Before proceeding to the fundamental definitions, we note that, in order to
keep track of ordinary differential geometry and to clarify its analogy with
the present abstraction,

we deliberately use the terms differential, differentiable etc.,
although there is not any kind of differentiation, in the usual sense
of calculus, involved.

Following [62, Chapter II, Scholium 1.2] we start with:

2.1.1 Definition. An algebraized space is a pair
(2.1.1) (X, A),

where X = (X, Tx) is a topological space and A a sheaf of unital commut-
ative associative K-algebras over X, with K =R, C.

Completing the terminology of Definition 2.1.1, X is called the base
space and A the structure sheaf of the algebraized space.

However, in order to develop abstract differential geometry, we need to
complement the algebraized space by some algebraic differential (or deriva-
tion). This leads to the following:

2.1.2 Definition. A differential triad is a triplet (A, d, ), where € is an
A-module over X, and

(2.1.2) d: A—Q
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is a K-linear morphism satisfying the Leibniz condition
(2.1.3) dla-b)=a-db + b-da, (a,b) e Axx A

The previous definition means that d is an Q2-valued derivation of A.
Condition (2.1.3) can be written in the equivalent form

(2.1.3") d(s-t)=s-dt + t-ds,

for any (local) sections s,t € A(U) and every (open) U € Ty, as explained
in (1.2.15"). We clarify that the operator d in (2.1.3’) is in fact the induced
morphism diy between the corresponding presheaves of sections, according
to our convention (1.1.3).

Note. In Mallios [62] d is denoted by 0. As already mentioned in the note
on p. 42, 0 is reserved for another use in this work.

In order to state a simple consequence of Definition 2.1.2, we need to add
a few remarks on the constant sheaf Kx, K = R, C (see Subsection 1.3.1).
By the very construction, K = Kx is naturally imbedded in A by means of
the 1-1 morphism

(2.1.4) i:Kxy = A: (z,k)—k-e;=k-1(x).

Since, (Kx), = {z} x K = K, identifying k¥ € K with (z, k), for arbitrary
x € X, we obtain:

2.1.3 Proposition. The differential d satisfies the following equalities:
de; =0 and dk =0,

for every x € X and k € K. Similar equalities hold for the unit section
1 € A(X) and any section k € Kx(X).

Proof. Applying (2.1.3), we have that
de, = d(ey - ey) = ey - dey + ey - de, = dey, + dey

which yields the first equality of the statement. The second is a result of
the K-linearity of d, namely

dk = d(k - ey) =k - dey = 0 O
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2.1.4 Examples.
(a) Differential triads from smooth manifolds

Let X be a real C* (smooth) manifold. If A := CY is the sheaf of
germs of real-valued smooth functions on X,  := Q}( the sheaf of germs
of (smooth) differential 1-forms on X, and d the morphism induced by the
sheafification of the ordinary differentiation of smooth functions, then

€%, d, Q%)

is the standard differential triad associated with the smooth manifold X. In
the notations of Subsection 1.2.2,

C¥ =S(U +— C™(U,R))
Q% =S(U — AYU,R)),
d =S(U v+ dy),

3

for all U running the topology Tx. Here A'(U,R) is the C*°(U, R)-module
of real-valued differential 1-forms on U, and

dy : C®(U,R) — AYUR): f = df =T,

where the last differential is the ordinary differential of smooth functions.
By the completeness of the presheaves involved above, we have that

AU) =C¥(U) = C®(U,R), QU) = Q% (U)=A(UR), dy = dy.

Differential triads of the previous type are obtained from finite and
infinite-dimensional manifolds. The latter include Banach manifolds (see,
e.g., Bourbaki [13], Lang [54]) and manifolds with other infinite-dimensional
models (i.e., topological vector spaces) equipped with an appropriate differ-
entiation theory, allowing to define the usual differential mechanism on the
corresponding manifolds. In this respect we refer, e.g., to Galanis [30], Omori
[85], Papaghiuc [88] (for Fréchet manifolds), Kriegl-Michor [52] (for mani-
folds modelled on convenient locally convex spaces), Leslie [55], Papaghiuc
[87], Papatriantafillou [94] (for manifolds modelled on arbitrary topological
vector spaces), Papatriantafillou [95] (for manifolds modelled on project-
ive finitely generated modules over a commutative locally m-convex algebra
with unit). For a systematic treatment of the general differentiation theory
we refer to Averbukh-Smolyanov [7], [8]. Another valuable source of inform-
ation, containing a very extensive and annotated bibliography, is Ver Eecke

[135], [136].
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Similar considerations are valid in the case of complex manifolds by
taking holomorphic functions and forms.

(b) Kéhler’s differential

In the sheaf-theoretic framework, one may wonder whether a given arbit-
rary algebraized space (X,.A) can be completed to a differential triad. The
sheafification of W. Kéhler’s theory of differentials guarantees the existence
of an A-module Q and of an operator d so that (A,d,$?) is a differential
triad.

Kahler’s theory is based on an nice algebraic construction, whose main
idea is the following: We start with a unital commutative algebra A (even
less: a unital commutative ring!) and consider the multiplication morphism

p:ARASaxRb— pla®b):=a-beA.

Then I := ker  and the vector space I? (generated by I - I) are ideals of
A ® A with I? C I. Setting
Q:=1I/1%

one verifies that  is an A-module. The 1st-order Kahler derivation or
differential d : A — () is defined by

do:=(1®a—a®1) + I? ac A,

It has the following universal property: For any other derivation d : A — Q,
there exists a (unique) morphism of A-modules f :  — Q such that the
following diagram is commutative.

A Q

S ¥
N

N

N
RS
VTN

DiaGrAM 2.1

For details we refer to Bourbaki [14, Chap. III, p. 132], as well as to Mallios
[62, Section XI.5] in the case of a topological algebra.

Now, given an arbitrary sheaf of unital commutative associative algebras
A, we construct a differential triad (A, d,2) by the sheafification process.
More precisely, to each A(U), U C X open, we associate an A(U)-module
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Q(U) and a differential dyy : A(U) — Q(U) as above. We obtain a presheaf
of modules and a presheaf morphism, respectively, generating in turn an A-
module © and a differential d (see also Mallios [61] and [62, Section XI.6]).

(c) Differential triads from the derivations of A

Let (X,.A) be a given algebraized space. An A-valued derivation of
A is a K-linear morphism ¢ : A — A satisfying the Leibniz condition

fla-b)=a-€b)+&a) b, (ab) € Axy A

Assume that A admits non-trivial derivations. For every U € Ty, we
denote by Dy the set of A|y-valued derivations of A|y; i.e.,

Dy = {¢: Aly — Aly derivations} € Hom 4, (Alv, Aly).

Then (@U, pg) is a complete presheaf, where p‘[f (€) is the restriction of the
derivation £ of Aly to Aly, for every open V' C U. If ® is the sheaf generated
by (@U,pg), we set

Q=" =Homa(D, A)

(see Subsection 1.3.5).
We shall construct a differential d : A — Q. To this end, we consider
the morphism of presheaves

{dU : A(U) — HOII]A‘U(@|U,A‘U) | U e fx},

where di; is defined as follows: If o € A(U), then the morphism dy(«) €
Hom 4, (D, Aly) is generated by the presheaf morphism

{du(a)y : D(V) — A(V)|V C U open}

with
du(e)v(§) =¢&(alv),  £e€D(V).
Varying V in U we get an element dy(«) € Q(U) and then, varying U
in Tx, we obtain the desired d. The K-linearity and the Leibniz condition

follow from the analogous properties of each dy(a)y. Therefore, the triplet
(A, d, Q) thus produced is a differential triad.

We illustrate the previous general construction in the next example.
(d) A concretization of Example (c)

Let X := E be any topological vector space equipped with a method
of differentiation such as Gateaux, Hadamard, or any other appropriate one
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(the existence of a directional derivative would also suffice in this discussion).
Fix a vector v € E. Then, for every open U C E and every smooth map
a:U — R, we set

§r(a)(x) == (Da(x))(v);  zel,

(the previous derivative can be replaced by D,a(x), if we are given a direc-
tional derivative). Clearly, the map

v - C=(U,R) — C*(U,R)

determines a derivation. Varying U in the topology of X, we obtain the
derivation £¥ : A — A where A := Cp° is the sheaf of germs of smooth
functions on [E, with respect to the chosen differentiation method. If

Q:={"|veE}",

then, as in the preceding Example (c), we define a differential triad (A4, d, )
associated with (E, A).

Note that in this case, {2 does not necessarily coincide with the A-module
Q4 of 1-forms on E.

(e) Generalized structures and differential triads

Differentiable spaces in the sense of M. Mostow (see [79]) provide dif-
ferential triads as before. Likewise, we obtain a differential triad from a
differential space in the sense of R. Sikorski ([113]). This is accomplished by
associating, via the Gel’fand’s representation, an appropriate sheaf of func-
tion algebras to the (functional) structure algebra of the differential space.
Details can be found in Heller [42].

For other relevant examples, including triads obtained from the general
spaces of J. Smith ([114]), V-manifolds of 1. Satake ([107]) and superman-
ifolds (see, e.g., Bartocci-Bruzzo and Hermandez-Ruipérez [9], though this
case is within a graded framework), the reader is referred to Mallios [62,
Vol. 11, Chapters 10, 11].

(f) Differential triads from algebras of generalized functions

A rather surprising example of a differential triad is obtained from the
sheaf of E. E. Rosinger’s nowhere dense differential algebras of generalized
functions. These algebras contain the Schwartz distributions and provide
global solutions for arbitrary analytic nonlinear PDEs. The significance
of this example lies in the fact that, taking as structure sheaf the above
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functions, we can reproduce a great deal of the classical theory of manifolds
in a highly singular space. Details are given in Mallios-Rosinger [71] and
(along with applications to general relativity) [72].

2.2. Morphisms of differential triads

In this section we prove that differential triads form a category, by defin-
ing an appropriate notion of morphisms between them. The definition of a
morphism is not obvious, as the reader will soon witness, and is certainly
more complicated than that of a morphism of differentiable manifolds. Des-
pite this complexity, the category of differential triads is more advantageous
than differentiable manifolds. This will become clear in Section 2.4.

Let X = (X,%x), Y = (Y,%y) be two topological spaces and f : X — Y
a continuous map. We assume that (A,d, Q) is a differential triad over X.
By the general discussion of Subsection 1.4.2, we see that the push-out of A

fi(A) = (fi(A), Y, m)

is a sheaf of unital commutative associative K-algebras over Y. We recall
that

Fo(A) =8 (V= A(fTH (V)5

thus, by the completeness of the presheaf involved, f.(A)(V) = A(f 1(V)).
Similarly,
f(Q) =S (V— Q(f71(V)))

is an f,(A)-module. On the other hand, the sheaf-morphism
fe(d) : fi(A) — fi(82),
being the sheafification of the induced morphisms of sections
dp-1y  A(fTHV)) — QU H(V)); Ve Ty,
is K-linear and satisfies the Leibniz condition. Therefore, we obtain:

2.2.1 Lemma. Let X, Y be topological spaces and f: X — Y a continuous
map. If (A,d,Q) is a differential triad over X, then the push-out

(f+(A), f(d), f(€2))
of (A,d,Q) by f is a differential triad overY .
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Before defining morphisms of differential triads, we recall that a morph-
ism of unital algebras h : A — B is a morphism of algebras preserving
the units. In the same way, a morphism h : A — B of sheaves of unital
algebras is a morphism of sheaves of algebras also preserving the units.
This means that the following equivalent conditions hold true:

h(14) = 1p, if 14, 1p are the unit sections of A and B, respectively;

h(1;) = 14, if 1, denotes (for convenience) the unit element of both A,
and B,, for all x € X.

2.2.2 Definition. Let (Ax,dx,Qx), (Ay,dy,Qy) be differential triads
over the respective topological spaces X = (X,%Tx), ¥ = (V,Ty). A
morphism of differential triads between (Ax,dx,2x) and (Ay, dy, Qy)
is a triplet (f, fa, fa), where

(MDT. 1) f:X —Y is a continuous map.

(MDT. 2) f4: Ay — f.(Ax), shown in Diagram 2.2, is a morphism of
sheaves of unital commutative associative K-algebras over Y.

fa

Y

DIAGRAM 2.2

(MDT. 3) fao:Qy — f«(Qx) is a morphism of sheaves of K-vector spaces
over Y, compatible with the respective module structures; that is,

(2.2.1) fala-w) = fa(a)- fo(w), (a,w) € Ay xy Qy.
(MDT. 4) The following equality holds true

(2.2.2) Jeldx) o fa= faody,

or, equivalently, the next diagram is commutative.
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Ay — A f )
dy fildx)
oy —1% L f o)

DiaGram 2.3
The next obvious result proves that the set of endomorphisms of a dif-
ferential triad is not empty.

2.2.3 Proposition. For every differential triad (A, d, ), over any topolo-
gical space X, (idx,ida,idq) is a morphism of differential triads.

As a matter of fact, the previous morphism is an identity morphism
in the category of differential triads, as it will be clarified shortly (see also
Corollary 2.2.5). On the other hand, the following result defines the com-
position law for the morphisms of differential triads, formalized in (2.2.7)
below.

2.2.4 Proposition. Let (Aj,d;,Qr) be differential triads over the respective
topological spaces (I,%1), I = X,Y,Z. Given two morphisms of differential
triads

(f, fa, fa): (Ax,dx,Qx) — (Ay,dy,Qy),
(979./4799) : (AY,dy,QY) - (AZ7dZ:QZ):

we define the morphisms
(2:2.3) (9o fla=g«(fa)oga,
(2.2.4) (gofla=g

Then the triplet (gof, (go f)a, (gof)g) is a morphism of differential triads
from (Ax,dx,Qx) into (Az,dz,Qz).

«(fa) o ga.

Proof. The construction of (g o f)4 is shown in the diagram on the next
page. It is clearly a morphism of sheaves of unital commutative associative
K-algebras as being the composite of two morphisms of algebra sheaves of
the said type. Similarly, (go f)q is a morphism of sheaves of K-vector spaces.
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Ay G« (AY)
fa 9+(fa)

Ax f«(Ax) g+ (f+(Ax))

14
.Y g . 7

DiAGrAM 2.4

To prove that (go f)q satisfies the analog of (2.2.1), we first observe that

(225)  g«(fa)(a-w) = g«(fa)(a) - gu(fo)(w),  (a,w) € Az Xz Qz.

This is easily checked by applying (2.2.1) to the local sections generating the
push-out. Hence, for every (a,w) as before, equalities (2.2.1) and (2.2.5),
together with (2.2.3) and (2.2.4"), imply that

(go Hala-w) = g«fa)(gala)- ga(w))
= g.(fa)(g4(a)) - g*(fﬂ (90 (w))
= (9«(fa) 0 ga)(a) - (g:(fa) O(JQ)( )
= (go flala) (go fla(w),

thus proving condition (MDT. 3) of Definition 2.2.2.
We now verify (MDT. 4). To this end, we apply g. to both sides of
(2.2.2), thus the functoriality of the push-out implies that

Q*(f*(dX)) 0 g*(fA) = g*(fﬂ) © g*(dY),

and, composing with g4,

(2'2'6) (go f)*(dX) 0 g*(fA) °CgA = Q*(fQ> © g*(dY) ©gA-
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On the other hand, the analog of (2.2.2) for (g, g4, g9a), namely

gi(dy) 0 ga = goodz,
substituted in (2.2.6) yields

(g0 f)e(dx) 0 ge(fa) 0 94 = g+(fo) 0 ga o dz.
Hence, in virtue of (2.2.3) and (2.2.4), the last equality leads to

(go flsldx)o(gofla=(go floodz,
which concludes the proof. ]

Given two morphisms (f, f4, fo) and (g, 9.4, 9a) as in Proposition 2.2.4,
we define their composition in the obvious way; that is,

(2.2.7) (9,94,90) ° (f. fas fa) == (g0 f.(go fla. (go fa),

where the right-hand side is determined by (2.2.3) and (2.2.4). This is pre-
cisely the composition law for the morphisms of differential triads alluded
to in the comments preceding the statement of Proposition 2.2.4.

2.2.5 Corollary. The following assertions are true:
i) If (f, fa, fa) « (Ax,dx, Qx) — (Ay,dy,Qy) is a morphism of dif-
ferential triads, then

(f7 f.A7 fQ) © (ZdX7 Z.dAx7idﬂx) = (fa f.Av fQ) ;
(idY7idAy7 Zdﬂy) S <f7 f.A? fQ) - (f7 f.A7 fQ) .
ii) The composition law, defined by (2.2.7), is associative.

Proof. The equalities of the first assertion are direct consequences of the
definitions. For the second it suffices to show that

((ho(})of)X:(ho(qof))X? X:A'/Q'/
for any morphisms (f, f4, fa), (9,94, 9a) as in Proposition 2.2.4, and any
morphism of differential triads (h,ha, hq) : (Az,dz,Qz) — (Aw,dw, Qw),
where W is a topological space. Indeed, since h, is a functor,
((hog)o flx = (hog)(fx)o(hog)x

= ha (9+(fx)) o (h«(gx) o hx)

= (hs (9+(fx)) © hu(gx)) © hx
= hy(g«(fx) o gx) 0 hx

(

((goflx)ohx
O(Qof))x- 0
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As already mentioned after Proposition 2.2.3, Corollary 2.2.5 implies
that (idx,id 4,idq) is an identity for the composition law, while the latter is
also associative. Therefore, we have proved that the differential triads and
their morphisms satisfy the axioms of a category.

For the sake of completeness, we record the previous results in the fol-
lowing statement.

2.2.6 Theorem. The differential triads and their morphisms, together with
the composition law (2.2.7), form a category, denoted by DT .

The category D7 contains in a natural manner the category of smooth
manifolds. In fact, if the latter is denoted by DM, we prove the following:

2.2.7 Theorem. There exists an imbedding F' : DM — DT .

Proof. Let X be a C*-manifold and let (Ax,dx,Qx) := (C¥, d, Q%) be
the standard differential triad of X, defined in Example 2.1.4(a). Then we
set FI(X) := (Ax,dx,Qx). Now, if f : X — Y is a C*®-map, then we
define the morphism of differential triads F(f) := (f, fa, fa) as follows:
Since Ay := C{° is generated by the presheaf V — C°°(V,R), whereas
f«(Ax) = f.(C¥) is generated by V +— C(f~'(V),R) (with V running
in ¥y), fa is defined to be the morphism generated by the morphism of
presheaves

{fay : C®(V.R) — C¥(f 1 (V).R): a a0 flyer -
Similarly, fq is the morphism generated by
{foy - A(V.R) — A(FH(V)R): w o wodf}y o

where the last df is the ordinary differential of the smooth map f.

Conditions (MDT. 2) and (MDT. 3) of Definition 2.2.2 follow directly
from the corresponding properties of the presheaf morphisms (f4 ) and
(fa,v). Condition (MDT. 4) is verified locally by taking into account the
properties of the ordinary differential of smooth maps. Hence, F(f) is a
morphism of differential triads.

Moreover, in virtue of (2.2.7), we see that F(go f) = F(g) o F(f), thus
F' is a covariant functor between the aforementioned categories. Finally,
F(f) = F(g) yields f = g, for any smooth maps in DM. This completes
the proof. O
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2.3. Products of differential triads

Continuing the investigation of the category D7, we shall show the existence
of (finite) products therein.

According to the theory of categories, the product of two differential
triads (Ax, dx,Qx) and (Ay, dy, Qy ), over the respective topological spaces
X and Y, should be a differential triad (Ap,dp, Qp), over some topological
space P, together with two morphisms of differential triads, called pro-
jections,

(p,pa,pa) : (Ap,dp,Qp) — (Ax,dx,Qx),
(¢,94,90) : (Ap,dp,Qp) — (Ay,dy,Qy),

satisfying the following universal property: if (Az,dz,z) is any differ-
ential triad and

(f, fas fa) 1 (Az,dz,Qz) — (Ax,dx,Qx),
(9,94,90) : (Az,dz,Qz) — (Ay,dy,Qy)

are morphisms of differential triads, then there exists a unique morphism of
differential triads

(h,ha,hq): (Az,dz,Qz) — (Ap,dp,2p)
such that

(p,pA,P) © (hyha,ha) = (f, fa, fa).
(q,94,q0) © (h,ha,ha) = (9,94, 90).

The universal property of the product is shown in the typical Diagram 2.5
on the next page.
For the construction of the product, we first take

P:=X xY.
Moreover, motivated by the classical formula (see Mallios [57, p. 490])
CP(X XxY)=C®(X)®C™(Y),
if X and Y are smooth manifolds, we consider the presheaf

(2.3.1) UXV'—>Ax(U)®Ay(V>, UxVe%Tx x %y



2.3. Products of differential triads 67

(f?fAﬂfQ) (97.0A5952)

(p,pa,pa) (4,44,40)
(Ax,dx,Qx) (Ay,dy,Qy)

DIAGRAM 2.5

with restriction maps pg, ® pg,, where pg, and p& are the restriction maps
of Ax and Ay, respectively, with U’ C U and V' C V. The tensor product
in (2.3.1) is taken with respect to K.

There is no difficulty in verifying that (2.3.1) determines a presheaf of
unital commutative associative K-algebras, whose multiplication is defined
(on decomposable elements) by

(2.3.2) (a®pB) - (y®0) :=ay® Fd,

for every a,v € Ax(U); 5,0 € Ay(V), and every U € Tx,V € Ty. The
sheaf generated by (2.3.1) is denoted by Axxy , i.e.,

Axxy == S(U xV— Ax(U) ®.Ay(V)).

It is a sheaf of unital commutative associative K-algebras over X x Y. For
each pair (U,V) € Tx x Ty, we denote by

(2.3.3) puy  Ax(U) @ Ay (V) — Axxy (U x V)

the canonical map (algebra morphism) of sections. Note that the unit section
of Axxy is lxxy = pxy(lx ® ly), if 1x and 1y are the unit sections of
Ax and Ay, respectively.
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We also consider the presheaf
(2.3.4) UxVi— (Ax(U) @ Qy(V)) x (Qx(U) @ Ay (V)),

with U x V € Tx x Ty and the obvious restrictions, defined analogously to
(2.3.1). This is a presheaf of {Ax(U) ® Ay (V)}y,v—modules with respect
to the scalar multiplication

(2.3.5) (a®B)- (v®p,w®d) = (ay® By, aw ® BI),

for every a,y € Ax(U); 3,0 € Ay (V), w € Qx(U), ¢ € Qy(V), and every
Ue%x,V eZy. Then we set

Qxxy == S(U XV — (Ax(U) @ Qy (V) x (2x(U) @ Ay (V))).

In virtue of (2.3.5), Qxxy is an Axxy-module over X x Y. We have the
corresponding canonical maps

(2.3.6) UV : (.AX(U) ®Qy(V)) X (Qx(U) ®Ay(V)) — QXXy(U X V),

which are morphisms of modules. Applying Diagram 1.7 to the case of the
scalar multiplication (2.3.5), we see that

(2.3.6") v ((@®pB) - (Y@ p,w®d)) =puv(a®p) vy ®p,w®d),

for all a, 3,7, 9, o, w as in (2.3.5).
Finally, we denote by

dxxy : Axxy — Qxxvy

the morphism generated by the presheaf morphism (dyxyv ), for all U € Tx
and V € Ty, where

(2.3.7) duxv : Ax(U)@Ay (V) — (Ax (U)2Qy (V) x (Qx (U)®@Ay (V))
is given by
(2.3.8) duxy(a® B) = (a®dyS, (dxa) @ 5),

for every @ € Ax(U) and § € Ay (V). Here we have applied convention
(1.1.3) for the differentials dx and dy. Equality (2.3.8) is defined for arbit-
rary elements by an obvious K-linear extension. It is clear that dxxy is a
K-linear morphism.

With the previous notations in mind, we obtain the first result towards
the main goal of this section.
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2.3.1 Proposition. Let (Ax,dx,Qx) and (Ay,dy,Qy) be two differen-
tial triads over X and Y, respectively. Then (Axxy,dxxy,Qxxy) s a
differential triad over X x Y.

Proof. After the preceding preliminary discussion, it remains to show that
dx«y satisfies the Leibniz condition. Therefore, it suffices to verify it for
each morphism dy«y, on decomposable elements. Indeed, for any a,~v €
Ax(U) and 3,6 € Ay (V), equalities (2.3.2), (2.3.8) and (2.3.5), along with
(2.1.3"), yield

duxv((a® B) - (v®9)) = (ay @ dy(B9), dx(ay) @ 59)
(Oz’}/ ® (Bdyd+ddyp), (vdxy+vdxa)® 65)
= (a7 ® Bdyd + ay ® ddy B, a(dxy) ® 36 + y(dxa) @ B6)
= (ay ® Bdyd,a(dxy) ® B0) + (ya® §dy B, y(dxa) ® 5p)
=(a®f)- (Y®dyd, (dx7) ®6) + (YR ) (a®dyf, (dxa)® B)
= (a@® ) duxv(y®96) + (y®9) - duxv(a® p).

This completes the proof. ]

The triad (Ax«xy,dx <y, 2xxy ), being a candidate for the product struc-
ture sought, will now be provided with two appropriate morphisms playing
the role of projections. So, if

p: XxY —X

is the ordinary projection to the first factor, we construct the morphism
(p,pa,pa) in the following way. First we consider the presheaf

Ur— Ax(U) @ Ay (Y); U e %y,
with restriction maps (pg, ® ly). We also consider the presheaf morphism
(2.3.9)  {pav: Ax(U)— Ax(U)@ Ay (Y):a—a®1ly |U € Tx}.
Since the sheaf p,(Axxy) is generated by the presheaf
U Axxy (p~ ' (U)) = Axxy (U x Y),

the restriction maps (pyy) (see (2.3.3)) can be composed with those of
(2.3.9), as shown in the next diagram.
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DAU

Ax(U) @ Ay (Y)

pPUY
\\
.AXXy(U X Y)

DI1AGRAM 2.6
The desired morphism
pA: Ax — pe(Axxy)

is generated by the presheaf morphism (pUy op A,U) UeTy that is,

(2.3.10) pa=S{puyopav|U € Tx})

Analogously, we define

o Qx — pu(Qxxy)

to be the morphism of sheaves (see also (2.3.6))

(2.3.11) po = S({TUY o pa.u ‘ U e TX}),
where

PQU : Qx(U) — (.AX(U) ®Qy(Y)) X (Qx(U) ®AY(Y)) :

(2.3.12)
wr— (0,w® 1y).

The morphisms (2.3.11) and (2.3.12) are morphisms of modules. Note that,
in virtue of (1.4.9),

Axxy (U xY) = Axxy(
Qxxy (U xY) = Qxxy(p ' (U)) =

’B\
E
I
T T
b
>
X
3
E

for every open U C X.
If g: X xY — Y is the projection to the second factor, we define the
triplet (¢, q4,gq) in a similar manner. More precisely, we set

(2.3.13) g4 :=S {pxvodqav |V e%y}),
(2.3.14) g =S{rxvogayv |V ey},
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where
(2.3.15) gav: Ay(V)— Ax(X) @Ay (V) : f—1x®0; V €Ty,

and

Q‘va : Qy(V) —_ (.Ax(X) ®Qy(V)) X (Qx(X) ®Ay(V)) :

(2.3.16)
wr— (1x @ w,0).

Clearly, for every open V C Y,

I

Ax v (X x V) = Axxy (1 (V)) 2 g (Axxy)(V),
Qxxy (X x V) = Qxxy (g (V) = q(Qxxy) (V).

2.3.2 Proposition. With the previous notations, the triplets of maps

(p,pa, o)+ (Axxy,dxxy,Qxxy) — (Ax,dx,x)
(q,94,90) : (Axxy,dxxy.Qxxy) — (Ay,dy,Qy)

are morphisms of differential triads.

Proof. We prove the assertion for (p,pa,pa). The map p4 is a morphism
of sheaves of commutative associative K-algebras by its very construction.
It preserves the units, since pyy does so and

(puy o paw)(lv) = puy(lu @ 1y) = lyxy € Axxy (U x Y),

where, obviously, 1;7 = 1 x|y (recall that the unit section of Ax «y is given in
the comments following (2.3.3)). Hence, we have shown condition (MDT. 2)
of Definition 2.2.2.
On the other hand, in virtue of (2.3.6"), equalities (2.3.5), (2.3.9) and
(2.3.12) imply that, for every a € Ax(U) and w € Qx(U),
(TUY OﬁQ’U)(a . w) = TUy(O, aw @ 1y) = TUy((Oé & 1y) : (O,w ® 1y))
=1y (Pav(a) - pou(w)) = (puy e av)(@) - (Ty o Po,u(w)).

Hence, by sheafification,
pola-w) = pa(a) - pa(w), (a,w) € Axxy Xxxvy Qxxv,

thus proving (MDT. 3).
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Finally, we verify the analog of (2.2.2) for the present data; that is, the
commutativity of the next diagram.

Ax ba s (Axxy)

dx Ps(dx xy)

Qy 49’

P (Qxxy)
DiacraMm 2.7
Applying (for clarity) the full notation (1.1.2) for the induced morph-

isms of sections, we observe that dx can be thought of as generated by
{(dx)u|U € Tx}, while pi(dxxy) is generated by

{(dxxy)p—1(v) = [dxxy)uxy |U € Tx}.

Thus, taking also into account the definition of the sheaves and morphisms
of Diagram 2.7, it suffices to show that

(dxxy)uxy o (puy o payv) = (Tuy o pou) o (dx)u,

for every open U C X. This amounts to the commutativity of the outer part
of the following diagram, where (due to size restrictions) the extreme down-
arrows denote in fact the aforementioned induced morphisms of sections.

Ax(U) PAU Ax(U) @ Ay (Y) puY Axxy (U x Y)

dx (1) duxy (1I1) dxxy

Do,U TUY

'
Qx(U) (Ax (U) © 2y (V) x (2x(U) ® Ay (V) 2% Qupy (U x )

DIiAGRAM 2.8



2.3. Products of differential triads 73

The desired commutativity is now a consequence of the commutativity
of the individual sub-diagrams (I) and (II). The first of them is checked
as follows: For any a € Ax(U), equalities (2.3.9), (2.3.8), together with
Proposition 2.1.3 and (2.3.12), yield

(duxy opav) (@) = duxy(a®1y) =
(a Rdyly, (dxa) ® 1y) =
(O, (dxa) ® 1y) = (pa.v o dx)(w).
Sub-diagram (IT) is merely the commutative Diagram 1.7 (adapted to
our data), relating the presheaf morphism, generating a sheaf morphism,

and the presheaf morphism of sections, induced by the latter. Thus we
obtain (MDT. 4), by which we conclude the proof. O

For immediate use in the next theorem we need:
2.3.3 Lemma. The canonical morphisms pyy and Tyy, defined by (2.3.3)
and (2.5.6) respectively, satisfy the following equalities:
pov(a® B) = puy(a®ly)luxv - pxv(lx @ B)luxv,
v(a® p,w® B) = pry(a® ly)luxv - Txv(lx ® ¢,0)[uxv
+pxv(lx @ B)luxv - oy (0,w @ 1y)|uxv,

for everya € Ax(U), B € Ay (V), w € Qx(U), ¢ € Qy(V), and every open
Ue zx, VeZy.

Proof. In virtue of (2.3.2), we see that the algebra morphism pyy gives

puv(a® B) = puv((@® ly|v) - (1x|v ® 3))
= puv(a®lyly) - puv(lx|v @ B)
= puy(a® 1y)|luxv - pxv(lx ® B)|uxv.

Similarly, applying (2.3.5) and (2.3.6"), we check that the morphism of
modules Ty yields

v(a®p,w®B) =T1v((a®lyly) - (1xlv @ ¢,0)
+ (xlv®8) - (0,w@1yly))
= puv(a®lyly) -mwv(lx|v ® ¢,0)
+pvv(lxlv @ B) - 1vv(0,w @ ly|y)
= puy(a® 1y)|luxv - Txv(lx @ ¢,0)|[uxv
+pxv(lx @ B)luxv - oy (0,w @ 1y)|luxy. O
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We now prove the main result of the present section.

2.3.4 Theorem. If (Ax,dx,Qx) and (Ay,dy,Qy) are differential triads
over X and Y, respectively, then the triplet

((AXXY7 dXXY7 QXXY)7 (p7 p.A7pQ)7 (Q7 qA, QQ))

is the product of (Ax,dx,Qx) and (Ay,dy,Sdy) in the category of differ-
ential triads DT .

Proof. We shall prove the universal property of the product, explained
in the introductory discussion of this section and Diagram 2.5. Thus, we
assume that (Az,dz,Qz) is a differential triad, over a topological space Z,
and (f, fa, fa), (9,94,90q) are two morphisms of differential triads, where
f:Z— X and g: Z — Y are continuous maps. We consider the pair

h:=(f,9): Z—XxY.
fUETx,VeETy,and W:= f~1(U)Ng (V), then
he(Az)(U x V) = Az(h"H(U x V)) = Az(W),
he(Qz)(U x V) = Qz(h (U x V) = Qz(W),
within the isomorphism (1.4.9). Furthermore, we denote by
ha: Axxy — hi(Az), ha: Qxxy — ha(S2z)
the morphisms generated by the respective presheaf morphisms

havxy : Ax(U) @ Ay (V) — hy(Az)(U x V) = Az(W) :

and
ho,uxv : (Ax(U) & Qy(V)) X (Qx(U) ®Ay(V)) — Qz (W) :
(2.3.18) (a®p,w® ) — fala)lw - gale)lw
+ gA(B)lw - fa(w)w-

We verify that (h, hg,hq) is a morphism of differential triads. Firstly,
h4 is a morphism of sheaves of commutative associative algebras because
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the respective presheaf morphisms (2.3.17) have the analogous property.
Secondly, since f4 and g4 preserve the units, so does h4, i.e.,

havxv(lu ® 1v) = fa(lo)|w - 94(1v)|w = 1w € Az (W).
On the other hand, for every (o ® §) € Ax(U) ® Ay (V) and
(Y@ p,w®d) € (Ax(U) @ Qv (V) x (2x (V) @ Ay(V)),
applying (2.3.5), (2.3.18), (2.2.1) for fo and go, and (2.3.17), we obtain

hauxv((@®B) (v p,w®6)) = houxv(ay ® Be, aw @ 35)
= falay)lw - go(Be)lw + 9a(B6)lw - folaw)|w
= (fa(@)|w - g4B)w) - (fa(Mlw - gale)lw
+ 94(0)lw - fa(w)|w)
= hauxv(a®B) - houxv(y® ¢,w®9d),

from which it follows that
ha(a-w) = h(a) - hg(w); (a,w) € Axxy Xxxy Qxxv;

that is, (2.2.1) is fulfilled.
Finally, to prove the analog of (2.2.2), namely

hi(dz)oha = hgodxxy,

it suffices to work on the generating presheaves and morphism. Equivalently,
one has to show that the diagram

Ax(U) @ Ay (Y) hauxy Az (W)
duxv dz
(Ax(U) ® Qy (V) x (Qx(U) ® Ay (V) hauxy Qz (W)

DIAGRAM 2.9

is commutative, for all U, V', with dz denoting in fact the induced morphism
of sections (dz)w .
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Now, for every a® € Ax(U) ® Ay (Y), (2.3.17) and the Leibniz con-
dition imply that

(dz o havxv)(a® B) =dz(fala)lw - ga(B)lw) =
fa(@)lw -dz(ga(B)|lw) + ga(B)|w - dz(fala)lw).

Likewise, (2.3.8) and (2.3.18) give

(2.3.19)

(haouxv oduxv)(a® ) =houxy(a®dyf, (dxa)® () =
fala)lw - ga(dy B)|w + g4(B)|lw - fa(dxa)|w.

Since, by the analog of (2.2.2) and Diagram 1.8, fo(dxa) = dz(fa(«)) holds
for every aw € Ax(U), it follows that

faldxa)lw = dz(fa(e)|lw = dz(fa(@)lw)

By the same token,

(2.3.20)

ga(dy B)lw = dz(g9a(0)|w)-

The last two equalities imply that (2.3.19) and (2.3.20) coincide, thus Dia-
gram 2.9 is commutative and all the conditions of Definition 2.2.2 are ful-
filled; that is, (h,ha, hq) is indeed a morphism of differential triads.

We show that (h, h, hq) satisfies the relations

(2.3.21) (p,paspa) o (hyha,ha) = (f. fa, fa),
(2.3.22) (q4,94,90) © (hyha,hq) = (9,94,99)-

For the first, according to (2.2.7), (2.2.3) and (2.2.4), we have to prove that
(2.3.23) p(ha)opa=fa,  pi(ha)opa = fo.

Again, we work on the generating presheaf morphisms. We recall that p 4 is
defined by (2.3.10), while p.(h4) is generated by the presheaf morphism of
induced sections (in full notation)

(ha)p-10) = (ha)uxy : Axxy (U x Y) — Az(h™ (U x Y)),

for all U € Tx. As a result, to show the first of (2.3.23), it suffices to verify
that

(2.3.24) (ha)uxy © puy o Pay = (Fa)v + Ax(U) — Az(f1(U)).
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Observe that now A=Y (U x Y) = f~1(U), whence the range of (2.3.24).
However, since Az can be identified with the sheaf of germs of its sections
(see (1.2.14) and the ensuing discussion), the corresponding Diagram 1.7
takes the following form (see also (2.3.3))

A (U) ® Ay () — AU g
pUY id
-AXxY(U x Y) (H)UXY -AZ(f_l)

DiagraMm 2.10

where the identity plays the role of the canonical morphism of sections under
the aforementioned identification. Therefore, (2.3.24) reduces to

havxy ©pav = (fa)u.
The previous equality is true, because (2.3.9) and (2.3.17) give that
(hauxy opav)(a) =havxy(a®ly) =
fal@) - ga(ly) = fala) = (fa)v(a),

for every o € Ax(U).
Similarly, for every w € Qx(U), (2.3.12) and (2.3.18) yield

(houxy o Pau)(Ww) =hauxy(0,w®ly) =
94(ly) - fa(w) = fa(w) = (fo)u(w).
Hence, (ho)uxy © Toy © Pou = (fo)u, for every U € Tx (see also (2.3.6)).
The preceding equality proves the second one of (2.3.23) and, consequently,
(2.3.21). Equality (2.3.22) is obtained analogously.

The last matter remaining to be shown is that (h, h, hq) is the unique
morphism satisfying (2.3.21) and (2.3.22). To this end, assume that

(W' hlg hg) s (Az,dz,Qz) — (Axxy,dxxy, Qxxy)

is another morphism satisfying the properties of (h,hu,hq). Then h' =
(f,g) = h. Moreover, by (2.3.21) and (2.2.7), (poh')a = fa= (poh)a, or

(2.3.25) pe(hy) o pa = pi(ha) opa
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Analogously, we find that

(2.3.26) x(hy) © ga = gx(ha) © qa.

The morphism p,(h'y) is generated by the presheaf morphism

(hiét) 1(U) (h_A)UXY Axxy(U X Y) — .Az( (U X Y)),

for all U € Tx. Therefore, (2.3.10) and (2.3.25) imply that

(2.3.27) (h;\)p*l(U) ° pUy © PUA = (h.A)pfl(U) ° pUY © PU,A-

To show now that h'y = ha : Axxy — hl(Az) = h.(Az), we take
an arbitrary u € (Axxy)(,,)- Then there is some o € Ax(U) ® Ay (V),
with U € N(x), V € N(y), and u = [0](,,) = puv(0o)(x,y). For simplicity
we can take o = a ® [ (the general case is worked out similarly, by using
combinations of decomposable tensors and taking into account that all the

maps involved are K-linear). Therefore, in virtue of Lemma 2.3.3, equalities
(2.3.9), (2.3.27), and omitting the restrictions, we obtain

Wa(u) = halpov(a @ B)(z,y)) =
Walpoy (a® 1y)(2,y) - pxv(lx @ B)(z,y)) =
h;l(pUy(a ® 1y )(x, y)) ' hiﬁl(PXV(lX ® B)(x, y)) -

(W )uxy (puy (@@ 1v))](z,y) - [(W)xxv (pxv(1x @ B)](z,y) =
(B )uxy © puy o bu.a)(@)](z,y) - [(Ky)xxv o pxvoday)(B)](z,y)
[((ha)uxy © puy © pu,a)(@)](z,y) - [((ha)xxv o pxv o dav)(B)](z,y)

[(ha)uxy (puy (@@ 1y)) (@) - [(ha)xxv (pxv(1x ® B))](z,y) =

ha(puy (@ ® 1Y)(97; y) - pxv(lx @ B)(z,y)) =
ha(puv(a® B)(z,y)) = ha(u),

thus proving equality h’y = h4. The proof of hy, = hq is similar, though a
bit more complicated. This completes the proof of the theorem. O

2.4. Abstract differentiability

We are now in a position to give a notion of differentiability, extending,
within our abstract framework, the classical differentiability of maps between
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differentiable manifolds. Although the related results are not needed in
the main part of this work, we include some of them in order to illustrate
the potentiality of the present abstract approach and its advantages over
ordinary smooth manifolds.

With the notations of Definition 2.2.2, we have the following basic defin-
ition.
2.4.1 Definition. Let X, Y be topological spaces, equipped with the dif-
ferential triads (Ax,dx,x) and (Ay,dy, Qy), respectively. A continuous

map f : X — Y is said to be differentiable in abstracto, if it can be
completed to a morphism of differential triads (f, f4, fa)-

2.4.2 Examples. 1) The first typical example is given by the usual pro-
jections p: X XY — X and ¢: X xY — Y, if X and Y are topological
spaces equipped with differential triads as in Definition 2.4.1. In virtue of
Proposition 2.3.2, the projections (p, pa,pa) and (q, g4, ¢o) are morphisms
of differential triads, thus p and q are differentiable maps in abstracto. The
same is true for the map h: Z — X x Y, used in the proof of the universal
property of the product of two differential triads (see Theorem 2.3.4, as well
as Diagram 2.5 with P = X x Y).

2) Ordinary differentiable maps between manifolds are differentiable in
abstracto. Indeed, as we have seen in the proof of Theorem 2.2.7, any
smooth map f between two C'°°-manifolds is always completed to a morph-
ism (f, fa, fa) between the differential triads induced by the corresponding
manifolds.

More examples are given below, together with some important con-
sequences. All of them arise from the possibility of deriving differential
triads by pushing out or pulling back given differential triads, by means of
arbitrary continuous maps. There is no analogous procedure applicable to
the case of differentiable manifolds.

2.4.3 Theorem. Let f: X — Y be a continuous map and (Ax,dx,Sdx) a
differential triad over X. Then f is differentiable in abstracto, with respect

to (Ax,dx,Qx) and the push-out triad (f.(Ax), f+(dx), f+(Qx)).

Proof. We already know that (fi(Ax), fu(dx), f«(Qx)) is a differential
triad over Y (see Lemma 2.2.1). Therefore, by Definition 2.2.2,

(fridy, ay,idy, () : (Ax, dx, Qx) — (fo(Ax), f(dx), [(Qx))

is a morphism of differentiable triads, and f is differentiable in abstracto. [
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2.4.4 Corollary. Let X be a topological space, endowed with an equival-
ence relation “~7. If (Ax,dx,Qx) is a differential triad over X, then the
quotient space Q) := X/~ is provided with a differential triad so that the
canonical map q : X — Q s differentiable in abstracto.

Note. As a consequence of the previous results, a number of spaces, ob-
tained by operations on manifolds, acquire a sort of “differential” struc-
ture (viz. differential triad), although there is no manifold structure in the
usual sense. For instance, given any manifold X and any continuous action
¢ : G x X — X of a topological group G on X, the orbit space X/G
is endowed with a differential triad, and the canonical map X — X/G is
differentiable in abstracto.

2.4.5 Lemma. Let f : X — Y be a continuous map and (Ay,dy,y) a
differential triad over Y. Then the pull-back triad

(f*(Ay), f*(dy), [*(Qy))
of (Ay,dy,Qy) by f is a differential triad over X.

Proof. Although the proof is straightforward, let us verify the Leibniz con-
dition for f*(dy), as an example of application of (1.4.5) to the algebraic
operations involved here.

For any x € X and arbitrary pairs (x,a), (z,b) € f*(A)z = {2} X Af),
we see that

[ (dy)((z,a) - (z,0)) = f*(dy)(z,ab) = (z,dy(ab)) =
(z,adyb+bdya) = (x,adyd) + (z,bdya) =
(z,a) - (x,dyb) + (z,b) - (z,dya) =
(x7a> : f*(dy)<3?, b) + (.%', b) : f*(dy)(.%', a):

as required. O

The dual of Theorem 2.4.3 is given by

2.4.6 Theorem. Let f: X — Y be a continuous map and (Ay,dy,Qy) a
differential triad over Y. Then f is differentiable in abstracto, with respect

o (f*(Av), f*(dy), f*(Qy)) and (Ay,dy,Qy).

Proof. As opposed to Theorem 2.4.3, the proof of the present statement is
more complicated, involving technicalities of the theory of categories. Since
this approach is beyond the scope of this book, we omit the proof and refer
to Papatriantafillou [99, Theorem 3.4] for full details. O
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2.4.7 Corollary. Let (Ax,dx,Qx) be a differential triad over a topological
space X and let S be an arbitrary subset of X. Then the restriction of
(Ax,dx,Qx) to S

(As,ds,Qs) == (Ax|s, dx|s, Qx]s)

is a differential triad and the canonical injection i : S — X is differentiable
in abstracto.

Proof. This is an immediate consequence of the fact that
(Ag,dgs,Qg) = (i*(AX),i*(dX),i*(QX)). O

Note. The previous result means that all the subsets of a topological space,
when the latter is equipped with a differential triad, also admit a differential
triad. This is not true in the category of differentiable manifolds.

The following important property of continuous functions, on spaces
endowed with a differential triads, is not shared by smooth manifolds.

2.4.8 Corollary. Let X be a topological space. Then every continuous func-
tion X — R is differentiable in abstracto in a natural way; that is, by con-
sidering the standard differential triad of R (see Example 2.1.4(a)) and its
pull-back (by f) on X.

2.4.9 Remarks. 1) The push-out and the pull-back of differential triads
have corresponding universal properties. Details are given in Papatrianta-
fillou [99].

2) The category of differential triads has also projective and inductive
limits, a property not shared by ordinary smooth manifolds. This is fully
explained in Papatriantafillou [98]

2.5. The de Rham complex

In many cases (as in, e.g, Chapters 8 and 9, dealing with the curvature
of connections and the Chern-Weil theory, respectively) it is necessary to
extend the differential d : A — Q of a differential triad to a sequence of
modules and differentials of higher order. This leads to the abstract analog
of the de Rham complex, whose exactness (cf. de Rham’s theorem) is one
of the cornerstones of ordinary differential geometry.
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Let (A, d, ) be a differential triad over a fixed topological space X =
(X,Tx). For reasons that will soon become clear, we set Q! := Q.

By the construction of Subsection 1.3.4, we obtain the p-th exterior
power of the A-module Q', namely

(2.5.1) QF = APQL = QA 4 AL, p>2.
—_————

p-factors

We agree that
=4 and Q' =A'Q=0.

Inspired by the classical case of ordinary differential forms, we call (¥
the sheaf of p-forms and its sections p-forms.

We recall that the A-module (2.5.1) is generated by the presheaf of
A(U)-modules

(2.5.2) U — A"(QY0)) == QM)A gy - Ay (U),

(p factors) with U running the topology Tx. The restriction maps of this
presheaf are determined by

(2.5.3) SIA - NSp— s1lv A= Asply,

for every s; € QY(U) (i = 1,...,p) and every open V C U. The previous
expression is extended to non decomposable elements in the usual way. Since
the presheaf (2.5.2) is not necessarily complete, we have that, in general,

(2.5.4) (U) = (N Q) (U) # N(AV)).

As in the ordinary case, we define the (graded) exterior algebra of Q

(2.5.5) Q"= A= PN Q'
p=0
whose exterior product
(2.5.6) A:QP xx Q1 — QPAQI = QP

is generated by the (local) exterior products

Ao s NP(QND)) x AUQY D)) — APTUQNU)),
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the latter being determined (on decomposable elements) by
(81/\.../\Sp,t1/\.../\tq) F—= SIA L ASp AL AN N T

The correspondence U +— Ay is a morphism of presheaves, thus (2.5.6)
can be defined. We note that the presheaf U —— AP(QY(U)) x A1(QY(U))
generates (P x x Q9 according to the comments of Subsection 1.3.6.

An immediate consequence of the definitions is the equality

(2.5.7) anb= (=1 Aa,  (a,b) € QP xx Q.

Again for reasons that will be clear shortly, we set d° :=d : A — Q.
Now, in addition to d°, we assume the existence of a K-linear morphism,
called the 1st exterior derivation

db ol — 02,

satisfying the following conditions:

(2.5.8) d'od®=d' od=0,

(2.5.9) d'(a-w) = (d%a) ANw +a-dw; (a,w) € A xx Q.

Next we define the K-linear morphism (2nd exterior derivation)

d?: 0% — Q?,

by setting (stalk-wise)

(2.5.10) d?(uAv) == (d'u) Av—u A (d),

for every u A v € Q2 with (u,v) € Q! xx Q. The definition is extended to
arbitrary (non decomposable) elements by

d2<z aj (Ul VAN ’Uj)) = Z aj - d2(u1 VAN Uj).
i,j 1]
In addition, the derivation d? is assumed to satisfy
(2.5.11) d?od =0.

For every p > 3, the p-th exterior derivation is defined to be the

K-linear morphism
QP — Qptl
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determined by

p
(25.12)  dP(ur A Aup) = > (=D A A (dhu) A A,
=1

This extends to arbitrary elements by

(2.5.13) dp<z ai,,..p; - (wi; A--- szn)) = Z at,,...p; AP (Wi, A Awp,).

2.5.1 Lemma. The morphisms dP satisfy equality
(2.5.14) dPTI(uAv) = (dPu) Av+ (=1)Pu A (d%),
for every (u,v) € QF x x Q1.

Proof. We first take two decomposable elements u = u; A ... A u, and
v =v1 A... \Nvp. Setting w; = u;, for i = 1,...,p, and wyy; = vj, for
j=1,...,q, we check that

AP uAv) = dPTUwy A Awy Awpsg A A Wpig)
P

(1) hwr A A (dhwg) A Awp Awpat A A g

2

Y (P A Awp Awpat A A (dPwpg ) A A wpag

-

(1P Cn A Awp) (D1 wgn Ao A () A Ay )
j=1

= (dPu) Nv+ (=1)Pu A (d?).

-

7j=1

-

I
-

(— 1)y Ao A (dhwi) A ~--/\wp) AWyt A= A Wpig+

2

For the general case of non-decomposable elements we work similarly by
applying (2.5.13). O

2.5.2 Lemma. Fquality
(2.5.15) dPTlodP =0

is also wvalid, for every p > 3.
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Proof. We proceed by induction. So, assuming that dP o d?~! = 0 holds
true, we shall show (2.5.15). As before, it suffices to work with an element
of the form uAv € QP~' AQL. Therefore, our assumption and (2.5.11) imply
that

(@ o dP)(unv) =dPTH ((d tu) Av+ (—1)P u A (d'))
= dP(dPtu) Av 4 (—1)P(dP 1) A (dPo)
+ (=P Y (dP ') A (dY) + u A d?(d )
= 0. O

We summarize the foregoing considerations as follows:

2.5.3 Proposition. Let (A,d,Q) be a differential triad. We assume that
there exists a K-morphism d' : Q' — Q2 satisfying equalities (2.5.8) and
(2.5.9). If the K-linear morphism d? : Q% — Q3 defined by (2.5.10), satis-
fies (2.5.11), then there are K-linear morphisms dP : QP — QP verifying
(2.5.14) and (2.5.15), for all p > 3.

Recalling that Q° = A and letting

aNb:=a-b= ab; (a,b) € Q0 xx QY
ahNw:=a-w=aw; (a,w) € Q¥ xx Q
we see that equalities (2.1.3), (2.5.9) and (2.5.10) can be viewed as particular
cases of (2.5.14).
Proposition 2.5.3 implies that the sequence

0—>KX(—>_AEQUL§21L>92—>---
(2.5.16)

—or P et

is a (differential) complex. The situation is reminiscent of the analogous
complex defined in the case of differential manifolds, thus we are led to the
following;:

2.5.4 Definition. A complex of the form (2.5.16) is called a de Rham
complex of X, with respect to the differential triad (A, d, Q) and the deriv-
ations d' and d>.
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Although it is customary to omit the degree of the exterior derivation
and write d in place of every dP, occasionally, for the sake of clarity, we will
retain the complete notation.

A few comments are in order here. In contrast to the classical case of
a differential manifold X, where one speaks of the de Rham complex of X,
in our framework we may define more than one complexes, depending on
the differential triad attached to X, as well as on the choice of the exterior
derivations d' and d? (if they exist, of course), from which the rest of the
operators dP are derived. As we have already said, d? is also constructed
from d' (by (2.5.10)), but it is necessary to assume (2.5.11).

Similarly, equality Kx = ker d® is not always true here and the de Rham
complex (2.5.16) is not necessarily exact. Since a generalized form of de
Rham’s theorem has a fundamental importance, it is natural to ask when
this is true in our abstract setting. Papatriantafillou [94] studies necessary
and sufficient conditions ensuring the construction and exactness of abstract
de Rham complexes, giving also concrete examples, related to manifolds
modelled on arbitrary topological vector spaces. A further application of
this approach to A-manifolds, in the sense of Kobayashi [48], has been given
in Papatriantafillou [91]. Other examples of spaces admitting an exact de
Rham complex, outside the context of ordinary manifolds, can be found in
Flaherty [28], Mostow [79], Smith [114], Verona [20] (in conjunction with
[137]).

Before closing the present chapter, we introduce the following relevant
terminology employed in Chapter 9 (see also Mallios [62, Chap. IX, Defini-
tion 3.1]).

2.5.5 Definition. A paracompact (Hausdorff) space X is called a gener-
alized de Rham space of order p € Za“ (or, a generalized de Rham
p-space) if, attached to X, there is an ezact sequence of sheaves of K-vector
spaces over X

d1
, 02

— o - arar)y —o.

0 —skerd® — A=0° 2, !
(2.5.17)

In particular, if (2.5.17) is exact for every p € Zg, then X is called a gen-
eralized de Rham space.
A generalized de Rham space X will be simply called a de Rham-space
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if the sequence

0 1 P
0——A-“ ot 4 2 ..., ¥, ..

is an acyclic resolution of ker d° (see Subsection 1.6.3).

Note. We would like to mention here the difference between our definition
of a de Rham space and that of Mallios [62, Vol. II, p. 254]. In the latter,
such a space is a generalized de Rham space with kerd’ = C. The last
equality is not necessary in our considerations. On the other hand, the
acyclicity property is essentially needed in the study of the Chern-Weil
homomorphism (see Section 9.5 and op. cit., p. 262).






Chapter 3

Lie sheaves of groups

In mathematical physics and in geo-
metry, a central role is played by the
groups of automorphisms (equival-
ently: symmetry principles) of the
various structures that arise.

C. von WESTENHOLZ [143, p. 84]

HIS chapter aims at the study of Lie sheaves of groups, the abstract ana-

log of Lie groups. They are, roughly speaking, sheaves of groups, which
admit a representation on a sheaf of Lie algebras, and are also equipped
with a sort of logarithmic differential, referred to hereinafter as a Maurer-
Cartan differential. Lie sheaves of groups are the structural sheaves of the
(geometric) principal sheaves studied in Chapter 4. Their role in the theory
of connections on principal sheaves is as fundamental as that played by Lie
groups in principal bundles and their connections. In subsequent chapters
we shall see that a great deal of the classical theory of connections extends to

89
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our abstract framework, due precisely to the aforementioned representation
and differential.

The first two paragraphs center on the fundamental example of the gen-
eral linear group sheaf GL(n, A) and its logarithmic differential, naturally
derived from a differential triad. This is the motivation for the main ideas
developed in the sequel. Various examples, within the abstract and classical
framework, are also included. In particular, the pull-back of a Lie sheaf of
groups, involving certain interesting technicalities, is carefully treated at the
end of the chapter.

3.1. The matrix extension of differential triads

We fix a differential triad (A, d,€2) over a topological space X = (X, Tx).
Our intention is to extend d to an appropriate differential on sheaves of
matrices.

For a given n € N, and any U € ¥x, we denote by

2

My (A(U)) = AU)"

the non-commutative algebra of n x n matrices with entries in the (unital
commutative associative) K-algebra of sections A(U). Considering the re-
striction maps

1y My(AU)) — My (A(V)) = a = (o) = aly = (aglv),
for every open V C U, we see that
(3.1.1) (Mo (A(U)), 1),

with U running the topology Tx, is a complete presheaf. The sheaf gener-
ated by (3.1.1) is denoted by M,,(A) and called the matrix algebra sheaf
of order n, with respect to A. Therefore,

(3.1.2) My (A) :=S(U — M,(AU)))
and, by the completeness of the presheaf (3.1.1),
(3.1.3) M, (A)(U) =2 M, (AU)), UeTy.

By its construction, M,,(.A) is a sheaf of non-commutative algebras, for every
integer n > 1.
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For future reference, we note that M,,(.A) is also an A-module. Moreover,
thinking of the modules of (3.1.1) as Lie algebras with respect to the com-
mutator of matrices, we have that M,,(A) is a sheaf of Lie algebras. Com-
bining the last two structures, we briefly say that M,,(A) is a Lie algebra
A-module or an A-module of Lie algebras.

Analogously to (3.1.1), we consider the complete presheaf

Ur— M,(QU)); U eZx,
with the obvious restriction maps. The corresponding sheaf
(3.1.4) My () :=S(U — M, (Q(U))),
is the n-th square matrix sheaf extension of ). Obviously,
(3.1.5) Mn(Q)(U) = Mn(QU)), U e%x.

We note that M, () is an M,,(A)-bimodule, since the generating presheaf
has the analogous property in a natural way. More precisely, for any open
UCX,ifa= () € Mp(A(U)) and w = (wi;) € Mp(QU)), then we
define

a-w:=(a;) - (wij) = (iaik : wkj) € M, ((U)),
k=1

which is meaningful because €2 is already an A-module. A similar multiplic-
ation is defined from the right.

The sheaves (3.1.2) and (3.1.4) are nicely related as follows. For any
open U C X, working as in the case of ordinary tensor products of vector
spaces whose one factor is free, we check that (see also equality (1.3.5) and
the notations of Subsection 1.3.3)

2

n2 ~ nT ~
Mo (QU)) = QU)™ = (V) @@y AU))" =
TL2 ~
QUU) @40 AU = QU) @4y Mu(AD)).
Since the above isomorphisms are not canonical (being depended on the

choice of bases), for convenience we single out the particular family of A(U)-
isomorphisms

(3.1.6) Ay + Ma(Q(U)) — QU) ® 41r) Ma(A(U))
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given by
n
(3.1.6a) Ay ((6) =Y 6 @ B,
ij=1
where the matrices
0 0 0
Ej =10 1 0
0 0 . 0

form the natural basis of M, (A(U)). Clearly, 0 and 1 (the latter at the
ij-entry) are, respectively, the zero and unit sections of A over U. The use
of the superscript 1 in )\%, is dictated by the need to introduce —at a later
stage— analogous morphisms for higher (exterior) powers of .

The inverse of )\{,, denoted by u}], is determined by

(3.1.6b) (0@ (aig)) = (aij - 0),

on decomposable tensors and extended, by A(U)-linearity, to arbitrary ele-
ments. Therefore, the presheaf isomorphism (/\%]) generates an A-isomor-
phism

(3.1.7) A ML(Q) = Qe My (A).

The inverse of A! is denoted by p'. The situation is reminiscent of the case
of ordinary matrix-valued 1-forms on a differential manifold.

Regarding the sections of the tensor product figuring in (3.1.7), we re-
mark that

(QEu Ma(A)D) 2 M Q)()

that is, we obtain the identification

(3.1.8) (2 @4 Mn(A)(U) = QU) @ aw) Mn(A)(U),
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for every U € Tx. In general, this is not true for arbitrary .A-modules, by
the very construction of the tensor product of sheaves, unless one of the
factors is free, or a vector sheaf (see Section 5.1) and U is an open set over
which the latter is free. The isomorphism (3.1.17) also yields

(3.1.9) Mn(Q)(U) = (2 @4 Mn(A))(U).

We can now extend the differential d of the given differential triad
(A,d,Q) to an appropriate differential on M,,(.A), denoted (for simplicity)
by the same symbol. To this end, for any a = («;) € M, (A(U)), we define
the matrix

(3110) dya = (daij) = (dUaij) S Mn(Q(U))

(Warning: The differ@ntial dy should not be confused with the induced
morphism of sections dyy : A(U) — Q(U) in the entries of the image matrix.)
Thus {dy : M,(A(U)) — M,(QU))|U € Tx} is a presheaf morphism,
generating the K-linear morphism

(3.1.11) d: Mp(A) — M, (2) = Q@4 My, (A),

called the n-th square matrix sheaf extension of d.

Since, for any U € Tx and matrices a = (o), b = (8i;) € Mu(AU)),
the evaluation of the initial d at the general element of the matrix product
a - b yields

d(zaik ' ﬂkj) = Z (d(cvir) - Brj + cur - dBj) s
k=1 k=1

we have the (local) matrix Leibniz condition

(3.1.12) dy(a-b) = (dya)-b+a-dyb; a,be M,(AU)),
whose sheafification yields the Leibniz condition

(3.1.12") d(u-v) = (du) - v+ u-dv,

for every (u,v) € My, (A) xx M, (A).

Of course, in all the previous formulas one should bear in mind the
non-commutativity of M, (A(U)) and M,,(A).

In conclusion, d : A — € induces the (non-commutative) derivation
d: Mu(A) — M,(Q) of M, (A) with values in M,,(Q) = Q @4 M, (A).
Thus, enlarging Definition 2.1.2 so that sheaves of non-commutative algebras
are also included, we can state the following result, whose proof is contained
in the preceding arguments.
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3.1.1 Proposition. (M, (A),d, M, (Q)) is a differential triad, with respect
to the matriz differential (3.1.11) and the (non-commutative) matriz algebra

sheaf My (A).
The differential triad (M, (A),d, M,(Q2)) is called the n-th square

matrix sheaf extension of (A,d, ).

It is sometimes desirable to “differentiate” arbitrary (i.e., not necessarily
square) matrices. Following the previous pattern, we define the matrix
sheaf extension of d to be the morphism (retaining the same symbol)

(3.1.13) d: Mpxn(A) — Mpsn(Q) Z QR4 Mixn(A),
generated by the morphisms
dU : men(-A(U)) B men(Q(U)) : (aij) = (daij) = (JUaij>7

where the given quantities have a meaning analogous to that of their square
matrix counterparts. However, (3.1.13) is only a K-linear morphism, the
Leibniz condition being nonsensical as M, x,(A(U)) is not an algebra.

3.2. The logarithmic differential

We fix again a differential triad (A, d, ) over X. For every open U C X,
A(U)" denotes the group of units (alias invertible elements) of the
algebra A(U). Thus, as in (1.1.4), for each s € A(U)" one defines the
section s ! € A(U) with s }(z) :=s(x) !, 2 € U.

Since the sections of A form the complete presheaf (A(U), p¥), the as-
signment U — A(U)", together with the restrictions of p{, to A(U)", also
determines a complete presheaf, as is routinely checked. Therefore, by sheafi-
fication, we obtain the sheaf of groups

(3.2.1) A" =8(U+— AU)),
called the sheaf of units of A. By the very construction,
(3.2.2) A (U) = AU), UeZ%x.

We easily verify that the stalk of A" over x € X coincides with the group of
units of A, thus we write
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We define the logarithmic differential of A" to be the morphism (of
sheaves of sets)

(3.2.3) DA — Q204 A,
generated by the presheaf morphism

{0v: AU) — QU)|U € Tx},
where each 5U is given by
(3.2.4) du(s):=s"-ds=s""'dys, se A(U).

The tensor product in the target of (3.2.3) is the forerunner of the more
general logarithmic differential given in (3.2.10) and Definition 3.3.2 in the
next section.

Observing that, if a € A}, is represented by some s € A(U)", i.e., a = [8]4,
then a~! = [s7!],, we prove the stalk-wise analog of (3.2.4), namely

(3.2.4") d(a) =a™ " da, aec A

Indeed, by (1.2.17), the induced morphisms of sections (J);; coincide with
the generating morphisms Jy, thus

0(a) = ([s]z) = [0w(s))s =
st dysle =[s s [dus]e =a ! - da.

On the other hand, by (3.2.2), (3.2.4), the commutativity of A and A",
as well as convention (1.1.3), we straightforwardly see that

(3.2.5) A(s-t)=09(s)+0t); s, teAU),
whose stalk-wise equivalent is
(3.2.5") d(a-b) = d(a) + O(b); a,be A" xx A'.

The (equivalent) equalities (3.2.5) and (3.2.5") may be thought of as the
Leibniz condition of 0.

Inspired by the foregoing discussion and that of Section 3.1, we now
proceed to the matrix extension of 5, which will motivate the general setting
of Section 3.3. First we construct the matrix analog of A"; that is, the
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general linear group sheaf (of order n), denoted by GL(n, A). It is the
sheaf of groups generated by the complete presheaf

U — GL(n, A(U)),
with U running in T x; in other words,
(3.2.6) GL(n, A) :=S(U — GL(n, A(U))).

As usual, GL(n, A(U)) is the general linear group with coefficients in
A(U), i.e., the group of invertible n x n matrices with entries in A(U), so

(3.2.7) GL(n, A)(U) = GL(n, A(U)) = Mp(AU))",
for all U € Tx. Therefore, by (3.1.1) — (3.1.3), and in analogy to A",
(3.2.8) GL(n, A) = M, (A),

i.e., GL(n,A) is the sheaf of units of the matriz algebra My, (A).
Next, generalizing (3.2.4) and retaining, for convenience, the same sym-
bols, we set

(3.2.9) 5U(a) =a ' dya; ac GL(n, A(U)),

where dy is given by (3.1.10). Running U in Tx, (3.2.9) generates a morph-
ism of sheaves of sets (see also (3.1.17))

(3.2.10) 8:GL(n, A) — M,(Q) = Q@4 M, (A).
This is, by definition, the logarithmic differential of GL(n, A).
For any a,b € GL(n, A(U)), equalities (3.1.12) and (3.2.9) imply that
Jula-b)=(a-b)" - dy(a-b)
(3.2.11) =bt.a ! (dya) - b+t - dyb
=5 By (a) - b+ A (b),
which is the Leibniz condition of 5, expressed in terms of local sections.
Let us elaborate a little more on (3.2.11), in order to describe its stalk-
wise version, thus paving the way to the considerations of Section 3.3: Fixing

a U € Tx and a matrix b € GL(n, A(U)), we define the automorphism (of
a Lie algebra A|y-module)

Ady(b) : My (A)ly — Mu(A)ly,
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generated by the automorphisms of M, (A(V))
ad(bly) :a+—bly -a-b" 'y,

for all open V' C U (see also the notations preceding (3.1.1)). The Lie algebra
structure of M,,(A(V)) is provided by the usual commutator of matrices. As
a result of the completeness of the presheaves involved, the automorphisms
ad(b|y) identify with the automorphisms of sections induced by Ady (b), i.e.,

ad(bly) = Ady(b)y-
Running b € GL(n, A(U)), we obtain the morphism of groups
Ady : GL(n, A(U)) — Aut((M,(A)|v)).

If we now allow U to vary in Tx, we obtain a morphism of (complete)
presheaves (Ady)yeg , generating, in turn, a morphism of sheaves of groups,
denoted by

(3.2.12) Ad : GL(n, A) — Aut(M,,(A)).

By analogy with the classical case, (3.2.12) is called the adjoint repres-
entation of GL(n, A).
We define a similar representation of GL(n, A) in Aut(M,(2)),

(3.2.12") Ad = GL(n, A) — Aut(M,,(R2)),

whose construction follows that of (3.2.12). The only difference is that, for
any b € GL(n, A(U)), the map ad(b) is now

ad(b) : My, (QUU)) — Mp(QU)) :w —b-w-b L.

For convenience, we use the same symbol and terminology for both (3.2.12)
and (3.2.12'), their difference being clear from the context.

The representation (3.2.12) induces a natural action of GL(n, . A) on the
left of M,,(€):

(3.2.13) Sn : GL(N, A) X x My (Q) — My ().

This is the morphism of sheaves generated by the local actions, for every
open U C X,

Onu : GL(n, A(U)) x My, ((U)) — My (2(U)),
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determined by

(3.2.14) Spu(b,w) :==b-w-b~" = ad(b)(w)
2. = Ady(b)y(w) = Ady (b)(w),

for every (a,w) in the given domain.
To remind ourselves that §,, is induced by the adjoint representation, we
adopt the following notation:

(3.2.15) on(g,w) =: Ad(g).w, (g,w) € GL(n, A) xx M,(Q).

The line dot on the right-hand side of (3.2.15) is set in order to distinguish
this action from various multiplications of matrices introduced at earlier
stages and were denoted, as usual, by a center dot. Further comments on
this notation will follow shortly.

Applying the previous notations, (3.2.11) takes the equivalent form

dula-b) = Ady(b Y (0y(a)) +0u(d),  a,be GL(n, AU)).

Thus, by (1.2.17) and (3.2.15), the previous equalities, for all U € Tx, lead
to the following fundamental property of the logarithmic differential:

(3.2.16) Ag-h)=Ad(h~1).9(g) + d(h),

for every (g,h) € GL(n, A) xx GL(n, A). Its section-wise analog, for each
U € Tx, is (3.2.11) or its equivalent form given just before (3.2.16) above.
Notice that (3.2.5) is actually (3.2.16) in the case of GL(1,A) = A".

In the previous considerations d was taken as an M., (Q)-valued morph-
ism on GL(n,.A), satisfying (3.2.16) with respect to the action (3.2.13). Let
us now think of  as taking values in Q ® 4 M, (A), after the identification
(3.1.7). In this case we consider the action

(3.2.13") 8, : GL(n, A) xx (2@ Mp(A)) — Q@4 M, (A),
generated by the local actions (see also (3.1.3))

Oy + GL(n, A(U)) x (UU) @40y Ma(A(U))) — QUU) @40y Ma(AD))
given (on decomposable tensors) by

(3.2.14') nu(g.0®a):=0®Ady(g)(a) =0®(g-a-g~").
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We set again
(3.215) dn(g,w) = Ad(g).w;  (g,w) € GL(n, A) xx (2@ M, (A)),

where Ad is meant in the sense of (3.2.12).
Equalities (3.2.15) and (3.2.15') are consistent after the identification
(3.1.7). More precisely, one obtains the commutative diagram

GL(n, A) xx (Q®4 M, (A)) mo g @4 My (A)
1 x Iul /11
GL(n, A) x x M,(Q) i My (S2)

DiAGrAM 3.1

where 1 = idg(y,, 4), and p! is the isomorphism generated by (u{;), the latter
being defined by (3.1.6b). This follows from the commutative diagram

6/
GL(n, A(U)) x (V) @ aen) MaAU))) —L QU) @.ar) Ma(A(U))
1 gy 1
GL(n, A(U)) x M, (QU)) On,u - M, (QU))

DIAGRAM 3.2

for every open U C X. To prove the commutativity of Diagram 3.2, it
suffices to show that

pp(0®@(g-a g ")) =g-(ay-0)-g ",

for every g € GL(n, A(U)) and 0®a € Q(U)® 4 Mn(A(U)), with a = (a;;).
Indeed, if
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equality (3.1.6b) implies that

(A) np(@®(g-a-g ) =pi(0@ (i) = (cij-0) = Y gin - @ hj - 6.
Ky

On the other hand, the ij-entry of ¢ - (a;; - #) - g~ ! has the form

(B) Zgi)\ “Qxg - 0 By
Ky

Since A (and each A(U)) is commutative, the last term of (A) coincides
with (B), thus we prove the commutativity of Diagrams 3.2 and 3.1.

As a consequence of (3.1.7), (3.2.15) and (3.2.15"), we see that the morph-
ism 0 : GL(n, A) — Q @4 M, (A) satisfies also (3.2.16). Tt is now clear
that the precise meaning of the expression Ad(g~!).0(w) in (3.2.16) de-
pends on the interpretation of & (as a morphism with values in M,,(£2) or
Q®4 My (A)) and the respective action ((3.2.13) or (3.2.13")).

Summarizing the above constructions we obtain:

3.2.1 Proposition. Let (A,d,Q) be a given differential triad over the to-
pological space X . Then the general linear group sheaf GL(n,A) admits the
adjoint representation Ad : GL(n, A) — Aut(M,(A)) and the logarithmic
differential 0 : GL(n, A) — M,(Q) = Q @4 M,(A) satisfying equality
(3.2.16), with respect to the action of GL(n, A) on M, (Q) and QR4 M, (A)
by means of Ad.

3.2.2 Remark. For certain calculations it would be desirable to distinguish
the differential 0 : GL(n, A) — M, (2) —induced by (3.2.9)- from its coun-
terpart with values in Q ® 4 M,,(A). In the latter case we would prefer to
use the symbol 9, thus

(3.2.17) 9=\ o0,

where A! is the isomorphism (3.1.7). This conforms with the general nota-
tion of Definition 3.3.2 in the sequel (see also the discussion of Example
3.3.6(b)).

3.3. The Maurer-Cartan differential

As in the previous sections, let (A, d,2) be a fixed differential triad over
X = (X,Tx). We assume that G is a sheaf of groups and L a Lie algebra
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A-module over X. From the relevant discussion of M,,(A) in Section 3.1,
we recall that £ is simultaneously a sheaf of Lie algebras and an A-module
over X.

We further assume that we are given a representation of G on L; i.e,
a morphism of sheaves of groups

p:G — Aut(L).

Here Aut(L) is the sheaf of germs of automorphisms of £ with respect to
both of its structures, i.e.,

Aut(ﬁ) = Aut ;. alg([f) N AUt_A(E).

Analogously to the case of an ordinary group action, an action of G on
L (from the left) is a morphism of sheaves

0:Gxx L— L: (g,u) — 0(g,u) =: g.u,
satisfying the properties:
(9-9)u=yg.(g"u),
for every g,¢' € G and u € L over the same base point, and
1, .u = u,

for every u € L, and every x € X. The reader might have observed that,
in the notation g.u, we have again used a line dot to distinguish the action
from the multiplication of G (denoted by a center dot). This practice has
already been applied in (3.2.15).

3.3.1 Proposition. A representation p induces an action of G on L, com-
patible with the A-module structure of L; that is, the following equalities
hold true:

g-(au+bu') =agu+bga,
g-lu,u'] = [g.u, gu],

for every g € Gu; a,b € Ay; u,u’ € L, and every v € X. Conversely,
an action 6, compatible with the A-module structure of L, determines a
representation p.
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Recall that Ax x £ — L : (a,u) — a-u = au is the “scalar” multiplication
(see Subsection 1.1.2).

Proof. For any open U C X, we define the local action
(331) o0 G(U) x L) — L) with dulg, ) = plg)(0),

where convention (1.3.1) has been repeatedly applied to p and p(g). In fact,
p(g) in (3.3.1) is the isomorphism

(3.3.2) po@)y < LIU) — LO).

where py(g) : G(U) — Aut(L)(U) = Aut(L|y). This is undoubtedly a cum-
bersome notation and will not be applied, unless the clarity of the arguments
is at stake.

By elementary computations we verify that (3.3.1) is an action compat-
ible with the structure of £(U). Therefore, varying U in the topology of X,
we get a presheaf morphism (Jy7) generating the desired action.

Conversely, given J, we construct a representation p as follows. For fixed
Ue%x and s € G(U), we define the family

(3.3.3) {pu(s)v : L(V) — L(V)| V open V C U},

given by

pu(s)v(l) :=0d(slv,€) = sly.L,  LeLV).
For each V', the map py(s)y is an isomorphism of the structure involved,
thus (3.3.3) is a presheaf morphism generating an automorphism py(s) €
Aut(L|y). We check that each py : G(U) — Aut(L|y) is a group morphism.
Indeed, working section-wise, for every s,t € G(U) and ¢ € L(V), with V
any open subset of U, we have that

,OU(S . t)V(g) = (S . t)‘v.ﬁ — S|V.(ﬂv.£) =
pu(s)v (pu(t)v (£)) = (pu(s)v o pu(t)v) (£),

which proves the claim. Hence, varying U in Tx, we get a morphism of
presheaves of groups (py) generating a representation p. O

~ For the sake of completeness, let us examine the morphisms of sections
oy :G(U)x L(U) — L(U), U € Tx, induced by the action § determined by
a representation, as in the first part of Proposition 3.3.1. If we set

gL:=0u(9,0); (9,0 € G(U) x L),
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we see that

(9-0)(z) = du(g, O)(z) = d(g(x), l()) = g(x).L(z), =z €.

However, by (1.2.17), 6y coincides (up to isomorphism) with &7, thus

(9-0)(x) = 0u (g, O)(x) = du(g, O)(x) = (p(9)(0)) (x),  xeU.

Hence, within an isomorphism, we obtain the following equality comple-
menting (3.3.1)

(3.3.1) g9-L=p(9)(0) = dv(g,0),  (9,1) € GU) x L)

We now wish to extend the action § on £, induced by p, to an action on
Q® 4 L. Before proceeding, we introduce the following convenient shorthand
notation, which will be used systematically throughout. Namely, we set

(3.3.4) QL) = QUL

This is the abstract analog of the sheaf of ordinary 1-forms on a differential
manifold X with values in a Lie algebra.
A representation p : G — Aut(L) induces an action

(3.3.5) A:Gxx QL) — QL),
generated by the presheaf morphism
{Au : GU) x (V) @ a) L)) — (V) @400 L)) | U € Tx)
defined, in turn, by (see also (3.3.1) and (3.3.2))
(3.3.6) Ay(s,0) = (1@ p(s))(0); 1= 1oy,

for every s € G(U), 0 € QU) @4y L(U), and every U € Tx. Notice
that the presheaf U —— G(U) x (Q(U) ® gy L(U)) generates G x x (L),
according to Subsection 1.3.6.

In conformity with (3.2.15) and the classical case (which actually inspired
the former equality), the result of the action A will be denoted by the
following notation reminding us of the involvement of p:

(3.3.7) p(g)w = A(g, w)
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for every (g,w) € G xx Q(L).
It is immediately checked that A is compatible with the A-module struc-
ture of (L), thus

plg)-(aw + bu') = a p(g)-w + b pl(g)-w!

for every g € G5 a,b € Ay; w,w' € Q(L),, and every z € X.

Another expression of (3.3.7), needed in various calculations, is obtained
in the following way: For a given (g,w) € G, x Q(L),, there are sections
s € G(U) and o € QU) ® 41r) L(U) such that g = s(x) and w = [o], = 5(z)
(see (1.2.10)). Obviously, we can take the same open U C X for both
sections, by restricting the original domains to their intersection containing
x. Then, applying (3.3.6), and writing p(s) in place of (3.3.2), we have that

(3.3.7) p(g)-w =[(1® p(s))(0)le = (1 ® p(s))(0)) ().

Here, the small tilde, put as a superscript, replaces (for the con-
venience of typography) the wide tilde set over the entire section,
whenever the latter has a long expression, i.e.,

P

——f—

(0) (1@ p(s))(0)) (2) = (L& p(s))(0) ().

Equality (3.3.7") could have been directly used as the definition of the
action A, but in this case one should have shown that A is indeed a well
defined (continuous) morphism.

We now come to the first fundamental definition of this section.

3.3.2 Definition. Let G be a sheaf of groups and p a representation of G
on an A-module of Lie algebras £. A Maurer-Cartan differential of G
is a morphism of sheaves of sets

0:G—QL=0®4 L
with the property
(3.3.8) d(g-h) = p(h™").8(g) + d(h),

for every (g,h) € G xx G.
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Comparing the Maurer-Cartan differential 9 with the logarithmic differ-
ential 0 of GL(n,.A), it is obvious that the latter terminology could have
been applied to 0. However, we adhere to the first term for the sake of

distinction.
As in (3.3.7), for any s € G(U) and 6 € Q(L)(U), we set
(3.3.9) p(8).0 := A(s,0) = Ay (s, 0);

that is, p(s).0 is the section of (L) defined by
(3.3.10) (p(5).0)(z) == (p(s(x))).(6(x)), zeU.

Then the section-wise analog of (3.3.8) is

(3.3.11) A(s-t) = p(t 1).0(s) + (1),

for every s,t € G(U), and every U € Tx. Of course (3.3.8) and (3.3.11) are
equivalent, as a result of (1.2.15) and (1.2.17).

The second fundamental definition of this section is:

3.3.3 Definition. A Lie sheaf of groups is a sheaf of groups G equipped
with a Maurer-Cartan differential 0 : G — Q(L).

Since a Maurer-Cartan differential is defined with respect to a given re-
presentation p, the structure of a Lie sheaf of groups G, as before, is fully
declared by writing

G=(G,p L,0).

Note. The terminology of Definitions 3.3.2 and 3.3.3 will be justified in the
concluding note of Example 3.3.6(a) below.

3.3.4 Definition. An abelian Lie sheaf of groups is a Lie sheaf of
groups G = (G, p, L, 0) where G is a sheaf of abelian groups and p the trivial
representation.

By the trivial representation p we mean that p(s) = id|.,,, for every
s € G(U) and every U € Tx. Therefore, for an abelian Lie sheaf of groups,
equality (3.3.11) takes the form

(3.3.12) O(s-t) = (s) + A(t).

An analogous equality holds stalk-wise.

For an arbitrary Lie sheaf of groups, with the notations (1.1.4) and
(1.1.5), we prove the following:
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3.3.5 Proposition. The Maurer-Cartan differential has the properties:

(i) 9(1) =0,
(ii) d(s™") = —p(s).0(s),
(iii) As)=0at) = ds-t7H)=0,

for every s,t € G(U) and U C X open. Analogous equalities hold stalk-wise.

Proof. The first property is an immediate consequence of (3.3.8) applied
to the product section 1-1. The second is a result of (3.3.8) and (i):

0=01)=0(s-5 1) = p(s).0(s) + (s ).
Finally, (ii) implies that
Os - +71) = plt).(3(s) — B(t)) =0,
since p(t) is an A(U)-isomorphism. O

We illustrate the previous definitions by the following examples, needed
in subsequent sections.

3.3.6 Examples.
(a) Lie sheaves of groups from Lie groups

Let X, A=C%¥, Q= QL be as in Example 2.1.4(a) and let G be a Lie
group with corresponding Lie algebra G. We denote by

CX(G) = S(U — C°(U, G))
the sheaf of germs of G-valued smooth maps on X, and by
CX(G):=S(U— C>*(U.G))

the sheaf of germs of G-valued smooth maps on X. If A (U, G) is the space
of G-valued differential 1-forms on an open U C X, then

Qx(G) =S (U — A (U,G))

denotes the sheaf of germs of G-valued differential 1-forms on X.

Assuming that dim(G) = n and fixing a basis (v;) for G, we obtain the
basis (EY) for O (U, G), with regard to C*°(U,R), given by EY(z) := ;,
for all x € U. Moreover, we define an A(U)-isomorphism

(3.3.13) Ay A(U,G) = A'(U,R) ©coe(ur) C°(U,G)
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as follows: Since any w € A'(U,G) determines the forms w; € A'(U,R)
(i=1,...,n) by wy(v) = > 1" wiz(v)7, for every z € U and v € T, X, we

may write
n
w = ZwiEiU7
i=1
thus we set
(3.3.13a) Ap(w) = wi® Ef.
i=1

The inverse of AlU, denoted by HlU’ is given by

(3.3.13b) p 0 f):=0-f

where the right-hand side is the 1-form given by

(- a(v) = 02(v) - f(2),

for every x and v as before (for the global form of (3.3.13) see, e.g., Greub-
Halperin-Vanstone [35, Vol. I, p. 81]).

The presheaf isomorphism (A};), when U is running the topology of X,
generates the C§-isomorphism

(3.3.14) A Qx(G) == Q ey CX(G),

whose inverse is denoted by Hl.

Note. In the previous considerations it is convenient to take as open U’s the
domains of the charts of the differential structure of X (see the final note
of Subsection 1.2.2).

Now, the ordinary adjoint representation Ad : G — Aut(G) induces the
adjoint representation Ad : C¥(G) — Aut(C¥(G)) generated by the
morphisms

Ady : C=(U,G) — Aut(C¥(G)|v),
given, in turn, by
(Adu(9)(N)(x) = (Ad(g(x))) (f (=),

for every g € C*(U,G), f € C>*(V,.G), x € V, and every open V C U (see
the analogous discussion about G£(n,.A) in Section 3.2).
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The representation Ad determines an action
J:CX(G) xx Ax(G) — Qx(G)
by means of the family of local actions (for all open U C X)

Sy 1 CF(U,G) x AYU,G) — AN U, G) :
o v C¥(U,G) x A (U.6) — A'(U,€)
(gaw) — 6U(gaw) = Ad(g)w
The right-hand side of the preceding equality represents the form defined by
(3.3.15) (Ad(g).w)z(v) = Ad(g)(wz(v)); relU veT,X.

We set
Ad(a).w = é(a,w), (a,w) € domain(J).

Similarly, we get the action
5 CY(G) xx (Q Rcg C;)(O(G)) — 0 Rcg CX(G)
from the morphisms

8 : C®(U,G) x (AU, R) @ceeur) C*(U,G)) —

(3.3.16) 1 _
A (Uv R) ®C’C’O(U,R) C (U7 G)a

the latter being given (on decomposable elements) by
3ur(9.0 @ f) = 0 @ Ad(g)(f);
thus, for every (g,w) € domain(dy;),
(3.3.16") 3y (g, w) = (1® Ad(g)) (w).
We recall that (Ad(g)(f))(z) := (Ad(g(z)))(f(z)). Again, we may set
Ad(a).w = §'(a,w), (a,w) € domain(d’).

The two expressions of Ad(a).w are identified by (3.3.14). To see this,
it suffices to show that

(A) Eboé{]:(SUo(le%}),
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for every U € Tx. Indeed, for any ¢ € C*°(U,G) and any decomposable
tensor
0® feA(UR)&@cxmr CU,G),

we have that

(1 0 00)(9,0 @ f) = (0@ Ad(g)(f)) = 6 - Ad(g)(f),

while
(6 0 (1% ;) (9,0 @ f) = Ad(g)-(6 - f).

We readily check that the last terms of the previous equalities coincide.
On the other hand, for any f € C°°(U,R), the ordinary (left) logar-
ithmic or total differential of f

fl.df e AHU,G)

is given by (see, e.g., Bourbaki [15, p. 162], Kriegl-Michor [52, p. 404],
Krein-Yatskin [51, p. 55])

(f - df)2(u) = (TywAp@)—r 0 Tof)(w); @ €U, u€TM,

where ), is the left translation of G (by g € G) and T, f = d, f the ordinary
differential of f at x. Thus, in virtue of the identifications T.,G = G and

(3.3.13), we define a corresponding logarithmic differential between sections
oy % CT06) — NUR Soxgm C¥(0.6) = A (U6)
3.3.17

fr—0u(f) =2 (f7" - df) = f7" - df,

for every U € Tx. By an easy calculation, we verify that

ou(f-g9)=Ad(g").0u(f) +dulg):  fgeCF(UQG).

Therefore, based on (3.3.15) and (3.3.15') (or (3.3.16) and (3.3.16"), depend-
ing on the range of Jy), and varying U in the topology of X, we obtain a
Maurer-Cartan differential

(3.3.18) 0:CY(G) — Q&cy CX (G) = Qx(G),
satisfying the equality

d(a-b) = Ad(b~").0(a) + O(b) (a,b) € C¥(G) xx CF(Q).

3



110 Chapter 3. Lie sheaves of groups

Let us verify in detail the previous fundamental property of 9, when we
think of it as an Qx(G)-valued morphism. In this case, for a pair (a,w) €
C¥ (@) x Qx(G)y, we can find a U € Ty and f € C°(U,G), w € AN (U, G),

such that a = f(z) = [f], and w = ©(z) = [w],. Thus (see (¢ ), p. 104)
Ad(a).w = d(a,w) = dy(f,w) (z) = (Ad(f).w) (z).

Therefore, for any (a,b) in the domain of 9, there are f,g € C°°(U, G) such
that a = f(z) and b = g(x), and the definition of 0 implies that

Aa-b)=0((f 9)(@) = (Ou(f 9) (2)
= (Ad(g~1).00 () (2) + du(g) ()

— Ad(g~1(2)).0u(F) () + B (9) ()
= Ad(b™").0(a) + O(b).

A similar proof works if we interpret 0 as an Q®c C¥ (G)-valued morphism.
Summarizing, we have shown that:

Given a Lie group G, the sheafification of the ordinary operator of

(left) logarithmic differential determines a Maurer-Cartan differential

0, with respect to the sheafification Ad of the adjoint representation
of G.. Therefore,

CX(G) = (CX(G), Ad,C¥(G), )

1s a Lie sheaf of groups.

Note. The present example now explains the terminology of Definition 3.3.3:
It is inspired by the classical relation

f7Hdf = [,

where « is the Maurer-Cartan form of G.
(b) The Lie sheaves of groups A’ and GL(n, A)

Let (A, d,2) be a differential triad, A" the (abelian) group sheaf of units
(see (3.2.1)) and p° : A" — Aut(A) the trivial representation given by
p'(s) :=1id| Ay, for every s € A(U) and every U € Tx.

Thinking of A as a sheaf of Lie algebras in a trivial way (: [a,b] :=
a-b—"b-a=0), the morphism 9, defined by (3.2.4), is a Maurer-Cartan
differential. Therefore,

A- = ('A.7 p‘? A75)
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is an abelian Lie sheaf of groups, according to Definition 3.3.4.
Similarly, in virtue of Proposition 3.2.1, its preceding discussion, and
equality (3.2.17), we have that

GL(n, A) = (GL(n, A), Ad, M,,(A),0 = D)

is a (non abelian) Lie sheaf of groups.

The classical holomorphic group sheaf GL(n,O), as expounded in Gun-
ning [38], can be treated analogously. It provides another example of a Lie
sheaf of groups.

(c¢) Projective systems of Lie groups

We consider a projective (or inverse) system of Lie groups {G;, pi;j} to-
gether with the induced projective system of Lie algebras {G; = T.G;, r;j =
Tepij}, the indices running in a directed set (J, <). The corresponding pro-
jective limits are denoted by

(3.3.19) G:=limG; and G :=limG;,
— —

respectively. For the general theory of projective systems and their limits
we refer to Bourbaki [12, Chap. 3], Eilenberg-Steenrod [25, Chap. 8]. We
note, in passing, that G is not necessarily a Lie group (however, see Galanis
[30] for conditions ensuring that G is a Fréchet-Lie group whose Lie algebra
is G).

Let X be a fixed (finite-dimensional or Banach) smooth manifold and
let Tx be its canonical topology (induced by the smooth structure). It is
readily checked that

(COO(U, Gz),PU) and (COO(U Gi)aRij)a
where

Py(f) == pijo f; feC™(U,G),
Rij(g) :=rij o g; g € C™(U,Gy),

are projective systems, so the respective projective limits
Iim C*(U,G;) and  lmC®(U.G;)
exist. Therefore, running U in Tx, we obtain the complete presheaves

Un—>limC°°(U,Gi), U|—>limC°°(U,GZ-)
— —
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generating, respectively, the sheaf of groups
G:=8S (U — @CM(U, Gl))
and the sheaf of Lie algebras

L:=8 (U r—1limC®U,G)).

As a result,
(3.3.20) GU) = @COC(U, Gy),
(3.3.21) L(U) = 1im C®(U,G).

The individual adjoint representations Ad’ : G; — Aut(G;) determine
the representation Ad : G — Aut(G) with

(3.3.22) Ad(g) := lim(Ad’(g;)),

for every g = (g;) € G. Hence, working as in Example (a), we obtain a
representation Ad : G — Aut(L).

On the other hand, for a fixed U € Tx, the logarithmic differentials of
G; induce the maps

(3.3.23) 6}] :C*(U, G;) — Al (U,R) @ oo (U,R) COO(U, Gq), 1€ J,

providing, in turn, a morphism of projective systems ((‘)f]) Hence, we

obtain the (limit) map

i€J’

Oy :=1lim dp; : lim C*(U, G;) — A (U,R) ©coe(ur) (im C*(U,Gy)).

Varying now U in ¥ x, we get a presheaf morphism () generating a Maurer-
Cartan differential 0 : G — Q ® 4 L, where A = CS (see Example 2.1.4(a)).
We verify (3.3.8) or (3.3.11) by applying, on the level of each Jy, the ana-
logous property of (3.3.23) with respect to the representation induced by
(3.3.22).

We can give another useful description of G (analogously for L), by
inducing the following generalized notion of differentiability for G-valued
maps on X. Namely, an f : U — G is said to be generalized smooth if
fi=piofeC>®U,G,), for every i € J. Here p; is the natural projection
of G onto G;. The set of generalized smooth maps is denoted by C*°(U, G).
When U is running Tx, the assignment U — C*°(U,G) is a (complete)
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presheaf generating the sheaf of germs of G-valued generalized smooth maps
on X, denoted by C¥(G). Similarly, we define the sheaf C¥(G) of germs of
G-valued generalized smooth maps on X.

As a consequence of (3.3.20) and (3.3.21), we obtain

G(U) = lim C=(U,Gy) = C=(U, ),
LU) = lim C®(U, G;) = C(U, ),
which lead to the identifications
g=CX(G)=CX(limG;) and L=CF(G)=CX(mG;).

Therefore, one infers:

If Ad and O are the morphisms induced by (3.3.22) and (3.8.23),
respectively, then

(G = C(imGy), Ad, £ = C*(limG,), 9)

is a Lie sheaf of groups.

It is known that every compact group is the projective limit of a family
of compact Lie groups (see Price [104, p. 140], Weil [141]). Hence, compact
groups fit in this example.

For the sake of completeness, we sketch another description of the sheaves
G and L just obtained, which can motivate a general construction of pro-
jective limits of sheaves.

For a fixed index i € .J, we set

Gi:=8(U+r— C=(U,Gy)), Li=S{U+r— C*{U,G)).
On the other hand, we define the sheaves
lin G i 8 (U — lm G(U)) i £;:= 8 (U — lim £,(0)).
The completeness of the previous presheaves and (3.3.20), (3.3.21) yield
(limG,) (U) = lim G;(U) = lim (C*(U, Gy)) = G(U),
(lim £) (U) 2 lim £(U) = lim (U, G:)) = £(U).

thus leading to
G>~1limG, and L =1lim/;.
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In the same way, we can prove that 9 = liin@i, where the Maurer-Cartan
differentials ' : G; — Q@4 L; (A = CS) are given by

9" =S ((0))vezy) ieJ.

Of course, the structure of lim G; can be defined directly as the limit of the
projective system of topological spaces (G;)ics, with connecting morphisms
obtained by the sheafification of the original ones. However, the previous
approach seems to be convenient when we want to complete the structure
of G to a Lie sheaf of groups.

3.4. Morphisms of Lie sheaves of groups

Roughly speaking, morphisms of Lie sheaves of groups are morphisms of
groups interrelated with their representations and the Maurer-Cartan dif-
ferentials. They will be applied in order to link connections on principal
sheaves with different structure sheaves (Chapter 6), and to introduce con-
nections on sheaves associated with a given principal sheaf (Chapter 7).

Let G = (G, pg, Lg,0g) and H = (H, pr, L1, Ox) be two Lie sheaves of
groups over the same base X. Clearly, the subscripts ¢ and # mark the
components of each Lie sheaf of groups, whenever necessary for the sake of
clarity.

3.4.1 Definition. A morphism of Lie sheaves of groups from G into
H is a pair (¢, $), where ¢ : G — H and ¢ : Lg — Ly are morphisms of
the corresponding structures (i.e., groups and .A-modules of Lie algebras,
respectively) such that

(3.4.1) S0 (¢ x ¢) = odg,
4 Onoop=(1®¢)odg.
Here dg and 03 are the actions of G and H on the left of £Lg and Ly,

respectively, induced by the corresponding representations pg and py, as in
Proposition 3.3.1.

Conditions (3.4.1) and (3.4.2) mean that the following diagrams are com-
mutative.
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G xx Lo —25P L H oy L G ¢ . H
dg (1) on dg (1II) On
- N

Lg L Q®aLg QR4 Ly

DiAaGrAMS 3.3

Occasionally it is useful to express the commutativity of Diagram 3.3(I)
in the following equivalent form

(3.4.1) b0 pg(9) = pr(6(g)) o ¢,
for every g € G(U) and every open U C X; in other words, the diagram

<

£o(U) Lr(U)
pg(9) pr(o(g))
LoU) — s L)

DIiAGRAM 3.4

is commutative. Obviously, the morphisms of the last diagram are the in-
duced morphism of sections.

Indeed, for any g € G(U) and ¢ € Lg(U), Diagram 3.3(I) and equality
(3.3.1), along with (1.1.3), imply that

o(pg(9)(£)) = ¢(dg(g,)) = o1((9), (£)) = pr(d(9))(d(0)),
which yields the commutativity of Diagram 3.4. The converse follows from
the same calculations and the comments (1.2.15), (1.2.15').

A typical example of a morphism of Lie sheaves of groups is provided
by an ordinary morphism of Lie groups f : G — H. It is obtained by
the sheafification process described in Example 3.3.6(a), also applied, in an
obvious way, to f and the induced Lie algebra morphism

T.f=d.f: G=T.G — T.H=H.

Similarly, morphisms of projective systems of Lie groups induce morph-
isms of Lie sheaves of groups between the corresponding projective limits,
defined in Example 3.3.6(c).
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3.5. The pull-back of a Lie sheaf of groups

This important construction is more complicated than the pull-back of other
structures encountered in previous sections. Our results rely heavily on the
material of Subsection 1.4.1.

We assume that G = (G, p, £, 0) is a Lie sheaf of groups over X and
f:Y — X a continuous map. We intend to show that f*(G) is a Lie sheaf
of groups.

First we need the following general lemma concerning the pull-back of
tensor products.

3.5.1 Lemma. Let S and T be two A-modules over X. If f:Y — X isa
continuous map, then there is an f*(A)-isomorphism

T (S @AT) = [5(S) @pe(a) [*(T)

between the f*(A)-modules (over Y ) representing, respectively, the domain
and the range of T.

Proof. Let (y,2) € f*(S®47) be an arbitrarily chosen element. Obviously,

(y,2) € {y} x (S®aT) sy = {y} X (Sty) @As(,y) Triy))-

By the construction of the tensor product (Subsection 1.3.3), there exists a
o0 € S(U) @4y T(U) such that (see (1.2.10))

(3.5.1) z= 0]y = (f(y)),
for some U € Tx, with f(y) € U. Then we define T by setting
(3.5.2) T(y,2) = 7(y.5(f¥)) = ((f5.0 ® f1.0)(0)) (),

where f5,, + S(U) — fH(S)(fH(V)) and f7; + T(U) — f(T)(f1(V))
are the canonical (adjunction) maps of sections (see (1.4.2) — (1.4.3)), and

(5 @ frv)(0)” € (f(S) @) [1(T)) (fH(V))
is the (local) sheaf section induced by the presheaf “section”

(3.5.3) (fsu @ f1.0)(0) € [F(S)FHU)) @p=ayp—1wy [ HU)):

2

We remind the reader that the meaning of the superscript “~ 7 is explained

by equality (¢ ) on p. 104 and the relevant comments.
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By (3.5.2), it is clear that
T(y,2) € (f(S) @p () F1(T)),, = f(S)y ®pa), [ (T)y-

Leaving aside, for the moment, the question of whether 7 is well defined
(this will be answered after establishing some useful formulas), we first check
that T is @ morphism of sheaves. Clearly, it commutes with the respective
projections. We show the continuity of 7 at an arbitrary element (y,, 2o):
As before, we can find a 0, € S(Us) @ 417,y 7 (Us) With o6(f(yo)) = 2o, for
some open U, C X with f(y,) € U,. Fixing o, and varying y € f~1(U,),
we obtain the set

B = f5g 1.0, (00) (f1(U6)) = { (v, 00(f(¥) |y € f1(Uo)},

which belongs to the basis for the topology of f*(S®47), in analogy to the
basis (B) of Subsection 1.4.1.
As a result, in virtue of (3.5.2), the restriction of 7 to B is given by

Tls = ((f5v ® f1.v)(00)) 0 p1 [,

where p1 1 Y Xx (S®4 T) — X is the restriction (to the fiber product) of
the ordinary projection to the first factor pr; : Y x (§ ®47) — Y. This
proves the desired continuity, thus 7 is a sheaf morphism.

Now assume that the section o € S(U) ® 47y 7 (U), considered in the
beginning of the proof, is a decomposable tensor of the form o = s®t. Since
s € S(U) and t € T(U) are ordinary sections of sheaves, the identifications
s =3 and t = ¢ hold true. Moreover, the definition of the tensor product
of two elements s(z) ® t(x) implies that (see the general construction at the
end of Subsection 1.2.2)

5(z) = (5@ 1)(z) = 3(z) ® () = s(z) ® t(x).
Hence, with similar arguments, we obtain that
(fsu@ fru)@) ) = ((fsu @ fro)s@t) (y) =

(fsu(s) @ fru®) () = (f5u() @) @ (Ff1u) @),

for every y € f~1(U). Therefore, taking into account (1.4.4"), the previous
equalities lead to

(fsr @ fro)@) () = (y,s(f(v)) ® (v, t(f(y))) =
Js,(s(fw) @ f7.,(t(F (W) = (f5, © f7,)(s(f(n) @ t(f(y))) =
(£, @ fr,) (GOOW) = (f5, @ f5,) (G(fW)),
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for every y € f~'(U). From the preceding equalities and (3.5.2), we see
that, for a decomposable section o as above with o(f(y)) = =,

T(y,2) = 7(y,0(f(y)))
(3.5.4) = ((f$0 @ frv)(0) (v)
= (f5,® f1,) (5(f))).

The same result is extended by linearity to arbitrary (not necessarily de-
composable) tensors; hence, we conclude that

(3.5.5) T(y,2) = (f5,@ f1,) (), (.2) €[ (S®AT).

Since we arrived at the last equality having chosen arbitrary U € ¥ x and
o satisfying (3.5.1), this shows that 7 is in fact well defined, thus answering
the question raised in the first steps of the proof.

Finally, by (3.5.5) and the fact that (see also (1.4.4))

(f5,® f1y) (2) € F(S)y @pea), F(T)y = (f(S) @peay f1(T))

the restriction of 7 to the stalk {y} x (S®a 7)) = (f*(S®aT)), is an
f*(A)y~isomorphism of the form

(f"(S@aT)), —= (f*(S) ®pa) (1))

)

Y

)

Y

for every y € Y. Therefore, 7 is an isomorphism as in the statement and
the proof is now complete. ]

A byproduct of equality (3.5.5) is the following useful formula:

(355/) T(y7 w®u) = (y> ’IU) ® (y7 u): (yv w®“’) S {y} X Qf(y) ®Af(y) Ef(y)

Note. For another proof of Lemma 3.5.1, without explicit construction of
the isomorphism 7, we refer to Mallios [62, Chap. VI, p. 27].

By means of Lemma 3.5.1 we define the morphism
(3.5.6) 9" == 1o f*(9).

It will be shown that 0* is the Maurer-Cartan differential of f*(G).
For every (y,z) € f*(G) =Y xx G, (3.5.6) yields

(3.5.7) O (y,2) =7 (f7(9)(y,2)) = 7(y,0(2)).
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Omitting 7 in the last equalities, one can equivalently write

(3.5.7) 9*(y,2) = (y,0(2)); (y,2) € [*(G) =Y xx G,

which facilitates, in practice, the calculations.
The definition of 0* is depicted in the following diagram, where (3.3.4)
has been applied.

1) O, pawey
o T
£(9) (F1(0))

DIAGRAM 3.5

We also need the following auxiliary result:
3.5.2 Lemma. There exists a monomorphism of sheaves of groups
i ff(Aut(L)) — Aut(f*(L)).

Proof. For an arbitrary (y,z) € {y} x Aut(L)sy) = f*(Aut(L)),, there
exists a g € Aut(L|y), where U € Tx with f(y) € U, such that

z=[gl5q) = 9(f(¥))-

Since Aut(L|y) = Aut(L)(U), we have that ¢ = g within the previous
isomorphism. We denote by

idpqry xu g fHU) xu (Lly) — f71(U) xu (Lly)

the automorphism obtained by restricting id;-1(;) X g to the fiber product
fHU) xu (L]y); that is,

(358) idf—l(U) Xy g := (idf—l(U) X g) ‘fﬁl(U)XU(ﬂU) S Allt(f*([,)‘(])

As a result,
(idy1 vy xv g)” € Aut(f*(£))(fH(U)).

Now, we let

(3.5.9) i*(y, 2) = (id 1) xv 9) (y),
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which determines an element of the stalk Aut(f*(L)),.
The map *, given by (3.5.9), is well defined. Indeed, assume that

2= 0) = 9 (fW)),

where ¢’ € Aut(L|yy) and U’ € Ty with f(y) € U'. Then the analog of
equality (3.5.9) is
(3.5.9) i*(y, 2) = (id g1y Xu ') ()

In order to show that the right-hand sides of (3.5.9) and (3.5.9") coincide,
we denote by

r s Aut(Lly) — Aut(Lly),
Ry« Aut(f*(L)|lw) — Aut(f*Llw),

the restriction maps (for open V. C U and W’ C W) of the presheaves

Uvr— Aut(ﬁ‘(])' U e %Tx,
W — Aut(f*(L)|w); W e %y,

generating the sheaves Aut(L) and Aut(f*(L)), respectively. In particular,
for every open V C U, we have that

(3.5.10) rv(9) =gl = alv,

(3.5.11) R R h) =hl, =

1(V) (V)xv(Llv) 1

if g € Aut(L|y) and h € Aut(f~1(U) xu (L]y)) = Aut(f*(L)]j-101))-
Under the above notations, our assumption
9)4) = 2 = 9] 5)
implies the existence of an open V' C UNU’ such that rJ(g) = r‘lf’ (¢, ie.,
glv = ¢'|v. Hence, if Ry, : Aut(f*(L)|w) — Aut(f*(L)), (W € Ty) is the
canonical map into germs (see (1.2.6)), we obtain, in virtue of Diagram 1.5
and equality (3.5.8),
(idp—1ny xur gV () = Ry ylidpron xvr g')
—1 U/ .
= (Rp1yyo RfﬂE )))(ldffl(U’) xurg')
= Ry (idprwn xur 9] - W)xv (o)
= Ry, (idsvy Xv glv)



3.5. The pull-back of a Lie sheaf of groups 121

_ FH U (s
= (R,f*I(V),y © Rf%(V))(de*l(U) XU 9)

Rp-1v)y(idg-11) XU 9)
= (ids@wy xv 9) (y),

which proves that ¢* is indeed well defined.

We show that ¢* is continuous in a way similar to that of 7 in Lemma
3.5.1. More precisely, we fix an arbitrary (yo, 2o) € f*(Aut(L)). As before,
we can find a g, € Aut(L[y,) with 2o = [go]f(y,) = Jo(f(¥0)), for an open
U, C X with f(y,) € U,. Denoting by

fir, + Aut(L)(Us) — f*(Aut(L))(f (Vo))

the corresponding canonical (adjunction) map with

(f5.@) W) = (v.o(f(W))).

for every o € Aut(L)(U,) = Aut(L|y,) and y € f~1(U,), we easily verify
that the open set B := f{; (o)(f ™' (Us)), in the basis for the topology of
f*(Aut(L)), has the form

B={(y.9(fW))|y € (Uo)} = 1 (Us) xu, §o(Uo).

Hence, evaluating i* at any element of B, we see that
(v, 9o (f(y))) = (idg—1(v,) XU 90) (y) =
((’L.df—l(UO) XU, go)~ o p1 |B) (yvg\:)(f(y))%

i.e., i*[p = (idg-1(y,) XV, go) o1 |B, which proves the continuity at (yo, 2o),
and analogously everywhere. Thus ¢* is a sheaf morphism, since it commutes
with the projections.

Also, i* is a monomorphism, for if
*(y,2) = (idg-1 vy xv 9] (y) = (idg-1 0y xur gV (y) =" (y, 2),
then there is an open V' C UNU’ such that f(y) € V and (see also (3.5.11))

-1 U . .
Ri ) (idg-10) xu 9) = (idg-20) <0 9) |1y =

F=H ) ¢, — (s
By (ids-1 0y xvr g') = (idg-1 0y xv7 ') ‘f*1(V)><V(£\V)'
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The previous equalities, combined with (3.5.8) and (3.5.10), imply that
idg-1vy xv (glv) = idg107) xv (g']v),

from which it follows that
9ley = glv =d'lv = ¢z, € Aut(L]y).

Consequently, z = [g] ¢(y) = [9'] () = 2, as required.

Finally, we show that i* is a morphism of sheaves of groups. To this end
let us first look at the product z - 2 € Aut(L)y(,) of two elements

2= lgli = 9(f@)  and 2 =[]y = I (F®)),
where g € Aut(L|y), ¢ € Aut(L|yr), and U, U’ € Tx with f(y) e UNU".

By the definition of an operation in a sheaf with an algebraic structure (see
the concluding part of Subsection 1.2.2), in conjunction with (3.5.10), we
obtain over V. =UNU":

22 =gl 9 5w) = v (W (9) 017 () =

(3.5.12) ~
rvi (glv o d'lv) = (glv o d'Iv) (f(y) = lglv o g'lv]fw)

Hence, we immediately check that (3.5.9) and (3.5.12) give
" ((y, 2), (y, z')) =i"(y,z- %)
(3.5.13) = (idp-10y xv (glv o ¢'Iv)) (v)
= ((idg-1vy xv (glv)) o (ids1 1) xv (9'1v))) (v).

Using similar arguments for the product structure of Aut(f*(L)),, we
transform (3.5.13) into

i ((y,2), (y,2") = ((idgrv) xv glv) o (idpr ) xv ¢'[v)) (y)
1
= Ry (R () id-10) xv 9) o
1 U/
ORf E ))(de ( /) XU/ g,))

= Bpawylidiw) xvg)- Rf*l(U'Ly(de*l(U/) xv g
= (idp-1y xv 9)" (W) - (idp-1 0y v 9') (y)
= i"(y,2) " (y, &);

that is, i* is a morphism of sheaves of groups. O
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From the initial representation p : G — Aut(L) we now obtain the
representation

(3.5.14) ot i=i"o f*(p),

shown also in the next diagram.

\,
v

Aut(f*(L))
Di1AGRAM 3.6
Hence, for every (y,z) € f*(G) =Y xx G, equality (1.4.5) implies that

(3.5.15) p*(y,z) =" (f*(p)(y,2)) = i"(y, p(2))-

Omitting ¢* in the last expression, we equivalently write
(3.5.15) p(@,2) = (2, p(2)),

which, like (3.5.7"), is quite convenient in practice.

In Section 3.3 we have seen that p : G — Aut(L) induces an action
A G xx QL) — QL). Similarly, p* : f*(G) — Aut(f*(L£)) induces an
action

AT fH(G) xy f1(Q) (fF(L)) — f1(Q) (f7(L)),
where, as in (3.3.4), f*(Q) (f*(£)) := f*(Q) @p«a) *(L).

Using the isomorphism 7 of Lemma 3.5.1, we obtain the last auxiliary
result, needed in the proof of the main theorem of this section.

3.5.3 Lemma. With the previous notations, equality
A ((y,a), 7(y,w)) = 7(y, Ala,w))

holds true, for every (y,a) € f*(G)y and (y,w) € f*(QL)),.
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The statement is depicted in the following diagram, where the map v is
given by ¥((y, a), (y,w)) := (y, (a,w)) and id gy Xy T actually denotes the
restriction of id gy x T to the indicated fiber product.

£(G) xy FOL) — O YT () sy (90 (£5(L))
(0
F4(G xx (L)) A
7(a)
7 @(e) i @) (£(2))

DiaGgraM 3.7

Proof. Since (y,a) € f*(G)y = {y} X Gy(y), there exists a g € G(U) such
that a = g(f(y)), for some U € Tx with f(y) € U. Similarly, for (y,w) €
f(Q)y = {y} x Qy(y), there exists a 0 € QU) @4y L(U) such that w =
a(f(y)) = o]y, with the same U as before. Because p(g) € Aut(L)(U) =
Aut(L|7), we obtain the corresponding induced automorphism of sections
(in a slightly simplified form of (3.3.2)) p(g), : £L(U) — L(U). Therefore,
by (3.3.7) and (3.3.7'),

A(a,w) = p(a).w = (1 & p(9)y)(0))” (F(y)),

where 1 = 1g(r). As a consequence, also taking into account (3.5.2) with
the appropriate modifications,

7 (y, Ala,w)) = 7(y, (1@ p(9))(0)) " (f()))
(fQU®f£U ((1®P(9)U)(U))) (v)
(for ® (fev o p(9))) (@) (y)-

On the other hand, since f§ ;;(g) € f* (G)(f~1(U)), the automorphism

(3.5.16)

(3.5.17) P (f5.0(9)) € Aut(f*(L)(f~1(U)) = Aut(f* (L)l 1))
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induces the automorphism of sections

B @)y £ OO

FHLfHU)).

Hence, working as in (3.5.16), we obtain

A ((wsa) ryw) = Ay 9(f(@)), (v 5(F(W)))
= A (feu(@) W), ((fou @ fLu)(@) (1) N
(3.5.18) - ((1®p<f_*U<g‘>>f o) (U ® FE0)(@) ) )

= (o ® (" Too@), 1 foo) (@) @),

where 1 = 1f*(Q)(f*1(U))'
Comparing (3.5.16) and (3.5.18) we see that, in order to complete the
proof, it suffices to show the following equality

(3.5.19) P g0 sy © 2w = T2 © P90

after the identifications Aut(L£)(U) = Aut(L|y) and Aut(f*(L£))(f~1(U)) =
Aut(f*(L)]p-11r))- We first work out the right-hand side of (3.5.19). Since,
for any £ € £(U)

(f2.0 0 plg)p)(0) € FHL)(FHD)),

it follows from (1.4.3) that, for every y € f~1(U),

((F2000(@)) )W) = (fru(plg)y (€ )))(?/)
= (v, (p(@ () (F W) = (v, p(9) (L(F())))

where p(g) € Aut(L|y). Analogously, in virtue of (3.5.17) and for every
(€ L(U) and y € f~1(U), the left-hand side of (3.5.19) yields

(P @), 1y F20)0) ) = (7)), 1 gy (T (0) ) )
= 7" 3w @) S O)W) = " (f0(9) (4.0 W)));

(3.5.20)

that is,

(3:521) (7" (F.0@) 1y F20)(O) ) = 5 (F5.0(9) (0. €L F ()
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However, thinking of p*(fg 7(9)) = p* y-1()(f&.(9)) as a section belong-
ing to Aut(f*(£))(f~1(U)) and taking into account (3.5.15) and (3.5.9), w
check that, for every ¢ € f~1(U),

(ng( ))(CI): ( v(9)( )
(qp( 7)) =i (¢, (9)(f(2))) =

= (0, 9(f(v)) =
(id sy xv p(9)) (q)-

Therefore, the identification Aut(f*(L£))(f 1(U)) = Aut(f*(L )-1(wy) and
the last equality imply that the section p*(fg;(9)), now mterpreted as an
element of Aut(f*(L)|s-1()), has the form

(3.5.22) P (fou(9)) =ids-1wy xu p(g).
As a consequence of (3.5.22), equality (3.5.21) is transformed into
(PP, ) 2 F20)0) W) = 0" (J.0(9)) (v AT 1)
= (idg-1 vy xu p(9)) (9, 6(f (®))) = (v, p(9)(E(f(1))))-

In other words, for every ¢ € L(U) and y € f~'(U),

(PP, ) 2 F20)(0) W) = (v () (C(FW))))-

Comparing the preceding equality with (3.5.20), we obtain (3.5.19) which
completes the proof. O

The previous lemmata now make straightforward the proof of the main
result of this section, namely:

3.5.4 Theorem. The quadruple f*(G) = (f*(G), p*, f*(£), ), with p* and
0* defined by (3.5.14) and (3.5.6), respectively, is a Lie sheaf of groups.

Proof. The only remaining matter to be proven is that 9" is a Maurer-
Cartan differential; that is, condition (3.3.8) is satisfied. Indeed, for every

(y,a), (y,b) € {y} x Gy() = f*(G)y, we have that

O ((y,a) - (y,b)) = 0" ((y,a- b))
(by (3.5.7)) = 7(y,0(a b))
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(by Lemma 3.5.1) =7
(by (3.3.7), (3.5.7)) =7(y,A(b"",9(a))) + 0 (y,b)
(by Lemma 3.5.3) = A" ((y, ) T(y, 8(6)) + 8* (y,b)
(by the analog of (3.3.7) for p*) = p*(y, b 1).0"(y,a) + *(y,b)
=" ((y,0)71).0"(y,a) + 0" (y,b),

(y,( 3(@)+T( (b))

which completes the proof. O

The Lie sheaf of groups f*(G) = (f*(G), p*, f*(L), 0%) is called the pull-
back Lie sheaf of groups of G = (G, p, L, 0).

We close the present chapter with a result supplementing the previous
theorem and motivating a generalization of the notion of the morphism of
Lie sheaves of groups.

With the notations of the previous discussion, we define the morphism

fe: 17(9)

)

where pry : Y X G — G is the projection to the second factor. Then we
obtain the following commutative diagram

L TG

DIAGRAM 3.8

where the vertical maps are the projections of the corresponding sheaves.
The same diagram means that f; is an f-morphism, i.e., f§ covers (or
projects to) f. Similarly, we define the f-morphisms f} : f*(£) — £ and
1S £1(Q2) — Q. Thus we prove:

3.5.5 Corollary. The pair (f§, f}) is an f-morphism of Lie sheaves of
groups between f*(G) = (f*(G),p", [*(£),0") and G = (G,p,L,0); that
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18, analogously to Definition 3.4.1, we obtain the commutative diagrams

fe < Iz

F4(G) xy f*(L) G xx L
o* 1)
F(c) e
DIAGRAM 3.9
and
F4(9) L G
o* 0
P @ 110 — 108 og,p

DiacraMm 3.10

In Diagram 3.9, the action 6* is given by

5*((y,a), (1, 0)) := (y,6(a,0));  (y,a) € fX(G)y, (y,€) € f*(L)y,

while the top morphism on the same diagram is appropriately restricted to
the fiber product of the domain.

Proof. The commutativity of Diagram 3.9 is an immediate consequence of
the definition of the morphisms involved.
On the other hand, for any

(y,2) € Q@4 L) sy = {y} x () DAy y) L),
the analogs of (3.5.5) and (1.4.4), applied to the present data, imply that
(fo® f2)(t(y,2) = ((fa® f2)o(fo,® fI,) (2)

(3.5.23) = ((fhofa,)®(frofty) ()
= (ida,, ®idc,)(2) = 2.
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Hence, for every (y,a) € f*(G), equalities (3.5.7) and (3.5.23) yield

((fo® f2) 0 0%)(y,0) = (fo ® f7) (T(y,0(a))) = 0(a) = (9 © f§)(y a),

by which we verify the commutativity of Diagram 3.10 and complete the
proof. ]

Note. Given the Lie sheaf of groups G = (G, p, L, ), over the topological
space X, and a continuous map f : X — Y, one can form the push-out
quadruple (f*(g), f(p), f<(L), f*(a)), where f.(G) is a sheaf of groups, f.(£)
is an f.(A)-module of Lie algebras, and f.(p) : f«(G) — fi«(Aut(L)), f«() :
f+(G) — f(Q2®4 L) are appropriate morphisms.

In analogy to the case of the pull-back, we would like to have a quad-
ruple of the form (f.(G), p«, f«(L),0x), where pi : fu(G) — Aut(f«(L)) and
Os 1 fx(G) — fu(Q) @y, () f+(L£). However, in general, we cannot find a reas-
onable way to go from f.(Q2 ®4 L) to fi(Q) @, (4) f«(L), which, combined
with f.(0), would give a differential 0,. The same remark applies to p..
Of course, we go from fi(2) @y, (4) f«(£) to fu(Q2 @4 L), but this is not of
interest in our case.

Therefore, the push-out functor applied to a Lie sheaf of groups does
not, in general, lead to a Lie sheaf of groups.






Chapter 4

Principal sheaves

When one tries to state in a general algebraic formal-
ism the various notions of fiber space: gemeral fiber space
(without structure group, and maybe not even locally
trivial); or fiber bundles with topological structure group
as expounded in the book of Steenrod (The Topology of
Fiber Bundles, Princeton University Press); or the “dif-
ferentiable” and “analytic” (real or complex) variants of
these notions; or the notions of algebraic fiber spaces
(over an abstract field k) — one is led in a natural way to
the notion of fiber space with a structure sheaf G.

A. GROTHENDIECK [36, p. 1]

RINCIPAL sheaves, one of the fundamental concepts of this work, were
P originally defined by A. Grothendieck (see [36]). They represent the
abstract analog of principal bundles and provide the natural space in which
abstract connections live (cf. Chapter 6). For this reason, principal sheaves
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are defined here in a slightly different way from Grothendieck’s original one;
namely, they are fiber spaces whose structure sheaf and structure type is a
Lie sheaf of groups (instead of a simple sheaf of groups).

Principal sheaves also constitute the non commutative, so to speak, coun-
terpart of vector sheaves. As a matter of fact, vector sheaves and their geo-
metry can be reduced to that of principal sheaves by means of the principal
sheaf of frames (cf. Chapter 5). The main part of this chapter is devoted to
the study of morphisms and isomorphisms of principal sheaves, as well as to
their cohomological classification.

4.1. Basic definitions and properties

Let G = (G, p, L,0) be a Lie sheaf of groups over X, as in Definition 3.3.3.
We denote by mg : G — X the projection of G on X.

4.1.1 Definition. A principal sheaf with structure sheaf G, denoted
by P =(P,G, X, ), is a sheaf of sets (P, mw, X) such that:
i) There exists an action §:P xx G — P of G on (the right of) P.

ii) For every x € X, there exists an open neighborhood U of x in X and
an isomorphism of sheaves of sets

(4.1.1) ov : Plv — Glu,
satisfying
(4.1.2) ou(p-g) = ou(p) - g, (p.9) € Plu xu Glu-

For the sake of brevity, a principal sheaf, as above, is called a G-principal
sheaf.

The (center) dots in (4.1.2) denote the action of G on the right of P and
G, respectively. The same equality means that each ¢y is a G|y-equivariant
(iso)morphism or it has the equivariance property, with respect to the
said actions. Clearly, qb(}l is also G|y-equivariant, i.e.,

(4.1.2)) g (g 9)=05"(9)-d, (9,9 €Glu xv Glu.

Condition ii) of the previous definition is equivalent to the existence of an
open covering U = {U, C X |a € I} of X and a family of G|y, -equivariant
isomorphisms, called coordinate mappings or, simply, coordinates,

(4.1.3) bo : Plu, — Glu,; acl,
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also satisfying the equivariance property

(4.1.4) ba(p - g) = da(p) - 9, (P, 9) € Plu, Xv, Glu,-

The section-wise variant of (4.1.4), written (according to convention (1.1.3))
in the form ¢4 (s - g) = ¢a(s) - g, for every (s,g9) € P(Uy) x G(Uy), shows
that the induced morphism ¢, = (¢o)v, is G(U,)-equivariant.

An open covering U = (U,), over which a family of coordinates (¢q) is
defined, will be called a local frame or a coordinatizing covering. We
shall mainly use the first term because of its simplicity. If we want to specify
both the covering and the associated coordinates, we refer to the local frame
U= U, (¢a)) or U = ((Us), (¢a)) of P. The open sets U, of U are called
local gauges.

The covering U is called a local frame because it determines a family of
sections which, in certain cases, are related with ordinary frames (viz. local
bases) of vector bundles or vector sheaves.

Quite often it will be convenient to assume that the local frame U is
a basis for the topology of X. This can always be done by replacing the
original U with its refinement consisting of all the intersections of the open
sets of U with the open sets of the topology Tx of X. The restrictions of
the coordinate isomorphisms (4.1.1) to the latter have the same properties
as before. Furthermore, as in Mallios [62, Vol. 1, pp. 126-127] (see also the
note on page 38), we note that

the set of all local frames of P s a cofinal subset of the set of

4.1. ) .
(4.1.5) all proper open coverings of its base space X.

Since, by definition, P is locally isomorphic to G, we say that P is of
structure type G.

Some elementary, but useful, properties are given in the sequel.
4.1.2 Proposition. G acts freely on P and freely transitively on its stalks.

Proof. Assume there exists a (p,g) € P xx G such that p-g = p. Since
7(p) = mg(g) =: x € Uy, for some U, € U, (4.1.4) yields

(ba(p) - ¢a(p ) g) = ¢o¢(p) 9,

from which we get g = e, (: the neutral/unit element of the stalk G,), thus
proving that the action is free.

On the other hand, if p,q € P, are any elements of the stalk at z, with
x € U,, then there is a g € G, such that ¢o(q) = ¢a(p) - g = du(p - g), thus
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q = p- g, which proves the transitivity. The above g is uniquely determined
by the first property of the action. O

4.1.3 Corollary. Over each © € X, the respective stalk has the form
Pe=p-Go:={p gl g€bs},

for any p € P,.

4.1.4 Proposition. The map k : P xx P — G, defined by

(4.1.6) q=p-kp,q),

18 a morphism of sheaves satisfying the following equalities:

kp-g9.9) =g " k(p,q),
k(p,q-g) =k(p,q) -9,
k(q,p) = k(p,q) ",

for every p,q € Py, g € Gy, and every x € X.

Proof. The map k is clearly well defined by Proposition 4.1.2. Furthermore,
for any U, € U,

(P xx Plv, =7 (Ua) xv, 7' (Ua)

is an open subset of P x x P. Since, for every p,q € (P xx P)|u.,,

¢a(q) = dalp - k(p,q)) = dalp) - k(p,q),
we see that k(p,q) = ¢a(p) ™! - da(q). Hence,

k(p,q) =70 (a0 ¢aopr) X (daoPra)) |1 yup x1(0a)

where 7 is the multiplication and « the inversion of G (cf. Subsection 1.1.2),
while pr; : 71 (U,) x 71 (U,) — 71 (U,) is the projection to the i-th factor
(1 = 1,2). This proves the continuity of k on the subsheaf over U,. The

same arguments hold for every « € I, thus k is a continuous morphism.
The equalities of the statement are a direct consequence of (4.1.6). [
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4.1.5 Remarks. 1) Propositions 4.1.2 and 4.1.4 show that principal sheaves
in the sense of Definition 4.1.1 satisfy the conditions of Grothendieck’s ori-
ginal definition (see [36, Definition 3.4.2, p. 32]). However, as already ex-
plained in the introduction of this chapter, principal sheaves that locally
look like G are better suited for the geometric study we have in mind.

2) In the present chapter, the assumption that the structure group G is
a Lie sheaf of groups is not necessary. As in [36], what is essentially needed
here is that G is only a sheaf of groups. However, the former assumption
will be crucial for the theory of connections and related topics, developed
from Chapter 6 onwards. Thus, to maintain a certain homogeneity in the
exposition, we adhere to Definition 4.1.1 and indicate —when necessary—
those cases in which the group structure alone is sufficient.

A local frame U = (U, (¢o)) of P determines a particular family of
sections. More precisely, we give the following:

4.1.6 Definition. The natural (local) sections of P, with respect to U,
are the sections given by

(4.1.7) S0 =y 01|y, €P(U,), acl.
Equivalently, the natural sections are defined by

(4.1.7) Sa = ¢a (Lu.);

with ¢, now denoting the induced morphism of sections.

By the previous definition, a coordinate map gives rise to a natural
section. The converse is also true, namely we have:

4.1.7 Proposition. Let s € P(U) be a section of P over the open U C X.
Then there exists a G|y-equivariant isomorphism ¢y : Ply — Glu (coordin-
ate), whose corresponding natural section is precisely s.

Proof. We define the map

Yu Gl — Plu = g+ s(mg(g)) - g.

It is a continuous morphism (by the continuity of the action §), admitting
also an inverse ¢y, given by

ou(p) = k(s(n(p)),p);  pePly,
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and whose continuity is guaranteed by Proposition 4.1.4. If sy denotes the
natural section of P induced by ¢y, then (4.1.7) yields

su(e) = ¢p' (L(x)) = Yu(1(z)) = dules) = s(z);  z €U,
which concludes the proof. ]

4.1.8 Corollary. There is a bijection between local frames of P and families
of local sections, whose domains cover X . In particular, if P admits a global
section, then P is G-equivariantly isomorphic with G.

We single out some typical examples.
4.1.9 Examples.
(a) Principal sheaves from principal bundles
Let (P,G, X, mp) be a smooth principal bundle and let P = (P, X, ) be
the sheaf of germs of its smooth sections, i.e.,
P:=S(U+—T(U,P)),

if I'(U, P) is the set of smooth sections of P over U. Thus, P(U) =2 I'(U, P).

We also consider the Lie sheaf of groups G = C¥(G), obtained from the
Lie group G, as in Example 3.3.6(a). Then G acts on P (from the right) by
means of the local actions

F(UaP) X COO(UvG) - F(va) : (3,9) =59,
for every U € ¥x.

By definition, the local structure of P is described by a family of
G-equivariant isomorphisms (trivializations) ®, : P|y, — U, x G, over
an open covering, say U = {U, C X |a € I}. Thus, for every open V C U,,
we can define the bijection
(4.1.8) dayv : I'(V,P) — C*(V,G) : 0 — pryo®, 00,
whose inverse is
(4.1.8") <Z>;71V :C®(V,G) — T(V,P) : g & 0 (idy, g).

Both maps are C°°(V,G)-equivariant (iso)morphisms, as a result of the
equivariance of ®, and ®_ 1. Varying V in U,, we see that the (presheaf) iso-
morphism {¢, 1 |V C U, open} generates a G|y, -equivariant isomorphism
¢a : Plu, — Glu,, with inverse

b’ =S((ay)ver.).

Hence, we conclude that:
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The sheaf (P,G,X,m) of germs of smooth sections of a principal
bundle (P,G,X,np) is a G-principal sheaf, where G is the sheaf C3
of germs of smooth G-valued maps on X.

Of course, there is a topological analog of the previous result, but in
this case the structure sheaf C% (G) (: sheaf of germs of continuous G-valued
maps on X) is not a Lie sheaf of groups.

For future use, let us connect the natural sections (o,) of P with the
natural sections (s,) of P, over U. By definition, ®,(0(z)) = (x,e), for
every ¢ € U,. On the other hand, if o, € P(U,) is the section associated
to o, by the identification I'(U,, P) = P(U,), then (see also (1.2.10) and
(1.2.13))

$a(0a()) = da([oalz) = [Pa,v.(0)]z = [cela,

where ¢ : U, — G is the (constant) map with c.(z) = e, for all z € U,.
However, ¢, € C*(U,, G) corresponds bijectively to 1|y, € G(U,) via the
identification C*°(U,, G) = G(U,); that is, 1|y, = ¢.. Hence,

Pa(0a(2)) = [cela = Ce(z) = 1(z) = da(sa()),
for every x € U,, from which we obtain the bijection

(4.1.9) D(Un, P) 3 04 — G0 = 50 € P(Us),  acl.

(b) Principal sheaves from projective systems of principal bundles

Let (P;, Gy, X, m;);c ; be a projective system of smooth principal bundles.
The previous term means that we are given two projective systems {P;, p;; }
and {Gj, pi; } such that each triplet (p;j, pij, idx) is a principal bundle morph-
ism of (Pj,Gj,X, 7Tj) into (P;, Gy, X, m;), if j > 1.

Then, arguing as in Examples 3.3.6(c) and 4.1.9(a), we define the sheaf
P = lim P;, where (Pi, Gi, X, m;) are the principal sheaves with

Pi:=S(U—T(U,PR)).

The Lie sheaf of groups G = @gi acts naturally on the right of P by
applying the sheafification process to the local actions

T(U,P,) x C®(U,G;) — T(U, P)),

induced by the actions P; x G; — P;, and then by taking projective limits.



138 Chapter 4. Principal sheaves

If we consider projective systems of principal bundles whose trivializa-
tions are defined over the same open covering (U,) of X, then P;|y, = Gi|u,
and P|y, = G|u,; that is, P is a G-principal sheaf.

In the same way one defines the projective limit of a projective system
of principal sheaves.

Coverings of the aforementioned type can be constructed under suitable
assumptions. For certain analogous situations we refer to Galanis [30, 31,
32]. In [31] it is also shown that, under certain conditions, the (projective)
limit of a projective system of smooth principal bundles (over a Banach
space) has the structure of a Fréchet principal bundle.

(¢) The pull-back of a principal sheaf

Let P = (P,G, X, m) be a principal sheaf over X and let f:Y — X be
a continuous map. We consider the pull-backs f*(P) and f*(G) of P and G,
respectively, and the morphism

™ ff(P)=Y xx P — P,

obtained by restricting the first projection pr; : Y x P — Y to f*(P). We
have already seen in Section 3.5 that f*(G) is a Lie sheaf of groups. We
claim that the quadruple

[Py = (f(P), £7(9),Y, ")

is a principal sheaf, called the pull-back principal sheaf of P.
First we define an action

6" 2 fH(P) xy f1(G) — f7(9)
by setting
5" ((y:p), (¥,9)) = (y,0(p. 9)) = (y, 0~ 9),
if 0 is the action of G on P. Formally, if h denotes the obvious isomorphism
FA(P) xy f1(9) — F*(P xx G).

we have that 6* = f*(0) o h (see (1.4.5)).
Given a local frame U = ((Uy,), (¢o)) of P, we form the open covering

Vi={V, = YU, CY |U, cuUu}.
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of Y. We immediately check that
f*(P)|Va :VOC XUa 7D|Uc>4 :f*(P|Ua)’

Hence, the induced (iso)morphisms
o = [ (0a) : £*(P)lve = F*(Plvn) — £*(Glv.) = F(Olva,
given by ¢;,(y.p) = (y, da(p)), yield

bn ((y,0) - (¥,9) = 05 (¥s0-9) = (¥, 9a(p - 9)) =
(Y, 9a(p) - 9) = (Y, 6a(p)) - (¥, 9) = 06(y,p) - (¥, 9),

for every (y,p) € f*(P)y and (y,g9) € f*(G),. This shows that (¢},) are
(equivariant) coordinates with respect to V, thus f*(P) is a principal sheaf.

Let us find the natural sections of f*(P), over V, needed in Section 6.5.
First observe that the unit section 1*: Y — f*(G) of f*(G) is given by (see
also (1.4.2))

(4.1.10) 1" = fx(1),
since, for every y € Y,

1*(y) == (v, ep0y)) = (1, 1(f(¥))) = fXx (1) ().

Hence, if we denote by (s}) € f*(P)(Va), @ € I, the natural sections of

«

f*(P) with respect to V, equality (4.1.10) implies that

say) = (F(0a)7' (1) (v) = (F (62 (1) (v)
= (v, (0" oD W) (:5a(F(v))) = fi1(50) (v),

from which it follows that
(4.1.11) 50 = [0 (5a), acl.

4.1.10 Remark. Another important, abstract, example is the principal
sheaf of frames of a wvector sheaf. Its detailed study will be deferred to
Section 5.2, after laying the necessary groundwork concerning vector sheaves.
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4.2. Morphisms of principal sheaves

Taking into account the notations induced in the beginning of Section 3.4,
we consider two principal sheaves P = (P,G, X, mp) and Q = (Q, H, X, 7o),
with structure groups G = (G, Lg, pg, 0g) and H = (H, Ly, pr, O ), Tespect-
ively.

4.2.1 Definition. A morphism of principal sheaves from P to Q is de-
termined by a quadruple (f, ¢, ¢, idx), where (f,idx) is an ordinary morph-
ism (of sheaves of sets) of (P, 7p, X) into (Q, g, X), and (¢, $) a morphism
of Lie sheaves of groups (as in Definition 3.4.1), so that the equivariance
property

(4.2.1) fo-9)=f(p)-o(g)
be satisfied, for every (p,g) € P xx G.

4.2.2 Remarks. 1) If, according to Remark 4.1.5(2), we consider structure
groups G as only sheaves of groups, then a morphism of principal sheaves is
simply a triplet (f, ¢, idx) satisfying (4.2.1).

2) Under a slight modification of Definition 4.2.1, one can define morph-
isms between principal sheaves over different bases. An example of this
situation is provided by the principal sheaves f*(P) and P, linked together
by the morphism

(Fps 16, 120 1)

where, in general, we set

(4.2.2) 1$:=pr,

for every sheaf S over X. With the notations of Example 4.1.9(c) and the
terminology induced after Diagram 3.8, f% is an f-morphism i.e.,

() (S =Y xx 8§ — P,

o fp=for,
while, for every ((y,p). (y,9)) € f*(P) xy f*(G),
Ip((w,p) - (y,9)) = 5w, p) - 15, 9).

By Corollary 3.5.5, the last equality means that f5 is equivariant with re-
spect to the action of f*(G) on f*(P) and that of G on P.
Another example of morphisms of principal sheaves over different bases

is given in Proposition 4.2.5 below. However, we do not pursue this matter
any further, since it will rarely occur in this work.
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We introduce the following convenient terminology.

4.2.3 Definition. A morphism (f, ¢, ¢,idx), as in Definition 4.2.1, is said to
be an isomorphism if f and (¢, @) are isomorphisms of the corresponding
structures. In particular, if G = H, Lg = Ly = £ and (¢, ¢) = (idg, id,),
then a morphism (f, idg, id.,idx) of (P,G, X, mp) into (Q, G, X, mg) is called
a G-morphism and will be simply denoted by f, if there is no danger of
confusion.

. . . . -1 .
It is immediate that, for an isomorphism as above, (f~, ¢, ¢ ,idx)
is also a morphism of principal sheaves, so we get an isomorphism within
the category of principal sheaves.

4.2.4 Theorem. With the notations of Definition 4.2.3, every G-morphism
f:(P,G, X, mp) — (Q,G, X, 1) is an isomorphism.

Proof. In virtue of the conclusion of Subsection 1.1.1, it suffices to show
that the restrictions f, : P, — Q. are bijections, for all x € X.

For the injectivity of an arbitrary f, assume that f(p) = f(p’), for some
p,p’ € P;. Since, by Proposition 4.1.2, there is a (unique) g € G, such that
p’ = p- g, the G-equivariance of f implies that

fp)=f@)=Ffp-9)=rfp)- g

hence, g = e,, which yields the desired injectivity.

To show the ontoness, we choose an arbitrary ¢ € Q.. If U is a local
frame of P, there exists some U, € U with z € U,. We consider the natural
section s, € P(U,) and the element

D= Sa(x) : k,(.f(sa(x))v Q) € Pz,

where k’ is the analog of k for the principal sheaf Q (see Proposition 4.1.4).
Then (4.2.1) implies that

f(p) = f(sal@) K (f(sa(2)),q)) = f(sa(2)) - k' (f(sa(2)),q) = q,
which terminates the proof. O

A byproduct of the preceding proof is the following useful equality

S (q) = sa(ma(q) - K'(f (5a(ma(9))), q).
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for every q € Wél(Ua). Equivalently, for every U, € U, we have that
f_l‘,rél(Ua) = (sqomQ) - (k’ o(fosyomg, Zd)) ‘ﬂ—él(Ua).

We are now in a position to prove a fundamental property of the pull-back
of principal sheaves, based on the generalization of morphisms discussed
in Remark 4.2.2(2). Namely, with the notations of Example 4.1.9(c) and
(4.2.2), we state the following:

4.2.5 Proposition. Consider a principal sheaf P = (P,G, X, 7) and its
pull-back f*(P) = (f*(P), f*(G),Y,7*) by a continuous map f :Y — X.
Then f*(P) has the following universal property: Given any principal
sheaf Q = (Q, f*(G),Y,mg) and any principal sheaf morphism (h, f&, f7, f)
of Q into P, there exists a unique f*(G)-(iso)morphism h* of Q onto f*(P)
such that

(4.2.3) fooh* =h.

The statement is summarized in the following diagram whose three sub-
diagrams are commutative.

DiaGrAM 4.1

Proof. We set
h*(q) == (mo(a),h(@)), ¢€Q

Obviously, h* is a continuous map such that 7* o h* = mg, thus h* is a
morphism of sheaves.
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Equality (4.2.3) is an immediate consequence of the definition of A* and
(4.2.2). On the other hand, since h is equivariant with respect to the actions
of f*(G) and G, we check that, for any ¢ € Q, and (y,g) € f*(G)y,

W (q-(y,9)) = (mala- (y,9)), hlq- (y,9)) = (v, h(q) - f5(y,9))
= (y,h(q) - 9) = (y,1q)) - (y,9) = h"(q) - (y,9)-

Hence, by Theorem 4.2.4 (see also Definition 4.2.3), h* is a principal sheaf
isomorphism.

The uniqueness is proved as follows. Assume there exists another prin-
cipal sheaf morphism, say h* also satisfying

fooh*=h.
Of course, h* is f*(G)-equivariant with 7* o h* = mg. Therefore,
b = (pry o B, pry o ) = (a° o 7, fp o h*) = (mo, h) = h,
where the projections pr;, (i = 1,2), are restricted to f*(P). O

Note. Regarding the previous statement, the assumption that the morphism
between Q and P has the form (h, f3, f7, f) is essential. Indeed, if we take

a morphism of the form (h, ¢, ¢, f), where
¢:f(G) — G, o[ (L) — L

are arbitrary morphisms (of Lie sheaves of groups and sheaves of Lie algeb-
ras, respectively) over f, then the f*(G)-equivariance of h is not ensured.

4.3. The cocycle of a principal sheaf

Let P = (P,G, X, 7) be a principal sheaf with a local frame (U, (¢,)). Due to
the G-equivariance of every ¢, and ¢, ', the coordinate transformation
da © d)El : Glu.s, — 9lu,, is fully determined by its value at the neutral
element of each stalk. More precisely, for every g € G, with z € U,g,

(900 05")(9) = ($a 0 65 )(es - 9) = (0 65")(ea) - .

Setting

(4'3'1) gaﬁ(x) = (¢o¢ ° (bgl)(ez); YIS Uaﬂa
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we obtain a family of sections

9ap € G(Uap); a,Bel,
satisfying the equalities
(4.3.2) 9o = (¢ © ¢/;1) o1y,
(4.3.2) = (a0 d5") (Lv.s)
the second of them obviously referring to the induced morphism of sections.

4.3.1 Definition. The family (go3) is called the coordinate 1-cocycle,
or simply the cocycle of P, with respect to the local frame U = (U, (¢q)).
Each gog € G(Uyp) is called a transition section.

4.3.2 Proposition. Qver U,g, := U, NUg NU,, the cocycle condition

9oy = Gap " 9By
is satisfied. Hence, in the notations of Subsection 1.6.4, (gag) € 21U, G).

Proof. For every x € Uygy, (4.3.1) and the G-equivariance of the coordin-
ates imply that

Jar (@) = ((Pa 0 05") 0 (D50 67 1)) (ex) = (da 0 D5 )(9p,(2))
= (qba 0 ¢51)(6x) ) gﬁv(x) = gocﬁ(x) ’ gﬁﬂ/(x)' O
4.3.3 Corollary. For every o, 3 € I, the following equalities hold true:
Joa = 1‘Ua and 9pa = g;é:
where g;ﬁl € G(Uqp) is the inverse section of gap, defined by (1.1.4).

The relationship of the cocycle (go3) with the natural sections and the
coordinates of P is given in the following:

4.3.4 Proposition. For every o, 3 € I, the compatibility conditions
(4.3.3) S = Sa " Japs
b5 = (gpa 0 ™) * Pa

hold over Uup and Ply,,, respectively.
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Proof. For every x € Uyg, (4.1.7) yields

sp(x) = ¢35 (e2) = 0, (D 0 05" )(e2)) =
Go (90p()) = bo' (€2) - Gap(®) = 5a(2) - gap (),

which proves (4.3.3).

For the second condition we take any p € P|y,, with 7(p) = x. Since
sq(x) and p belong to P, by Proposition 4.1.2 there is a unique g € G, such
that p = s, (z) - g. Hence,

$6(p) = d(sa(x) - 9) = (b3 ° ba ' )ex) -9 = gga(@) - 9.

On the other hand,

¢a(p) = ¢a(5a(2) - 9) = ¢a(sa(2)) -9 = g.

Combining the previous equalities, we obtain (4.3.4). O

4.3.5 Remark. Equality (4.3.3) can be equivalently used to define the
cocycle (gap); that is, gos € G(Uap) is the (unique) section satisfying (4.3.3).
Its continuity is now a result of the equality

9ap = ko (s5q4,58).

We shall find a variant of (4.3.4) involving also the restriction maps of
the presheaves of sections of P and G. This will motivate the construction
of a principal sheaf from a cocycle.

From the (Lie) sheaf of groups G we obtain the presheaf (G(Uy), (ap) of
sections of G over U, where —for convenience— we have denoted by

Cap = (5 1 G(Wa) — G(Up) s 0 = alu,;  Us C Ua,

the ordinary restriction maps. Analogously, we consider the presheaf of
sections of P over U, denoted by (P(Ua), pag)-

Obviously, each G(U,) is a group acting freely on the right of P(U,).
Also, the coordinates of P induce corresponding equivariant isomorphisms
of sections ¢q : P(Uy) — G(Uy), for all a € I. To have a clearer picture of
the situation, we draw the following diagram, for Ug C U,,
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P(Us) —222 o P(U)
ba bp
Cozﬁ
G(Ua) G(Up)

DiAGRAM 4.2

which is not commutative, as the subsequent calculations show. Indeed, for
any s € P(Uy) and x € Ug, we have that

((Cap 0 0a)(s))(2) = a(s)|u,(2) = Pals(x)) =
(a0 d5") (dp(5)(2)) = (¢a 0 d5") (650 pap)(s))(x)) =
(6o 0 05" )(ex) - (850 pa)(9)) (@) = gap(@) - (65 © pap)(s)) (2);
that is,
Cap © ba = Gop - (95 © Pap)-

The preceding equality determines the (restriction) maps

(4.3.5) 008 = 98a - Caﬂ = ¢ﬁ 0 Pag © (ﬁ;l : Q(Ua) — g(Ug).

(Note the difference between the two typefaces p,g and 0a3.)
Consequently,

under the isomorphisms ¢, and ¢g, each restriction map pag s
(4.3.6) identified with 003 = gga - Cap; thus P can be essentially recap-

tured from the presheaf (G(Uag), (0ag)) and the cocycle (gaga)-
This remark will be exploited in the construction of P from its cocycle, as
expounded in Theorem 4.5.1.

4.3.6 Example. Let us continue the study of Example 4.1.9(a) by finding
the relationship between the cocycle (gqg) of the principal bundle P and
the cocycle, say (7Vag), of the sheaf of germs of its smooth sections P, both
defined over the local frame . In virtue of (4.1.9), equality (4.3.3) implies
that og(z) = 0o () - Yas(z), for every z € U,g, or, by (1.2.10),

[06le = [0als - Vap(®).
Since 03 = 04 - gag, it follows that

[Uﬁ]z - [Ja ) .904,3}1 = [Ua]a: : [gaﬁ]m~
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Comparing the last two series of equalities, we have that

')’aﬁ(-r) = [gaﬁ]x = g—;ﬁ/(r)

Therefore, we obtain the bijection
(4.3.7) C®(Uas, G) 2 gap > Gap = Yas € G(Uap).

This is in accordance with the canonical identification of C*°(U,g, G) with
CY(G)(Uyp), owing to the completeness of the presheaf U —— C*°(U, G).

4.4. Morphisms of principal sheaves and cocycles

The results of this section describe the relationship of morphisms and iso-
morphisms of principal sheaves with cocycles. The case of isomorphisms is
important for the classification of principal sheaves.

4.4.1 Theorem. Let P = (P,G,X,w) and P' = (P',G', X, ") be two prin-
cipal sheaves with respective local frames (U, (¢q)) and (U, (¢.,)), over the
same open coveringU = (Uy)acr of X. We denote by (sa), (s),) the natural
sections of P, P', respectively, and by (gas), (ggﬁ) the associated cocycles.

If (f, &, ¢,idx) is a morphism of P into P’, then there exists a unique
0-cochain (hy) € CY(U,G") satisfying the equalities

(44.1) F(sa) = s b
o = P - 3(gap) g

over U, and Uy respectively.

Conversely, assume that we are given a morphism (¢,¢) of Lie sheaves
of groups of G into G', and a 0-cochain (hy,) satisfying (4.4.2). Then there
exists a unique morphism of sheaves (of sets) f : P — P’ satisfying (4.4.1)
and such that (f, ¢, ¢,idx) is a morphism of principal sheaves.

Proof. Let any z € U,. Since f(sq)(z) = f(sa(z)) and s, (x) belong to the
same stalk P’ there is a unique hq () € G, such that

f(sa)(@) = 54,(2) - ha()

(see Proposition 4.1.2). Because we can write hy, = k' o (sl,, f(s4)), where k'
is the analog of k for P’, Proposition 4.1.4 implies that h, is a continuous
section of G’ over U,, satisfying (4.4.1).
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Applying f to both sides of (4.3.3), we see that f(sg) = f(sa) - #(gas)-
Substituting f(sq) and f(sg) with their expressions given by (4.4.1), for «
and [ respectively, the previous equality is transformed to

s+ hs = 5o - ha - $(gap)
or, by the analog of (4.3.3) for P,
S:)z ) g/a,B : hﬁ = Sfx “he ¢(gaﬂ)'

The last equality yields (4.4.2), since G(Uqypg) acts freely on P(Uqyp).
For the converse we proceed as follows. Given an a € I, we define the
map f, : Plu, — P’y by setting

(4'4'3) fa(p) = S,a(li) ) ha(‘r) ’ ¢(ga($))a
where x := m(p) € U, and g, () is the unique element of G, with
(4.4.4) P = Sa(T) - gu(x).

Using Corollary 4.1.3, we routinely check that 7’ o f, = 7. Moreover, since
(4.4.4) is equivalently written as g, (z) = k(sq(x),p), we have that

fQZ(S/aOTI')-(hOCOﬂ')-((bOkO(SaOW, Zd))v

with 7 and id restricted to P|y, = 7 '(U,). Thus f, is continuous and
determines a morphism of sheaves.

The morphism f, is equivariant, with respect to the actions of G|;7, and
d'lv,, for if p € P, and g € G, with & € U,, then 7(p - g) = 7(p) and (see
also Proposition 4.1.4)

foz(p : g) = 5;(1') : ha($) : ¢(k(5a($)vp : g)) =
a(@) - ha(@) - d(k(sa(2),p)) - (9) = fa(p) - H(9).
Therefore, f, is a morphism of principal sheaves between P|y, and P'|y, .

We obtain the desired morphism f by gluing all the f,’s together; that is,

by setting f|,-1(u,) = fa-
We show that f is a well defined morphism. Indeed, for any p € P with
m(p) = x € Uyp, we get the analogs of (4.4.3) and (4.4.4)

(1.4.3) f3(p) = siy(x) - ha() - o(gs(x).
(44.4) p= s55(2) - ga(2).

S
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However, (4.4.4) and (4.4.4"), along with (4.3.3), yield
Sa(2) - ga(®) = 55(2) - g5(2) = 5a(x) - gap(2) - g5(2),
from which it follows that

(4.4.5) 00(5) = Gap (%) - g3(x).

As a result, the analog of (4.3.3) for P’, Corollary 4.3.3, and equalities
(4.4.5), (4.4.2) transform the right-hand side of (4.4.3') into

$5(2) - () - Blgs () =

(sa(2) - gap(@)) - hp(x) - $(gga(2)) - D(ga(x)) =
5a(2) - (ha(@) - 9(gap()) - hz' (@) - hs(@) - (gpa(2)) - (ga(x)) =
Sa() - ha(2) - (ga(2)),

which shows that (4.4.3) and (4.4.3") coincide on the overlapping, hence f
is well defined.

Property (4.4.1) is a direct consequence of (4.4.3), since p = s, () implies
that go(z) = ;.

Finally, f is the unique morphism satisfying (4.4.1), for if there is another
morphism, say f, with the same property, then, for any p € P, as before,
equality (4.4.4) implies that

F() = f (5a(2) - ga(@)) = f(50a()) - ( o(7)) =
Sa(®)  ha(z) - 6(g ()) f ) - ¢

This terminates the proof. ]

Note. Regarding the assumptions of the previous statement, we observe that
we can always define local frames over the same open covering ¢/. This is ob-
viously done by taking the intersection of the original coverings of the frames
and then by restricting the respective coordinates to the new covering.

If both P and P’ are G-principal sheaves, then, taking into account
Theorem 4.2.4, we see that Theorem 4.4.1 reduces to:

4.4.2 Theorem. Let P = (P,G,X,w) and P' = (P',G, X, ') be two G-
principal sheaves with respective local frames (Z/I, (¢a)) and (Z/{, (qb’a)) Also
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let (sa), (sn) be the natural sections of P, P', respectively, and (gap), (9os)
their associated cocycles. Then, for every G-isomorphism f = (f,idg,idz,
idx) of P onto P, there exists a unique 0-cochain (hy) € CO(U, G) satisfying

(4.4.6) f(sa) =8, - ha,
(4.4.7) 9op =ha " gap - hyg",

over U, and Uyg respectively.
Conversely, a 0-cochain (hy) satisfying equality (4.4.7) determines a
unique G-isomorphism f of P onto P’, also satisfying (4.4.6).

In the familiar terminology of non-abelian cohomology (see Subsection
1.6.4 and equality (1.6.38)), two (1-)cocycles satisfying (4.4.7) are said to be
cohomologous. Therefore, Theorem 4.4.2 can be rephrased in the following
concise form.

4.4.2 Theorem (restated). Two G-principal sheaves P and P’ are G-iso-
morphic if and only if they admit cohomologous cocycles.

For the sake of completeness we also state the following result, whose
proof is obvious. For its principal bundle analog, as well as that of Theorem
4.4.2, the reader is referred to Bourbaki [13, n° 6.4.4].

4.4.3 Corollary. There is a bijection between G-isomorphisms of P onto
P’ and 0-cochains (hy) € CO(U, G) satisfying condition (4.4.7).

4.4.4 Remark. The results of this section hold true if the structure groups
of the principal sheaves involved are simply sheaves of groups and the
morphisms (f, ¢, ¢, idx) and (f,idg,idr,idx) are replaced by (f, ¢, idx ) and
(f,idg,idx), respectively. See also the Remarks 4.1.5(2) and 4.2.2(1).

4.5. Principal sheaves from cocycles

In Section 4.3 we saw that the local structure of a principal sheaf P leads to
the construction of a cocycle (go3). Here, following the opposite direction,
we construct a principal sheaf from a given cocycle.

Throughout this section we assume that
(4.5.1) U = (Uys)acr s an open covering of the topological space X,
e which is a basis for its topology.

Given a (Lie) sheaf of groups G over X and an open covering U, as above,
we prove the following basic result:
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4.5.1 Theorem. A I-cocycle (gog) € Z'(U,G) determines a unique, up
to isomorphism, principal sheaf (P,G, X, m) with corresponding cocycle pre-
cisely the given (gog).

Proof. The idea of the proof is motivated by (4.3.5) and the discussion in
(4.3.6). From the latter we recall that (G(Ua),(ag) denotes the presheaf of
sections of G over the basis U, with restriction maps

Cap = (% 0 G(Ua) — G(Up) : 0 > alu,,
it Ug C U,, while the morphisms
Oap = Qg(; = 9Ba - Caﬁ : g(Ua) — g(U,@)

are candidates for the restriction maps of a new presheaf structure with sec-
tions G(U,). In both of the preceding definitions, oo and (,g are morphisms
of sections, while gog € G(Uyp) is a constant factor.

For every Uy, Ug, Uy with U, C Ug C Uy, and ¢ € G(U,), we see that

(087 © 0ap)(0) = 08y (980 Cap(0)) =
9+8 * Cay (9Ba - Cap(0)) = 9v8 - 9pa - Coy (oluy) =

Gya - U‘Uﬂ, = Ova - Cow(o') = Qow(a)a

which means that gn = 0gy © 0a~, as pictured below.

Q(Ua) Oap

G(Up)

G(Uy)
DIAGRAM 4.3

Therefore, in virtue of (4.5.1), the assignment U, — G(U,), for U,
running in U, together with the maps 0,3, determines a presheaf P =
(G(Ua), 0ap)- It should be noted that P is not a presheaf of groups since
the maps (gq3) are not group homomorphisms.

If (P, 7, X) is the sheaf (of sets) generated by the presheaf P, we shall
prove that P is the principal sheaf we are looking for.
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i) There is a right action § : P x x G — P obtained as follows: For each
a € I, we define the map

0o : G(Us) X G(Uy) — G(Uy) : (0,9) — 0 -g.

It is routinely checked that §, is an action, and the diagram

da

G(Us) x G(Ua) G(Ua)

Oaf X Caﬁ Qap

1)
G(Up) x G(Us) —2— G(Up)
DIAGRAM 4.4

is commutative, for every Ug C U,. Then 0 is the action generated by the
presheaf morphism of local actions (dy).

ii) To find the local structure of P, let us fix an open set U, € U. Then,
all the Up’s, with Ug C U,, form a basis for the topology of U,. For any
such Ug, we define the map

(4.5.2) ba,us : G(Us) — G(Up) : 0+ gap - 0,

whose domain is the group of sections belonging to the presheaf P = (G(U,),
0ap) generating P, whereas its range is the group of sections from the
presheaf (G(Uy), (ap) generating G. It is easily seen that (4.5.2) is a G(Up)-
equivariant bijection, whose inverse is given by ¢;,1U5 (1) = 9o -7, if 7 €
G(Ug). Moreover, for every U, with U, C Ug C Uy, we obtain the following
commutative diagram.

G(Us) Pati G(Up)
98y By
6(v,) 22 gw,)

DiAGRAM 4.5
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As a matter of fact, for every o € G(Up),

(C8y © Ga,U5)(0) = (gap - 9)|v, = (Jor - 9y8) - lU, =
Jary - (976 : O-‘U’y) = d’a,Uy (Q'yﬁ : U|U7) = (‘%,UaY S Qﬁfy)(a)-
Consequently, the family (¢q,v,), for all Ug C U, is an (G(Up))-equivariant

isomorphism of (G(Ug), 0ag) onto (G(Ug), (ap), generating thus a G|y, -equiv-
ariant sheaf isomorphism

ba : Plu, — Glu.,.

In this way, we obtain the family of coordinates (¢q)acr of P, over the open
covering U. Hence, P is a principal sheaf with local frame (U, (¢q)).

iii) Let us denote by (gas) the cocycle of P, with respect to the previous
local frame. By (4.3.1), gag(x) = (¢a © qbgl)(ex), for every x € U,g. Since
G is identified with the sheaf of germs of its (continuous) sections, we may
write

ex = 1y, ]e = 1y, ()

for some U, C Uyg with x € U, (which, of course, exists). Thus, (1.2.17),
the map (4.5.2) and its inverse imply

Gap(2) = (da 0 d57)(e2) = da(dy (L, ()))
= ¢a(d50, (v, (2))) = a (945(x))
= (lsa(em) : g’y,@(l‘) = ¢a(]—|U»y (T)) : g’yﬁ(m)
= ¢a,u, (v, (2)) - 918(T) = gay(2) - gy8(x)
= gap();
that is, (gag) = (gaﬁ).
Finally, assume there also exists a principal sheaf (P, G, X, 7’) with the
same cocycle (ga3) over U. Since (gqp) is trivially cohomologous to itself, the

restated Theorem 4.4.2 implies that P and P’ are G-isomorphic, by which
we complete the proof. O

4.5.2 Corollary. A principal sheaf (P,G, X, ) with local frame U is fully
determined, up to isomorphism, by its cocycle (gag) € Z*(U,G).

Let now V = (V;);es be an open refinement of U = (U, )aer, and let
7:J — I be a refining map (: V; C U,;)) . If (gap) € Z'(U,G), we set

Gij = 9r(yr (v, with Vi :=VinV; and i,j € J.
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It is obvious that (g;;) is a cocycle of P over V, i.e., (gi;) € Z'(V,G),
corresponding to the local coordinates

Gr)ln 1y i (Vi) =Ply, — Glv,, i€

If we further assume that V is also a basis for the topology of X, then
we obtain the following useful result.

4.5.3 Corollary. Let P = (P,G, X, m) be a principal sheaf with local frame
U, (¢a)) and associated cocycle (gop) € Z(U,G). For any refinement V
of U as above, we denote by P = (P,G,X,n) the principal sheaf con-
structed from the restricted cocycle (gi;) € Z'(V,G). Then P and P are
G-isomorphic.

Proof. Since (g;5) is a cocycle of P, then, by Corollary 4.5.2, P is isomorphic
with the principal sheaf constructed from (g;;). O

4.5.4 Remark. For the sake of completeness, let us find an explicit expres-
sion of the isomorphism between P and P, involving the coverings V and
U: For every i € J, we define the isomorphism f; := qb;(li) o ¢; shown in
Diagram 4.6 below, where gf);(li) is in fact the inverse of QZ)T(i)‘ﬂ.—l(Vi) and ¢;
the coordinate of P over V. Every f; is a G|y;-isomorphism as the composite
of such isomorphisms.

Plv; - Glv,

DiAGrRAM 4.6

We wish to show that
fi = fj on 75|VZ 075|V] = 75“/;.]..

For this purpose we take an arbitrary p € Ply,, with 7(p) = . If (8;) are
the natural sections of P with respect to V, then

5i(z) - ai =p = 3;(z) - aj,
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for unique elements a;,a; € G,. Since a; = gji(x) - a;, it follows that

filp) = (65 00)Gj(@) - aj) = o (65(55(2)) - a5)

S S o
N
<
=

P )
K
\‘
—
<
\‘
—
=
=
—
8
N

— ~
Q
&
S 7
i
(S
=
—~
—
-
3
—~
<
=
O
<
2
o
=
\_/
—
[}
8
S—
SN—
S
S

;(li) a;) = ¢T_é) ¢i(p)) = fi(p)-
Gluing together all the f;’s we obtain a G-isomorphism as desired.

In particular, the natural sections (5;) of P are related with the natural
sections (sqo) of P by

f(SZ(HJ)) = (¢;(ll) © (ZBZ)(EZ(m)) - ¢;(1i)(e-r> = 57(d) (.‘E),
for every x € V;. Therefore, the induced morphism of sections yields
f(5i) = fi(8i) = 87y 1€ J

The final result of this section allows us to state an isomorphism criterion,
analogous to Theorem 4.4.1, using different local frames of the principal
sheaves concerned.

4.5.5 Corollary. LetP = (P,G, X, ) be a principal sheaf with cocycle (gag)
over a local frame U = (U,), € I, which is a basis for the topology Tx,
and let Q = (Q,G, X, 7’) be another principal sheaf with cocycle (yop) over
a local frame U' = (Uy), o’ € I', also a basis for Tx. If V = (Vi), i € J,
is a common refinement of U and U', we denote by P and Q the principal
sheaves obtained from P and Q, respectively, by restricting their cocycles to
V, as in Corollary 4.5.3. Then the following conditions are equivalent:

i) P and Q are isomorphic.

i1) P and Q are isomorphic.

i) If 7 J — I and 7" : J — I’ are refining maps for the previous
coverings, and (gij) = (9r@i)r(j)), (Vij) = (Vr@)r(j)) are the cocycles of P
and Q respectively, then there exists a 0-cochain (h;) € CY(V,G) such that

_ o
(4.5.3) Yij = hi-gij - h;

over V;j, for all indices i,j € J. In other words, (%) and (gi;) are cohomo-
logous cocycles.

Proof. Direct application of Theorem 4.4.1 and Corollary 4.5.3. O
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Taking into account the notations of Corollary 4.5.3, we also write (4.5.3)
in the following form

(4.5.4) Vrr(iye () = i+ Gr(iye(i) Ry

4.6. Classification of principal sheaves

The unique theorem of this section shows that the equivalence classes of
isomorphic G-principal sheaves over X correspond bijectively to the classes
of the 1st cohomology set of X with coefficients in G.

4.6.1 Definition. Two principal sheaves (P,G, X, ) and (P, G, X, ') are
said to be equivalent if there exists a G-(iso)morphism f = (f,idg, id,,idx)
of P onto P’ (see Definition 4.2.3).

It is clear that G-morphisms induce indeed an equivalence relation. We
denote by [P] the class of P and by

(4.6.1) Pg(X)

the set of all equivalence classes obtained in this manner.

From Subsection 1.6.4 (see also the comment following Theorem 4.4.2)
we recall that, if (gag) € Z'(U, G), then [(gap)lu € H'(U,G) is the class of
all the cocycles (over U), which are cohomologous to (¢gas), and [(gag)] =
tu([(9ap)u) € HY(X,G), where t, : HY(U,G) — H'(X,G) is the canonical
map. We call [(gop)] the 1st cohomology class of P.

4.6.2 Theorem (cohomological classification of principal sheaves).
The sets Pg(X) and H'(X,G) are in bijective correspondence; that is,

Pg(X) = H'(X,).

Proof. We define a map ® : Pg(X) — H'(X,G) as follows: Take any class
[P] € Pg(X). For its representative P we choose an arbitrary local frame
U = (Ua)aer with associated cocycle (ga5) € Z1(U,G). Then we let

O([P]) = [(9ap)]-

First we show that ® is well defined, i.e., independent of the choice of
the representative and its cocycle over U. To this end assume that Q is
any principal sheaf with [P] = [Q] and whose cocycle (yog) € Z1 U, G) is
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defined over a local frame U’ = (U, )oer- We take an arbitrary common
refinement V of U and U’ with V = (V;);es, and we consider any refining
maps 7:J — I and 7/ : J — I’. The cocycle (g;;) € Z*(V,G), given by

(4.6.2) 9ij = 9r(iyr() iy

is a cocycle of P. Similarly,

(4.6.3) ij = V(i) () Vig

is a cocycle of Q. Since, by assumption, P =2 Q, Corollary 4.5.5 implies that
(4.6.4) [(gi)lv = [(3ij)]v-

On the other hand, specializing Diagram 1.11 to the present case, we
obtain the commutative diagram

1 t)zj/{ 1
H (ua g) - H (Vag)
tu ty
HY(X,G)

DiAGrAM 4.7

and its analog for U’. Therefore, taking into account (1.6.43), (1.6.40), and
(4.6.2) — (4.6.4), we see that

[(908)] = tu ([(9ap)le) = (tv 0 155) ([(90p)ur)
ty ([(gr@yr(p)lvi, )v) = tv ([(Gi5)1v)
=ty ([(Fi)lv) = tv (v @y ()l viy)Iv)
= (tvol¥) ([(Vs)lv) = tur ([(vorp)err)
= [(p)l,
which proves that ® is well defined.

It is worth noticing here that, since all the cocycles used above are
taken over local frames, the inductive limit (1.6.42) has to be taken
with respect to all proper local frames U of X. This is possible because
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the latter constitute a cofinal subset of the set of all proper (open)
coverings of X, as already commented in (4.1.5).

We now show that ® is injective. Indeed, assume that ®([P]) = ®([Q]),
for arbitrary [P], [Q] € Pg(X). Let (gag) and (y4p) be any cocycles
of the representatives P and Q, respectively. The assumption means that
[(6a3)] = [(varp)]; hence, arguing as above,

ty ([(gr@yr(y i, )Iv) = tv ([ iy () v )v)

or, equivalently,

tv ([(3i3)lv) = tv ((3i)lv) € H'(X,G).

Therefore, by the injectivity of ty (see (1.6.44)), we have that [(gi;)]y =
[(%35)]v, and (by Corollary 4.5.5) P = Q; that is, [P] = [Q]. This proves the
injectivity of ®.

Finally, let [(ga3)] € H'(X,G) be an arbitrarily chosen cohomology class.
Let (gap) be a representative cocycle, defined over some open covering U of
X. If U is a basis for the topology of X, Theorem 4.5.1 ensures the existence
of a principal sheaf P with the given cocycle. Clearly, ®([P]) = [(gap)]. If
U is not a basis, we can take an open refinement V of & with this property.
We consider the cocycle (gi;), restriction of (gag) to V. Then

([P]) = [(gi)] = tv ([(gr@iyr()viy)]v) =
(ty o 5 ([(9a8)l) = tu ([(9ap)lr) = [(9as)]-

The previous arguments show that ® is a surjective map and conclude the
proof. O

Note. It is clear that Remark 4.4.4 also applies in this section.

4.7. Reduction of the structure sheaf

The section is dealing with the notion of reduction in the general context
of sheaves of groups. Although the results are valid also for Lie sheaves of
groups, we restrict ourselves to sheaves and subsheaves of groups in order
to prepare the discussion of Section 10.4 about vector sheaves endowed with
Riemannian metrics.

Applying the notations of Remark 4.4.4, we first give the following:
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4.7.1 Definition. Let Q = (Q,H, X, 7’) and P = (P, G, X, ) be two prin-
cipal sheaves. Given a morphism of sheaves of groups ¢ : H — G, we say
that P reduces to Q, relative to ¢, if there is a morphism (f, ¢,idx) of
Q into P. In this context, we say that G reduces to H, relative to ¢.

The next proposition gives a useful characterization of a reduction.

4.7.2 Proposition. A principal sheaf P = (P,G, X, 7) reduces to Q =
(Q,H, X, n"), relative to a morphism of sheaves of groups ¢ : H — G, if and
only if there is a cocycle (gap) € Z1(U,G) of P such that gos = d(hag), for
a cocycle (hag) € ZH U, H).

Proof. The result is essentially a restatement of Theorem 4.4.1, after a
rearrangement of the local frame of P and the necessary modifications in
the notations. Hence, the proof is a variation of that of the aforementioned
theorem, applied to the simpler case of principal sheaves with structure sheaf
a sheaf of groups.

More precisely, assume that (f,¢,idx) is the morphism of P into Q,
realizing the reduction. Let (U, (v)4)) and (U, (xa)) be the local frames of Q
and P, respectively, over the same open covering U of X, with corresponding
natural sections (0, ) and (7,). We denote by (hqag) and (xag) the respective
cocycles of Q and P.

Applying Theorem 4.4.1 to the morphism (f, ¢,idx ), we have that

(4.7.1) f(oa) = 7a - ha,
(4.7.2) Xap = ha - $(hag) - hig ',

for an appropriate cochain (h,) € C°(U, G).

Setting s, := 7o - ha, @ € I, we obtain a family of local sections of P over
U, which ~by Proposition 4.1.7- determines a new local frame (U, (¢n)) of
P, whose cocycle (gqps) is related with (Xag) by gas = ha' - Xas - hs. Hence,
(4.7.1) and (4.7.2) transform into

(4.7.3) f(oa) = sa,
(4.7.4) gap = ®(hap),

the second of which proves the direct part of the statement.

Conversely, suppose that P is a principal sheaf whose cocycle (gq3) sat-
isfies (4.7.4), for some cocycle (hag) € Z'(U,H). By the general Theorem
4.5.1, (hap) determines a principal sheaf, say Q = (Q,H, X, '), with cocycle
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(hap). Moreover, equality (4.7.4) and the converse part of Theorem 4.4.1 (for
he = 1|y, ) result in the existence of a principal sheaf morphism (f, ¢, idx)
mapping Q into P, as desired. O

To facilitate the proof of the next result, we recall that the morphism
f, mentioned in the converse part of the preceding proof, is constructed by
gluing together the local morphisms f, : Q|y, — P|u,, given by

(4.7.5) fa(Q) = Sa(x) : ¢(77a(l“)):

for every q € Qly,,, with 7'(q) = x € U,, and 1, € H(U,) determined by
q = 0a(2) - na(x), if (04) are the natural sections of Q over U.

4.7.3 Corollary. Within the framework of Proposition 4.7.2, if ¢ : H — G
18 an injective morphism, then so is f.

Proof. Let ¢, r be two arbitrary elements of Q with f(q) = f(r). Clearly
7'(q) = 7'(r) =: x € U,, for some a € I. Then, in virtue of (4.7.5),

f(@) = sal2) - d(na(z)) and f(r) = sa(x) - d(Cal)),
with 74 (z) and (o (2) determined, respectively, by
(4.7.6) g =50(2) na(z) and 1= sq(z)- (al).
The injectivity of ¢ yields 1, (z) = Ca(z) and, by (4.7.6), ¢ = r. 0

Let us now consider the particular case of a subsheaf of groups H C G and
take ¢ to be the natural inclusion morphism ¢ : H < G. Then a reduction
of P = (P,G,X, ) to some Q = (Q,H, X,n') amounts to the existence of
a cocycle (gap) € Z1(U,G) such that (gag) € Z1 (U, H). Thus we have the
following natural definition:

4.7.4 Definition. The structure sheaf G of a principal sheaf P reduces to
a subsheaf of groups H if G reduces to ‘H relative to the natural inclusion
morphism ¢ : H — G.

The reduction of G to the subsheaf of groups H means that there is a
principal sheaf Q = (9, H, X, ©') and a morphism (f,,idy) of Q into P. As
a consequence of Corollary 4.7.3, f : @ — P is 1-1, thus Q can be identified
with f(Q). Since f is a morphism of sheaves, @ = f(Q) may be considered
as a subsheaf of P; hence, (Q,H, X, 7’) = (f(Q),H, X, 7’) can be thought of
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as a principal subsheaf of (P,G, X, 7); thatis, (Q,H, X, 7’) is a principal
sheaf such that its total/sheaf space Q is a subsheaf of P and its structure
sheaf H is a subsheaf of groups of G. As a consequence, one infers the next
result.

4.7.5 Corollary. The reduction of the structure sheaf G of a principal sheaf
P = (P,G, X, ) to a subsheaf of groups H of G is equivalent to the reduction
of P to a principal subsheaf Q = (Q, H, X, n’), relative to i : H — G.






Chapter 5

Vector and
assoctated sheaves

More generally, we will find that ma-
ny locally defined V-valued objects of in-
terest (e.g., wavefunctions) become glob-
ally defined when thought of as taking
their values in some associated vector
bundle.

G. NABER [81, p. 49]

ERE we deal with sheaves associated with a principal sheaf P, in partic-

H ular those arising from representations of the structure sheaf of P. Such

representations often lead to structures simpler than the original principal
sheaf.

We start with vector sheaves, whose structure is first described inde-

pendently of the general theory of associated sheaves. In the sequel we show

163
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that a vector sheaf is associated with its principal sheaf of frames. The latter
is an important example of an abstract principal sheaf, already mentioned
in Remark 4.1.10. The sheaf of frames of a vector sheaf serves as the link
between the two major geometrical categories of sheaves we are interested
in, namely, vector and principal sheaves, in complete analogy to ordinary
vector and principal fiber bundles. In Chapter 7, we show that the study
of connections on vector sheaves is reduced to the study of connections on
principal sheaves.
Other types of associated sheaves are also studied in detail.

5.1. Vector sheaves

In this section we present the fundamental notions and properties of the the-
ory of vector sheaves, which will be encountered in this work. The complete
study of them, as well as their geometry, is the main content of Mallios [62,
Vol. II], where the reader is referred to for topics not treated here.

We start with a fixed algebraized space (X,.A). Later on, in the study
of connections on vector and associated sheaves (see Chapter 7), A will be
completed to a differential triad.

We recall that an A-module is a sheaf of abelian groups (£, m, X)) whose
stalks £, are A, -modules and the “scalar” multiplication A xx & — & is
continuous (see Subsection 1.1.2).

5.1.1 Definition. An A-module £ = (£, 7, X) is called a vector sheaf of
(finite) rank n if, for every x € X, there exists an open neighborhood U
of z and an A|y-isomorphism

Vv Ely — A",

between the A|y-modules figuring as the domain and range of ¥y. Hence,
£ is a locally free A-module.

Equivalently, we can find an open covering U = (U,), a € I, of X and
a family of Al -isomorphisms

(5.1.1) Yo : Elu, — Ay, acl.

From Subsection 1.3.2 we also recall that A" is the A-module generated
by the complete presheaf of A(U)-modules

U— AU)",
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where U is running the topology Tx of X. Equivalently,
An:.AXX.AXX--' Xx.Ag@n.A.

n—factors

Therefore, A" is a (globally) free module such that
(5.1.2) A"(U) = AWU)", UeZx.

As in the case of principal sheaves, we use the following terminology (see
also [62, Vol. I, p. 126]): (¢),) are the coordinates of £ over U, and U is a
local frame or a coordinatizing covering. The open sets of U are also
called local gauges. We often write U = (U, (Vo)) = ((Ua), (¥a)) if we
want to specify all the previous elements involved in the local structure of
the vector sheaf.

Standard examples of vector sheaves comprise the sheaf of germs of
smooth sections of a finite-dimensional smooth vector bundle and the pull-
back of a vector sheaf (compare with Examples 4.1.9(a) and (c)).

Also, the sheaf QY of germs of differential 1-forms on a smooth
n-dimensional manifold X (defined in Example 2.1.4(a)) is a vector sheaf.
Over any chart U, of X, we have that Q% |y, = A"|y,, where A = CY is
the sheaf of germs of smooth functions on X (defined in the same example).

Analogously to Example 4.1.9(b), a projective system of Banach vector
bundles in the sense of Galanis [32] induces a C3-module, where X is the
common base of the bundles of the system. Note that the projective limit
of such bundles is an (infinite-dimensional) Fréchet space, hence the sheaf
of its sections cannot be a vector sheaf.

Examples of A-modules and vector sheaves, associated with principal
sheaves, will be given in Section 5.4.

The local frame (U, (¢4)) determines, for each a € I, a family of natural
sections e € E(U,), i =1,...,n =rank(E), given by

(5.1.3) e(x) ==y (0gy ooy 1y, 0,); 2 € Uy,
where 1, (in the i-th entry) is the unit of the algebra A,. Moreover, if
€ Xd2x— (0py...,1,,...,0,) € A”

denotes the i-th natural global section of A", then (5.1.3) takes the equival-
ent form

(5.1.3) ef =¥y oeilu, = vy (ilv,)-
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Given a vector sheaf, an immediate consequence of the definitions is the
following:

5.1.2 Proposition. For each a € I, the sections {e*|1 < i < n} form a
basis of the A(Uy)-module E(Uy,). Consequently, {e'(x)|1 <i < n} is a
basis of E;, for every x € U,,.

Conversely, we have:

5.1.3 Proposition. Let (€,7,X) be an A-module. Assume that U = (U,),
a € 1, is an open covering of X and

e ={ef|1<i<n} CEUL)"

a family of sections such that, for each oo € I, {e*(z)|1 <i < n} is a basis
of &, for every x € Uy. Then £ is a vector sheaf with local frame U, whose
corresponding natural sections coincide with (e®).

Proof. For a fixed a € I and every open V C U,, we define the A(V)-
isomorphisms

Yo E(V) — AV)" : 5 (s1,..., 50),

where the sections s; € A(V) are determined by

n

s(x) = Zsi(:c) ez), zeV.

i=1

Varying V' in U,, we obtain a presheaf isomorphism (t,,1/) generating an
Ay, -isomorphism 1, : |y, — A"y, .

Let now € = {éy,...,€1} be the natural basis of £(U,) induced by 9.
Then

er(r) =Y Aij(r)ef (x).
j=1
Applying 1, to the preceding equality, it follows that A;j(x) = d;;(x), for
every x € U,. Therefore, & = e. O

Let (U, (1)a)) be a local frame of £. For any «,f € I with Uy =
Uy NUg # 0, the coordinate transformation

(5.1.4) Yap = Ya 0Py AU, — AU,y
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is an A|y, ;-automorphism of A"|y,_,, i.e.,
Yap € AUtA\Uaﬁ (An‘Uaﬁ)'

Since (using the natural sections —and working as in the case of ordinary
vector spaces),

(5.1.5) Auty, (A"[v,;) = GL(n, A(Uap)),

Yap corresponds bijectively to a matrix, called hereafter the transition
matrix of £, with respect to U,g, thus

(5.1.6) Yas = (95 € GL(n, A(Uap)).

The entries of the matrix are determined by
n
(5.1.6") ef:Zg;‘iﬁ-e?‘; i=1,...,n,
j=1

as shown by elementary calculations.
Applying (3.2.7), we may think of the coordinate transformations as
sections of the general linear group sheaf; that is,

Yap € GL(n, A)(Uagp).
It is a matter of routine checking to verify the cocycle condition
Vay = Vap © Vpy,
over every Uy, # (). This actually proves:

5.1.4 Proposition. For a given local frame (U, (1y)) of €, the family of
coordinate transformations (a3) identifies with a 1-cocycle (over U) with
coefficients in the general linear group sheaf of order n; that is,

(5.1.7) (Yap) € ZHU,GL(n, A)),
if n is the rank of £.

As in the case of principal sheaves (see Section 4.6, as well as Subsection
1.6.4) (¢ap) determines the (1-dimensional) cohomology class of U

[(Yap)lu € H' (U, GL(n, A)),
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and the 1st cohomology class of X with coefficients in GL(n, .A)
[(Vap)] € H'(X,GL(n, A)).

We refer to the latter as the 1st cohomology class of £.

To obtain a cohomological classification of vector sheaves we first need to
elaborate on the notion of a morphism of vector sheaves. We repeat formally
the relative definition given at the end of Subsection 1.1.2.

5.1.5 Definition. Let £ = (£,7,X) and & = (£',7', X) be two vector
sheaves over the same base X. An A-morphism ¢ : £ — £’ is a morphism
of sheaves of sets such that, for every x € X, the restriction

Oy = ¢’51 1 &y — 5:::

is an Az-morphism, i.e., a morphism of A,-modules. An A-morphism with
an inverse is called an A-isomorphism.

We now prove the vector sheaf analog of Theorem 4.4.1.

5.1.6 Theorem. Let £ = (E,7,X) and & = (&',7',X) be two vector
sheaves of corresponding ranks m and n. If (Yag) and (wgﬁ) are their
respective cocycles over the same open covering U = (Uy)acr, then an
A-morphism f of £ into E" determines a unique family of Aly, -morphisms

he + A™u, — A"u,; ael,
such that the equalities

(5.1.8) f=@) " ohy o,
(5.1.9) Vo © hg = ha 0 agp
hold over E|y,, and Uag, respectively.

Conversely, a family of Aly,-morphisms satisfying (5.1.9) determines a
unique A-morphism [ also verifying (5.1.8).

Proof. Let f be an A-morphism of £ into &’. Restricting f to £|y, and
setting

hoi=tlofousls  acl
we obtain a family of A|y_ -morphisms satisfying (5.1.8). Furthermore, ap-
plying (5.1.4) to the equality

(w;)_l 0 ha 0 Yo = (1//5)_1 o hgopg (over Uqp),
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we get (5.1.9). The uniqueness of (hy) follows immediately from (5.1.8).
Conversely, assume the existence of a family (h,) as in the second part
of the statement. For every a € I, we define the Al -morphism

fai=Wo) P ohaota : Elu, — &l

Since, over &y, ,,

fa = W) tohgoys=(¥)) otsohgois
- (%)7] Ohozowaﬁowﬁ = (1/)101)7] 0 hg 0 Yy
= fom

the f,’s can be glued together to yield an A-morphism f. Equality (5.1.8)
is merely the definition of f,, for every o € I. The uniqueness of f follows
again from (5.1.8). O

Analogously to (5.1.5), we have the identification
(5.1.10) Hom 4, (A" v, A" |v.) = Mipxn(A(Ua)),

thus each h, can be identified with an m x n matrix (h{;). Equality (5.1.8)
shows that the entries of this matrix satisfy

n
(5.1.11) fled(@) =Y h%(z)ef(x);  i=1,...,m,
j=1
for every = € U,. Here ‘e (i = 1,...,n) are the natural sections of £ over

U,. The back prime (') has been used for obvious typographical reasons.
Condition (5.1.9) now takes the matrix form

v oap By _ s
(5.1.9) (gii7) - (hy) = (R5) - (935")-
where ( gq’g ) is the transition matrix corresponding to the coordinate trans-

ij
formation 1)y, 5.

In the case of isomorphisms, Theorem 5.1.6 takes the following form:
5.1.7 Theorem. Let £ = (£,7,X) and & = (&',7',X) be two vector
sheaves of rank n with cocycles (1q5) and (1/1;5); respectively, over the same

open covering U of X. Then an A-isomorphism f of € onto £ determines
a unique family of A|y,, -automorphisms of A"y,

hq € AutA|Ua (.An|Ua); a€el,
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satisfying the equalities

(5.1.12) f=@) " ohyoty; on Elu,,
(5.1.13) Mx/@’ = hq 0Ygp 0 h/gl; on Ugg.

Conversely, a family (he,) satisfying (5.1.13) determines a unique A-iso-
morphism [ verifying (5.1.12).

For the sake of completeness, we remark that, in analogy to Theorem
4.4.2; (hy) can be interpreted as a 0-cochain with coefficients in GL(n, A);
that is,

(ha) € COWU,GL(n, A)),

after the identifications (cf. (3.2.7) and (5.1.5))
(5.1.14) Aut g, (A"v,) = GL(n, A(Us)) = GL(n, A)(Ua).

Identifying he with an invertible matrix (h{;) € GL(n, A(U,)), we re-
write (5.1.13) in the matrix form

(5.1.13) (‘g2%) = (h) - (927) - (W) .

Finally, let us observe that if we deal with isomorphic vector sheaves
with 1-cocycles over different open coverings of the base, we can prove the
vector sheaf analogs of Corollaries 4.5.3 and 4.5.5.

Following the notation of Mallios [62, p. 128], we denote by
(5.1.15) & (X)

the set of equivalence classes of A-isomorphic vector sheaves of rank n over
X. Hence, we are in a position to prove the following cohomological classi-
fication theorem, which is the vector sheaf analog of Theorem 4.6.2.

5.1.8 Theorem. The sets ®"4(X) and H'(X,GL(n,A)) are in bijective
correspondence, i.e.,

& (X) = HY(X,GL(n, A)).

Proof. Since we follow the general pattern of the proof of Theorem 4.6.2
(with the necessary modifications), we only give an outline of its main steps.

To a class [£] € @4 (X) we assign the cohomology class [(¥ag)], if (1as)
is the cocycle determined by the coordinate transformations (over any local
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frame) of the representative £, after the identifications of Proposition 5.1.4.
This is a well defined injection.

The surjectivity of the previous assignment is proved by showing that a
cocycle (ag) € Z1(U,GL(n, A)) determines a vector sheaf of rank n, with
corresponding coordinate transformations coinciding with the given cocycle.
To this end we assume that U is a basis for the topology Tx and consider
the presheaf of sections of A", (A”(Ua), )\ag), where the restriction maps
are the natural restrictions of sections. We define the maps

Pap = Uoh 0 Aap  A"(Ua) — A"(Up);  Us C U,

where now 1,4 is the induced morphism of sections.
For every s € A"(U,) and U, C Ug C U,, in virtue of the cocycle
property of (¢3), we have that

(Pﬁ'y o paﬂ)(s) = Py (¢;51(Aaﬂ(<9)) = Py (¢;51(9|U5))
= Vay (Yap (slup)lv,) = Wy 0 ¥s)(sl,)
= Yoy (8l0,) = ($ay © Aay)(5) = Pary(5)-

Thus, (A"(Ua), pag) is a presheaf generating a sheaf (£, 7, X). Since each
A"(U,) is an A(Uy)-module, it turns out that £ is an A-module.

We check that £ is locally free as follows: Fixing an o € I, for every
Ug C U, we define the A(Ug)-isomorphism ((5.1.14) still being in force)

ba,uy : A" (Ug) — A"(Up) : s+ ap 0 s,

whose domain consists of the module of sections belonging to the presheaf
generating £, whereas the image belongs to the presheaf of sections of A™.
Varying Ug in U,, the presheaf isomorphism (¢a,u,), for all open Ug C U,
generates an A|y, -isomorphism ¢, : €|y, — A" v, -

Let us show that the coordinate transformation ¢, o qs[;l coincides with
a8, within a natural isomorphism. Indeed, for an arbitrary a € A}, with
x € Uy, there is a section o € A"(Uy), for some open U, C U,g, such that
o(x) = a. Then, by (1.2.13) and the notation of () on p. 104, we have:

(da 0 ¢ )(a) = Pa(dy ' (0())) = da((d5p, () (2))
= da((V5, 00) (@) = (dar, (¥ 0 0) ()
= (Yor 0 Yy 00) () = (Yap o 0) (2)
= (Yap 0 0)(7) = Yap(o(r)) = Yag(a).
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In the last line of the above series of equalities we have identified A™ with
the sheaf generated by the presheaf of its sections (see also (5.1.2)). O

Note. A slightly different proof is given in Mallios [62, Vol. I, p. 359].
Another proof, based on the classification of principal sheaves and techniques
from the sheaf of frames of a vector sheaf, will be given in Corollary 5.2.9.

Before closing this section let us observe that 1-cocycles of the form
(9ap) € Z1U,GL(n, A)) represent cocycles of vector sheaves, as explained
in the previous theorem, and cocycles of GL(n, A)-principal sheaves. There-
fore, applying the notations (4.6.1) (for G = GL(n,.A)) and (5.1.15), the
classification Theorems 4.6.2 and 5.1.8 lead to the commutative diagram
below, consisting of bijective correspondences.

H'(X,GL(n, A))

- Q

DiAGrRAM 5.1

The link between the domain and the range of the dashed horizontal
arrow in this diagram can also be realized by the sheaves of frames discussed
in the next section (see, in particular, Corollary 5.2.8).

5.2. The sheaf of frames of a vector sheaf

We proceed to the detailed study of the sheaf in the title, one of the most
important (abstract) examples of principal sheaves, as mentioned in Remark
4.1.10.

We fix a vector sheaf (£, 7m¢, X) of rank n, whose local structure is de-
scribed by the local frame (U, (1),)). We denote by B the basis for the
topology of X, defined in the following way:

VeB < dael: VCU,.

Of course, one may choose U to be itself a basis for the topology of X.
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For each V' € B, we consider the set
Iso 4, (A" v, Elv)

consisting of all the A|y-isomorphisms between the A|y-modules A"|y and
Ely. Tt is obvious that

(5.2.1) Vl—>ISOA‘V(¢4n|V,5‘V),

with V' running in B, is a complete presheaf with the obvious restriction
maps.

5.2.1 Definition. The sheaf generated by the presheaf (5.2.1) is called the
sheaf of frames of £. Tt is denoted by P(&).

5.2.2 Proposition. P(€) is a GL(n, A)-principal sheaf.
Proof. For a V € B, we define the local action

v :Isoy, (A"[v, Elv) x GL(n, A(V)) — Iso 4}, (A"|v,Elv) :
(f:g) '—>6V(fvg) = fq = fo.97

under the identifications (5.1.14). Running V in B, we obtain a presheaf
morphism (dy) generating an action of GL(n,.A) on the right of P(E).

We now fix an a € I. For every open V C U,, we define the GL(n, A(V))-
equivariant isomorphism
(5.2.2) Do,y Iso gy, (A"|v. Elv) — GL(n, A(V)) : f— a0 f,
once more using (5.1.14). The family (®,,v )y, with V varying in U,, defines

a presheaf isomorphism. It generates, in turn, a GL(n, A)|y, -equivariant
sheaf isomorphism

(5.2.3) Oy PE) v, —— GL(n, Ay,
Thus, P(€) is a GL(n, A)-principal sheaf with local frame (U, (®,,)). O
The sheaf of frames P(£) is fully denoted by

(5.2.4) PE) = (P(€),GL(n,A), X, 7).
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5.2.3 Corollary. Let € be a vector sheaf and (Vop) € Z'(U,GL(n, A)) its
cocycle, with respect to a local frame (U, (o). If (9ap) € Z1U,GL(n, A)) is
the cocycle of P(E), with respect to the local frame (U, (Py)) of Proposition
5.2.2, then

(9as) = (Pag) = (Yap)

within appropriate isomorphisms.

Proof. First observe that the definition of GL(n, .A) and the canonical bijec-
tion GL(n, A(Uag)) — GL(n, A)(Uyp) implies that T — T =1, where, for
convenience, I denotes the identity matrix of GL(n, A(Uag)) and 1=1y,,
is the unit section in GL(n, A)(Uag).

Then, taking into account the definitions of the cocycles (gag) and (1a3)
(see (4.3.2), (5.1.4), (5.1.6) and Proposition 5.1.4), we have that

Jap = (Pa 0 @5")(1) = @ (@' (1))
Pa (P, (1)) = (Pavas (¥51))
(a0 V') = Yags = Yas,
after the identifications (5.1.14). O

From the preceding result and (5.1.6) it is clear that each g,s can be
identified with the matrix of ¥,g.

Before proceeding, observe that
(5.2.5) P(E)(V) = Ts0 4, (A|v, E]V),

as a result of the completeness of the presheaf (5.2.1) generating P(£).

If o, € P(E)(Uy), a € I, are the natural sections of P(E), over U,
then we have:

5.2.4 Corollary. The natural sections of P(E) are given by
(5.2.6) o0 =% ael,
after the identification (5.2.5) for V.= U,.

Proof. Applying Definition 4.1.6 and working as in the previous proof, we
have that
0o =051 (1) = @y, (id) = ¢, oida = 1",

where now 1 = 1|y, and id € Aut g, (A"[u,)- O
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Note. If we do not apply the identification (5.2.5), then (5.2.6) is replaced
by the following equality:

(5.2.6) Oo =0 = (Vo).

Arbitrary GL(n, A)-principal sheaves are related with sheaves of frames
of vector sheaves as follows:

5.2.5 Proposition. Let P = (P,GL(n, A), X, ) be an arbitrary principal
sheaf. Then there exists a vector sheaf € of rank n so that P(E) and P be
GL(n, A)-isomorphic. Therefore, any GL(n, A)-principal sheaf is realized,
up to isomorphism, as the sheaf of frames of a vector sheaf of rank n.

Proof. Let (gap) € Z'(U,GL(n,A)) be the cocycle of P with respect to a
local frame Y. As we have seen in the proof of Theorem 5.1.6, (gog) can be
considered as the cocycle of a vector sheaf £, and, by Corollary 5.2.3, as the
cocycle of the corresponding sheaf of frames P(E). Therefore, P = P(E) (by
means of a GL(n, A)-isomorphism), as a particular case of Theorem 4.4.2
(restated). O

Concerning isomorphisms of vector sheaves and their sheaves of frames,
we obtain:

5.2.6 Proposition. Two vector sheaves £ = (€,m,X) and &' = (&', 7', X),
of rank n, are isomorphic if and only if their corresponding sheaves of frames
P(E) and P(E') are GL(n, A)-isomorphic.

Proof. We have the following sequence of equivalences, for all o, 3 € I:

£2E — Yug=haotagohy’,
— g(llﬂ = hq - Jap - h_17
— PE)=PE).

The first is Theorem 5.1.7, the second is a result of (5.1.14) and Corollary
5.2.3, while the third follows from Theorem 4.4.2. ]

5.2.7 Remarks. 1) Assume that we start with an isomorphism of vector
sheaves F' : £ — & and let f : P(E) — P(E’) be a GL(n, A)-isomorphism
ensured by Proposition 5.2.6. An explicit expression for such an f can be
found from (4.4.6), after the calculation of the cochain (h,) determined by
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(5.1.12). Note that in this case, equalities (4.4.7) and (5.1.13) coincide,
in virtue of Corollary 5.2.3. The same calculation leads to the following
equivalent definition of f: it is the isomorphism generated by the presheaf
isomorphism obtained from the family of GL(n, A(V'))-isomorphisms

fv : ISOA‘V(.AH|V,(€‘V) — ISOA‘V(AH|V,5/|V) g Fo g,

where V' is running in B.

Another global relationship between f and F will be given in Proposition
5.6.5 in the sequel, where a vector sheaf will be associated with its principal
sheaf of frames.

2) Conversely, the construction of a vector sheaf isomorphism F' from a
given GL(n, A)-isomorphism f will be dealt with in Section 5.6 (see Corollary
5.6.4). We note that in Section 5.6 we discuss the relationship between iso-
morphisms of vector sheaves and isomorphisms of the corresponding sheaves
of frames in the general setting of associated sheaves.

The next result, being a direct consequence of Propositions 5.2.5 and
5.2.6, now explains the comments following Diagram 5.1 regarding its (dash-
ed) horizontal bijection.

5.2.8 Corollary. The sets ®7(X) and Pgr, 4)(X) are in bijective cor-
respondence.

Therefore, we are led to a new proof of Theorem 5.1.8, recorded here for
the sake of completeness.

5.2.9 Corollary (Cohomological classification of vector sheaves).
@ (X) = H'(X,GL(n, A)).
Proof. Corollary 5.2.8 and Theorem 4.6.2 imply, respectively, that

®(X) = Pgpna(X) = H'(X,GL(n, A)). O

5.3. Associated sheaves: a general construction

We exhibit a general construction by which we obtain sheaves associated
with a given principal sheaf. More specific cases, mainly based on various
representations of the structure sheaf, will provide some important examples,
including the sheaf of frames of a vector sheaf.
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Throughout this section we fix a principal sheaf P = (P, G, X, 7), where,
for the sake of simplicity,

G is assumed to be only a sheaf of groups. Therefore, morphisms
of principal sheaves of this type are defined by triplets of the form

(fv ¢a ’LdX)
In this respect we refer to Remarks 4.1.5(2) and 4.2.2(1). Later on, in the
study of connections on associated sheaves (Chapter 7), G will necessarily
be a Lie sheaf of groups, while the morphisms of principal sheaves will be
meant as in Definition 4.2.1.
We further assume that F = (F, 7x, X) is a given sheaf of sets on which
G acts from the left, by an action

op:Gxx F— F:(g,u) — op(g,u) =g u.

For every open U C X, the group G(U) clearly acts on the right of
P(U) x F(U) by setting

(5.3.1) (s,)-9:=(s-9.9 "),

for every (s,f) € P(U) x F(U) and g € G(U). The first component of
the right-hand side of (5.3.1) represents the action of G(U) on the right of
P(U), and the second one is the action of G(U) on the left of F(U), induced
by 6. The action (5.3.1) determines the following equivalence relation on

P(U) x F(U):
(5.3.2) (s,f) ~v (t,h) <= 3 geGU): (t,h)=(sf)-y,

for every (s, f), (t,h) € P(U) x F(U).

It is evident that ~g is indeed an equivalence relation and the above
section g € G(U) is unique (by Proposition 4.1.2). Therefore, one obtains
the quotient set

(5.3.3) Q) = (P(U) x F(U))/G(U).
The equivalence class of (s, f) is denoted by
(5.3.4) (s, ))lo € QU).

For any open U,V C X with V' C U, we denote by

PV PU) — P(V) and fU:F(U) — F(V)
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the natural restriction maps of the presheaves of sections corresponding to
P and F, and we define the restriction map

@ QU) — Q(V)

by setting
(5:35)  av(l(s, Nlv) = [(pv (), fr (Dlv = [(slv, flv)lv,
for every [(s, f)]r € Q(U). It is well defined and satisfies the condition
U _ V..U
aw = 9w ° 4y,

for all W, V.U € Tx with W C V C U. As a result, varying U in the
topology of X, we obtain the (not necessarily complete) presheaf

(5.3.6) Q). av),
generating a sheaf, denoted by
(5.3.7) Q= (Q,mo,X):=8(U— Q(U)).

Later on (see Corollary 5.3.6), Q will be identified with the sheaf (5.3.13),
derived by quotienting P x x F by a global equivalence relation.

5.3.1 Definition. The sheaf Q, defined by (5.3.7), is called the sheaf as-
sociated with P by the action ir.

‘We now describe the local structure of Q.

5.3.2 Theorem. The sheaf Q is of structure type F; that is, there exists
an open covering U = (Uy,) of X and isomorphisms (of sheaves of sets)

@, : Q. — Flu., acl.

Proof. Let (U, (¢4)) be alocal frame of P with natural sections s, € P(U,).
Fixing a € I, for each open V C U, we define the map

(5.3.8) Vv : FV)—QWV): fr(salv, flv.

It is 1-1, for if W, (f) = ¥,y (f'), then (salv, f') = (salv, f) - g, for a
unique g € G(V). By (5.3.1) and Proposition 4.1.2, g = 1|y, thus f = f’.
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On the other hand, an arbitrary [(o, h)]y € Q(V') can be obtained as the
image, via ¥, 1, of the element f := g-h, where g € G(V) is the unique
section satisfying o = s4|y - g. We note that f is a continuous section, since
f = k(8a,0) - h (see Proposition 4.1.4). Hence, ¥,y is also surjective.

Varying V' in U,, we obtain a presheaf isomorphism (¥, /)vcu, gener-
ating an isomorphism of sheaves (of sets) ¥ , : F|y, — Q|y, whose inverse,
denoted by @, gives the isomorphism of the statement. O

Because of the previous result, Q is characterized as the associated
sheaf of type F. It is customary to call the isomorphisms @, o € I, the
coordinates of Q over U.

a

5.3.3 Proposition. If (go3) is the cocycle of the principal sheaf P, the
transformation of coordinates of the associated sheaf Q (of structure type
F) is given by

(ga 0 @51)(’“) = gaﬁ(l') © U,
for every uw € F with mr(u) = x € Uyg.
Proof. Let u € F,, € Uyg. Then u = h(z), for some section h € F(V)

defined over an open V' C U,z with x € V. Then, by the very construction
Of ga'/

(5.3.9) W o(u) = Yoy ()l = (Lo v (h) (),

where [¥, 1-(h)], denotes the germ of ¥, 1,(h) at x, and (¥, (h))” is the
section in Q(V') obtained from the (presheaf) “section” W, (h) € Q(V)
(see the notation (¢ ), p. 104). Similarly,

(5.3.9) V() = (Lgy(h) (2).
On the other hand, (5.3.8) and (4.3.3) yield

Y v(h) = I[(sslv, W)y = [(salv - gaslv, h)]lv

(5.3.10)
= [(salv, gaglv - B)lv = ¥, v (gaplv - ).

Since gaglv - h € F(V) with (gaglv - h)(z) = gap(x) - u, equalities (5.3.10)
and (5.3.9), applied to (5.3.9’), lead to

(5.3.11) P g(u) = (Lo,v(Gaply - 1)) (2) = L o (gap(z) - u).

This proves the equality of the statement because ¢, = g;l, for every
ael. O
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We rewrite the same change of coordinates in the following convenient
form

(5.3.12) @, (v) = gap(z) - 2 4(v),
for every v € Q,, with x € Uyg.

As commented earlier, we shall give another, equivalent, interpretation
of the associated sheaf of type F. Namely, we shall show that Q can be iden-
tified with the sheaf (P x x F)/G induced by an analogous global equivalent
relation.

As a first step to our goal, we explain the definition and the structure of
the aforementioned quotient sheaf: The action dp : G X x F — F determines
an action of G on the right of P x x F by setting (p,u)-g:= (p-g,97 "' - u),
for every (p,u) € P xx F and g € G on stalks at the same base point.
This induces the following equivalence relation on the fiber product P x x F
(compare with (5.3.1) and (5.3.2)):

m(p) =7(q) = nr(u) = 7r(v) = =,
(p, ) (q’v)@{ JgeG,: (pu)=(qv)-g:=(q-g.9"v).

Clearly, g € G, is uniquely determined by Proposition 4.1.2.
We denote by [(p,u)] the equivalence class of (p,u) € P xx F and by

(5.3.13) (P xx F)/G=P x$ F,

the resulting quotient space, topologized with the quotient topology.

The two notations of (5.3.13) will be used interchangeably. The second
notation is reminiscent of an analogous situation for associated bundles
(see, e.g., Bourbaki [13, n® 6.5.1]).

There is a well defined natural projection

T (PxxF)G=Px${F— X

(5.3.14) )
[(p, w)] = 7 ([(p, w)]) = 7(p) = 7r(u).

5.3.4 Proposition. The triplet (73 xg( f,ﬁ,X) is a sheaf.

Proof. Let us denote by

HPXXf—)PX%-F(pau)H[(pvu)]
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the canonical map, which is continuous and open. Moreover, if mx is the
projection of P x x F to X (see Subsection 1.1.2), we have the commutative
diagram

KR

PxxF P x$ F

T
X

X
DIAGRAM 5.2

from which (along with the properties of the quotient topology) we see that
7 is a continuous map, since 7 o k = wx is already continuous.

To prove that 7 is a local homeomorphism, we proceed as follows: Let
[(po, uo)] be an arbitrary element with 7 ([(po, uo)]) = xo. The sheaf structure
of Px xF guarantees the existence of two open sets U, C X and V, C PxxF
containing z, and (po, u,), respectively, so that the map

(5.3.15) TXo :=7xlv, : Vo = U,

be a homeomorphism. Then W, := #(V,) C Px$ F is an open neighborhood
of [(po, uo)]. We claim that the continuous map

o :=Tlw, + Wo — U,

is a homeomorphism. To this end we show the following assertions:

i) 7, is injective: If [(p,u)], [(q,v)] € Ws with 7o([(p,w)]) = 7o ([(g,v)]),
then mx,(p,u) = mx,(q,v) and (p,u) = (q,v), as a consequence of the
injectivity of (5.3.15).

ii) 7o is surjective: For an arbitrary x € U,, we see that /-@(77)}7]0(:6)) e W;
hence, Diagram 5.2 implies that 7, (H(W;(IO(IE))) =z

1 1

o is continuous: This is clear from equality 75
tained in the last step of the proof of the surjectivity of 7.

iii) 7 =K 0 Tyl Ob-

Therefore, 7 is a local homeomorphism at [(po,uo)], by which we close
the proof. ]

Similarly to Theorem 5.3.2 and Proposition 5.3.3, we have:
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5.3.5 Theorem. The sheaf P x()j( F is of structure type F; that is, there
exists an open covering (U,) of X and coordinates

B, : (P x§ Py — Fluas ael.

Moreover, the transformation of coordinates is given by

(Po 0 ®51)(u) = gap() - u,
for every uw € F with nr(u) = x € Uyg, if (gap) is the cocycle of P.

Proof. Let (U, (¢n)) be a local frame of P and s, € P(U,) the associated
natural sections. Then, for each o € I, we define the map

(5.3.16) Vo : Flu, — (P x§ F)|y. u [(sal@),w)],

if 7x(u) = x. Since we can write

U, =Ko (Saoﬂ']-‘, id),

where id is the identity of F|y,, we see that U, is a morphism of sheaves.

We easily check that ‘:Ivia is a bijection whose inverse is the map
(5.3.17) o 1 (PG Fly, — Floa : [(pw)] =g u,

where g = k(sqo(z), p), if # = 7(p) = m#(u). Therefore, U, is an isomorph-
ism of sheaves.
Finally, for every u € F, with x € Uyg, (5.3.16) and (5.3.17) yield

(P00 @51 )(u) = Pu([(s5(x), w)]) = Pa[(5a(x) - gap(x), u)]) =
Pa([(50(®): gas(@) - w)]) = gag(@) - u,
as stated. O

5.3.6 Corollary. The sheaves (5.53.7) and (5.8.13) are isomorphic, i.e.,
Q= (PxxF)/G=P x$ F.

Proof. For each o € I we define the isomorphism of sheaves

far=Tao0@,=3"02,: Qu, — (Px% F)ly
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as in the next diagram,

Flu,

D1AGRAM 5.3

where (@) and (®,) are the coordinates of Q and (P x x F)/G, respectively.
We claim that f, = fs on Q|y,,, thus the desired isomorphism is ob-
tained by gluing together all the previous isomorphisms. Indeed, for any
q € Qlu.,, we set u = ®4(q), with mo(q) = nr(u) = x € Usg. Then, in

virtue of (5.3.16),

fa(@) = Ug(@45(q)) = Ug(u) = [(s5(x),w)].

Hence, applying the transformation of coordinates as in Proposition 5.3.3
and Theorem 5.3.5, we conclude that

fala) = (Va0 ,)(q) = Vo (2,0 25" (w))
= Uo(gas() - u) = [(5a(7), gas(z) - w)]
= [(sa(7) - gap(x),u)] = [(sp(z), u)]
= fs(q)- O

As a consequence of the preceding result, the sheaf associated with P
by the action dp, will be either Q or P xg( F, depending on the particular
problem we are dealing with.

For instance, the interpretation of the associated sheaf as the quotient
P xg( F is convenient in order to prove the following sheaf analog of a
classical result, known in the case of associated bundles (cf., e.g., Bourbaki
[13, n° 6.5.1], Greub-Halperin-Vanstone [35, p. 198] and Kriegl-Michor [52,
p. 381]).

5.3.7 Theorem. The quadruple (P xx F,7*(G), (P xx F)/G =P x$. F, k)
is a principal sheaf, where 7*(G) is the pull back of G by .
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Proof. The morphism « is a local homeomorphism (see the proof of Pro-
position 5.3.4 and Diagram 5.2); hence, P x x F is a sheaf with base Q =
(Pxx F)/G =P x5 F.

There is a natural action

x: (Pxx F)xg7@(G) — P xxF

given by

1

(p,u) % (y,9) == (p,u) - g=(p-g,9 - u),

for every (p,u) € P xx F and (y,g) € 7*(G) projected to the same point of
Q, i.e.,
K(p,u) = Prilze(g)(y,9) =y € P x§ F.

This clearly defines a continuous morphism. The properties of the action
are immediately checked, also taking into account that the product of 7*(G)
is given (stalk-wise) by (y,9) - (y,9') = (.9 ).

Let U = (Us) be the open covering of X over which the coordinates
bo : Plu, — Glu, and @, : (P x% F)lv., — Flu,, of P and P x$ F,
respectively, are defined. We form the open covering V = (V) with

Vo =7 HUa) = (P x$ F)lv.-

Denoting by (P x x F)|y, and 7*(G)|y,, the restrictions of P x x F and 7*(G)
over V,, we check that

(P xx Flva =6 (Va) = Plu. ¥ Floa
ﬁ-*(g)h/a = Va XU@ g‘U()z

As a result, we can define the maps

—*

Xo : T (G)v, — (Pxx Fllv,;  acl,

by letting B
Xa(:9) = (62" (9), " 2a(y)),

for every (y,¢g) in the indicated domain. They are candidates for a system
of local coordinates.
First we see that each x, is a continuous map satisfying

(5.3.18) K O Xa = DIy,
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where pr; is the projection of 7*(G)|y, onto V. Equality (5.3.18) is proved
as follows: If y = [(p,u)], with 7([(p,u)]) = w(p) = x € U,, then (see
(5.3.17) with the appropriate modifications) ®4(y) = ®o([(p,w)]) = h - u,
where h € G, is determined by p = s,(z) - h. Therefore, applying (4.1.7)
and the equivariance of ¢!,

(KoXa)(w,9) = [(¢a'(9), 97" (h-w)] =[(sa(x) g, g " (h-u))
= [(sa(®),h-u)] = [(salz) - hyu)] = [(p,u)] =y
= p11(y,9),

for every (y, g) in the domain of x,. Hence, (5.3.18) is valid.

By its definition, x, is a sheaf isomorphism. Moreover, it is 7*(G)|y,, -
equivariant. Indeed, for any (y, g), (y,h) € 7*(G)|v,, the equivariance of the
coordinates of P, the action of G on P xx F defined before (5.3.13), the
definition of the action * , as well as the definition of the pull-back of a sheaf
of groups, imply that

Xa((¥:9) - (0, h) = xaly,9-h)
= (a'(9) h, B (g7 Du(y)))
= (¢a'(9),97" - Paly)) - h
= Xa(y,9) * (y, ).

Therefore, (V, (Xa)) is a local frame for the principal sheaf structure of the
statement. U

We shall connect the sections of the associated sheaf with a particular
sort of equivariant morphisms, as specified in the next definition.

5.3.8 Definition. A morphism (of sheaves of sets) 7: P — F is said to be
tensorial (with respect to the action of G on the right of P and on the left
of F) if

Tp-g)=g " -7(p),  (p.g) €PxxG.

The term “tensorial” is another name for “equivariant” (with respect to
the said actions). It coincides with the usual equivariance property (for right
actions) defined in the comments after Definition 4.1.1, if we think of G as
acting on the right of F by setting u-g := g~ ' u, for every (u,g) € F xx G.
However, we adhere to the first term in conformity with the tensorial 0-forms
of Kobayashi-Nomizu [49, Vol. I, p. 76].

Analogously to the case of fiber bundles, we have the following relation
between tensorial morphisms and sections of the associated sheaf.
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5.3.9 Theorem. The global sections of P Xg(f are in bijective correspond-
ence with the tensorial morphisms 7 : P — F.

Proof. Let s € (P x$ F)(X). We define a map 7: P — F in the following

way: For a p € P, with 7(p) = x € Uy, we set 7(p) := g, - ®o(s(2)), where
Jo 1s determined by p = so(z) - ga-

This is a well defined map, for if x € U,g, then 7(p) := ggl : 55(9(@),
with p = sg(z) - gg. But (4.3.3) implies that g, = gag(x) - g; hence, in
virtue of Theorem 5.3.5, we obtain

95" ®a(s(z)) = 92" - gap(x) - Bp(s(x)) =
9o (Ra 0 ®5")(D5(5(2)) = ga - Pals(x)).

which affirms the previous claim.

Since, formally, 7(p) = 67 (k(sa (), p), &>a(9(fr))), for every p as above, it
follows that 7 is a continuous map, thus a morphism of sheaves, as commut-
ing with the projections of the sheaves involved. Its tensoriality is verified
by a simple calculation.

We check that the assignment s — 7, with 7 defined as before, is 1-1.
Indeed, let s and s’ be two sections corresponding to 7 and 7/ with 7 = 7/,
For any U, € U, and for every = € U,, the assumption implies that

Ca(s(x)) = 7(sa()) = 7'(sa(2)) = Ca(s'(2)),

whence s|y, = |y, . Taking all U,’s, we conclude that s = s’ on X.

The same assignment is onto. In fact, for a given 7, we define the maps
0o : Uy — P x§ F, with 04(z) := [(84(2), T(sa(z)))], for all a € I. They
are continuous (local) sections such that, for every x € U,g,

05(@) = [(5a(2) - 9a5(2), gas(@) " 7(5a(2)))] = oa(2).

We obtain a global section by gluing together all the local sections og,
acl. [

For an open U C X, we denote by Homg,,, (P|v, F|v) the set of tensorial
morphisms of Py into F |7, with respect to the actions of the sheaf of groups
Gly on P|y and F|y, respectively. Then the assignment

U — Homg,, (Plv, Flv); Ue Ty,
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is a complete presheaf, generating the sheaf (of germs) of tensorial mor-
phisms of P into F

(5.3.19) Homg (P, F).
Therefore,
(5.3.20) Homg (P, F)(U) = Homg,, (Plus Flv), UeTx.

5.3.10 Corollary. The sheaves Homg(P,F) and P xg( F coincide up to
isomorphism.

Proof. For every open U C X, we consider the map
Ty : Homgy, (Plu, Flu) —— (P x§ F)(U),

obtained by localizing the bijection of Theorem 5.3.9. It is immediately veri-
fied that (Ty), with U running in Tx, is a presheaf isomorphism. Therefore,
identifying P xg( F with the sheaf of germs of its sections, we prove the
assertion. ]

Let us now take the particular case F = G, and consider the adjoint
action of G on itself (from the left), namely

ad: G xx G — G: (a,b) — ad(a)(b) :=a-b-a" L.
The sheaf associated with P by the adjoint action is denoted by
(5.3.21) ad(P) =P x$ G.

In this case, the tensorial morphisms 7 : P — G, with respect to the
action of G on the right of P and the adjoint action of G on itself, satisfy
the equality

(5.3.22) T(p-g)=ad(g " )(7(p) =g " -7(p)-g.

Their set, denoted by Hom,q(P,G), is a group under the multiplication
defined (point-wise) by

(r-m)p)=7p) 7'(p), PEP.
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By an obvious localization, we obtain the groups Hom.q(P|y, Glv), U € Tx,
and the corresponding sheaf of germs Hom,q(P,G). Hence, as in Corollary
5.3.10, we have that

(5.3.21) ad(P) = Homaq(P,G).

Tensorial morphisms of the previous kind are related with gauge trans-
formations of P. The latter are defined as follows:

5.3.11 Definition. A gauge transformation of the principal sheaf P =
(P,G, X, ) is a G-automorphism f of P. The set of such transformations is
a group, called the group of gauge transformations or the gauge group
of P. Tt is denoted by GA(P).

We clarify that the group operation in GA(P) is given by

(5.3.23) (fof) — fof'.

Note. The terminology of Definition 5.3.11, adopted here for its simplicity,
originates from the gauge theory of physics. However, there is no general
agreement regarding the original terminology. In this respect we refer to
the comments of Bleecker [10, p. 46] and the definition of Sokolovsky [115,
p. 2525]. The notation is taken from [10].

5.3.12 Proposition. The groups GA(P) and Hom,q(P,G) are isomorphic.

Proof. To a gauge transformation f we assign the map 7 : P — G, determ-
ined by

(5.3.24) fp)=p-7(p), peP.

For each p € P, 7(p) is uniquely defined by Proposition 4.1.2, thus 7 is a
well defined map commuting with the projections of P and G. Its continuity
follows from equality 7 = ko (idp, f), which is equivalent to (5.3.24). Hence,
7 is a morphism of sheaves. On the other hand, for every p € P and g € G,
Proposition 4.1.4 yields

T(p-g) =k 9. f(p-9) =k -g9,f(p)-9)
=g " k(p,f(p)-g=9"7(p)-g
=ad(g~")(7(p)),
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which proves the tensoriality of r.

The correspondence GA(P) > f +— 7 € Hom,q(P,G) is injective, as a
consequence of (5.3.24).

Conversely, given a 7 as before, we define a morphism f : P — P
by equality (5.3.24). Since f = 7 o (idp,T), where v is the operation of
multiplication in G, we obtain a morphism of sheaves. In addition,

flp-g)=p-g-7lp-9)=p-7(p)-9=f(p) 9,

i.e., f is a gauge transformation (see also Theorem 4.2.4).
Finally, if we assume that fi — 71, fo — 7 and fi o fo — 7, then

p-7(p) = (fio f2)(p) = filp- 72(p)) = fi(p) - 72(p) = p - T1(p) - T2(p),

for every p € P; that is, 7 = 71 - 7. Hence, f1 o fo + 71 - 79, which completes
the proof. O

5.3.13 Remark. The isomorphism of the preceding proposition may be
thought of as an anti-isomorphism, if instead of (5.3.23) we consider the
multiplication (f, f') — f’' o f (see Bleecker [10, Theorem 3.3.2]).

Localizing the isomorphism of Proposition 5.3.12, we get a family of
isomorphisms

(5.3.25) Gy : GA(P|y) — Homaa(P|u, G|v),

with U running the topology of X. This yields a presheaf isomorphism.
Thus, if we define the sheaf (of germs) of gauge transformations of P
to be the sheafification of (5.3.25); that is,

GA(P) :=S(U — GA(P|v)); U e %x,
we have, in conjunction with (5.3.21"), the following result:
5.3.14 Corollary. There exists an isomorphism of sheaves of groups
G : GA(P) —— Homaa(P,G) = ad(P).

Proof. The isomorphism G is generated by the presheaf isomorphism (Gy)
defined by (5.3.25). O
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5.4. Associated sheaves: particular cases

Here, the general construction of the previous section is specialized to actions
defined by morphisms of G into (Lie) sheaves of groups, or, in particular, by
representations of G into certain (convenient) sheaves. In this way, a vector
sheaf is associated with its sheaf of frames by the trivial representation of
the general linear sheaf group.

With the exception of the final case (d), as in Section 5.3, we assume
throughout that the structure sheaf G of P is only a sheaf of groups.

(a) Associated sheaves from morphisms of sheaves of groups

We consider a morphism of sheaves of groups
(5.4.1) ©0:G—H.

Following the preliminary notations of Section 5.3, the morphism ¢ determ-
ines the action of G on the left of ‘H

om:GxxH—"H:(g,h)— d(g,h) :=»(g) - h,
and the action on the right of P x x H
(PxxH)xxG— P xxH,
given by
(5.4.2) (p.h)-g:=(p-g,0(g" ") h).
The presheaf
Ur— Q) = (P(U) xH(U))/G(U); U e %x,

where the quotients are defined with respect to (the localization of) (5.4.2)
(see the analog of (5.3.2)), determines a sheaf. This is, by definition, the
sheaf associated with P by the morphism of sheaves of groups ¢,
denoted by ¢(P). In virtue of Corollary 5.3.6 we have that

(5.4.3) e(P)= (P xx H)/G =P x$ H.

The fact that the structure type of ¢(P) is the sheaf of groups H leads
to the following variation of Theorem 5.3.2.
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5.4.1 Proposition. ¢(P) is an H-principal sheaf; in other words, ¢(P) =
(p(P),H, X, ). Moreover, there exists a canonical morphism (of principal
sheaves)

(e,p,idx) : (P,G, X, 1) — (o(P),H, X, 7).

Proof. First we obtain a (right) action d,p) : ¢(P) xx H — ¢(P): For
an open U C X, using the presheaf generating ¢(P), we define the map

Sep) * QUU) X H(U) — Q(U),
by setting (see also (5.3.4))

(5.4.4) oy ([(s, W, BY) = [(s,M)]w - B o= [(s,h - h)]wr,

In virtue of (5.4.2), this is a well defined local action; hence, varying U in
Tx, we obtain a presheaf morphism generating d,p).

In our case, the isomorphisms (5.3.8), describing the local structure of
©(P), have the form

Vv HV) — QV), with W,y (h):=[(salv,h)]v,

and are H(V)-equivariant with respect to the action (5.4.4). Therefore,
the corresponding coordinates ¥, : H|y, — ¢(P)|y, and &, = ¥ ! are
H|y, -equivariant. This proves that ¢(P) is an H-principal sheaf.

For the second result we define the map
ey PU) — QU) : s =g (s) :== (s, 1|v)]u,
1 denoting the unit section of H. Then, for every g € G(U), (5.4.4) yields

ep(s-9) =1(s-9,1v)]v = [(s,0(9)|U
= [(s; 1v)lv - ¢(9) = e (8) - pu(9)-

The desired morphism ¢ is generated by the presheaf morphism (g,,). O

5.4.2 Remarks. 1) If we assume that G = (G, Lg, pg,0g), H = (H, L,
pH,On) are Lie sheaves of groups, and (¢, ) is a morphism of G into H (see
Definition 3.4.1), then Proposition 5.4.1 is a fortiori valid, and the canonical
morphism of the statement has the form (g, p, P, idx).

2) If we consider the quotient sheaf P X%H (see the discussion preceding
Proposition 5.3.4), we can define an action of H on this quotient by setting,
stalk-wise,

[(p, )] - 2= [(p, b W),
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for every (p,h,h') € Py x Hy x H, and x € X. In conjunction with the same
Proposition 5.3.4, it can be shown that the aforementioned quotient sheaf
is a principal sheaf of the described type. This approach, however, is a bit
more complicated than the one given in the proof of Proposition 5.4.1.

3) In the context of Remark 2, we define a morphism

£:P—Px§H:p—elp) = [(pea)],

if p € P, and e, is the neutral element of H,. As expected, the morphisms
€ and ¢ are related by

(5.4.5) E=foe

(see also Diagram 5.4), where f is the isomorphism (5.4.3), explicitly con-
structed in Corollary 5.3.6.

P

™
M)

©(P)

DiAaGrAM 5.4

The proof goes as follows: For any p € P with n(p) = x € U,, we can
find an open V' C U, and a section s € P(V') such that s(z) = p. Then

e(p) = ey (s)(x) = ([(5,1[v)lv)(2) € p(P)a-

Thus, as in the proof of Corollary 5.3.6,
F(e(P) = fale(P)) = (Va0 2,)((p)),

where now @, : o(P)|y, — Gl and ¥, = d, 1 : G|y, — (P x$, 'H)‘UQ (see
Theorems 5.3.2 and 5.3.5, respectively).

On the other hand, the definition of the inverse of (5.3.8), adapted to
the present data, yields

P, (e(p)) = (2a,v ([(s, 1v)])) " (2) = gla) = g(2),
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(after the identification of G with the sheaf of germs of its sections), where
g € G(V) is defined by s = s,|v - 9. Therefore, the previous equalities, along
with (5.3.16), imply that

f(e(p))

I
*e!
A
5 e
Q
o
]

which gives (5.4.5).
For later use, we prove the following useful result:
5.4.3 Corollary. LetU = (U,) be an open covering of X carrying the local

frames of P and o(P). If (s W(P)) € C%U,H) is the O-cochain of the natural

local sections of (P), and (gaé )) € Z1(U,H) is the corresponding cocycle,
then

(5.4.6) s?P) = ¢(s4),
(5.4.7) 92 = ¢(gap).

for every o, B € 1.

Proof. We handle ¢(P) as in Proposition 5.4.1. The first equality is a
consequence of Definition 4.1.6 and (5.3.8). Indeed, based on Diagram 1.7,
equality (1.2.9), and convention 1.1.3, we have that

955(73) =0, (1|U0) = (gg,l(]a(1|Ua))~
= ([(sa; Hv)lva)” = (ep, (30))~
=e(sa),

where, in virtue of (1.2.15), we have applied the identifications 1|y, = 1/\;()
and s, = 5.
On the other hand, each transition section g é ) is determined by the

equality s ﬂ( ) = ﬁ(P) g aé ) or, equivalently, by £(s3) = €(sa) ¢ ag(a )

¢ is a morphism of principal sheaves, (4.2.1) and (5.4.6) imply that

£(sa) - ¢(9aB) = €(Sa - gap) = €(sg) = €(sa) - -ng)):

from which (5.4.7) follows. O

. Since
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5.4.4 Remark. For the sake of completeness, we note that (5.4.7) can be
obtained directly from Proposition 5.3.3, for F = H, the action of G on
‘H now being given by dy as in the beginning of the present section. As a
matter of fact, denoting by e, the neutral element of H,., we have that

57 (@) = (@40 25" (e2) = 9(9a5(2) - €2 = 9(gas(®)),

for every x € Ugg.

(b) Associated sheaves from representations on A-modules

Here we consider a representation of G on an A-module S; that is, a
morphism of sheaves of groups

(5.4.8) n:G — Aut(S) = Aut 4(S).

From Subsection 1.3.5, we recall that the range of 7 is the sheaf of germs
of A-automorphisms of S. A representation 7 is equivalent to a left action
ds : Gx xS — Sof Gon S (see the beginning of Section 3.3 and Proposition
3.3.1), generated by the local actions

(537[](9,0') =g-0:= 77(9) © a0,

for every g € G(U) and 0 € S(U), with U running in Tx. We also recall that
n(g) € Aut(S)(U) = Aut 4, (S|v) (see (1.3.13)). Analogously to (5.4.2), ds
defines a right action of G on P x x S. Thus, as in the case (a), we obtain
the corresponding associated sheaf

(5.4.9) M:=n(P)= (Pxx8)/G=P xS,

with projection denoted by mps. Thus, M = (M, 7, X).
Anticipating the next result, we call M the A-module associated
with P by the representation 7.

5.4.5 Proposition. The sheaf M = n(P), associated with P by a repres-
entation of G on an A-module S, is also an A-module, locally A-isomorphic
with §. In particular, M is of structure type S.

Proof. Working as in the proofs of Theorem 5.3.2 and Proposition 5.4.1,
we define the coordinates

(5.4.10) o, : M|y, — Slp,; acl
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In virtue of (5.4.7), they determine the cocycle (go%l) of M, with

(5.4.11) s = M(gap) = Do @,
after the identification Aut(S)(Uasp) = Aut 4, ; (Slvas)-
We define the structure of an A-module on M by setting
(5.4.12) utv:= 0N (@, (u) + 24(v)),
(5.4.13) Au= 0 (A @, (w),
for every u,v € My, A € A,, with © € U,. The previous operations are

independent of the choice of the particular U, containing x. Indeed, this
amounts to showing that (@, o le) € AUtA|UaB (Slv.s)s a fact being true

according to (5.4.11).
The two operations are continuous. This is proved by showing that their
restrictions over each U,, namely the maps

+ : M|y, xv, Mly, — M|y,
- Aly, xu, My, — M|y,

are continuous. This is the case, since the expressions (5.4.12) and (5.4.13)
involve the homeomorphism @ , and the respective operations of S|y, , which
are already continuous. From (5.4.10) — (5.4.13) it follows that the coordin-
ates are A|y_-isomorphisms and M is of structure type S. O

(c) Associated sheaves from representations on free modules

We apply the previous case (b) to a free module of rank n, i.e., we assume
that S = A". By (5.1.14), we have the identification

Aut(A") = Aut 4(A™) =2 GL(n, A),

therefore, a representation of G on A" can be thought of as a morphism of
sheaves of groups

(5.4.14) ¢:G—GL(n, A,
which determines the associated sheaf (€, 7g, X), where
(5.4.15) E:=((P)= (P xx A")/G =P x§ A"

As a consequence of Proposition 5.4.5, we have:
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5.4.6 Corollary. The sheaf £ = ((P), associated with P by a representation
of G on A", is a vector sheaf of rank n.

Proof. In virtue of Proposition 5.4.5, it suffices to observe that the local
coordinates are now maps of the form

®,:Elu, — Al @€l
which are Al -isomorphisms. O

We call £ = ((P) the vector sheaf associated with P by the rep-
resentation ( : G — GL(n, A).

For later use, we note that the analog of (5.4.11) is given by
(5.4.16) o5 = C(gap) = 40 @5

5.4.7 Remark (on the physics jargon). If (P,G, X, ) is a principal
bundle, V' a (finite-dimensional) vector space and G — GL(V') a represent-
ation of G on V, then a tensorial map P — V is called particle field (see
Bleecker [10, p. 43]) or matter field (see Naber [81, p. 51]).

The same terminology can be applied to the case of tensorial morphisms
7 : P — S (see Definition 5.3.8), if S is an A-module, or § = A". By
the general Theorem 5.3.9, such tensorial morphisms correspond bijectively
to the sections of the A-module M (defined in case 5.4(b)), if S is an A-
module, or to the sections of the vector sheaf £ (obtained in case 5.4(c)), if

S=A"
(d) The adjoint sheaf p(P)

Let P = (P,G, X, m) be a principal sheaf where G is now a Lie sheaf of
groups, i.e, G = (G, p, L,0). By definition, G is provided with a representa-
tion p : G — Aut(L). Therefore, p induces an associated sheaf

p(P)= (P xx L)/G=P x§ L,

called the p-adjoint sheaf of P. If p is fixed and there is no danger
of confusion, we simply say that p(P) is the adjoint sheaf of P. This
terminology is influenced by the classical adjoint bundle associated with a
principal bundle by the adjoint representation of the structure group.

The sheaf p(P) is of structure type £, thus there exist an open covering
(Uy) of X and A|y,-isomorphisms (coordinates)
(5.4.17) ® ., p(P)lv. — Llu,, acl.

—
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By Proposition 5.3.3, the change of coordinates @, o szl : Lluys = Llua
takes the form

(5.4.18) (025 (1) = gas(a).u

for every u € £, and « € U,g. The action on the right-hand side of (5.4.18)
is that induced by p (see the notations and conventions in the beginning of
Section 3.3). In particular, the induced morphism of sections @, o le :
L(Uqnp) — L(Uyp) is calculated as follows: For every ¢ € L£(Uypg) and every
z € Upyp, (3.3.1') implies that

(@0 025)(0)(x) = (24 025")(U(2)) = gap()-£(z) = (p(gap) (D)) (x);

in other words,

(5.4.19) (@40 25)(6) = p(gas)(0),

for every £ € L(U,p).
The same equalities hold for the change of coordinates &, o @51, if we

think of p(P) as the associated sheaf P x$ £ (see Theorem 5.3.5).

5.5. Interrelations with the sheaf of frames

We relate certain associated vector sheaves, obtained earlier, with the cor-
responding principal sheaves of frames.

We start with an arbitrary vector sheaf & = (£,m,X) of rank n. If
P(E) = (P(E),GL(n,A), X, ) is the principal sheaf of frames of £, then, by
what has been said in Section 5.4(c), the trivial representation of GL(n, A)
on A",

(5.5.1) idgrn,A) 1 GL(n, A) — GL(n, A),
determines the associated vector sheaf

€= (P(&) xx A")/GL(n, A).
5.5.1 Proposition. The sheaves £ and & are A-isomorphic.

Proof. Let (v5) € Z'(U,GL(n, A)) be the cocycle of £, with respect to
a local frame (U, (1))). Then, by Corollary 5.2.3, (¢,3) is the cocycle of
P(£). But, (5.4.7), applied to ¢ = idg.(,, 4y and the previous cocycle, shows
that the cocycle of & is the same (tap). Therefore, Theorem 5.1.8 leads to
the result. O
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We rephrase the previous statement in the following useful form:

5.5.2 Corollary. Every vector sheaf is associated with its principal sheaf of
frames by the trivial representation of GL(n, A); hence,

£22 (P(E) xx A")/GL(n, A).

The next diagram illustrates Corollary 5.5.2.

P(€)

& (P(&) xx A")/GL(n,A)

DIAGRAM 5.5

The two double arrows simply indicate the transition from a vector sheaf
to its sheaf of frames and back to the vector sheaf associated by the trivial
representation, whereas the horizontal arrow represents the isomorphism of
Proposition 5.5.1.

On many occasions it is desirable to define a concrete isomorphism of
£ = (P()xx A")/GL(n, A) onto &, whose existence is theoretically ensured
by Corollary 5.5.2. To this end we apply Theorem 5.1.7.

More precisely, since £ and € have the same cocycle (see the proof of
Proposition 5.5.1), we can take h, = id : A"|y, — A"|y,, for all a € I;
thus a vector sheaf isomorphism R : & — & can be defined by the family of
Al -isomorphisms R, : £ lv, — Elu,, given by

Ry=1v ' 0®,,

and which coincide on the overlappings. We recall that ¢, : €|y, — A"|v,
and @, L €| |y, — A"y, are the coordinates of £ and £ (over Uy,), respect-
ively. The latter is obtained by the sheafification (see the proof of Theorem
5.3.2 adapted to the present setting) of the isomorphisms, for all V' varying
in Uy,

Doy ¢ (T4, (A"|v, Elv) x AN(V))/GL(n, A)(V) — A™(V) :
[0, W)y — 2o v ([(0,h)lv) =g-h=goh,
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where g € GL(n, A)(V) = Aut 4, (A"|y) is given by 0 = 04|y 0g = ¢35 og,
if 0, is the natural section of P(&) over U, (see also (5.2.5), and Proposition
5.2.2 for the definition of the action of GL(n,.A) on P(£)).

On the other hand, 9! can be thought of as being generated by the

induced morphisms of sections (¢ 1)V, for all open V' C U,; hence, R, is

generated by the sheafification of {Rnv := (¢a')y © @,y |V C U, open}.
Therefore, using the above equality determining g, we see that

Ray([(o,W)]v) = (Wa')y(goh) =g  ogoh=0oh.
Summarizing, we have shown that

the vector sheaves (P(E) xx A™)/GL(n, A) and £ become isomorphic
by gluing together the isomorphisms (Ry) generated, in turn, by the
isomorphisms
R, v : (IsoA|V(A”\V.,5|V) X .A"(V))/gﬁ(n,.A)(V) — A"(V):
for all open V' C U,,.

Now, starting with a principal sheaf P = (P,G, X, ), we consider a
morphism of sheaves of groups of the form

v:G— GL(n,A).

(In the case of connections on associated sheaves we shall need a morphism
of Lie sheaves of groups (¢, ¢), with @ : £L — M, (A). However, this is not
necessary in the present considerations.)

According to the results of Section 5.4.(a) (see, in particular, (5.4.3) and
Proposition 5.4.1), we obtain an associated principal sheaf, now denoted by

(5.5.3) Py = (Pp,GL(N, A), X, 7,),
(instead of p(P)), where P, = (P xx GL(n, A))/G =P x5, GL(n, A).

The same morphism, viewed as a representation of G on A", determines
the vector sheaf (see also (5.4.15))

(5.5.4) E, = (P xx A")/G,
with corresponding sheaf of frames P(€,) = (P(&,),GL(n, A), X, 7). Obvi-

ously, the index ¢ is set to remind ourselves that the respective sheaves are
constructed by means of the given morphism .
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Our aim is to find the relationship between P, and P(€,). To help
the reader, we picture our quest in Diagram 5.6, where the double arrows
indicate the transition from P to the indicated associated sheaves, while the
question mark stands for the relationship we are looking for.

?

650 > P(EW)
DiAGrAM 5.6

Taking into account Remarks 4.1.5(2) and 4.2.2(1), we first prove the
following;:

5.5.3 Lemma. Under the above notations, there exists a morphism of prin-
cipal sheaves (Fp,¢,idx) : (P,G,X,m) — (P(&,),GL(n, A), X, 7).

Proof. Let (U, (¢a)) be a local frame of the initial principal sheaf P. For
the sake of simplicity, and without loss of generality, we may assume that
U = (Uy,) is a basis for the topology of X. Thus P can be identified with
the sheaf generated by the presheaf of sections P(U,). Similarly, P(E,) can
be constructed as in Section 5.2, over the same basis of topology U.

We define Fp to be the morphism generated by the presheaf morphism

{Fp@ :P(Uy) — ISOA\UQ (A" .. Eslun) | Ua € Tx},

obtained as follows: For an arbitrary s € P(U,), the A|y,-isomorphism
Fpo(s) : A"y, — E,lu, is generated by the presheaf isomorphism

~

{Fpa(s)v « AM(V) — (P(V) x A"(V))/G(V) |V C Uq open },
whose individual isomorphisms are determined by
(5.5.5) Fpa(s)v(o) = [(slv,0)lv, o€ A" (V).

The equivalence class [ |y refers to the construction of £, as a sheaf asso-
ciated with P (see (5.3.4)).

It is not difficult to see that every Fp o(s) is an A" |y, -isomorphism, thus
Fp is a well defined morphism of sheaves of sets with domain and range as
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in the statement. Furthermore, we show that F’p is a morphism of principal
sheaves by proving that

(5.5.6) Fpo(s-g) = Fpal(s) - ¢(9),

for every s € P(U,) and g € G(U,), where ¢ now is the induced morphism
of sections over U,.

Indeed, for a fixed open V' C U, and for every o € A"(V), we first see
that

Fpals-g)v(o) =[((s-g)lv,o)lv =

5.7
(551 (slvs (gl 0 )y = Prals)y (¢gl) 0 o).

Since each automorphism ¢(glv) € GL(n, A)(V) = Aut 4}, (A"|v) is also
generated by the corresponding family of automorphisms of sections

{elglv)y : A"(W) =S ANW) | WCV open}

(see (1.2.17)), the definition of the induced morphism of sections implies
that

w(9lv)(o) = ¢lglv)v (o) = ¢(glv) o o;
hence, (5.5.7) is transformed into

Fpa(s-9)v(0) = Fpa(s)v((9lv)(0) = (Fpal(s)v o w(glv)) (o),

for every o € A"(V), from which we obtain

(5.5.8) Fpo(s-g)v = Fpa(s)v o p(glv).

Because the morphisms of presheaves of sections

{Fa(s glviveu., {Fals)viveu.. {elglv)iveu.,

(for all open V' C U,) generate, respectively, the morphisms F,(s-g), Fu(s)
and ¢(g), it follows that (5.5.8) implies equality (5.5.6).

Finally, we immediately check that 7 o Fp = m, thus (Fp, p,idx) is a
principal sheaf morphism. U

Note. If G = (G, p, L, 0) is a Lie sheaf of groups and we consider a morphism
of Lie sheaves of groups (¢, %) : (G,p,L,0) — (GL(n,A), Ad, M, (A), D),
with @ : L — M,,(A), then we obtain an analogous result with the morphism
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of principal sheaves now given by (Fp, ¢, ®,idx). However, the morphism
@ does not intervene in the construction of Fp.

Preparing the study of connections on associated sheaves, we prove the
following consequence of the local structure of the sheaves involved in the
preceding Lemma.

5.5.4 Corollary. Let (s,) be the natural sections of P, over a local frame

U, and let (35(&")) be the natural sections of P(E,). Then

(5.5.9) sh®) = Fp(sa), acl
Proof. First, we recall that, in virtue of (5.2.6"),

(5.5.10) St — it € PE,)(Ua),

where ¢! 1 A"y, — €|y, is (the inverse of) the coordinate of &, over U,.
Since &, is now associated with P, the coordinate v, l'is generated by the
presheaf isomorphism

{63}t AM(V) — (P(V) x A*(V))/G(V) |V C U, open},
determined by

(5.5.11) ¢;},(0) = [(salv,o)]v; oe A"(V),

(see (5.3.8) and the general construction of Theorem 5.3.2). Therefore,
equalities (5.5.11), and (5.5.5) for s = s,, imply that

Yoy (0) = [(salv,0)lv = Fpa(sa)v(o); o€ A™(V),

that is, w;%/ = Fp o(sa)v. Varying V in U,, we obtain ¢, = Fp 4(sa).
On the other hand, according to (1.1.3) and (1.2.13"), the induced morph-

isms of sections over Uy, Fp = (Fp); , connected with the presheaf morph-
ism (Fp o) yields

Fp(sa)(2) = (Fp)y, (54)(2) := Fp(sa(2)) = Fp.a(sa)(2)-

Consequently,

Fp(sa) = Fpa(sa) = ta '
This, combined with (5.5.10), leads to the equality of the statement. O
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The desired relationship between P, and P(E,), represented by the ques-
tion mark of Diagram 5.6, is now given by the following;:

5.5.5 Theorem. There exists a GL(n, A)-isomorphism
0 = (0,idgrn, ), idx) : (Pp, GL(N, A), X, 7)) — (P(E,),GL(N, A), X, )
satisfying the equality
(5.5.12) foe = Fp,
where (Fp, @, id,) is the morphism of Lemma 5.5.3, and
(e,p,idx) : (P,G, X, 1) — (Py,GL(n, A), X, ")
is the canonical morphism defined by Proposition 5.4.1.

Equality (5.5.12) is shown in the commutative diagram below, which in
fact completes the upper triangle of Diagram 5.6.

P ° P,
Fp =10
P(&)

DIAGRAM 5.7

Proof. Working as in the proof of Lemma 5.5.3, we can assume that the
local frame U of P is a basis for the topology of X, so the sheaves P, and
P(E,) can be thought of as generated by the respective presheaves

Ua =— (P(Ua) x GL(1, A)(Ua))/G(Ua),

U(l — ISOA‘UQ (An‘Uaa g(p‘Ua)?

with U, running in U.
The isomorphism @ is generated by the presheaf isomorphism

{0a : (P(Ua) x GL(n, A)(Ua))/G(Ua) — Is0 a4y, (A" |v,, Eglu,) [ o € T},
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determined in the following manner: Take any class
[(5,9)14 € (P(Ua) x GL(n, A)(Ua))/G(Ua)

(note the use of the superscript ¢ and the subscript a in order to avoid con-
fusion with classes of other quotients). Then the isomorphism 6, ([(s, g)]&)
is the one generated by the presheaf morphism (see the construction of &,
as an associated sheaf)

Oa([(5,9)]8)y + A™(V) — (P(V) x A"(V))/G(V),
for all open V' C U,, given in turn by

Oa(l(5,9)18)y (o) = [(slv, glv 0 0)lvs o€ A(V),

the latter equivalence class belonging to the quotient generating &,. It is
easily seen that all the maps involved are well defined and lead to the desired
isomorphism (of sheaves of sets).

To check the equivariance of 8, with respect to the given actions, we fix a
U, and an open V C U,. Then, for any [(s,g)]& and o as before, and for any
g € GL(n, A)(U,) = GL(n, A(Uy,)), the analog of (5.4.4) for H = GL(n, A)
implies that

0o ([(s,9)]% - 9')y (0) = 0a([(s,9-9")E) (o) :=
0a([(s,909)1%) (o) = [(slv, glv o (gl 0 0))], =
0a([(5,9)15) (' |v 0 0) = (0a([(s,9)18),, 0 9'lv) (0),

from which we get

(5.5.13) 0a([(5,9)18 - 9')y = 0a(l(s,9)18)y 0 dlv.

Varying V' in U, and taking into account the definition of the action of
GL(n, A) on P(&,) (see Proposition 5.2.2), equality (5.5.13) leads to

Oa(((s,9)18 - 9') = 0a([(5,9)15) o 9" =: 0a([(5,9)I5) - ¢',

i.e., each isomorphism 6, is GL(n, A)(U,)-equivariant. Thus, 6 is GL(n, A)-
equivariant and determines an isomorphism of principal sheaves.

Finally, for any s € P(U,), the definition of ¢ (see the second part of the
proof of Proposition 5.4.1) implies that

(5.5.14) (B 0€u,)(s) =0a([(s,1)]E), (1=1]y, € G(Uy)).
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On the other hand, for each open V C U, and o € A™"(V), (5.5.5) yields

Oa(l(s,1)]8) (0) = [(slv, 0)lv =t Fp.als)v (o).

Thus, taking all the open V' C U,, we get 0,([(s,1)]7) = Fpo(s). The last
equality, combined with (5.5.14), implies that 6, o e, = Fp,, for every
a € I. Hence, by sheafification (when U, is varying in i), we get (5.5.12)
which completes the proof. O

We close the present section with the following result concerning natural
sections, again anticipating its use in subsequent chapters.

5.5.6 Corollary. The natural sections (52(5”)) and (st) of P(&,) and
Py, respectively, are linked together by

(5.5.15) sh@) — gshe),  ael

Proof. Since the associated principal sheaf ¢(P) of the general case of
Proposition 5.4.1 is now denoted by P, equality (5.4.6) takes the form

sh? = £(sq). Therefore, (5.5.9) and (5.5.12) yield

shEe) = Fp(sq) = 0(e(sa)) = 0(sh?). O

5.6. Induced morphisms

The final section of this chapter briefly explains how morphisms of principal
sheaves induce morphisms between various sheaves associated with the ini-
tial principal sheaves.

We fix two principal sheaves P = (P,G, X, ) and P’ = (P, ¢, X, n'),
as well as two sheaves F and F’ on which G and G’ act, respectively, from
the left. The corresponding associated sheaves are denoted by Q = P xg( F
and Q' = P’ x§ F (see (5.3.7), (5.3.13), and Corollary 5.3.6).

The general convention of Sections 5.3 and 5.4 is still in force; that is, G
and G’ are (for simplicity) only sheaves of groups, and morphisms of principal
sheaves have the form (f, ¢,idx).

5.6.1 Definition. Let ¢ : G — G’ be a morphism of sheaves of groups. A
morphism of sheaves £ : F — F' is said to be compatible with ¢ if

g -u) = ¢(g) - £(u), (g,u) € G xx F.
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It is clear that the above compatibility condition amounts to the equivari-
ance of £ with respect to the aforementioned actions and the morphism ¢.

5.6.2 Proposition. Let (f,¢,idx) be a morphism of P into P’ and let
0 : F — F' be a morphism compatible with ¢. Then there exists a uniquely
determined morphism

F:Px$GF—P x§F,

such that the diagram

¢

PxxF X
K K
F ,

Px§F P x$ F

DiAGRAM 5.8

is commutative, if k and k' are the canonical maps.

Proof. We view the associated sheaves as in the discussion before Theorem
5.3.2. Then, for any open U C X, we define the map

Fy : (P(U) x F(U))/6(U) — (P(U) x F'(U))/G'(U),
by setting
Fy([(s,h)]v) == [(f(s), £(h)]u,  (s,h) € P(U) x F(U)

(for convenience we use the same symbol for the equivalence classes in both
the domain and the range of Fyy).

The equivariance of f and the compatibility of £ with ¢ imply that Fy;
is well defined. Moreover, by the general considerations of Section 5.3, we
see that (Fy) is a presheaf morphism. The desired morphism F' is defined
to be the morphism of sheaves generated by (Fy).

The uniqueness of F' is a simple consequence of Diagram 5.8. ]

Note. Another way to define F' is to set F([(p,u)]) = [(f(p),£(u))], for
every [(p,u)] € P x$ F, the equivalence classes now being given as in the
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discussion before Proposition 5.3.4. The continuity of F' is proved using the
fact that x is a local homeomorphism.

Thinking of a vector sheaf of rank n as associated with its sheaf of frames
by the trivial representation of GL(n,.A), Proposition 5.6.2 leads to:

5.6.3 Corollary. Let £ and &' be two vector sheaves over X, of rank m
and n respectively, and let (P(E),GL(m,A),X,7), (P(£),GL(n, A), X, 7)
be the corresponding principal sheaves of frames. If (f, ¢,idx) is a morphism
of P(E) into P(E') and £ : A™ — A™ an A-morphism compatible with ¢,
then there exists a unique morphism of vector sheaves F : £ — E' such that
the diagram

=t

PE) xx A™ PE) xx A"

DIAGRAM 5.9

is commutative, where £ and £ are viewed as associated with their sheaves
of frames.

In particular, we obtain the following result, already alluded to in Re-
mark 5.2.7(2).

5.6.4 Corollary. In addition to the assumptions of the previous statement,
we further assume that rank(€) = rank(€') = n, £ := id|an, and f is a
GL(n, A)-isomorphism of P(E) onto P(E'). Then F is an isomorphism of
& onto &'.

Complementing Remark 5.2.7(1), we prove the following converse of Co-
rollary 5.6.4.

5.6.5 Proposition. Let F : £ — &' be an A-isomorphism of vector sheaves
of rank n. Then there is a unique GL(n, A)-isomorphism f of P(E) onto
P(E") inducing F.
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Proof. Without loss of generality, we may assume that both £ and £ have
local frames over the same open covering U = (U,) of X. For every U,, we
define the A|y, -isomorphism

Iso 4, (A" v, Elu,) — Tso),. (A"v.,Ev,) o Foo.
Localizing this over every open V' C U, we obtain the Ay -isomorphisms
fv i Tsoyy, (A v, Elv) — Tsouy, (A"|v, ')

with fy (o) = F oo. It is obvious that fy (o og) = fy(h) o g, for every
o € Isoyp, (A"v,Elv) and g € Aut 4y, (A"[p,) = GL(n, A)(V). Therefore,
varying V' in the basis for the topology B (see the beginning of section 5.2),
the presheaf isomorphism (fy/) generates a GL(n, A)-isomorphism f of P(&)
onto P(&').

In virtue of Corollary 5.6.3, the isomorphism f induces, in its turn, a
vector sheaf isomorphism F’ : £ — &’. By the construction of Proposi-
tion 5.6.2, adapted to the data of Corollary 5.6.3, F’ is generated by the
isomorphisms (FY,), for all open V' € B, given by

F\//([(Uv h)]V) = [(fV(O')’h)}V = [(FOO’, h)]Vv

for every sections o € P(E)(V) = Iso 4y, (A"|v, E]v) and h € A™(V).

On the other hand, F' induces the isomorphism (Fy) of presheaves of
sections. Therefore, if (after (5.5.2)) we identify [(o,h)]y with o o h and
[(Foo,h)] with F' oo o h, the last series of equalities yield

F{,(coh)=Foooh=Fy(coh),

from which we get F, = Fy, for all V. Since F may be thought of as
generated by (Fy ), we have that F’ = F, thus concluding the proof. O

Based on Proposition 5.4.1 and the notation of (5.4.3), we prove the
last result of this section. Before the statement, we would like to draw
the reader’s attention to the different typefaces ¢ and ¢ used below, both
denoting morphisms of sheaves of groups.

5.6.6 Proposition. Assume that (f,¢,idx) is a morphism of (P,G, X, 7)
into (P',G", X,7'), and ¢ : G — H, ¢ : G" — H' two morphisms of sheaves
of groups. We denote by (P X% H,H,X,7) and (P’ x% H H, X, 7') the
principal sheaves associated with P and P’, by ¢ and ¢’ respectively. If
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l:H — H is a morphism of sheaves of groups satisfying the compatibility
condition Lo@ = ¢’ o ¢, then there is a unique morphism (F,¢,idx) between
the previous associated principal sheaves such that the diagrams below are
commutative.

F x/ , ,

PXXH PXXH
K K
F /

P x$H P x§ H

DiaGraM 5.10

id
(P.G,X,) E.pridy) (P x$ H, H, X, 7)
(f ¢, idx) (F, 0, idx)
/ / d ,
(Pl,g,,X, 7-[-/) M (73/ ng H/,H/,X./ 77_‘_/)

DiaGraM 5.11

Proof. According to the note following Proposition 5.6.2, we define F' by
setting F([(p,h)]) = [(f(p), £(h))], for every [(p,h)] € P x§ H. The com-
patibility condition of the statement guarantees that F' is a well defined
morphism of sheaves, making the Diagram 5.10 commutative. Observe that
the latter is the principal sheaf analog of Diagram 5.8.

Now, for every [(p,h)], as before, and every h' € H, Remark 5.4.2(2)
implies that

F([(p,n)] - 1) = F([(p, h- 1')]) = [(f(p), £(h - h'))] =
[(f(p), £(h) - £(A"))] = [(f (p), £(R))] - £(B") = F([(p, h)]) - £(I),

which shows that (F,¢,idy) is a principal sheaf morphism as in the state-
ment.
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Finally, by Remark 5.4.2(3), we obtain

(Foe)(p) = F(((p,ea)]) = [(f(p), £lea))] = [(f (), ;)] = (" £)(p),

for every p € P with 7(p) = x; that is, Diagram 5.11 is commutative. O



Chapter 6

Connections

on principal sheaves

I personally feel that the next per-
son to propose a new definition of a
connection should be summarily ex-
ecuted.

M. Spivak [117, Vol. 5, p. 602]

To the uninitiated, it would seem
that the use of fiber bundles and con-
nections to describe the basic forces
of nature is a half-baked scheme de-
vised by some clique of mathemati-
ctans bent on producing an applica-
tion for their work. However, physi-
cists themselves found these notions
forced upon them by their own per-
ception of nature

D. BLEECKER [10, p. xiii]

S the title suggests, the present chapter is devoted to the study of the
fundamental geometric notion of connection within the context of prin-
cipal sheaves. It is the abstraction of the classical notion of connection on a

principal bundle.
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We start with an operator-like definition, which turns out to be equival-
ent to a family of local sections of (L), analogous to the ordinary connection
forms, and satisfying (the analog of) the familiar compatibility condition
(viz. local gauge equivalence). We explain in detail how the classical case
fits into the previous abstract scheme, thus deriving one more definition of
(principal bundle) connections, in defiance of M. Spivak’s exhortation under
the heading of this chapter. Another approach treats connections as sections
of the sheaf of connections, an idea originally due (for ordinary connections)
to A. Aragnol [1].

The existence of connections is guaranteed by the annihilation of the
Atiyah class of a principal sheaf. We also study connections linked together
by appropriate morphisms of sheaves, and we finish with the moduli sheaf of
connections. Connections on associated sheaves, in particular connections
on vector sheaves, will be treated in Chapter 7.

6.1. Basic definitions and examples

Throughout this chapter, we fix a differential triad (A, d,2) over a topolo-
gical space X = (X,Tx). Given a Lie sheaf of groups G = (G, p, L, 0), we
recall the notations (3.3.4) and (3.3.7), namely, Q(L) := Q ® 4 £ (reminis-
cent of the Lie algebra valued 1-forms on X)), and p(g).w representing the
action of g € G on (the right of) w € Q(L), induced by the representation
p: G — Aut(L). In analogy to the classical terminology, sections of (L)
are also called 1-forms.

With the previous notations in mind, we come to the main notion of this
chapter.

6.1.1 Definition. A connection on a principal sheaf P = (P, G, X, 7) is a
morphism of sheaves of sets D : P — (L) satisfying the property

(6.1.1) D(p-g) = plg~")-D(p) + 3(9),
for every (p,g) € P xx G. Equivalently, by (3.3.9) and (3.3.10),
(6.1.1) D(s-g) = plg~").D(s) + d(g),

for every s € P(U), g € G(U), and every open U C X.

On the left-hand side of (6.1.1), the center dot denotes the action of G
on (the right) of P. It is clearly distinguished from the action of G on Q(L),
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denoted by the line dot. Moreover, all the morphisms in (6.1.1") are the
induced morphisms of sections, according to the general convention (1.1.3).

The previous definition depends, obviously, on the representation p and
the Maurer-Cartan differential 0 of G. Therefore, it would be more appro-
priate to call D a (p,0)-connection. However, we systematically apply
the simple terminology of Definition 6.1.1, unless we need to make explicit
reference to the entities defining the structure of the Lie sheaf of groups G.

Before proceeding to the basic properties of connections, we give two
elementary, however useful, examples.

6.1.2 Examples.
(a) The Maurer-Cartan differential

Equality (3.3.8) shows that the Maurer-Cartan differential 0 is a con-
nection on G, the latter being trivially thought of as a principal sheaf.

The particular case of 0 derived from the ordinary logarithmic differential
(Example 3.3.6(a)) will be examined in Section 6.2 (see Corollary 6.2.2 and
the relevant discussion before it).

(b) The canonical local connections of P

Assume that U = (U, (¢y)) is a local frame of a principal sheaf P with
local coordinates ¢q : Ply, — Glu,. It is a direct consequence of (4.1.4) and
(3.3.8) that each morphism

(6.1.2) Dy =00 ¢q : Plu, — QUL)|v,; ael,

determines a connection on the principal sheaf P/, .

The morphisms (D,) are called the canonical local connections of
P, with respect to the local frame U. Occasionally, (D) are also called the
Maurer-Cartan connections of P, with respect to U, because of their
relationship with the Maurer-Cartan differential 0 by means of (6.1.2).

The importance of (D) lies in the fact that, under suitable conditions,
they can be glued together to determine a global connection. This is ex-
plained in Section 6.3 in the sequel.

In particular, if (s,) are the natural sections of P over U, we have that

(6.1.3) Dy (sq) = 0; ael,
as a result of (4.1.7") and Proposition 3.3.5.

We now define the analog of the classical local connection forms of a
connection.
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6.1.3 Definition. Let D be a connection on a principal sheaf P. If I/ is a
local frame of P, then the local connection forms of D, with respect to
U, are defined to be the sections

(6.1.4) wao = D(sq) € QL) (Ua), acl.

The previous sections determine a 0-cochain of U with coefficients in the
sheaf Q(L), i.e., (wa) € COU,Q(L)). We apply the classical terminology of
local connection forms in order to remind ourselves of the analogy between
the above sections and the local connection forms of an ordinary connection.
This analogy will be completely clarified by the next two results, as well as
by Example 6.2(a) and Theorem 6.2.1, where we explain the relationship of
an ordinary connection on a principal bundle with a sheaf morphism D in
the sense of Definition 6.1.1.

In the language of physics, the local connection forms are known as the
(local) gauge potentials (see, e.g., Bleecker [10, p. 36], Naber [81, p. 36],
Nakahara [82, p. 334]). So D could be legitimately called a (global) gauge
potential of P.

6.1.4 Proposition. The following compatibility condition is satisfied over
each Uyp # 0

(6.1.5) wg = p(g;ﬂl).wa + 9(gap)-
Proof. In virtue of (4.3.3) and (6.1.1"), we see that
wp = D(sp) = D(sa - gap)

= p(905)-D(50) + 0(gap)
= p(9op) Wa + O(gap)- m

Conversely, we have:

6.1.5 Theorem. A (-cochain (ws) € CO(U,Q(L)), satisfying the compatib-
ility condition (6.1.5), determines a unique connection D on P, whose local
connection forms coincide with the given cochain (wy,).

Proof. Let s € P(U) be any section over an arbitrary U C Tx. Since

U= U(UﬁUa>,

acl



6.1. Basic definitions and examples 215

for each a € I there exists a uniquely determined g, € G(U NU,) such that

slunv, = (Salunta) * ga

(see Proposition 4.1.2). We define the map Dy : P(U) — Q(L)(U) by

(6.1.6) Dy (8)|urv, = p(g2")-(walvnv.) + 0(galunu.)-

We check that Dy is well defined. In fact, over U N Ug we have the
analogous expression

(6.1.7) Dy (s)|lunu, = P(gg_l)-(wﬁ’Ung) + 9(gslunus)-

Since g3 = gga- 9o holds on UNU,g, omitting (for simplicity) the restrictions
figuring in (6.1.6) and (6.1.7), we see that (6.1.5) and Proposition 3.3.5 yield

Plag")ws + 0(95) = p(90" * 9ap)-(P(9a5) wa + D(9ap)) + (g - ga)
= pga")wa + 0(ga) + plga)-(p(9ap)-0(gas) + 0(g.3))
= p(95") wa + 0(ga).

This shows that (6.1.6) and (6.1.7) coincide on U N Uyg, thus Dy is well
defined.

Now it is obvious that (Dy), U running in Tx, is a presheaf morphism
generating a morphism D. To verify that D is a connection, it suffices to
show (6.1.1), for each Dy. Indeed, for any s € P(U) and g € G(U), we have
that (omitting the restrictions in the middle steps)

Dy(s-g)lvrv., = DU((sa qa) -9)) = Du(sa - (9a - 9))
= P( ) Wa + (9o - 9)
= plg” )(( Dwa +0(ga)) + 0(9)
= plg ").Du(s)lurv. + d(glunu,)-

As in the preceding part of the proof, the previous property holds on the
entire U.

On the other hand, identifying P and Q(£) with the sheaves of germs of
their sections, we see that the induced morphism of sections gives

D(Sa) = DU(Sa) = DU(Sa) = Wa,

as a particular case of (1.2.17).
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Finally, for the uniqueness of D, assume that D’ is another connection
with D'(sa) = ws. Again D’ identifies with the morphism generated by the
induced presheaf morphism

{Dy; : P(U) — QL)U)|U C X open}.

Then, for every U, € U, we obtain the commutative diagram

) — v

QL))

DI
PUNU,) —2% Q) UnU,)
DIAGRAM 6.1

where the vertical arrows represent the natural restrictions. Thus, applying
(6.1.6) and taking into account that D’ is also a connection, we have

Db(5)|UﬁUa = Dmea(S\UmUa) = Dé]mUo,(Sa " Ja)
= p(ga1)-Walvnv.) + 0(galunu,)
= Dy(s)|lunu..

for all « € I. Hence, Dy = Dy, for every open U C X, by which we
conclude that D = D’ . O

6.1.6 Remark. Another way to define D from (w,) is by setting

(6.1.8) D(p) == plga ") -wa(z) + (ga),

for every p € P with ©(p) = x € U,, where g, € G is (uniquely) determined
by p = s4(%) - go. Note the difference in the meaning of g, used in (6.1.6)
and (6.1.8).

We prove that D is well defined and satisfies the properties of the state-
ment by a simple modification of the method applied to each Dy above.
However, now we should show that D is a continuous map. To this end, we
choose an arbitrary p, € P and assume that 7(p,) = 2, € U,. Then there
are open neighborhoods V' and U of p, and x,, respectively, such that x|y
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is a homeomorphism. Setting 7 := (7|y/)~! and W := 7(U, NU), we find a
uniquely determined g € G(U, NU) verifying 7(x) = sqo(x) - g(x), for every
x € Uy NU. Therefore, (6.1.8) and (3.3.10) yield

D(r(x)) = p(g(x) ").wa(x) + d(g(x))
= (p(g~ 1 ).wa + 0(g ))( ),

from which it follows that

Dlw = (p(g™")-wa + 8(g)) o 7w

This proves the continuity of D at p, and, similarly, on the whole of P.

6.2. Further examples of connections

In addition to the connections 9 and (D,), discussed earlier in Examples
6.1.2, we examine the following cases.

(a) Sheaf-theoretic connections from (infinitesimal) connections
on principal bundles

Let P = (P,G, X, 7p) be a smooth principal bundle. As we have seen
in Example 4.1.9(a), the sheaf of germs of its smooth sections determines
a principal sheaf P = (P, G, X, 7), where G is the Lie sheaf of groups G =
(G, Ad, L,0) defined in Example 3.3.6(a).

We recall that G = C¥(G) (¢ the sheaf of germs of smooth G-valued
maps on X), L =CF(G) (: the sheaf of germs of G-valued maps on X), if
G = T.G is the Lie algebra of GG, and Ad, 0 are the morphisms obtained
by the sheafification of the ordinary adjoint representation and the total (or
logarithmic) differential, respectively.

An (open) trivializing covering U = (U,) of P also determines a local
frame of P. Without loss of generality

we assume that every U, is the domain of a chart.

Suppose that P admits an (infinitesimal) connection w in the ordinary
sense (see, for instance, Darling [22], Greub -Halperin -Vanstone [35], Kobay-
ashi-Nomizu [49], Naber [81], Sulanke-Wintgen [118]). This amounts to the
existence of a family of local connection forms, w, € AY(U,,G), o € I,
satisfying the compatibility condition

(6.2.1) wp = Ad(g,5) Wa + 9o 5-Aas;
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where go53 € C°(Uyp, G) are the transition functions of P. The local con-
nection forms are given by w, = oiw, if (0,) are the natural sections of P
over U.

Setting A = C¥ (: the sheaf of germs of smooth functions on X, as in
Example 2.1.4(a)), (3.3.14) takes the form

A Ox(G) = QL) =Q @4 L.

(6.2.2)

Because of the completeness of the presheaf U —— Al(U, G) generating
Qx(G), we have the canonical identification (see (1.2.8), (1.2.9) and (1.2.16))

A(Ua,G) 30 = 0 € Qx(G)(Uy),

thus the local connection forms (wy) of w correspond bijectively to the co-
chain (w,) € COU,Q(L)), where w, = M (@a). By the definition of \',
Diagram 1.7, and the notation of () on p. 104, we obtain

(6.2.3) w, = A (@) = (A, (wa))™

We also recall that the cocycle of P is now (gas) € Z'(U,G), according
to equality (4.3.7).
We shall show that (6.2.1) leads to

(6.2.1) wg = Ad(gap~ ) wa + 0(gap);

where Ad and 0 have been explicitly constructed in Example 3.3.6(a). Since
the proof involves technical, though typical, computations, we give the ne-
cessary details.

Applying A! to both sides of (6.2.1), we first obtain

A (@p) = A ((Ad(g55)-wa + 9n5-d9ap)”)

A ((Ad(ggg)-wa)™) + A ((975-d9a5) " )-
Furthermore, using (1.2.17), the definition of 9, and (3.3.17), we see that
(6.2.5) A ((905-905)" ) = (A, (905-0908)) " = (00,5 (9ap))” = 0(gap)-

On the other hand, (3.3.15) and the definition of the action §, determined
by Ad, give

(6.2.4) “p=

(Ad(g;é>~wa)~ = (5Ua5 (g;,g17 wa))N = 6(.507&_1 ) ‘:)oz) ;
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hence,
A ((Ad(g,5)wa)”) = (A 0 0)(gas @a).

However, as a result of A' = (u!) ™ and (2) on p. 108, we see that

Mod=0d0(1xAb).

Therefore, (6.2.3), the definition of Ad via §’, and the general notation
(3.3.9) imply that

A (Ad(go8) wa)™) = (6"0 (1 x A1) (gas @)
=0'(gap > Ay, (wa))

= 6/(5;5717 Qa)
= Ad(gap ) wa-

(6.2.6)

Substituting (6.2.5) and (6.2.6) in (6.2.4), we obtain (6.2.1"), which is pre-
cisely the compatibility condition (6.1.5) for p = Ad. Therefore, in virtue
of Theorem 6.1.5, the 0-cochain (w ) yields a connection D on P.

Conversely, a connection D on P leads to a connection on P by reversing
the previous approach.

Summarizing, we have proved the following result, providing yet an-
other (equivalent) definition of the classical connections on principal bundles,
based on sheaf-theoretic methods.

6.2.1 Theorem. Let P = (P,G,X,7p) be a principal fiber bundle. Then
the (infinitesimal) connections on P are in bijective correspondence with the
sheaf-theoretic connections on the principal sheaf P = (P,G, X, ) of germs
of smooth sections of P.

Note. For the sake of completeness let us remark that, in the context of the
previous example and in analogy to (3.1.8),

QL) Vo) = (@4 L)(Ua) = QUa) ® aw,) L(Ua)-
In fact, if dim G = n, then

L(Uy) = C®(Un,G) = C%(Un, R)" = A(Ua)" 2 AM(U,):;
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consequently,

12

QUa) @ Aw,) LUa) = QUa) @ gw.) AUa)"

(QUa) @ awa) AUa))" = QUa)" = Q" (Ua)

Q"v, (Ua) = ()" (Ua) = (v, @4y, Alva)" (Ua) =
(v, ©a1y, Ava) Ua) = (2 @4 L)(Ua)-

We obtain the same identification if we take into account that

Q(Uas) = AUy, R) =2 C(U,, R)" =2 A™(U,,).

Let us apply the previous considerations to the special case of the trivial
bundle P := X x G over X. Then there is a G-equivariant isomorphism

F:P =5,

generated by the presheaf isomorphism consisting of the C*° (U, G)-equivari-
ant isomorphisms

MU, U xG) 30+ seCU,QG).

Here the domain is the set of smooth sections of P over U, s = pry 00, and
U is running in the topology T x of X. Hence, F' is a global coordinate of P.
By (4.1.9), the global natural section ¢° € I'(X, X x G), i.e., 0°(x) = (z,€),
determines the (global) natural section (with respect to F) s° = 0° € P(X).
Indeed, for every x € X,

F(s°(z)) = F(0°(x)) = F([0°]) = [Fx 0 0°]s = [cels = 1(2),

where ¢, is the constant map X >z +— e € G.

Now, the canonical flat connection w° of P is given by w® = prj «, if
« is the Maurer-Cartan form of G. Hence, ¢° reduces the local connection
forms of w® to the unique trivial form 0. Viewing this as the zero section
of Q(L), we obtain a connection D° corresponding bijectively to w®. By
the very construction of a connection on a principal sheaf from its local
connection forms (see the proof of Theorem 6.1.5), we see that, for any
TePU),

D°(7) = 0(9),

where g € G(U) is uniquely determined by 7 = s°- g. However, the equivari-
ance of F yields F(7) = F(s°-g) = F(s°) - g = g, from which we deduce

=0oF.
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The previous remarks, along with Theorem 6.2.1, are summarized in the
following:

6.2.2 Corollary. The canonical flat connection w® of the trivial bundle
P =X x G over X and the corresponding connection D° (on the sheaf P of
germs of smooth sections of P) coincide, within an isomorphism, with the
Maurer-Cartan differential O of the sheaf of germs G of the G-valued smooth
maps on X.

(b) Connections on projective limits

Here we combine Examples 3.3.6(c) and 4.1.9(b), whose notations and
assumptions are applied hereafter. We further assume that each bundle P;
is endowed with a connection (form) w’ so that, for every j,i € J with j > i,
the connections w’ and w' be (pji, pji,idx)-related, i.e.

* 1 ]
pjw’ =rji - wl.

As usual, the left-hand side is the pull-back of w’ by pj;» whereas the right-
hand side is the 1-form given by

(rjs - wj)p(u) = Tji(wg(u)); p € Pj, ucT,P;,

with 7j; = Tepji = depji (¢ the ordinary differential of a smooth map).

If i = {Uy € X}aer is a common trivializing open covering for all
the bundles, and (s’ ).e; are the natural sections of P; over U, then the
previous (pji, pji, idx )-relatedness condition is equivalent to the following
formula, expressed in terms of the local connection forms (w’)aer of each
W' (ie J):

(627) T wg = Adl(h;ll)w; + h;l : dh]’i; o€l
where the maps hj; € C*(U,, G;) are determined by
pji(sh(x)) = s (2) - hyi(x), @ € Uy.

(For certain aspects of related connections we also refer to Vassiliou [124],
[125]). As explained in the preceding Example 6.2(a), each G;-valued form
w! determines the section

Wo € QUUa) ® 4w, Li(Ua) = QL) (Ua),
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inducing a connection
Di : ’P@ — Q(EZ) == Q@_Aﬁi

on P;, for every i € J. Following the construction of connections given
in the proof of Theorem 6.1.5 (especially formula (6.1.6)), and taking into
account (6.2.7) and the analog of (6.2.1') for the sections (w',);cs, after some
elementary calculations we check that (D?);c; is a morphism of projective
systems producing the connection

D :=limD; : P=limP; — lim(Q @4 L;) = Q(L).

More precisely, D is an (Ad, 0)-connection, where Ad and 0 are the morph-
isms defined in Example 3.3.6(c).

Regarding connections on (Fréhet) bundles, which are projective limits
of (Banach) principal bundles, we refer to Galanis [31].

(c¢) The sheaf of connections

Using the initial action of G on Q(L£), as defined by (3.3.5) (see also the

notations (3.3.7)), we define a new action, namely
GxxQUL) — QL) : (g,w) — g-w,

(6.2.8) x QL) E1) (g,w) — g

g-w:=plg)w+g ") =plg).(w—0g)).

Adopting the well-known terminology (for ordinary differential forms), the
expression ¢~ -w = p(g7').w + d(g) is called the gauge transform of w

by g.
Now, (6.2.8) induces the following right action of G on P x x Q(L):

(Pxx QL) xx G —PxxQUL): (p,w,g) — (p,w) - g,
(6.2.9) B o
(pw)-g=m@-9,9 " w)=(p-g,pg ") w+0dg)).

Accordingly, we define the equivalence relation:

(pw)~(q.0) < 3 geg: (¢.0)=(puw) -y,

for pairs of elements projected to the same point of X.
Therefore, by Proposition 5.3.4 and Theorem 5.3.5, we obtain the sheaf

(6.2.10) C(P):=P x QL),

whose structure type is the A-module (L)
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6.2.3 Definition. We call C(P) the sheaf of connections of P.

The previous terminology is in accordance with A. Aragnol (see [1, Def.
I11.1.2]), who originally defined C(P) in the case of ordinary connections
on a principal bundle P, with P now being the sheaf of germs of smooth
sections of P.

The following result justifies Aragnol’s terminology.

6.2.4 Theorem. The connections of P are in bijective correspondence with
the global sections of C(P).

Proof. The result is a direct consequence of Theorem 5.3.9. Indeed, a global
section of C(P) corresponds bijectively to a tensorial morphism of the form
D : P — Q(L). Taking into account Definition 5.3.8 and the action (6.2.8),
we see that

D(p-g)=g " -D(p):=p(g~")-D(p)+d(9),  (p.g) €PxxG.

Hence, D is a connection on P. By the same token we prove the converse
part of the statement. O

Theorem 6.2.4 provides an existence criterion, stated in the following
obvious result:

6.2.5 Corollary. A principal sheaf P admits a connection if and only if
the sheaf of connections C(P) admits a global section.

(d) The abelian case

For the purpose of later reference, we record here the particular case
of a principal sheaf P with an abelian structure sheaf G. Now, since p
is the trivial representation (see Definition 3.3.4), a connection D on P is
characterized by the property

D(p-g) = D(p) + 0(9g), (r,g9) € P xxG.

Similarly, the local connection forms (w,) of D satisfy the compatibility
condition

wg = wWa + 0(gap)
over Uyg, for all o, 8 € 1.
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6.3. Existence of connections

We shall show that the canonical local connections (D,,), defined in Example
6.1.2(b), provide a (global) connection D on P if the Atiyah class of P,
defined in the sequel, annihilates.
Before attaining our main objective, we note that, if F is an A-module
on which G acts from the left, then the isomorphism of Corollary 5.3.10,
namely
Homg(P,F) =P x5 F,

is an A-isomorphism. This is a consequence of Proposition 5.4.5, in con-
junction with Proposition 3.3.1 establishing the equivalence between repres-
entations and actions.

We consider the natural action of G on the left of Q ® 4 F, induced by

g-0®@u)=0®g9g-u,
for every 0 @ u € Qp ® 4, Fz, g € Gz, and x € X.

6.3.1 Proposition. Let Q and F be A-modules. Then, with respect to the
previous action, we have the A-isomorphisms

Homg(P, Q@4 F) = Q@4 (P x$ F) =2 Q@4 Homg (P, F).

Proof. By the introductory comments we only need to prove the first iso-
morphism. Setting, for simplicity, @ = P xg( F, we see that Q ® 4 Q is an
A-module of structure type 2 ® 4 F, with local coordinates

1®<T>a:Q\Ua R Ay, Qlu., LQ\UQ R Ay, Flu.,, o€l

Here 1 = 1q (restricted to Uy), and ®, : Q|y, — Fly, is the coordinate of
Q over U, (see Theorem 5.3.5).

The proof now follows essentially those of Theorem 5.3.9 and Corollary
5.3.10, after an appropriate tensoring of the morphisms involved therein.
More precisely, given any open U C X, we define the map

(6.3.1) Hy : Homg,,, (Plv. Qv @4, Flu) — (Q©@4 Q)(U)

as follows: For a tensorial morphism f in the indicated domain, we set

(6.3.2) Hy(f)(z) = (1@ ®5") o fosa)(x),
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if x € UNU, and s, is the natural section of P over U,. Note that
Qv @4, Flv = (Q®4F)|v-

Hy; is well defined. Indeed, for every x € U N U,g, the tensoriality of f
and Theorem 5.3.5 imply that

(1@ @5 o foss)(x) =

On the other hand, Hy is a bijection whose inverse is defined in the
following way: If 0 € (2 ®4 Q)(U), then

Hy'(0)(p) = (1® 95" - ®a)(0(2)),

for every p € P with 7T( )=2¢€UNU, and Ja determmed by p = Sa(%) ga-
The morphism g, ! - ®, is given by (9, - ®a)(q) := go* - Palq), for every
q € Q. Working in a way similar to the first part of the proof of Theorem
5.3.9, we check that H; '(0) is a well defined tensorial morphism.
Identifying Q2 ® 4 @ with the sheaf of germs of its sections, we have that
(Hy), U running the topology of X, is a presheaf morphism. The desired
first isomorphism of the statement is generated by (Hy). O

Reverting to the context of connections, we replace F by Q(L£) and Q
by the adjoint sheaf p(P) (see Subsection 5.4(d)). Then Proposition 6.3.1
implies that

Homg (P,2L)) = Homg(P,Q®4 L) =
Q@4 (P x$ L) =04 p(P).

If we apply the analog of (3.3.4) for Q ® 4 p(P), the last identification
takes the form

(6.3.3) Homg (P, QL)) = Q(p(P)) := Q@4 p(P).

Moreover, if f € Homg (P,Q(L)) (U) = Homg,,, (P|v, 2(L)|v), for any open
U C X, the tensoriality of f is expressed by

(6.3.3) fo-9)=p(g™")-f®),  (»,9) € Plu xvGlu.
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If U is a local frame of P, we can form the cochain complex of A(X)-
modules

OO (U, Homg (P, QL)) —— C (U, Homg (P.Q(L)))
2L (U, Homg (P.Q(L))) s -
from which the (Cech) cohomology groups (in fact, .A(X)-modules)
H(U, Homg (P,Q(L))) and  HY(X, Homg (P, Q(L)))

are derived in the usual manner (see Subsection 1.6.1).

We now consider the canonical connections (D, ), with respect to a local
frame U. For every (p,g) € (PxXxG)|v.; = PlUas XUas GlUas, (6.1.1) implies
that

(Do — Dg)(p-g) = p(g~").(Da — Dg)(p);

in other words,

D, — Dg € Homg‘Uaﬂ (Plo.s, UL)|v,5) = Homg(P, L)) (Uap).
Therefore, we obtain the 1-cocycle,
(6.3.4) (Do — Dg) € Z' (U, Homg (P, Q(L))).

called the Maurer-Cartan cocycle of P (with respect to /). This determ-
ines the class [(Do—Dg)lu € H' (U, Homg (P, (L)) ) and the corresponding
cohomology class

(6.3.5) a(P) := [(Da — Dg)] € H' (X, Homg (P, Q(L))).
Equivalently, in virtue of (6.3.3), we may write
(6.3.5) a(P) € H'(X,Q(p(P))).

6.3.2 Definition. The cohomology class a(P) is called the Atiyah class
of the principal sheaf P.

The preceding terminology is inspired by J. L. Koszul’s analogous Atiyah
class, referring to an ordinary holomorphic principal bundle P (see [50, p.
119]). The class a(P), as well as its classical analog, is the obstruction to
the existence of connections, as shown in the next theorem.
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The original idea of such an obstruction goes back to M. F. Atiyah ([6]),
whose approach is based on the extension theory of vector bundles and their
corresponding locally free sheaves (viz. vector sheaves). The resulting class,
originally denoted by a(P), is Koszul’s Atiyah obstruction class b(P) (see
[50, p. 120]).

We would like to add that the approach via extensions cannot be applied
to the present framework of arbitrary principal sheaves. The latter are not
related with some natural vector sheaves, as in the case of principal bundles,
whose corresponding vector bundles (tangent bundle, bundle of invariant
vector fields etc.) and their associated sheaves of sections enable one to
apply the extension mechanism. In contrast, the same mechanism works
well in the case of arbitrary vector sheaves, as expounded in Mallios [62,
Chapter VI, Sections 13-14].

We come to the following fundamental existence criterion:

6.3.3 Theorem. A principal sheaf (P,G, X, 7) admits a connection if and
only if a(P) = 0.

Proof. First assume that a(P) = 0. Then there exists a local frame
(U, (¢a)) of P and a O-cochain (f,) € C°(U, Homg (P, (L)) such that

(Da = Dg) = 8°((fa)-
Therefore, for every a, 3 € I with Uyg # 0, Do — Dg = f3 — fa, OF
(6.3.6) Do+ foa = Dg + f3.
Setting, for the sake of convenience,
(6.3.7) Po :="Plu, =7 '(Ua),
we define the mapping D : P — Q(L) by
Dlp, = Dy + fa, ael.

By (6.3.6), D is a well defined morphism of sheaves. On the other hand, for
any (p,g) € P xx G with nx(p,g) = 7(p) € Uy, condition (6.1.1) for D,,
and the tensoriality of f, (see (6.3.3")) yield

D(p-g) = Dalp-9)+ falp-9)
= p(g7")-(Dalp) + falp)) + 0(g)
= p(g~").D(p) + 9(9);
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that is, D is a connection on P.

Conversely, assume that P admits a connection D. If U is a local frame
of P, we define the connections D, := D|p,, restrictions of D to the sub-
sheaves P,, a € I. Clearly, each D, does not necessarily coincide with
the canonical local connection D, defined by (6.1.2), henceforth the use of
the bar on the restrictions of D. As a result, we obtain the equivariant

morphisms
fo := Do — Do € Homg,,, (Pl QL)) acl,
which form the 0-cochain (fa) € C°(P, Homg (P,Q(L))). Since, on Uag,
0= Do — Dy = (Da — Dp) = (f3 — fa),

we have that D, — Dg = fg — fo € Homg (P,Q(L)) (Uyap), from which it
follows that

(Do — Dg) = 6°((fa)) € im(8°).
Therefore, the Maurer-Cartan cocycle (D, — Dg) is also a coboundary and
a(P) = [(Do — Dg)] = 0. This terminates the proof. O

Note. For the sake of completeness let us give another proof of the first
part of the above theorem, using the local connection forms: Assuming that
a(P) = 0, we saw that D, — D3 = f3 — f,. Evaluating the morphism of
sections, induced by the last equality, at sg (restricted to U,g), we obtain

(Do — Dg)(s3) = (fs — fa)(sg). Applying (4.3.3), (6.1.1"), (6.1.3) and the
tensoriality of f, the previous equality transforms into

a(gaﬁ) = fﬁ(sﬂ) - p(g;ﬁl)-fa(sa)‘
Consequently, the forms
Wa = fal(Sa) € QL) (U,); a€l,

determine a cochain (w,) € CO(U,Q(L)) satisfying (6.1.5). Theorem 6.1.5
now ensures the existence of a connection on P.

The Maurer-Cartan cocycle (6.3.4) can be related with the (coordinate)
cocycle (gag) € Z'(U,G) of P as follows: For each U, # 0, we consider the
isomorphism (see (6.3.1) for F = L)

Hy,, : Homg|, (Plu.s QL) ues) — Up(P))(Uags).
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Then, viewing p(P) as the sheaf P X%E with coordinates (5(1), and applying
the analog of (6.3.2) for the induced morphisms of sections, along with
(6.1.1") and (6.1.3), we see that

(
(
(6.3.8) (
(

We note that we obtain the same expression if we take 5;1 and s, (see
the relevant argument in the proof of Proposition 6.3.1 showing that the
isomorphism (6.3.1) is well defined). Therefore, the Maurer-Cartan cocycle
(Do — Dg) is identified, by means of the isomorphisms (Hy,,), with the
cocycle

(12 @5)(0(909))) € Z' (U, Ap(P)))
(cf. also the classical complex analytic case in Atiyah [6, p. 190]).

Under the identifications (6.3.8), by abuse of notation one may write
(Do — Dg) = (0(gap))- As a result,

a(P) = [(Da — Dp)] = [((gap))]-

However, this may lead to some confusion, since the differential of the
cocycle (gag), ie., the I-cochain 9((gas)) = (0(g9ap)) € CHU,Q(L))

is not necessarily a cocycle, unless G is abelian.

From the preceding arguments we see that the sections
(6.3.9) g =(100,1)0(g);  mAET

determine a cocycle (g,5) € Z* (U, p(2(P))) such that

[(9ap)l = a(P).

Another way to prove that (g,s) is a cocycle is to “differentiate” the
cocycle condition goy = gag - g3y and then apply (6.3.9) along with (5.4.19).
Similar calculations are used in the discussion before the proof of Corollary
6.3.4 below (see, in particular, (6.3.11)), where the reader can find more
details.
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Regarding the same cocycle, one may also consult two relevant discus-
sions contained in Gunning [38, p. 100, and Appendix 1]. The first concerns
the cocycle obtained from the differential of the coordinate cocycle of a
Riemann surface. The second is related with the formalism of cohomology
with coefficients in locally free analytic sheaves. The conclusions of the
aforementioned Appendix can be easily adapted to the case of a principal
sheaf admitting local coordinates.

Our previous considerations lead to the following:

6.3.4 Corollary. A principal sheaf (P,G, X, ) admits a connection if and
only if [(gap)] = [(0(gap))] = 0.

Although this is a restatement of Theorem 6.3.3, we intend to give
another proof using the local connection forms and the local structure of
Q(p(P)). To prepare this we observe that the local coordinates of Q(p(P))
are the isomorphisms

1® 30 - Qp(P)|v. = v, @ty P(P)lva — Aua @ apy,, Llv, = UL v,

for all @ € I. As in Theorem 6.3.3, (®,) are the coordinates of p(P) =
P Xg( L. The change of coordinates over U,g is the isomorphism

1@0a)o(1@0;") =1® (2o ®;") : AL)u,, — UL |0,y
whose explicit form is computed as follows: Given an element w € Q(L),
with z € Uy, thereis a o € Q(U)® 4y L£(U) such that w = [0], = 7 (), for

an open neighborhood U of z. The morphism 1® (¥, o CAISEI) can be thought
of as generated by the induced morphisms of sections (in full notation)

1® (E)a o Cf)gl)v, for all open V' C U,p. Then, setting W := U N U,g, we
obtain the following analog of Diagram 1.6

1® (Pgo®;")
QW) @ 0wy LOW) EW (W) @Ay L)

1@ (g o0 55])95

DIAGRAM 6.2
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where the vertical arrows denote the corresponding canonical maps into
germs. Therefore,

(1® (a0 ®;")) (W) = (1® (B0 ®5")) (G (x))
(1@ (®aody"), )(0) (2).

On the other hand, if we assume that o is a decomposable tensor of the
form o = 6 ® ¢, then (5.4.19) implies that

(1®(<1> o% )y o ) = 0@ (g o%) ) =
9®P gozﬁ (1 p Gap ) 0®€) - (1 ®p(9aﬁ))(0)'

The same equality holds, by linear extension, for every (not necessarily
decomposable) tensor o. Hence, combining the previous equalities with
(3.3.7), we conclude that

(1@ (P o @;"))(wW) = ((1® plgap)) (o)) (z)

6.3.10
( ) = p(gap(x)).W

for every w € Q(L), and = € X.
The section-wise analog of (6.3.10) over U, is given by

(6.3.11) (1® (Pao®5"))w) = p(gap)w,  w € QL) (Uap).

Indeed, for every x € U, (6.3.10), convention (1.1.3), and (3.3.10) imply that

(1® (Rao®y"))(w))(z) = (1® (P o %El)Uaﬁ)(w))(x) —
(1® (P 0 5"))w(@) = p(gas(x)) w(x) = (p(gas)w)(2),

as claimed.

With the previous preparation, we are in a position to give the proof of
the last statement.

Proof of Corollary 6.3.4. Assume that P admits a connection with corres-
ponding connection forms (w,) over U. We define the 1-forms (viz. sections)

On = (12D, ) (wa) € Up(P)(Us), acl.
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Based on (6.1.5), (6.3.11), (6.3.9), we find that

05— 0a = (18 ;") (ws) — (1© ") (wa)
= (1@ ;") (p(gap) ' wa + 0(gap)) — (1©2,")(wa)
=(123,") (1@ (®g0®,")(wa)) +0(gap)) — (1 & ®,")(wa)
= (1® 2;")(0(gap)) = Gup:
that is,
(6.3.12) Op — Oa = Gap; over Upyg,

for every o, 8 € I. As a result, the cocycle (g,z) is the coboundary of the
0-cochain

(6.3.13) (©a) € C°(U, Q(p(P))).
In other words, (g,s3) = 0°((0a)), if
3" CO (U, p(P))) — C' (U, Q(p(P)))

is the 0-coboundary operator. Consequently, [(g,3)] = 0, as required.
Conversely, assume that [(g,z)] = 0. Then (under an appropriate modi-
fication of the covering, if necessary) we may take (g,3) € 2 (U, Qp(P)));
thus, there is a 0-cochain (©,) of the form (6.3.13) satisfying (6.3.12). Re-
versing the arguments of the first part of the proof, we obtain a family (w,,)
yielding a connection D on P. O

6.3.5 Corollary. Connections on P are in bijective correspondence with
cochains of 1-forms (0,) € C°(U,Q(p(P))), such that the compatibility con-
dition

@Ig - @Oc + gaﬁ
is satisfied over each Uyg.

Proof. Working as in the proof of Corollary 6.3.4, we see that a connection
D = (w,) determines the cochain (6.3.13) satisfying (6.3.12); hence, we
obtain the condition of the statement.

Conversely, from a cochain (0,) € C°(U,Q(p(P))) we define the cochain
of 1-forms (w,) with

Wo 1= (1 ® @a)(®a> S Q(p(P))(Ua)7 ael.



6.3. Existence of connections 233

Therefore, (6.3.9) and (6.3.11) yield
18 85)(05) = (1 ®5)(Oa) + (1€ $5)(gas)

we =
= ((1®(@508:1) 0 (10 $a))(Oa) + (1© $5)(gas)
= (10 (P50 8,"))(wa) + (1® B5)(gap)
P(9op)wa + O(gap).
Hence, the cochain (w,) determines a connection on P. O

6.3.6 Corollary. A connection on P determines a global section
X € Q(p(P))(X).

Proof. Let D be any connection on P with local connection forms (w,). By
Corollary 6.3.5, there exists a cochain (0,) satisfying (6.3.12). On the other
hand, the existence of a connection, being equivalent to [(g,z)] = 0 (see Co-
rollary 6.3.4), also implies the existence of a cochain (0,) € C° (U, Q(p(P)))
such that

(6.3.14) 05 — Ou = Gup; a,B e,

(after refining all the coverings involved, if necessary, we can assume that
all the cochains are taken over the same covering ). Hence, (6.3.12) and
(6.3.14) imply that

(6.3.15) Op — Oy =05 — O,.

Setting Yo := O4 — O, a € I, (6.3.15) shows that we get a global section
x by gluing together all the y,’s. O

In the sequel we assume that € is reflexive, a property already shared by
the sheaf of germs of ordinary differential 1-forms on a differential manifold.
More precisely, we shall say that € is a reflexive A-module if

where the dual module Q* := Hom (2, A) is the sheaf of germs of A-
morphisms of 2 in A (see Subsection 1.3.5).
We can form the exact sequence of A-modules

(6.3.16) 0— p(P) —— p(P)er Lo — 0,

where 7 and p are the natural injection and projection respectively. Then
we obtain the following:
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6.3.7 Corollary. If Q) is reflexive, then every connection on P determines
a splitting of the exact sequence (6.3.16).

Proof. The reflexivity of Q yields
Qp(P)) = Q@A p(P) = Q™ @4 p(P) = Homa(Q, p(P)).
Consequently,
Q(p(P))(X) = Homa(Q7, p(P))(X) = Homa(Q", p(P)).

Thus, by Corollary 6.3.6, there exists an .A-morphism h € Hom 4(Q2*, p(P))
corresponding to the given connection. The desired splitting is, evidently,
h:=h+id|g~. O

We close this section with a few comments on the structure of the set
of connections on P, denoted by Conn(P).

Given two connections D, D’ € Conn(P), working as in the case of the
Maurer-Cartan cocycle (6.3.4), we see that (see also (6.3.3))

D~ D' € Homg(P, QL)) = Homg (P, (L)) (X) = Qp(P))(X).
As a result, we conclude that:

6.3.8 Proposition. The set of connections Conn(P) is an affine space
modelled on the A(X)-module Q(p(P))(X).

6.3.9 Remark. Let P be a smooth principal bundle over a (Hausdorff)
paracompact base X and let P be the principal sheaf of sections of P (see
Example 4.1.9(a)). As is well known, P admits connections, thus (by The-
orem 6.2.1) so does P. Therefore, in virtue of Theorem 6.3.3, a(P) = 0.

However, the annihilation of a(P), and the resulting existence of connec-
tions on P and P, can also be explained in the following way: the algebra
sheaf C§ is fine and so is every C-module. Hence Q(p(P)), being a fine
sheaf, is acyclic and H' (X, Q(p(P))) = 0.

6.4. Mappings of connections

Let P = (P,G,X,n) and P’ = (P, G, X, ') be two principal sheaves, with
structure sheaves G = (G, p, £,0) and G' = (G', p', L', D), respectively.
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As we know (see Definition 4.2.1), a morphism of P into P’ is determined
by a quadruple (f, ¢, ¢,idx), where (¢, @) is a morphism of Lie sheaves of
groups, and the morphism of sheaves f : P — P’ satisfies the equivariance
property f(p-g) = f(p)-¢(g), for every (p,g) € P x x G. Equivalently, for an
open U C X, the induced morphism of sections satisfies f(s-g) = f(s)-¢(g),
for all (s,g) € P(U) x G(U).

6.4.1 Definition. Let (f,¢,¢,idx) be a morphism of P into P'. Two
connections D and D', defined on P and P’ respectively, are said to be
(f, b, ¢,idx)-related if

(6.4.1) D'of=(1®¢)oD,

as shown in the following commutative diagram.

f

P - P

D D’

QL) = QUL Qe Ll =)

DIAGRAM 6.3

In particular, if P and P’ are G-principal sheaves and (¢, ¢) = (idg, id.),
then (f,idg,idr,idx)-related connections are called f-conjugate. In this
case, (6.4.1) reduces to

(6.4.2) D=Dof.

We have already proved (Theorem 4.4.1) that a morphism (f, ¢, ¢,idx)
of P into P’ determines a O-cochain (h,) € C°(U,G’) satisfying equalities
(4.4.1) and (4.4.2). As a result, we obtain the following criterion of related-
ness with respect to a given morphism of principal sheaves.

6.4.2 Theorem. Let (f,¢,d,idx) be a morphism of P into P'. Assume
that D and D’ are two connections on P and P’, respectively, with corres-
ponding local connection forms (ws) and (W), over the same open covering
U of X. Then D and D' are (f, ¢, ¢,idx)-related if and only if

(6.4.3) (1®¢)(wa) = ¢ (ha').wy + ' (ha),

for every a € 1.
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Proof. Let D and D' be (f, ¢, ¢,idx)-related. Applying (6.1.4), (6.4.1),
(4.4.1), and (6.1.1") for D', we obtain

(1®¢)(wa) = (1 ® @) 0 D)(sa
(D/ o f)(sa) = D/(S:x ha) = pl(h;1>-w

~—

8 (ha).

o~
+

Conversely, assume that (6.4.3) is satisfied. For any p € P with w(p) =
x € U,, we have that p = s,(2) - ga, for a unique g, € G. Therefore (by
Theorem 4.4.1),

F(p) = f(5a(2)) - $(ga) = sa(x) - ha(®) - $(ga),

and, in virtue of (6.4.3),

which shows that D and D’ are (f, ¢, ¢, idx )-related. O

In the inverse part of the previous proof we used the following general
result:

6.4.3 Lemma. Let (¢, ) be a morphism of Lie sheaves of groups of G into
G'. Then

(1@ ¢)(p(g).w) = p'(6(9))-(1 ® §)(w),
for every g € Gy, w € QL) y =Ny R4, Ly, and every x € X.

Proof. If g = s(z) and w = [0]; for s € G(U) and o € QU) @ 411y L(U),
with z € U, applying (3.3.7") and the interplay between sheaf morphisms
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and the induced morphisms of sections, we see that

(1®9)(p(g).w) = (1 ®5)([(1 ® p(5))(7)]a)
?) (1@ p(s))(0)],

(1® gb o p(s))) (o) }

(1® (' (¢(s)) 0 b ) o),

(1®P () e (1®9))(0)],

(1@ (@ )((1®¢>( N,

But ¢(g) = ¢(s(z)) = ¢(s)(z) and (12 ¢)(w) = (1®6)([0]2) = [(1©)(0)]s-

Therefore, using (3.3.7’) once more, we conclude that
(1@ ¢)(p(g).w) = [(L@ p'(¢(s))((L @ d)(0))],
=7 (6(9))-((1® §)(w)). 0

We can also relate connections provided that we are given an appropriate
cochain (hy) € C°(U,G) and a morphism of Lie sheaves of groups. More
precisely, we have:

(see (3.4.1"))

(1
[
[
[
[

6.4.4 Proposition. Let P and P’ be two principal sheaves equipped with

the connections D = (w,) and D' = (W), respectively. Assume that we are

given a morphism (¢, ) of G into G', and a 0-cochain (he) € CO(U,G') sat-
isfying equalities (4.4.2) and (6.4.3). Then there exists a unique morphism
(of sheaves of sets) f : P — P’ such that (f,¢,¢,idx) is a morphism of
principal sheaves and the connections D and D' are (f, ¢, ¢,idx)-related.

Proof. The existence of the morphism (f, ¢, ¢, idx ) was established in The-
orem 4.4.1. Then equality (6.4.1) is a consequence of Theorem 6.4.2. ]

In the particular case of G-principal sheaves, combining Theorems 6.4.2
and 4.2.4, along with Proposition 6.4.4, we obtain:

6.4.5 Theorem. Let D = (w,) and D' = (W) be two connections on
the principal sheaves P = (P,G, X, ) and P' = (P',G, X, «’), respectively.
Then the following conditions are equivalent:

i) D and D' are f-conjugate, for a G-(iso)morphism f of P onto P'.

ii) There exists a 0-cochain (ha) € C°(U,G) such that equalities

(6'4'4) g/a,B = hoz *Gop - hilv
(6.4.5) wa = plhy V)., + 9(he)
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hold over Uyg and U,, respectively, for all o, 3 € I.

The next results provide examples of related connections. Their classical
counterparts can be found in Kobayashi-Nomizu [49, Chap. II, Propositions
6.1 and 6.2].

6.4.6 Corollary. Let (f, ¢, $,idx) be a morphism of P into P'. Then, for
each connection D = (w,) on P, there exists a unique (f, ¢, p,idx)-related
connection D' on P'.

Proof. Motivated essentially by 6.4.2, we define the forms
(6.4.6) wh = p'(ha).(1® @) (wa) + 0'(h 1), a€el.

The analog of (6.4.6) for wg, and the compatibility condition (6.1.5) yield

W = p'(hp)-(1® @) (wp) + I'(hy")
= 0'(hg).(1© ) (plg55) wa) + (1® 9)(D(9ap))) + ' (h5"),

or, by (3.4.2), the compatibility of the action with the A-module structure
(see Proposition 3.3.1), and the section-wise analog of Lemma 6.4.3,

=0 (he) (¢ (¢(9:5))-(1® 6)(wa) + ' ($(9ap))) + ' (h5")
= 0/ (h) {9/ ($(95))-(1 ® §)(wa)) + p' (hp). 3’(¢(ga@))+3’( D)
=0/ (hg - ¢(9n5))-(1® @) (wa) + o' (hs).0' (6 (;g))Jr "(hs")
=/ (hs - 0(9,5))-(1® 8)(wa) + 0 (6(gap)-hy ')

® ¢)(wa) + ' (ha' - ghs)

® ) (wa) + 0 ((9h5) )0 (he') + ' (ghp)
) (1© @) (wa) +8'(hy")) + 0'(g0p)

“Hwh, + 0 (90s);

that is, the 0-cochain (w],) determines a connection D’ on P’, as a con-
sequence of Theorem 6.1.5.
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On the other hand, in virtue of Proposition 3.3.5, equality (6.4.6) takes
the form

P (ha)-(1® ¢)(wa) +0'(hy")
P,(ha)~(1 ® 5)(‘*)04) - Pl(ha)-a/(ha)
P (7). (1@ @) (wa) — ' (ha));

/
wa

from which we get (6.4.3), for all @ € I. As a consequence, D and D’ are

(f, ¢, ¢,idx)-related.

Finally, the uniqueness of D’ = (w/,) is proved as follows: If there is a
connection D = (@, ), which is also (f, ¢, ¢, idx )-related with D, then (6.4.3)
implies that (w),) = (@s). Hence, for any p € P, with z € U,, we write
p = Sa(z) - g (for a unique g € G,) and

D(p) = D(sa(x) - g) = plg~").D(salz)) + d(g)

6.4.7 Corollary. Let (f, ¢, ¢, idx) be a morphism of P into P’ such that ¢ is
an isomorphism of Lie algebra A-modules. Then every connection D' = (w),)

on P’ induces a unique connection D on P, which is (f,$, ¢, idx)-related
with D'.

Proof. It suffices to take D := (1 ®$71) oD’ o f. O

6.4.8 Remark. It is immediately checked that the local connection forms
(wq) of the connection D, defined in Corollary 6.4.7, are given by

(6.4.7) wa = (1®¢) (¢ (h')wy + ' (ha)),

as a result of equality (4.4.1) defining hq. In the case of an isomorphism
of Lie sheaves of groups (¢, ¢), setting g, := ¢~ ' (h) and applying (3.4.2),
together with the section-wise analog of Lemma 6.4.3, we transform (6.4.7)
into

(6.4.7') wa = p(g5")-(1® 6) ™ (wg)) + (ga)-

Thus one can equivalently define the connection D of Corollary 6.4.7
starting with the 0-cochain (w,), given by (6.4.7) or (6.4.7’), and working
as in the proof of Corollary 6.4.6.
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6.5. The pull-back of a connection

The present short section deals with the connection induced on the pull-
back —by a continuous map— of a principal sheaf equipped with a connection.
This important construction adds another (non trivial) example to the list
of Section 6.2.

Taking up the notations of Example 4.1.9(c), we consider a fixed con-
tinuous map f : Y — X and a principal sheaf P = (P, G, X, 7). We have
already seen that f*(P) = (f*(P), f*(G),Y,7*) is a principal sheaf with
structure sheaf f*(G) = (f*(G), p*, f*(£),d*), where p* and 9* are defined
by (3.5.14) and (3.5.6), respectively (see also Theorem 3.5.4).

Assume now that P is provided with a connection D : P — Q(L). Then
we define the morphism of sheaves

(6.5.1) D* .= 7o f*(D),

as pictured in the following diagram

DIiAGRAM 6.4

where 7 is the isomorphism of f*(A)-modules defined by Lemma 3.5.1.

6.5.1 Proposition. The morphism D* : f*(P) — f*(Q)(f*(L)) is a con-
nection on f*(P), called the pull-back connection of D.

Proof. We prove the property (6.1.1) by essentially repeating the proof of
Theorem 3.5.4. As a matter of fact, for any (y,p) € f*(P), = {y} x Py
and (y,9) € f*(G)y = {y} X Gy(y), we check that

D*((y,p) - (y,9)) = D*(y,p- 9)
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= p*(y,9).D*(y,p) + 0*(y, ).

-1

Since (y,¢g7 ') = (y,9)~", we conclude the proof. O

Note. Analogously to the identifications 0*(z, g) = (x,9(g)), and p*(z, g) =
(z,p(g)) (see (3.5.7"), (3.5.15")), we may write

(6.5.2) D*(y,p) = (y, D(p)),

which simplifies complex computations.

Let us find the local connection forms (w

(V, (¢%)) of f*(P), where ¢

) of D*, over the local frame

V={V,:=f Y U,) | Uy €U} and ¢} = f*(¢a),

if (U, (¢a)) is a local frame of P. In virtue of (4.1.11), we find, for every
yey:

waly) = D*(*)(y) Dr (y o«(f(y)
= 7(y,D ) =7 (y,wa(f()))-

Using the adjunction map ff; : (Q®4 L)(Ua) — f*(Q®a4 L)(Va) (see also
(1.4.2)), the above expression yields

(6.5.3) wy = T(ff}a (wa)) = fir, (wa).

We close the section by showing that the connections D and D* are
related in a sense generalizing that of Definition 6.4.1. Since this is the only
case where we use this generalization, we have taken a slightly informal, less
detailed approach.
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According to Remark 4.2.2(2) and equality (4.2.2), we define the follow-
ing morphisms over the continuous map f:

fp: f*(P) —P
fg:7(9)
fe: (L) —P
fo: 1)

)

i.e., the projections of the indicated fiber products (pull-backs) to the second
factor.

By Corollary (3.5.5), (f&, f7) is a morphism between the Lie sheaves of
groups f*(G) and G. Analogously, (f5, f&, f7, f) is a morphism of principal
sheaves, with respect to the previous Lie sheaves of groups (see also Propos-
ition 4.2.5). Finally, the identification 7 implies that f3 = f& ® ff oT.

As a result, (6.5.1) leads at once to the commutative diagram

7 (P) N
D* D
P (o) —92IE o

DIAGRAM 6.5

which means that D* and D are ( Ips 16 f1s f)—related, according to the
obvious generalization of Definition 6.4.1 and Diagram 6.3.

6.6. The moduli sheaf of connections

Here we examine the behavior of the connections on a principal sheaf P,
with regard to the gauge transformations of P. This will allow us to group
the connections of P in certain equivalence classes.

We assume that the set of connections is not empty, Conn(P) # 0, a
fact ensured, e.g., by the conditions of Section 6.3. Based on Definitions
5.3.11 and 6.4.1, we give the following:
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6.6.1 Definition. Two connections D, D" € Conn(P) are said to be gauge
equivalent if they are conjugate by means of a gauge transformation; in

other words, if there is an f € GA(P) such that D' = Do f.

It is also customary to write
(6.6.1) D' =f*D:=Dof,

but f*D should not be confused with the pull-back connection f*(D) already
defined by (6.5.1).

Let (wq) and (w)) be the respective local connection forms of D and
D', over a local frame U. If 7 is the tensorial morphism corresponding to
f (see Proposition 5.3.12 and equality (5.3.24)), then condition (6.6.1) is
equivalent to

(6.6.2) Wo = p(T(sa)_l).w'a + 0(7(8a)),

in virtue of Theorem 6.4.5. This is the case, since, as is readily checked, the
sections (hy) in (6.4.5) (defined by (4.4.6) for s, = s,,) now coincide with

T(8q)-

Definition 6.6.1 induces the following equivalence relation on Conn(P):
(6.6.3) D~D'" <<= 3feGAP):D =fD:=Dof.

The same relation can be obtained via the natural action
(6.6.4) Conn(P) x GA(P) — Conn(P) : (D, f) — f*D.
In this case we check that f*D is indeed a connection, since

(f*D)(p.g) = D(f(p-g))=D(f(p)-9)

for every (p,g) € P xx G.
It is clear that an equivalence class [D], with respect to (6.6.3), coincides
with the orbit of D, with respect to (6.6.4), i.e.,

[D] =Op :={Dof|feGAP)}.
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6.6.2 Definition. The moduli space of (the connections of) P is the space
M(P) := Conn(P)/GA(P) = U Op.
DeConn(P)

Our objective is to relate M (P) with the global sections of a sheaf con-
structed by an appropriate action of the sheaf of groups Hom,q(P,G) on
the sheaf of connections C(P), the latter being described in Example 6.2(c).

By Corollary 5.3.6, C(P) can be thought of as being generated by the
presheaf

U— QU) = (P(U) x UL)(U))/G(U),

where the quotient is defined with respect to the action (6.2.9), localized
over each U. On the other hand, Hom,q(P,G) is generated by the presheaf

U — Hom,q(P|v,Glv),

as discussed after Corollary 5.3.10.
Now, for each open U C X, we define the map

ov + QU) x Homaq(Plv, Glv) — Q(U)
by setting

(6.6.5) ou([(s,w)],7) =[(s,w)] -7 := [(s, p(T(s)_l).w + 8(7(3)))]

First we check that 0y is well defined: If [(s',w")] = [(s,w)], then (by the
definition of the equivalence in Q(U) induced by (6.2.9)), there is a (unique)
g € G(U) such that s’ = s- g and v’ = p(g~').w + 9(g). Therefore, (5.3.22)
implies that

P
(6.6.6) =0
p

Similarly, using Proposition 3.3.5, we find that
A(r(s) =d(r(s-9) =g~ -7(s) - g)

(6.6.7)
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Hence, (6.6.6) and (6.6.7), along, once again, with the local form of (6.2.9),
imply that

(s )] -7 =

Cn

(r(s") Hw' + a(r(s"))]

-9, p(g™" ( (7(s) ) w +8(r(s))) + 8(9))]
s, p(T(s)~ 1 ).w + 6(7’(3)))}

= [(s,w)]

which proves the claim.

Next, we check that dy defines an action: For any [(s,w)] € Q(U) and
7,7 € Homaq(Plu, G|u), we have that

[(s,0)]- (r-7") = [(s, p((m-7)(5)")w+0
= (s, (p(7"(s)™") - plr ()™

I
I
(

T,

= [(s, p(7'() )(p(r(s)H)w + 0(7(s))) + (7' (5)))]
= [(s, p(T(s)fl).w + 0(7(s)) ] o7
= ((s,w)]-7) 7"

On the other hand, the identity (neutral) element of Hom,q(P|v, G|v) is
the tensorial morphism 7, = 1 o7, where 1 is the identity section of G and 7
the projection of P. Then d(7,) = d(1) = 0 and p(75 ') = p(1) = id,. Thus
(6.6.5) yields [(s,w)] - 7o = [(s,w)], by which we complete the verification of
the properties of an action.

Finally, it is not difficult to show that the family (dy7), with U running
in the topology of X, is a presheaf morphism generating an action

(6.6.8) d: C(P) xx Homaq(P,G) — C(P).

Therefore, following the general construction of Section 5.3, we obtain the
quotient sheaf

(6.6.9) M(P) :=C(P)/Homaa(P,G).
As a matter fact, M(P) is generated by the presheaf
(6.6.10) U HC(P)(U)/Homad(P\U,Q\U).

6.6.3 Definition. The sheaf M(P) is called the moduli sheaf of (the
connections of ) the principal sheaf P.
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The action ¢ induces the action on global sections

(6.6.11) dx : C(P)(X) x Homaq(P,G)(X) — C(P)(X)
- 6x(S,7):=8 -7,

where the section on the right-hand side is clearly defined by
(6.6.12) (S-7)(x) :=S(x) 7(x) =0(S(x), 7(x)), z e X.

Thus, as usual, we define an obvious equivalence relation on C(P)(X) in
virtue of which we obtain a new quotient space, namely

(6.6.13) C(P)(X) /Homaa(P, G)(X).

6.6.4 Lemma. There exists a bijection

w: M(P):= Conn(P)/GA(P) C(P)(X)/Homaa(P,G)(X).

Proof. Given a class [D] € M(P), we set u([D]) := [S], where S € C(P)
is the global section of the sheaf of connections corresponding uniquely to
D, in virtue of Theorem 6.2.4. Although we use the same symbol for both
equivalence classes, we should carefully distinguish them, since the first one
is induced by the action (6.6.4), whereas the second is induced by (6.6.11),
the latter being in turn generated by (6.6.5).

To proceed to the main part of the proof, we need to find an explicit
expression of S in terms of D. Localizing the general construction of The-
orem 5.3.9, adapted to the case of C(P), S is obtained by gluing together
the local sections S, defined by

(6.6.14)  So(x) = [(sa(2), D(sa()))] = [(sa(®),wa(x))]; x € Uy,

where the last equivalence class is now determined by the action (6.2.9).
Conversely, given a section S € C(P)(X), the corresponding connection
D is determined by the formula

where 7(p) = 2 € Uy, p = 54(2) - g, and @4 : C(P)|y, — Q(L)|y,. Then,
taking p = s4(x), the above formula yields

wa(r) = D(sa(x)) = 1(z) - Pa(S(2));
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that is ~
’ wa = Py 0 Sy,

The map p is well defined. Indeed, if D’ is another connection such
that D' ~ D, there exists f € GA(P) satisfying D' = f*D = D o f.
Hence, considering the sections S and S’ corresponding to D and D', re-
spectively, as well as the equivariant morphism 7 € GA(P) corresponding
to f € Homuq(P,G) = Homaq(P,G)(X), equalities (6.6.14), (6.6.2), (6.6.5)
and (6.6.12) imply that

S'(x) = 5’3(T)= [(S’a(T) wi(1))]

7(sa) ) wa + 9(7(s4))(2))]
), wa(2))] - 7(x) = S(x) - 7()

/—\/—\
Q
\3
\_/\_/
;'\
J)

for every x € U,, and similarly for every x € X. This proves that S’ ~ S;
hence, u([D]) = [S] is independent of the choice of representatives.

Now assume that [S"] = u([D']) = wu([D]) = [S]. Then there exists a
morphism 7 such that S” = S - 7. Working as above, in a reverse sense, we
see that

[(sa(ac),w:l(x))] = [(sa(x), (p(T(Sa)il)wa + a(T(Sa)))(@)L

for every x € U,. Applying the definition of the equivalence induced by
(6.2.9), we obtain

w(/)é = p(T(Sa)_l)-wa + 8(7'(8&)),

for all @ € I. Hence, (6.6.2) yields D ~ D', i.e., [D'] = [D], which means
that p is an injection.

Finally, given [S] € C(P)(X)/Homaq(P,G)(X), the unique D corres-
ponding to S determines the class [D] with u([D]) = [S]. This shows that
1 is a surjection and completes the proof. O

Since M(P) is generated by the presheaf (6.6.10), there is a canonical
map (see (1.2.8))

pu : C(P)(U) /Homq(Plu, Glu) — M(P)(U),

for every open U C X. Therefore, we obtain the following result connecting
the moduli space with the moduli sheaf.
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6.6.5 Theorem. The moduli space M(P) is canonically mapped into the
global sections M(P)(X) of the moduli sheaf by means of p := px o u, also
shown in the following diagram.

M(P) —Es C(P)(X) /Homaa(P, G)(X)

DIiAGRAM 6.6

Note. In virtue of Corollary 5.3.14, we see that Lemma 6.6.4 implies the
following sequence of identifications:

M(P) = C(P)(X)/Homaa(P,G)(X)
C(P)(X)/(GA(P))(X)
C(P)(X)/ad(P)(X),

which give other interpretations of the moduli space.

6.7. Classification of principal sheaves with connect-
ions and abelian structure group

This section deals with the hypercohomological classification of principal
sheaves equipped with connections, under the assumption that the structure
group is an abelian Lie sheaf of groups.

For the sake of brevity, a G-principal sheaf with abelian G is called an
abelian principal sheaf, a term explaining the (short) running head of
the section.

We first give the following, fairly general:

6.7.1 Definition. A pair (P, D), where P is any (not necessarily abelian)
principal sheaf and D a connection on P, is said to be equivalent with
(P, D'), symbolically (P,D) ~ (P’,D’), if there exists a G-isomorphism
f:P — P’ such that D and D" are f-conjugate (see Definition 6.4.1).
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Now assume that G is an abelian Lie sheaf of groups. Then the com-
patibility condition (6.1.5) between the local connection forms (w,) of a
connection D on P, reduces to

(6.7.1) wg = wWq + 8(gag).

Moreover, equalities (6.4.4) and (6.4.5), expressing the equivalence of two
pairs (P, D) and (P’, D'), take the respective forms
(6.7.2) o = ha Gap - hy',
(6.7.3) Wa = wh + 9(hq)-
We note that, although (6.7.2) looks identical to (6.4.4), the commut-

ativity of G plays a significant role, as we shall see soon.
Extending the notation (4.6.1) to include connections, we denote by

(6.7.4) Pg(x)P

the set of equivalence classes derived from Definition 6.7.1. On the other
hand,

(6.7.5) a'(x,6 % (L))

stands for the (Cech) 1-dimensional hypercohomology group with respect
to the 2-term complex G o, Q(L) (see Brylinski [17, p. 21], Mallios [62,
Vol. I, p. 224], and the brief commentary following the next statement).

With these notations in mind, we state the main result of this section.

6.7.2 Theorem. If G is an abelian Lie sheaf of groups, then
Po(x)P = H'(x,6 -% (L)),

For the reader’s convenience, before the proof, we recall the highlights of
Chech hypercohomology, referring for complete details to [17] and [62] and
their references to the subject. Here we mainly follow the terminology and
notations of the second source.

Let (X, .A) be a fixed algebraized space and U = (U,) an open covering
of X. We also assume that we are given a complex of A-modules

£ =(E,d) = (E™,d™)mez.
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Motivated by the particular considerations needed in the proof of The-
orem 6.7.2, we further assume that £” = 0, for every m < 0. Fixing an
m € Z, we may consider the chain complex

C'(U.E™) = (C™(U,E™), 6 ={5™™})

neZé’

where each 6™ : C"(U,E™) — C" (U, E™) is the usual coboundary
operator (see Subsection 1.6.1). Varying both n and m, we form a double
complex of A-modules

C" (U £"5,d) = ({C" U E™ Y yes o 0 )

This situation is illustrated in the next diagram:

qmm dn+17m
5n—1,m Snm 5n+1,m
Cn(u’ gm) Cn—}—l(u, 5m)
dn,mfl ( I ) dn—l—l,mfl
6n,—1,m—1 5n,m—1 6n+1,m—1

Cm(u’gmfl) Cn—l—l(u’ gmfl)

dn,m72 dn+1,mf2

DIAGRAM 6.7

By definition, all the sub-diagrams like (1) are commutative. The ver-
tical operators between various cochains are induced by the corresponding
differentials of the initial complex £.

A double complex, as above, gives rise to an ordinary complex of A-
modules

[tot(C" (U, €")). D} = (87, D)z
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whose elements are defined by the relations
sPi= P cmu.Em),
n+m=p
D? .= Z §MM 4 (—1)d™™ s SP—s SPTL
n+m=p
for every p € Z. Then the Cech hypercohomology of U with respect

to £" is defined to be the cohomology of the (total) complex tot(C* (U, E")).
In other words, the corresponding hypercohomology groups are

H"(U,E") = ker(DP) /im(DP™ ), p € Z.

Therefore, as in the case of the ordinary cohomology, the p-dimensional
Cech hypercohomology group of X with respect to & is

H"(X,£") = lim H (U, E"),
u

where the inductive limit is taken over all the proper open coverings of X.

Based on the idea of [62, Chap. VI, Theorem 18.2], we now proceed to
the proof.

Proof of Theorem 6.7.2. Since, in our case, we are dealing only with the
1-dimensional hypercohomology with respect to the 2-term complex £° :=

{G 2, Q(L)}, it suffices to consider the next diagram, derived from a part
of Diagram 6.7 under the necessary modifications.

0 o 1 51’1
COU, (L)) — CHU, QL))
dO,OT o dl,OT )
‘ 0,0 ‘ 1,0
U, g) c'U.g) C2U,G) — -

DIAGRAM 6.8
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The horizontal morphisms of the diagram are the usual coboundary op-
erators and the vertical ones are induced by 9, whence the notation applied
therein. As a result, we can form the total complex

SO gt g2
where we have set

S = W, g)
St = oYU, G) e (U, QL))
S = C*U,G) e C (U, QL))
DY = §%0 49
D' = (6" —09)+ 5%

By a routine computation we verify that

7.6) ker(D') = ker(6"° — 9) @ ker(8%1),

im(D?) = im(6"Y) @ im(9).
Therefore,

ker(610 — 9) @ ker(6%1)

-1 0 1 /3 =
H (U, = Q(£)) = ker(DY)im(D") = — gt

We now take any pair (P, D). The principal sheaf P determines a cocycle
(9ap) € Z'(U,G) C C'(U,G), while D defines the local connection forms
(wa) € CO(U,Q(L)) satisfying (6.7.1). The last equality implies that

(6.7.8) 6((gaﬁ)) = (wg —wa) = 50’1((wa)).

Hence, applying D' to the pair ((gaﬁ), (wa)), and taking into account (6.7.6),
(6.7.8), along with the cocycle condition of (gag), we see that

D' ((9ap) (wa)) = (6"°((909)) — 9((9a5))) + ™ ((wa)
= 51’0((gaﬁ)) = Jdap " 98y * Gya = 0.

(Recall that G is abelian.) This shows that ((gag), (wa)) € ker(D'), thus we
obtain the class

[((908): (wa))]y, € H' (UG - Q(L))
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and the corresponding class [((ga8), (wa))] € jin (X.6 R Q(L)).

This procedure allows us to define the map
~1 0
®: Pg(X)” 3 [(P,D)] — [((9ap), (wa))] € H (X,G — Q(L)),

which establishes the identification of the statement after proving the fol-
lowing facts:

i) ® is well defined. Assume that (P, D) and (P’,D’) are equivalent.
Taking local frames over the same open covering of the base space, equality
(6.7.2) and the commutativity of G imply that

g/aﬁ = hq - Jap - h/gl = (h’oz : hgl) *Jafs

from which we obtain

(6.7.9) (9ap) - (9ag) = 020 ((ha))-
Similarly, equality (6.7.3), in conjunction with Proposition 3.3.5, yields
(6.7.10) (wh —wa) = (= 3(ha)) = ((ha")).

Hence, to prove our claim, it suffices to show that

[((908): (wa))],, = [((ghp): (wi))],, € kex(D')/im(D°),

or, equivalently,

((g/aﬁ)a (w:x)) o ((gaﬁ)'/ (wa)) = ((g/aﬂ o gaﬁ)v (w/a o wa)) € im(DO)'

The last inclusion is true, since (6.7.9), (6.7.10) and the definition of D° (see
also (6.7.7)), along with the commutativity of G (whence the equivalent use
of multiplicative and additive notations), yield

((g:;yﬁ - ga,@’)a (w/a - Woz)) = ((g:;yﬁ) : (g;ﬁl)u (w; - woc))
= (3°%((ha"). 0((ha 1))
= (6%%,9)((h,")
= DY((ha")-
Note that if we consider local frames over different coverings of the base,

then we obtain equal classes in the inductive limit, working as in the first
part of the proof of Theorem 4.6.2.
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ii) ® is injective. This is proved by similar arguments to those of i), but
in a reverse way. In this respect we also refer to the proof of Theorem 4.6.2.

iit) @ is surjective. To this end let us choose an arbitrary class in
jig (X,G N Q(L)), derived from a class of the form

[((ga,ﬁ)u (Wa))]uv where ((gaﬂ)ﬂ (wa)) S Ol(u'/ g) D CO(“? Q(ﬁ))

Applying the definition of the hypercohomology group (over U/) and that of
D', we have that

0 = Dl((gaﬁ)a (wa)) = (61’0>8) ((gaﬂ)) + 50’1((44)&))
0"0((90p)) + (= 0((9ap)) + 0™ ((wa)),

from which, together with (6.7.2), we obtain the equalities

(6.7.11) 6"%((gap)) =0,
(6.7.12) 9((9ap)) = 8" ((wa))-

But (6.7.11) implies that gog - 98y = Gay, i-€., (gap) is a cocycle belonging
to Z1(U,G), which determines a G-principal sheaf P with cocycle (gag) (see
Theorem 4.5.1).

On the other hand, (6.7.12) yields

((908)) = (9(gap)) = 6™ (wa)) = (ws — wa),

or, wg = wq + 0(gap), for every o, 3 € I. The last equality is precisely
(6.7.1), showing that the cochain (w,) determines a connection D on P (see
Theorem 6.1.5). Therefore, ®([(P, D)]) = [((9as). (wa))]. The proof of the
theorem is now accomplished. O

In particular, taking as G the abelian sheaf of groups A" (see Example
3.3.6(b)), we get the following result, which will be used in the classification
of Maxwell fields in Section 7.2 (see also [62, Vol. II, p. 94]).

6.7.3 Corollary. The following isomorphism holds true:

P.(X)P=H (x4 2 Q).



Chapter 7

Connections on vector
and assoctated sheaves

L’ effort de synthése correspond a
un effort métaphysique ... Et ¢’ est

There are many advantages to de-  de répondre a un besoin de I’ esprit:
veloping a theory in the most gen- le besoin d’ unification est un besoin
eral context possible. fondamental de I’ esprit.

R. HARTSHORNE [41, p. 59] R. THOM [122, p. 131]

UR intention is to define connections on vector sheaves (also called

A-connections) using the general theory of Chapter 6. However, in
order to have a clear motive for our general approach, we begin with a
short account of A-connections without reference to connections on prin-
cipal sheaves. Subsequently we show that A-connections on a vector sheaf
& are fully determined by the connections of the principal sheaf of frames
P (&) and vice-versa.

255
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The chapter closes with a discussion about connections induced on prin-
cipal and vector sheaves, associated with a given principal sheaf endowed
with a connection.

7.1. Connections on vector sheaves

Throughout the present section we consider a fixed differential triad (A, d, 2)
and a vector sheaf &€ = (£, ¢, X) of rank n.

With the notations of Section 5.1, we give the following basic definition
(cf. Mallios [62, Chap. VI]).

7.1.1 Definition. An A-connection on the vector sheaf £ is a K-linear
morphism

ViE— Q&) =ER4Q,

satisfying the Leibniz-Koszul condition
(7.1.1) V(e -u)=a-V(u)+u®da, (a,u) € Axx €.

Since £ @42 = Q®.4E, the above expression of (€) conforms with the
general notation (3.3.4)

To obtain the section-wise analog of (7.1.1), we notice that, given two
A-modules S, 7, and two sections s € S(U), t € T (U), equality

—_—

s(z) @t(r) = (s@t)(r) = (s@1) (z)

is verified for every x € U (recall the notation (¢) on p. 104). This is a
direct consequence of the representation of an element of the stalk as the
germ of appropriate sections. Thus the morphism of sections induced by V
satisfies

P

(7.1.1a) Via-s)=a-V(s)+s®da; (a,8) € A(U) x E(U),

for every open U C X.

Conversely, (7.1.1a) implies (7.1.1) according to the comments (1.2.15).
Thus (7.1.1) and (7.1.1a) can be used interchangeably as the Koszul-Leibniz
condition of V.

If U = ((Ua), (¥a)) is a local frame of € , we know that £(U,) is a free
A(Ugy)-module of rank n, endowed with the natural basis e® = (e)1<i<n
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(see (5.1.3") and Proposition 5.1.2). Therefore, analogously to what has been
said in the note following Theorem 6.2.1, one has the identification

(7.1.2) E(Ua) ®Aw,) QUa) = (E @4 Q) (Ua).
As a result, over each U,, (7.1.1a) can be written as
(7.1.1Db) Via-s)=a-V(s)+s®da, (a,8) € A(U) x E(U).

Hence, one infers that

if the local frame of £ is a basis for the topology of X, then (7.1.1),
(7.1.1a) and (7.1.1b) are equivalent.

Reconsider a local frame U as before and the natural bases (e®). The
properties of the tensor product (for their classical analogs see, e.g., Greub
[34, pp. 7-8]) and the identification (7.1.2) allow us to write

(7.1.3) V(ed)=> et @uwl;  1<j<n,
=1

where wi; € Q(U,) are uniquely determined sections. The previous n? ele-
ments form an n X n matrix

(7.1.4) w® = (wf) € Mp(QUUa)),

called the local connection matrix of V, with respect to the basis e®.
Using e, any section s € £(U,) can be written in the form

(7.1.5) s= stey st e AU,),
=1

thus the Leibniz-Koszul condition (7.1.1b) and equality (7.1.3) yield

=255 V() + ) ef @ dsf
j=1
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n n n

=2 s - (e ouf) + et wdst
j=1 i=1 i=1
n n
:Z( e?@(s?‘-w%)—ke?@ds?)
=1 j=1
n n
= Ze?@ (ZSJO‘ C Wi —i—dsf‘);
i=1 j=1
that is,
n n
(7.1.6) V(s) =Y e @ (Yo7 wp +ds?).
i=1 j=1

The previous calculations show that the restriction of V to &y, is com-
pletely determined by the connection matrix w®. As one expects, the entire
V will be determined by the family of all local matrices (w®)qes, under
suitable conditions. In fact, we prove the following:

7.1.2 Lemma. Let V be an A-connection on a vector sheaf £ of rank n.
Then the local connection matrices (w*)aer of V, with respect to a local
frame U = ((Un), (¥a)), satisfy the compatibility condition (alias local gauge
equivalence)

(7.1.7) w? = Ad(¥35) (@) + O(ap),
over each Uyg # 0.

Before the proof we clarify that each coordinate transformation 1,3 :=
Y © 1/;51 is now identified, in virtue of (5.1.6), with the transition matrix

(95) € GL(n, A(Uqp)), while

Ad(Yo5) (W) = Adu,, (Vo3 (WY) = Yap - w0 Y5

(see also the notations preceding (3.2.12)). The last term represents a mat-
rix multiplication, where w® is restricted to U,g. Finally, 0 is now the
induced morphism of sections over U,g, which (due to the completeness of
the presheaves involved) identifies with (3.2.9).
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Proof. Analogously to (7.1.3), the local connection matrix w” is given by

n

(7.1.8) Vieh=Y efouwl; 1<j<n,

with respect to the natural basis e’ of £(Ug). Thus, working over Uag,
(5.1.6'), (7.1.1b) and (7.1.3) transform the left-hand side of (7.1.8) into

V(S )
(gm (Ze%@wgi)—i—ef‘@dgf‘jﬁ)
k=1

n

|
A

n

1

.
Il

(7.1.9) .
e @ (wfs - gi0) + D ep @ dgp?
1 k=1

% <Zwkz q%ﬁ-i-dggf)-

Similarly, reapplying (5.1.6’), the right-hand side of (7.1.8) is trans-
formed into

-

i=1k

Il
Sl
Il

B
II

gef®wiﬂj Z(Zg >

=1 k=1
:Ze?®(29?f-w?j)~
k=1 i=1

Therefore, substituting (7.1.9) and (7.1.10) in (7.1.8), we get the equalities

(7.1.10)

(7.1.11) Zg?f : wiﬁj = Zw,ﬂ gl] —I—dg j=1,....,n,
i=1 i=1

which, taken altogether, lead to the matrix equality (see also (3.1.10))
B By _ B
(95) - (i) = (@) - (95) + dus ((95))-
In virtue of (7.1.4) and (5.1.6), the preceding equality turns into
Yag W =W og + dy, e,

which, by the definition of  (see (3.2.9)), yields (7.1.7). O
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The converse of Lemma 7.1.2 is stated in the following form:

7.1.3 Lemma. Let £ be a vector sheaf of rank n with a local frame U =

((Ua), (¥a)). If
w® = (wi) € Myp(UUy)); ael,

is a family of local matrices satisfying the compatibility condition (7.1.7),
then there exists a unique A-connection on € whose local connection matrices
coincide with the given (w®).

Proof. We are motivated by equality (7.1.6), which should necessarily be
satisfied if we wish the statement to be true. Thus, for a fixed a € I, we
define the family of mappings

Vi EU) — QE)U) = E(U) @4y V),

for all open U C U,, given by

n

(7.1.12) Vi(s) = Zeio‘ ® < 85 - wiy + dsf‘),

i=1 j=1

3

for every s € £(U) expressed correspondingly by (7.1.5). Note that, for the
sake of simplicity, in (7.1.12) we omit the explicit mention of the restrictions
involved; namely, we write ef* and Wy instead of €|y and wio‘j|U.

We verify the following facts:

i) V{; is a K-linear morphism. This is clear from the K-linearity of d and
the A(U,)-linearity of the other operators.

ii) V{ satisfies (7.1.1b). Indeed, for any a € A(U) and s € £(U), in
virtue of (7.1.5) and the Leibniz condition of d, we obtain

n

Ve(a-s) = Zn:e;* ® (Z(a  5%) W + d(a- s?))
1=1

j=1

n n
= Ze?@ (a- (Zs?-w%—i—ds?) +s?~da)
i=1 j=1

= oY e (Yo w s ) + D7) @ da
i=1

i=1 j=1
= a-V{(s) + s ®da.
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iii) For every open V' C U, the diagram

DIiAGRAM 7.1

is commutative, with the vertical arrows denoting the natural restrictions of
sections.

As a consequence, the family (V§), for all open U C U,, is a presheaf
morphism generating an A|y, -connection V¢ : E|y, — Q(E)|y,. Varying
a € I, we obtain a family of local connections, which glued together define
an A-connection V on &, provided that V® and V? coincide on Elu, 5

To verify the last condition, we take an arbitrary u € £, with x € U,g.
Then there is an s € £(U), for some open U C U,g, such that s(z) = u.
Since V*(u) = (V§(s)) () = (V{(s)) (x), it suffices to show that (again

omitting restrictions)
(7.1.13) V& (s) = Vi(s),

for every s € £(U) and every U C U,g. To this end, we first observe that
(7.1.5) and its analog for the basis e” imply that (over U)

n n
Zsf‘-e? :Zsf-e’f
i=1 i=1
from which, as in the classical linear algebra, we obtain
(7.1.14) Zs g5

Now, applying (5.1.6") to the analog of (7.1.12) for Vg, we have that

Vils Z(@g Ok (Z“Z”s?))

=1

= e%@(z <Zg g>+zn:g;:fdsf)
i=1



262 Chapter 7. Connections on vector and associated sheaves

or, taking into account (7.1.7) in its equivalent form (7.1.11),

n

V?](s):Zeg (Z (Zw,ﬂ gU + dg,; >+ngg d9>

k=1 7=1

e (St (3 ) + 3o
=1 =1
+ngﬂ ds; )

Hence, in virtue of (7.1.14) and the result of its differentiation,

n n n
=See (s s)))

k=1 =1 i=1

n

:Zeg® (Zn:s?-w?i—f—ds%),

k=1 i=1

k=1

from which we get (7.1.13) by an obvious substitution of indices (k — i and
i— 7).
The connection matrices of V are precisely the given w,, a € I, by the
very construction of V, i.e., by applying (7.1.12) for U = U,, for every o € I.
Finally, the uniqueness of the A-connection having as local matrices the
given family (w?®) is immediately checked by elementary calculations. O

The previous lemmata, combined together, prove the following:

7.1.4 Theorem. Let £ = (€, 7, X) be a vector sheaf of rank n and letU be a
local frame with corresponding transition transformations (1qg). Then every
A-connection V on & corresponds bijectively to a family of local matriz forms
{w® € M, (Q)(Us) | € I} satisfying the compatibility condition (7.1.7).

7.1.5 Remarks. 1) Using (3.1.4) and (3.1.5), (w®) can be thought of as a
0-cochain with coefficients in the sheaf M., (Q), i.e., (w®) € CO(U, M, (Q)).

2) To prepare our next result, we express (7.1.7) in an equivalent form
involving the adjoint representation (3.2.12'). Namely, by the section analog
of (3.2.15) and the general definition (3.3.10), we have that

Ad(t ) = 64, ),
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where d,, is the morphism (action) of sections induced by (3.2.13). There-
fore, (3.2.14) and the definition of §,, (along with the completeness of the
presheaves involved) give'

Ad(¢; ) = 6 (waﬁv ) = 5n U(zp;ﬁlv a)
= Adv,, (Vo) (@) =t Ady,, (U55)(w?).
As a result, (7.1.7) takes the form

(7.1.7) W’ = Ad(3) w® + O(thag)-

We are now in a position to relate A-connections on vector sheaves with
the general theory of connections on principal sheaves. As one expects, the
link between the two aspects is the sheaf of frames, studied in Section 5.2.

As we have seen, if & = (£,m¢,X) is a vector sheaf of rank n and
PE) = (P(),GL(n, A), X, ) denotes its principal sheaf of frames, then
the cocycle (1)) of € (relative to a local frame (U, (1o)) coincides —up to
isomorphism— with the cocycle (gqg) of P(€), over (U, (Py)) (see Corollary
5.2.3). Thus,

(7.1.15) GL(n, A)(Uap) 3 gap = tap = (95) € CL(n, A(Uap)).

7.1.6 Theorem. There is a bijective correspondence between the A-con-
nections on a vector sheaf € and the connections on the principal sheaf of

frames P(E).

Proof. Let V be an A-connection on £. Then V determines the local
connection matrices w® € M,(2(U,)), a € I. By (3.1.6) and (3.1.8), each
matrix w® determines the form

wa = Apy, (W) € QUa) @ awa) Mn(A(Ua)) = (2 ©4 Mn(A))(Ua).
Thus, restricted to Uyg, (7.1.7") yields
wp = Ay, (W) = Ay, (Ad( ) w® + I(Yap))
= A%]ag (0,075 (¢a5, *)) + )‘U (0 Waﬂ))

or, taking into account the analog of Diagram 3.2 for /\%]aﬁ (: the inverse
of ,u%]aﬁ), (7.1.7) and its equivalent form (7.1.7"), as well as (3.2.15") and
(3.2.17),
wg = 5n’ (¢a5> )‘U g( a)) + )‘Iljag (5(7%45))
= Ad(gaﬂ).wa + 0(gap);
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that is, we arrive at the compatibility condition (6.1.5), adapted to the
data of the principal sheaf P(£). In virtue of Theorem 6.1.5, the cochain
(wa) € COU, QM (A))) provides P(E) with a connection D.

Conversely, a connection D determines the local connection forms (wy)
satisfying the above compatibility condition. Then, reversing the previous
procedure, we see that the forms (w,) define the cochain of matrices (w®),
with w® := pf;(wa), satisfying (7.1.7). Hence, in virtue of Lemma 7.1.3, we
obtain a connection V on £.

The desired bijectivity is a consequence of the uniqueness of the connec-
tions corresponding to a given family of local connection forms or matrices,
ensured again by Theorem 6.1.5 or Lemma 7.1.3, respectively. 0

7.2. Related A-connections

Here we examine the behavior of A-connections, when the vector sheaves
carrying them are linked together by appropriate morphisms. Our investig-
ation is inspired by that of Section 6.4.

7.2.1 Definition. Let £ = (£, 7, X) and & = (£, 7, X) be vector sheaves
endowed with the A-connections V and V', respectively. If f: & — £’ is an
A-morphism, then V and V' are said to be f-related if

Vief=(f®la)oV.
If f is an A-isomorphism, then V and V' are called f-conjugate.

Equivalently, we have the following commutative diagram, which is the
vector sheaf analog of Diagram 6.3.

& - &

\Y \%

® 1
5®AQQ5’®AQ

DIAGRAM 7.2

We wish to express the previous situation in local terms, analogously to
Theorem 6.4.2. To this end we specify that rank(£) = m and rank(&’) = n.
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As we have seen in Theorem 5.1.6, a morphism f : £ — £ is completely

determined by a unique family of A|y,_-morphisms h, @ A™|y, — A",

a € I, satisfying (5.1.9). Moreover, f and (h,) are connected by (5.1.18).
According to (5.1.10), h, can be identified with a matrix

he = (h3) € Mysn(A(UQ));  i=1,...,m; j=1,....n.

Here Myxn(A(Uy)) = Mpxn(A)(Uy), where the matrix sheaf M, (A)
is generated by the (complete) presheaf U — M, «,(U). The entries of h®
are determined by

(7.2.1) fleg)y =Y "h%eds  i=1...m,
j=1

where (ef'), 1 <i <m, and (‘e}), 1 < j < n, are the natural bases of £(Us)
and &' (U,), respectively.

By the same token, the equivalent conditions (5.1.9) and (5.1.9") are
written in the matrix form

(7.2.2) h - tag =Yg - P,

with vas = (927) and ¢4 = (‘92).

With these notations we prove:

7.2.2 Theorem. Let £ and &' be two vector sheaves with rank(E) = m and
rank(&’') = n, equipped with the A-connections V and V', respectively. If
V and V' are f-related, then there is a 0-cochain (h®) € C°(U, Myxn(A))
satisfying (7.2.2) and

(7.2.3) Y - w® = w* - h* + dh®; acl,

where (w*) and (‘w®) are the connection matrices of V and V'.

Conversely, if (h%) is a 0-cochain of m x n matrices satisfying (7.2.2)
and (7.2.3), then there exists a unique morphism f : & — &' under which V
and V' are f-related.

Proof. If f : £ — £’ is a given morphism, then equalities (7.2.1) and (7.2.2)
are satisfied. Applying (7.2.1), the analog of (7.1.3) for V', and bearing in
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mind (7.1.2), we have that

(ha V(e &)+ ‘e;?‘ ® dh;?‘i)

:zn:( < eg®\w§j>+\e?®dh;"i)
i

(7.2.4)
= Z ® (h% - wg) +Z e @ dh;
j=1 k=1
- (Z - s+ dhfy ).
k=1
Similarly,
(F@10)oV)(e) = (f@la)( Y ou) =
(7.2.5) ., Lo
S (Zhg,-‘eg) =3 \ge (Zhgl -wf;.).
=1 k=1 k=1 =1

Hence, if V and V' are f-related, then (7.2.4) and (7.2.5) yield (7.2.3), by
the usual properties of the tensor product (cf. their classical counterparts in
Greub [34, pp. 7-8)).

Conversely, a 0-cochain (h?%), as in the statement, determines a cochain of
A|p, -morphisms (hy) satisfying (5.1.9). Then, by Theorem 5.1.6, we obtain
a morphism f : & — &' satisfying (5.1.8). As before, equalities (7.2.1),
(7.2.4) and (7.2.5) are valid; hence, together with (7.2.3), they imply that
V and V' are f-related. O

7.2.3 Corollary. Let £ and £ be vector sheaves of the same rank, say n.
Two A-connections V and V' are related by an A-isomorphism of € onto &'

if and only if there exists a 0-cochain (h*) € CO(U,GL(n,.A)) such that
Yag = tag - (B7)7!
(7.2.6) W = Ad ((h*)71) )w® + d(h%).

We note that the first equality of the statement is a variation of (7.2.2).
The meaning of the first term on right-hand side of (7.2.6) is explained in
Remark 7.1.5(2).
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We shall link related A-connections with related connections on principal
sheaves of frames. Prior to this, we need the next technical extension of
Definition 5.6.1.

7.2.4 Definition. Let ¢/ : A™ — A" be an A-morphism and (¢,¢) a
morphism between the Lie sheaves of groups (GL£(m, A), M, (A), Ad, ) and

(GL(n, A), M,(A), Ad,0). We say that ¢ is compatible with (¢, $) if the
following conditions are satisfied:

(7.2.7) l(a-g)=L(a) ¢(9); (a,9) € A" xx GL(m, A),
(7.2.8) Ua-h)=La) d(h);  (a,h) € A™ xx Mpm(A),
(7.2.9) d(r™) =0,

where /* denotes the matrix representing the restriction of £ to A™|y.,, and
d : Muxn(A) = Mysn(Q) is the matrix sheaf extension of d given by

(3.1.13). Furthermore, if @ My () — M, () is the unique morphism
determined by ¢, after the identification (3.1.7), it is required that the con-
dition

(7.2.10) -0 =0(0)-£*,  0€ Mpn(QUa))

be fulfilled for every ¢, as before, and every U, € ¥x.

GLim, A) xx A" — 2 G n, A) xx A7
Ym (1) Yn
A ! . A
Mo (A) x x A™ ¢ x Mo (A) % x A
Ym (1II) Yn
A ! . A

DiAGrAMS 7.3
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A few comments, regarding the previous definition, are appropriate here.
Firstly, equalities (7.2.7) and (7.2.8) express the equivariance of ¢ with re-
spect to the natural actions of matrices on A" and A"™. Schematically, we
have the commutative Diagrams 7.3, where ~,, and -, are the aforemen-
tioned actions. For convenience, these actions are represented by “-” in
(7.2.7) and (7.2.8).

Secondly, (7.2.9) —needed in the next basic theorem- is automatically
satisfied in the case of vector bundles (see, for instance, Vassiliou [126, The-
orem 4.3]), where, after the necessary localizations, we obtain constant maps,
hence their differential is annihilated. Here, the elements of /¢ do not ne-
cessarily belong to K, whence this extra condition.

Thirdly, ¢ figuring in (7.2.10) is the morphism of sections induced by the

sheaf morphism ¢, the construction of the latter being shown in the next
diagram.

)\1
QR4 Mm(A) - Mm(Q)
196 3
P

DiAGrRAM 7.4

We now come to the following result:

7.2.5 Theorem. Let €& and &' be two vector sheaves with rank (£) = m
and rank (') = n, equipped with the A-connections V and V', respectively.
Assume that (f, ¢, ¢,idx) is a morphism between the sheaves of frames P(E)
and P(E", £ : A™ — A" is an A-morphism compatible with (¢, ), and
F : & — & is the unique morphism of vector sheaves induced by (f, ¢, ¢, idx)
and ¢, as in Corollary 5.6.3. We denote by D and D' the connections on
P(E) and P(E') corresponding (by Theorem 7.1.6) in a unique way to V and
V', respectively. Then the following conditions are equivalent:

i) D and D' are (f,®, p,idx)-related.
ii) V and V' are F-related.

Proof. We shall prove that i) = i) by applying Theorem 7.2.2. To this
end we need to express F' in terms of a family h, : A™|y, — A"y, of
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A|p,, -morphisms with corresponding matrices h® € M, x,(A(U,)), relative
to a common open covering U = (U,) of X, over which the local frames of
& and &' are defined. N

Setting & = (P(E)xx A™)/GL(m, A) and &' = (P(E')xx A™)/GL(n, A),
we have shown (see Proposition 5.5.1, Corollary 5.5.2 and the ensuing com-
ments) that there are isomorphisms R : € — & and R’ : £ — &', obtained
by gluing, respectively, the local isomorphisms

for all a € I, where ¢ : €|y, — A™|y, and &, : |y, — A"y, are
the respective coordinates of £ and & over U,. Analogously we have the
coordinates ¢/, : £'|y, — A"y, and &' : &'|y, — A"|y, giving R),.

Specializing Proposition 5.6.2 to the case of sheaves of frames as in Co-
rollary 5.6.3, we see that (f, ¢, ¢,idx) and ¢ induce a morphism of vector
sheaves, say F:E-¢& , generated by the local morphisms

Fy : (P(E)U) x A™(U)) /GL(m, A)(U) — (P(E')(U) x A"(U)) /GL(n, A)(U),

for all U € Tx, defined, in turn, by

Fy([(ov9)]v) == [(f(0), s)]w

where [ and ¢ now denote the induced morphisms of sections. The desired
morphism F is clearly given by F = (R') ! o F o R, as pictured in the
following diagram.

¢
PE) xx A" — L preny sy an
K K
' I M
g g
Ra R
F !
£ £

DIAGRAM 7.5
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(Compare with Diagrams 5.8, 5.9, where F' is actually identified with F )
Therefore, by (5.1.8) and the definition of R,, R, , we see that

ho =Py 0 Fopy' =, 0 Fod,l

We determine the matrix A% of the morphism h, by computing the
induced morphism of sections on the natural basis of A™(U,). To prepare
for this, let us find h,(s), for an arbitrary section s € A™(U,). Taking into
account that s = § (after the identification of A™ with the sheaf of germs
of its sections), convention (1.1.3), Diagram 1.7, equality (1.2.17), and the
definition of ® ,, ', we see that

ha(s) = (ha)y, (5) = (2, © F OQZJ)UQ(g)
@0 F)y, (2,1, (5)
= (@, o Fu, 021 )(s))™

Therefore, if (0,) and (o),) are the natural sections of P(&) and P(E'),
respectively, the definition of @, ; , P’ aUn (see Theorem 5.3.2) implies that

ha(s) = (®0v. 0 Fuo ) ([(0a )v.) = v, (((F(00), £(5))]0,) -
But f(0a) = 00, - ga, for a unique g, € GL(n, A)(U,); hence,
hoé( ) _aU ([(Ua Ja, (5))}(]0()

_aU ([(oay ga - £(s))]va)
= Ya - ( )7

or, identifying g, with an element of Aut 4, (A"|y,) (after (5.1.14); see also
the discussion following Diagram 5.5),

ha(s) = (ga © £)(s),
thus obtaining hy, = g, © £. The last equality leads to its matrix analog
(7.2.11) he = g% - 09,

where g% is the matrix of g,, and ¢ is the matrix of the restriction of ¢ to
the subsheaf A™|y, .
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Now assume that D and D’ are (f, ¢, ¢,idx )-related. Then, by Theorem
6.4.2, their local connection forms satisfy (6.4.3), which, under the present
data, reads

(7.2.12) (1®¢)(wa) = Ad(ga").w!, + 8(ga),  a €l

Let w® (resp. ‘w®) be the matrix corresponding to w, (resp. w),) by (3.1.6).
Then, localizing Diagram 7.4 (over U,) and working as in the proof of The-
orem 7.1.6 (especially applying Diagram 3.2 and equality (3.2.17)), we trans-
form (7.2.12) into the equivalent equality

9% B(w) =W g + dg”

Multiplying both members of the preceding by (¢ (from the right), and
taking into account (7.2.9) and (7.2.10), we obtain

a.ga

w

9 D) £ =
) Ka:\wa.ga_ga_’_d(ga.ga)’

g W
\wa .ga Ea—l—(dga )
or, by (7.2.11),

h* - w® = w* - h* + dh®, a€l.

This is exactly (7.2.3), which, in virtue of Theorem 7.2.2, shows that V and
V' are F-related.

Conversely, assume that V and V' are F-related. Then, reversing the
previous arguments concerning the local connection forms and matrices, we
have that (7.2.3) implies (7.2.12); thus, by Theorem 6.4.5, D and D’ are
(f, ¢, ¢,idx)-related. O

The fiber bundle analog of the previous result is proved in Vassiliou [126,
Theorem 4.3].

Conversely to the Theorem 7.2.5, we examine related connections start-
ing with an isomorphism between vector sheaves and then applying the
isomorphism between the corresponding sheaves of frames. More precisely,
we state the following:

7.2.6 Theorem. Let F : £ — &' be an A-isomorphism of vector sheaves and
let f = (f,idgr(n, ), idpm, (4),idx) be the GL(n, A)-isomorphism between the
corresponding principal sheaves of frames determined by Proposition 5.6.5.
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If V, V' are A-connections on £ and E', respectively, and D, D' the corres-
ponding connections on the sheaves of frames, then the following conditions
are equivalent:

i) V and V' are F-conjugate.

ii) D and D' are f-conjugate.

Proof. We can reproduce the proof of Theorem 7.2.5, since, according to
Proposition 5.6.5, f is the unique morphism inducing F. Note that in the
present case, £ = id| gn. OJ

We close this section with the classification of vector sheaves of rank 1
equipped with connections, by combining the previous theorems with Co-
rollary 6.7.3. First we introduce the following convenient terminology.

7.2.7 Definition. A line sheaf is a vector sheaf of rank 1. A pair (£, V),
where £ is a line sheaf and V an A-connection on it, is called a Maxwell
field.

Line sheaves are classified by #4(X) = H!'(X,A"), as a consequence of
Theorem 5.1.8. However, due to their particular rank, their classification
can be strengthened by including connections.

In analogy to Definition 6.7.1, we have:

7.2.8 Definition. Two Maxwell fields (£,V) and (£',V’) are said to be
equivalent if there is an isomorphism of line sheaves I’ : £ — £ such that
V and V' are F-conjugate. The set of the resulting equivalence classes is
denoted by

&)Y,

7.2.9 Theorem. Maxwell fields are classified by
&L (X)Y = H (x. A4 L )
Proof. The result will follow from Corollary 6.7.3 and the bijection
X @U(X)Y — P (X)P 1 [(E.V)] = [(P(E), D),

it P(€)=(P(€),GL(1,A) = A", X, 7) is the sheaf of frames of £ and D the
connection corresponding bijectively to V (see Theorem 7.1.6).

The map x is well defined, since [(£, V)] = [(£/, V')] implies the existence
of a line sheaf isomorphism F' : £ — &’ so that V and V' be F-conjugate.
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Then, by Theorem 7.2.6, there is an isomorphism f = (f,id 4.,id4,idx) of
P(E) onto P(E’) such that D and D" are f-conjugate. Hence, by Definition
6.1.1, [(P(€), D) = [(P(£"), D).

Furthermore, x is 1-1. Indeed, if

[(P(£), D)] = x([(€, V)]) = x([(£", V)]) = [(P(£), D),

there exists an A"-isomorphism f : P(£) — P(E’) such that D and D’ are
f-conjugate. Then, by Theorem 7.2.5, there is an isomorphism F' : £ — &’
such that V and V'’ are F-conjugate; thus, [(£,V)] = [(£', V)]

Finally, let [(P, D)] be any class in the range of x, where P is an arbitrary
principal sheaf of the form P = (P, A", X, 7). In virtue of Proposition 5.2.5,
there exists a line sheaf such that P = P(&). If f = (f,id 4.,id4,idx) real-
izes the previous equivalence and D’ is the unique connection on P (&) which
is f-conjugate with D (see Corollary 6.4.6), then [(P, D)] = [(P(£), D’)]. On
the other hand, D’ determines bijectively a connection V on £. As a result,
x([(E,V)]) = [(P(€),D")] = [(P,D)], which proves that x is onto. This
completes the proof. O

Note. A direct proof of the previous theorem (without recurrence to prin-
cipal sheaves) is given in Mallios [62, Vol. II, p. 175]. In the latter treatise,
line sheaves are denoted by L, a notation reserved here for the sheaves of Lie
algebras L attached to Lie sheaves of groups, as used systematically from
Chapter 3 onwards.

7.3. Associated connections

This section deals with connections induced on certain associated sheaves
studied in Chapter 5. The sheaves under consideration carry the structure of
either a principal or a vector sheaf, so they can be provided with connections.

In what follows, we fix a principal sheaf P = (P,G, X, 7), where G =
(G, pg,Lg,0g). Since more than one Lie sheaves of groups will occur, the
particular components of each one of them are marked by an appropriate
index.

The first case of interest is that of Section 5.4(a). More explicitly, we
assume that H = (H, pu, L3, Ox) is a second Lie sheaf of groups and (¢, ¢)
a morphism of G into H. As we have seen in Proposition 5.4.1,

O(P) = (¢(P), H,X,7), with &(P) =P x$H,
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is a principal sheaf associated with P by (¢, #). Moreover, P and ¢(P) are
linked together by a canonical morphism

(e,0,0,idx) : (P,G,X,7) — (¢(P), H, X, T).

We recall that in the construction of ¢(P) only (the morphism of sheaves
of groups) ¢ : P — H is involved. However, ¢ is now indispensable in
order to provide ¢(P) with connections derived from (and related with) the
connections of P.

Before inducing connections on ¢(P), for convenience, we restate Lemma
6.4.3 in the following section-wise version.

7.3.1 Lemma. If U is any open subset of X, then equality

(7.3.1) (1® 0)pg(9)-0) = pr(6(9)).(1 ® )(0)
holds for every g € G(U) and 0 € Q(Lg)(U) = (2 @4 Lg)(U).

Proof. For every z € U, based on the interplay between morphisms and
the induced morphisms of sections (see convention (1.1.3)), equality (3.3.10)
and Lemma 6.4.3 imply that

(1@ 9)(pg(g).0)) (x) = (1© ¢)(pg(g(x)).0(x))
= pr(o(g(2))). 1®¢ (6(z))
= pr(o(g)(x) (1®¢)(9) ()
= (pn(6(9))-(1 © 6)(6))(x) 0
7.3.2 Proposition. Fach connection Dp on P mciuces a unique connection
p) on ¢(P) such that Dp and Dypy are (€, ¢, ¢,idx)-related; that is,
Dypyoe=(1®¢)o Dp,

as pictured in the commutative Diagram 7.6 on the next page.

~— ——

Proof. If (w,) are the local connection forms of Dp, we set

wim (1® ¢)(wa), ac€l.

Using the compatibility condition (6.1.5), Lemma 7.3.1, and equalities (3.4.2)
and (5.4.7), we check that

wy = (198)(pg(954)-wa + 95(gas))

= PH ((ﬁ(qozé))(l ® 5)(%0 + aH(¢(gaﬂ))
_ pH(( Z(/BP))f ) &(P) +a ( ¢(7’)).

(7.3.2)
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P ¢(P)

Dp Do(p)

Q®aL,

Q®aL,
DIAGRAM 7.6

Thus the local forms (wZ(P>) satisfy the compatibility condition (6.1.5) and
determine a connection Dypy on ¢(P). B

To prove that Dp and Dyp) are (€, ¢, ¢,idx)-related, we apply Theorem
6.4.2, in particular equality (6.4.3). The latter now takes the form

(7.3.2)) (1®¢)(wa) = pr(hgH)wl” + 0n(ha);  a€l,

where each section h, € H(U,) is determined by &(s,) = SZ(P) ~he (: the

analog of (4.4.1)). However, (5.4.6) implies that h, = 14|y, , thus (7.3.2")
reduces to (7.3.2), and the connections are related as desired.

The uniqueness of a connection Dyp) with the property of the statement
is guaranteed by Corollary 6.4.6. O

The second case we consider is related with the construction of Section
5.4(c). Here, instead of the morphism (¢, ¢) from G into H, we consider a
morphism of Lie sheaves of groups of the particular form

(7.3.3) (. %) : (G,p, £,0) — (GL(n, A). Ad, M, (A),0 = 9).

Note the use of the typefaces ¢, @ to distinguish the morphism of the present
case from that of the arbitrary (¢, ¢) treated before.
Since ¢ is a representation of G in A", we obtain the vector sheaf

(7.3.4) E, = (P) =P x5 A",
associated with P by ¢, and the natural morphism of principal sheaves
(Fp, ¢, 3,idx) : (PG, X,7) — (P(£,),GL(n, A), X, 7),

determined by Lemma 5.5.3. We would like to recall that in the construction
of Lemma 5.5.3 we have only used the morphism of sheaves of groups .

The previous considerations lead to:
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7.3.3 Proposition. Let Dp be any connection on P. Then there is a unique
connection Dp(g) on the sheaf of frames P(E,), which is (Fp,p,$,idx)-
related with Dp; that is,

DP(&@) oFp=(1®%)o Dp.

Proof. If (w,) are the local connection forms of Dp, we set

(7.3.5) wh &) = (12 ¢)(wa), acl.

Working as in Proposition 7.3.2 and taking into account equality (5.5.9), we
verify that the local forms (7.3.5) determine a connection Dp g ) as in the
statement. U

The previous result is illustrated in the following commutative diagram.

P - P(Ey)
Dp Dpe,)

QR L

QR4 My (A)
DiAGrRAM 7.7

As in the first part of the present section, the same morphism (7.3.3)
also determines the principal sheaf (see (5.5.3))

Py = (Py,GL(n, A), X, 7). with P, =P x$ GL(n, A),
and the GL(n, A)-isomorphism of principal sheaves (see Theorem 5.5.5)
0 = (0,1dg(n,A)s 1, (A), idx) : Pp — P(Ep)

satisfying equality (5.5.12), i.e., foe = Fp.

As a consequence, we obtain:

7.3.4 Proposition. Let Dp be any connection on a principal sheaf P. We
denote by Dy and Dpg,) the connections induced on Py and P(E,), re-
spectively, in virtue of Propositions 7.5.2 and 7.5.3. Then Dy and Dpg,,)
are 0-conjugate; that is,

l)%j == Dp(gw) 0f.
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Equivalently, we have the commutative diagram:

DIAGRAM 7.8

Proof. In virtue of Theorem 6.4.5, Dy, and Dp g ) are #-conjugate if and
only if their local connection forms satisfy equality

(7.3.6) Wit = Ad(hg V) wl 9 + 0(ha): ac€l,

where the local sections h, € GL(n, A)(U,) are determined by the analog
of (4.4.6), namely

9(85“’) = shE) .

However, the preceding equality, combined with (5.5.15), implies that
ha = 1gz(n,)lU,, thus (7.3.6) turns into

(7.3.7) wf“’ = wf(g“"), acl.

Therefore, the 6-conjugation of the statement reduces to the verification of
the last equality. This is indeed true, since both sides of (7.3.7) coincide with
(1 ®®)(wa), according to (7.3.2) (for ¢ = ¢, ¢(P) = P,) and (7.3.5). O






Chapter 8

Curvature

Curvature is the simplest local meas-
ure of geometric properties. Curvatu-
re is therefore a good first step toward
a more comprehensive picture of the
space-time in question.

C. MisNER—K. THORNE-J. WHEELER
[76, § 14.1: “Curvature as a tool for un-
derstanding physics”, p. 334]

URVATURE is another fundamental geometric notion. This chapter deals

first with the curvature of connections on principal sheaves and then
moves on to the particular cases of connections on vector and associated
sheaves. In the language of physics, the curvature is the field strength of a
gauge potential (viz. connection). It is precisely the former which manifests
the presence of the latter, henceforth the importance of the curvature, both
in geometry and physics.

279
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In our abstract approach, the curvature of a connection can be defined if
we assume the existence of a differential (of order 1) on Q(L), extending —in a
sense— the Maurer-Cartan differential of the structure sheaf. An appropriate
differential (of order 2) on Q?(£) implies Bianchi’s identity.

A considerable part of the chapter is devoted to the study of flat connec-
tions (i.e., connections of zero curvature). In particular, we show that this
notion of flatness is equivalent to the relevant notions of (complete) paral-
lelism and integrability of connections, and 0-flatness of a principal sheaf,
under an appropriate Frobenius integrability condition. We also examine
flat principal sheaves, namely, principal sheaves whose cocycles have coeffi-
cients in a constant sheaf, thus the transition sections are locally constant.
Unlike the case of connections on ordinary smooth bundles, the last notion
of flatness is not equivalent to flat connections and the other related notions
mentioned above.

The case of flat connections on GL(n, A)-principal sheaves, discussed in
the final section, is an illuminating example clarifying many technicalities
of the general theory.

8.1. Preliminaries

Throughout this chapter we fix a differential triad (A, d, Q) over a topological
space X = (X, Tx).
In Section 2.5 we defined the p-th exterior power of {2

Pe= Q' N\, AW = A p>0,
———

p—factors
where Q0 = A and A'Q = Q' = Q, along with the differentials
P QF — QptlL p>0,

where d¥ := d.
We also defined the exterior product

A QP x QI — QPA Q7 = QPF9

Since the exterior power QP may be confused with the fiber product of
p factors all equal to €2, in what follows, according to the concluding
comment of Subsection 1.3.2, O will exclusively denote the exterior
power, whereas the fiber product will be denoted by Q).
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Given a Lie sheaf of groups G = (G, p, £, ), analogously to (3.3.4), we
define the L£-valued p-th exterior power of {2

(8.1.1) P(L) =P @4 L

and the exterior algebra
(8.1.2) 0'(L) = ANQUL)) = P (L)

Referring also to the remarks of Subsection 1.3.6, we recall that the sheaf
(8.1.1) is generated by the presheaf U — AP(QY(U)) @ L(U).
We shall define an exterior product on Q°(L), denoted by

(8.1.3) N\ QP(L) xx QL) — QPTI(L),

which extends the exterior product (2.5.6). The reader might have noticed
the typographical difference —made for the sake of distinction— between the
wedge A of (2.5.6) and the (bigger and bolder) /\ of (8.1.3).

To this end, for an open U C X, we define the (local) exterior product

Av = (N (QYU)) @ aw) L)) x (N(QHU)) @ a0y LU)) —
NTHQNU)) ® aw) LU,
by requiring that
(8.1.4) (WRu, 0 @v) — (WU Ay @v) = (wAy 0) @ [u,v].

The definition is extended to arbitrary tensors by A(U)-linearity.

Being clear that the operators Ay (U € Tx) figuring in w Ay 0 of (8.1.4)
generate the exterior product (2.5.6) on Q°, it is straightforward to show
that the assignment U + /\y is a presheaf morphism, whose sheafification
is —by definition— the exterior product (8.1.3).

Since, classically, /\ is denoted by [ ], in certain cases we follow the
same trend, although the plethora of brackets used in this work may lead to
some confusion. Thus we also set

(8.1.3) alb=[a,b],  (a,b) € Q(L) xx QIU(L).

For details concerning the analogous case of differential forms with values
in a Lie algebra, we refer, for instance, to Bleecker [10, p. 36], Naber [81,
p. 234], Pham Mau Quan [101, p. 211].
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By a routine application of (8.1.4), we establish the following funda-
mental properties:

(a+a")/\b=a/Nb+ a'N\b,
a-(a/\b) = (a-a)/\b=a/\(a-b),

for every a,a’,b € Q°(L), = (A(L))), = ANCUL))2, & € Ay, and z € X;;

a/\b = (—1)P"1pAa
(%) (=) (a/\b)Ac+ (=1)®(OANAc)Na + (—=1)"%(c/N\a)/\b =0,

for every a € QP(L),, b € Q4(L),, c € Q"(L),, and every z € X.

As a consequence of the preceding, we see that /\ is not associative,
and the product a/\a, (a € Q'(L£)) is not necessarily identical to zero (in
contrast to the case of the forms a € Q"). For later reference we record two
obvious equalities:

(8.1.5a) a/\b = b/\a; (a,b) € QL) xx Q'(L),
(8.1.5b) (a/\a)N\a = 0; acQ'(L).

As we have seen in (3.3.5) — (3.3.7), a representation p : G — Aut(L)
induces a natural action of G on Q(£) = Q'(£). An analogous action of G
on QP(L), p > 2, is generated by the local actions (for all U € Tx)

G(U) x (N(Q'(U)) @ 4@y LWU)) — N(QYU)) @ ) LU),
given by
(8.1.6) (s,w®u) — w® p(s)(u).

In conformity with the notations of Section 3.3, we still write

(8.1.7) p(g).w

in order to denote the result of the action of g € G, on w € (V"(L)), =
(Q")y ®a, L, for any x € X. For g and w as before, there are sections
s € G(U) and t € N"(Q'(U)) @4y L(U) such that g = 5(z) = s(z) and

w = t(x), for some U € N (x). Therefore, as in (3.3.7),

(8.1.8) plg)w = ((1® p(s))(1)) (2).
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The previous action is also extended, in an obvious way, to an action on
the exterior algebra Q°(£) and is related with the exterior product /\ in the
following manner:

8.1.1 Proposition. The exterior product /\ is G-equivariant in the sense
that equality

(8.1.9) p(g).(a/\b) = (p(g).a)/\(p(g)-b),
holds for every g € G, a € QP (L), b € QU(L),, x € X, and for any p,q.
Proof. As in (8.1.8), let

s € G(U). te N QD)) ®a) LO), 7€ AUQD)) &4 L)

be sections such that g = s(z), a = t(z) and b = 7(z), with U € N (x).
We further assume that ¢ = w @ u, 7 = 6 ® v (the general case of non-

decomposable tensors is handled by linear extension). Then, by (8.1.3) and
(8.1.4),

a\b= ((w@u)A\y(0 @v)) (z) = ((wAv 0) @ [u,v]) ().
Hence, taking into account (8.1.8), we have that
(8.1.10) p(g)-(a/\b) = ((1 @ p(s)) ((w Av 0) @ [u, v})>~(:c).
On the other hand,
(18 p()) ((w Av ) ® [i,0]) = (@ Au 0)  [6(5) (), p(3)(v)]
= (w® p(s)(u) Au (0 @ p(s)(v))
=(1®p(s))(w@uAy(1® p(s)) (0 @)
= (1@ p()) () Av (1 @ p(s))(r).

Therefore, (8.1.10) transforms into
p(g9).(a/\b) = ((1®p ) AU (1@ p(s))(r ))~($)
= ((1@p(s)) ) (@A (1 ® p(s)) () (=)

= (p(9)-a)/\(p(9).b),
as stated. O
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8.1.2 Examples. In anticipation of later applications, we focus our consid-

erations on the following two basic cases:

(a) The exterior product of Q'(C¥(G))

The module Q' (CF(G)) := Q! @cge CF(G), already encountered in many in-

stances, has been defined in Example 3.3.6(a). We shall connect its exterior

product in the sense of (8.1.3) with the usual exterior product of Lie algebra

valued differential forms. For simplicity we restrict ourselves to 1-forms.
Given two ordinary forms w, § € A'(U, G), their bracket [w, 8] € A%(U, G)

(in other words, their exterior product with respect to the Lie algebra struc-

ture of G), is defined by

(8.1.11) [w, 0]z(u,v) = [wz(u), 0 (v)] — [wz(v), Oz (u)],

for every x € U and u,v € T, X (the formula extends analogously to arbit-
rary forms; see, e.g., Bleecker [10, p. 35], Naber [81, p. 234]). Since

n

w=Y wE!, 0=Y 6:E’, [Ef EV]=> cfEf,
i=1 i=1 k=1
the definition of the ordinary exterior product of R-valued forms leads to
(see the notations of Example 3.3.6(a))

(8.1.12) w, 0] =3 ( ok wi A eij)E,?.
k=1 ij=1
If we define the 2-form analog of (3.3.13), namely
A2U : AQ(Ua G) i) A2(Ua R) ®C°°(U,R) COO(Ua G)a
by a formula similar to (3.3.13a), then (8.1.12) yields the element
(8.1.13) 2 (w,0) = > (Y hywing;) @ EY.
k=1

=1 ij=1
On the other hand, the definition of Ay and (3.3.13a) imply that

AlU(w)/\UXU(H) = (iwl ® E,U) /\U(iaa‘ ®EJU>
i=1 Jj=1

n

(8.1.14) =Y (wint) @B EY]
ij=1

= (ZCZ wi/\(9j>®E,g.

k=1 ij=1
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Note that, in the present case, the entities Q' and Ay involved in the
general formula (8.1.4) are replaced by A'(U,R) and A, respectively. Thus,
equalities (8.1.13) and (8.1.14) give

(8.1.15) 2([w,6]) = Ay (@) AuAL(0); w6 € AU, G),

for every open U C X. As a result, using (8.1.3') and the inverse of ',
namely

i ONCR(G)) = O ges CF(E) - 04 (G)
(see (3.3.14)), we find the following (global) formula
(8.1.16) aAb = [0,5] = N2 (@), 1 (B)]),

for every (a,b) € Q' (CF(G)) xx QLUCF(G)).

Here A? is the sheafification of (A%), and the bracket, in the last term
of (8.1.16), is the sheafification of the individual brackets of (8.1.12), for all
open U C X. (Typically, we should have written [w, 8]y and w; Ay 6; in
(8.1.12), but we omitted this detail as being easily understood).

Formula (8.1.16) establishes the relationship mentioned in the beginning
of the example.

(b) The exterior product of Q'(M,(A))

For the module in title we refer to equalities (3.1.3) and (3.1.4), as well as
to the general discussion of Section 3.3.

Thinking of the matrix sheaf M,,(A) as the Lie algebra sheaf of GL(n, A),
according to (3.1.7) and its analog for 2nd order forms, we have the identi-
fications

1%

il QY M (A)) = Q@4 My (A) — M, (QY),
12 (M (A)) = Q2 @4 My (A) — M, (92),

induced by the corresponding local isomorphisms (u};) and (). The in-

verse of ;2 is denoted by A2
We intend to connect the exterior product

(8.1.17) A QY M, (A)) xx Q' (M (A) — Q3 (M, (A))
with the exterior product of matrices

(8.1.18) A M (1) xx M (QY) — M, (%)
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(same symbol as A : Q' xx Q' — Q?), generated by

(8.1.19) (wij) AU (91‘]‘) = <szk AU 9kj>v
k=1

if (wij), (0i5) € Mp(QYU)) = M, (QY)(U), for any open U C X. Recall that
the products (Ay) on the right-hand side of (8.1.19) generate the original
At xx QF — 02

Let w,0 € QYU) ® a1y Mn(AU)) = Q' (My(A))(U) be two arbitrary
1-forms (viz. sections). Since, by the notations following (3.1.6a), the forms
w, # can be written as

n n
P ST AN oY
i,j=1 ij=1
taking into account the Lie algebra structure of M, (A(U)), and applying a
direct calculation (as in the first example), we see that

WALO = (Zn: Wi ®E§§)/\U( Zn: 0;j ®E5>

1,j=1 3,j=1
n

(8.1.20) = Y (Wi rv o) © (B, B
ik, =1

n

— Z (Z(wikAij—i-Hik/\wkj)) ®Eg

ij=1 k=1

Hence, (3.1.6b) and (8.1.19) transform (8.1.20) into

(8.1.21) W3 (WAG) = i (@) Au 11 (0) + 1 (0) Au aby (),

for every w,0 € QY(U) ® z(ry Mn(A(U)). Note that the definition of the
product (8.1.19) does not allow a simplification of the second member of
(8.1.21) as in the case of forms. Therefore, by sheafification,

(8.1.22) 2 (alb) = 12 ([a,8]) = p' (@) A pt (D) + ' (b) A ' (@),

for every (a,b) € QY(M,(A)) xx QY(M,(A)), where the exterior product
A on the right-hand side of (8.1.22) is the sheafification of the products Ay
of (8.1.19), when U is varying in the topology of X.
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In particular,

(81.21) (A w) = 2l (@) A i (@),
(81.22) W2(a/\a) = 1 ((a,a]) = 24" (a) A ' a),
for every w € Q'(U) ® gy Mn(A(U)) and a € Q' (M, (A)).

To prepare the definition of the curvature of a connection, given in the
next section, we first need the following notion:

8.1.3 Definition. Let (X,.A) be an algebraized space and the differential
triad (A, d, Q') over it. A precurvature datum on X is a quintuple

(8.1.23) (A,d, 0 d", 0%,

where d' : Q' — Q2 is the 1st exterior derivation extending d = d° and
satisfying (2.5.8), (2.5.9).

In Mallios [62, Vol. II, p. 188], (8.1.23) is called a “curvature” datum
since it is sufficient for the definition of the curvature of .A-connections (on
vector sheaves). However, to define the curvature of connections on principal
sheaves, we need a different sequence of sheaves and morphisms, for which
we reserve the term curvature datum (see Definition 8.1.4). Such a datum
involves, unavoidably, the structure of the Lie sheaf of groups.

More precisely, given a Lie sheaf of groups G = (G, p, £, ), we assume
the existence of a K-linear morphism

(8.1.24) dt: QL) — Q*(L),
satisfying the following conditions:

1
(8.1.25) (@' 00)(g) = =5 0(9)\(g),

(8.1.26) d'(p(g9)-w) = p(g). (d'w + d(9) Aw),

for every g € G, and every (g,w) € G xx Q(L), respectively.

Condition (8.1.26) will be mainly used in its equivalent form

(8.1.26) d' (p(g~")w) = p(g™").d'w —8(g9) Np(g~")w,
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which is a direct consequence of Propositions 3.3.5 and 8.1.1. Both (8.1.26)

and (8.1.26") describe the behavior of d* regarding the action of G on Q*(L).

Therefore, d' is not G-equivariant.
Conditions (8.1.25) and (8.1.26) are crucial for the development of
a notion of curvature with the properties of its classical counter-
part. Although both are inherent in the ordinary smooth context
(see also Examples 8.1.6 below), they are never used in the study of
the classical curvature because other approaches prevail. In partic-
ular, (8.1.26) and (8.1.26') are rarely mentioned (and proved) in the
literature.

With the previous notations, we introduce the next important K-linear
morphism

(8.1.27) D: QY L) — Q*(L),

defined by (see also (8.1.3"))
1 1
(8.1.28) D(w) :=d'w + 5 wA\w = d'w + 3 [w, w], w e QY(L).

The morphism D is called a Cartan (second) structure operator. It
depends, of course, on the construction of a morphism d!. Accordingly,
condition (8.1.28) is called the Cartan (second) structure equation.

8.1.4 Definition. A curvature datum is a pair (G, D), where G is a Lie
sheaf of groups and D a Cartan structure operator.

8.1.5 Proposition. The operator D has the following properties:

(8.1.29) Dod =0,
(8.1.30) D(w+w') = D(w) + D(w') + wAw',
(8.1.31) D(p(g_l).w +0(g)) = plg™ ). D(w),

for every (w,w') € QY(L) xx Q1 (L) and (g,w) € G xx QL(L).

Proof. The first property is an obvious consequence of (8.1.25). The second
is a result of the additivity of d' and /\, combined with equality (8.1.5a).
For the last property, (8.1.29) and (8.1.30) yield

D(plg~")w+0(9)) = D(p(g~").w) + (p(g~").w)Ad(g).



8.1. Preliminaries

289

Thus, (8.1.28) implies that

D(p(g~").w+d(g)) =d' (plg™")w) + % (p(g~ ") w)Np(g™")w

+ (p(g")-w)Ad(g)

(see (8.1.26")) =p(g ")-d'w — 8(g)\p(g")w
(see (8.1.9)) + 3 0(g ) (wAw) + (ol ™)) ADlg)
(see (8.1.52)) = plo ).d"w + 5 plg ) (wAw)

— plg):D(w).

O

Equality (8.1.29) is also called the Maurer-Cartan equation, with
respect to (G, D). The reason for this terminology is explained in the note

at the end of Example 8.1.6(a).

8.1.6 Examples. We continue the discussion of Examples 8.1.2 by describ-

ing their differential d' and the corresponding curvature data.
(a) The curvature datum of CY(G)

We consider C§(G) with the structure of the Lie sheaf of groups induced
by an ordinary Lie group G, as in Example 3.3.6(a). Then we define the

differential

d': Q1(CF(G)) — 2*(CR(G))

to be the sheafification of the operators

diy : A (U,R) @coeup) C(U, G) — A*(U,R) ®coe(ur) C°(U,G),

given by d%] = AQU od'o HlU, as shown in the diagram

dl
AU, G) A*(U,G)

1y, AY

1

d
A (U,R) ®coer) C°(U,G) ---% -+ AX(U,R) ®coe r) C°(U, G)

DiAGrAM 8.1
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where d! is in fact the (restriction to U of the) ordinary differential of G-
valued 1-forms.

In particular, if we consider an 1-form of the type w = > " jw; ® E; €
AY(U,R) @ceo gy C(U,G), then it follows at once that

n

(8.1.32) dijw =Y (d'w;) ® B,
=1

(see also the notations and analogous computations in Example 8.1.2(a), in
conjunction with (3.3.13b) and the 2nd order analog of (3.3.13a)).

It is worth noticing that the identification AP(U, G) = AP(U,R) ®r G im-
plies that the ordinary differential (of order p) of G-valued forms is identified
with d? ® 1 : AP(U,G) ®r G — APTH(U,G) @g G (see, e.g., Greub-Halperin-
Vanstone [35, Vol. I, p. 150], Pham Mau Quan [101, p. 211]). Though
(8.1.32) is quite close to the previous tensor product (for p = 1), here we
cannot write dj; = d' ® 1, since now this tensor product should be taken
over C*°(U,R), whereas d' is not linear with respect to the latter algebra.

We show that d! satisfies (8.1.25): For an open U C X and any g €
C>(U,G), (3.3.17) implies that

where d = d is the usual differential of smooth functions. But, if o denotes
the left Maurer-Cartan form of G, the ordinary Maurer-Cartan equation
gives
1/, -1 Lo -1 (1 1
d'(g~"dg) + 519 dg, 9" .dg] = g"(d'a + 5 [a,]) =0,
with ¢* denoting the ordinary pull-back of forms by ¢g. Hence,

di7(Bu(9)) = A (d' (9" dg))
Ay (lg~ dg, g~ ".dg))
A ([, (90(9), 1, (00(9))])

v (9)N\vdu(g).

(see (3.3.17))

N~ N — DN —

(see (8.1.15))
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Varying U in the topology of X, we get (8.1.25).
We now verify (8.1.26"). Since in the present context it reads
d' (.Ad(g_l).w) = Ad(g~).d'w — 8(g) NAd(g~).w

for every (g,w) € C¥(G) xx Q1 (CF(G)), it suffices to verify its analog on
the level of the generating presheaves and morphisms (see also the definition
of Ad in the same Example 3.3.6(a)); that is,

diy (1®Ad(g ™)) (we f)) =
(1®Ad(g ") (dy(w® f) — () Av(1®@Ad(g™ ")) (w f),

for every (g,w @ f) € C®(U,G) x (' (U) @ceory C*(U,G)) and every
open U C X.

Indeed, taking into account (3.3.15) and (3.3.16), as well as equality (A)
on p. 108, namely

(8.1.34) ph 06 = duo (1 x ),

(8.1.33)

we have that

diy (1@ Ad(g))we f)) = Ay ed opl) (fulg™ we f))
=(\Yyod ody)(g tpywe )
=AY od ody)(gt,wf)

= (Ao d")(Ad(g").(w))),

where the meaning of wf is explained in the equality following (3.3.13b).
However, by standard (though tedious) calculations on ordinary forms,

(8.136) d'(Ad(g™)).(wf)) = Ad(g™ 1) (wf) — [g " dg, Ad(g™).(w)]-
(A very detailed proof of this can be found, e.g., in Krein-Yatskin [51,
Chap. 3, Proposition 1.2], under an appropriate change of notations.) There-
fore, applying (8.1.36), (3.3.17), the analog of (3.3.15) for 2-forms, (8.1.34)
and its analog for 2-forms, as well as (3.3.13b), (3.3.16') and (8.1.15), we
transform (8.1.35) as follows:

dh (1@ Ad(g ))(w® f))

= Ay (Ad(g).d" (w))) = AT (lg~ dg, Ad(g )( )

=\ (dulg td (wh))) = A% ([}, (0 ( Lwf)l)

=0y (g7 h AL (wh))) = A% ([ 1U py,Op(g 1@ wf))])
= (1®Ad(g™)(dy(wa f)) — g )Au(1®Ad( Nwe /),

(8.1.35)
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which is precisely the desired equality (8.1.33).

Having defined d', we obtain the corresponding operator D and the
curvature datum (C§, D). In summary:

The Lie sheaf of groups C¥(G), obtained from a Lie group G (along
with a smooth manifold X), is provided with a curvature datum de-
rived from the usual differentials and the bracket (exterior product) of
ordinary G-valued forms. The curvature datum is essentially obtained
from the precurvature datum (C¥,d, Q' d", Q?), where (C¥,d, Q') is
the differential triad of X (see Example 2.1.4(a)), Q2 the sheaf of germs
of (R-valued) differential 2-forms on X, and d' the sheafification of the
ordinary differential of 1st order.

Note. Let us now explain the terminology applied to (8.1.29). For this
purpose we observe that the operator D of the present example can also be
defined by the sheafification of the local morphisms

Dy : A'(U,R) ®cxur) CP(U,G) — A*(U,R) ®cee(r) C(U, G)

given by
1
Dy(w) == djyw + 3 wA\pw.

Therefore, working as in the verification of (8.1.25) by d', we have that

Du(0u()) = b (@u(9)) + 5 A (9) Audu(9)
= (A od op}) (A (9" dg))
§A (g~ ".dg)NuAy(g~".dg)
At (d'( ; lg '.dg, g~ ".dg])
= <g* (dta + % [a,a])) = 0.

This shows that D o 0 is ultimately related with the usual Maurer-Cartan
equation of a Lie group and (as expected) verifies (8.1.29).
(b) The curvature datum of GL(n, A)

We think of GL(n,.A) as the Lie sheaf of groups described in Example
3.3.6(b).
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In Example 8.1.2(b) we defined the identifications
(8.1.37) AP : M, () —— QP @4 M, (A) =: QP(M,(A)); (p=1,2),

whose inverses are denoted by p?. They are generated by the corresponding
local isomorphisms

X My (QP(U) — (V) @40y Ma(A)

and g, = (M) !, given respectively by

(8.1.37a) /\’[’]((Hij)) = Zn: 0;j @ E'g-,
ij—=1
(8.1.37]3) ,uf,(@ & (aij)) = (9 . aij) = (aij . 9)

We have already defined the matrix differential d° : M,,(A) — M, (Q)
(see (3.1.11)) generated by the morphisms

(8.1.38) dy : My (A(U)) — Mo (21(U)) : (aij) — (d aij),

(U € Tx) where d° in the target is the differential of the given differential
triad.

Hence, if there exists a precurvature datum (A, d = d°, Q, d', Q?), we can
also define the differential (same symbol as before) d' : M, (Q') — M,,(9?),
generated, similarly, by the local morphisms

(8.1.39) diy : My (Q1(U)) — My (Q(U)) = (wij) = (d'wyj).
The last matrix differentials extend to the morphisms
diy = A odyy o py = U (U) ® 4wy Ma(AU)) — Q(U) ® 4y Ma(AU)),
for all U € Tx, which in turn generate the differential
d' QN ( M, (A) — Q2(M,(A)).

To prove that the latter verifies (8.1.25), it suffices to work locally. Thus,
for any open U C X and g € Gl(n, A(U)) = GL(n, A)(U), the above defini-
tion of d};, the local analog of (3.2.17), and the definition of d (see (3.2.9),
(3.2.10)), yield

(8:1.40) (dir 0 9u)(9) = (Agr o dir o pir) (A (9(9))) = (A e dpr) (g™ - d),
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where d° = d is now the matrix extension of the differential of the given
differential triad (see also (3.1.10) and (3.1.11)).
Applying now (8.1.39), (2.5.8) and (2.5.9), we find that

(gt d%g) = d’(g™") Av dg.
But an elementary calculation shows that
P g-g)=0 = dg =g (d9-g7Y

hence,
diy(g "t -d) =—(g " (d9)-g ') Avdg =
=—(g7"-d’g) nu (97" - dg).

As a result, using the last equality, along with (8.1.22'), we transform
(8.1.40) into

(diy 0 9u)(9) = —A5: (g7 - d%) Aw (g7 - d9))

= =75 (0u(g) v du(g))

= Xé(u (Du(9)) Au 1ty (Bu(g)))
—= (\f o) (Ou(9)A\vdu(9))

v (9)Nvou(g),

l\DIH[\’)I}—‘

from which we get (8.1.25).
We shall now prove the analog of (8.1.26"). First observe that, for every
g € Gl(n, A(U)) and w € M,(QY(U)), a typical application of (2.5.8) as
before, together with the exterior product of matrices (8.1.19), implies that
d' (Ady(g )W) =d' (g w-g) =
(g Hrvw) g+g - (dw)-g—g " (whudy).

The first summand of (8.1.41) is transformed into

(g rvw)-g=—(¢g" (d9) g7 ) Avw)-g
—((5U(9) gD Arw) g
=—du(g) hv (g b w-g)
=~y (9) Av Adp (g7 (w).

(8.1.41)

(8.1.42)
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Similarly, for the third summand we have that
g whrdlg) =g ((w-9) Au (97" - dg))
(8.1.43) =(g " w-g)Avdulg)
= Ady(g™")(w) Av du(g)-
Consequently, substituting (8.1.42) and (8.1.43) in (8.1.41), we obtain
(8.1.44) d' (Ady (g~ ")(w)) =
Ady (g~ ")(d'w) — du(g) Av Adp(g ) (w) — Adu(g ) (w) Av dul(g)-

As earlier, let us notice that the last two terms cannot unified since the
exterior product is the particular product of matrices (8.1.19).

Now, for the proof of (8.1.26"), we work locally by taking into account
the action (3.2.13"). This means it suffices to show equality

di; (1 Ady(g 1)(0)) =
(1@ Ady(g ™)) (dh8) — du(g)Av (1@ Adu(g™h))(9),

for every g € GL(n, A(U)), 6 € Q' (U) ® g1y Mn(A(U)), and every open
U C X. We notice that the action (3.2.13") is generated by the local actions
(3.2.14"), the latter being given (for arbitrary tensors) by

nu(9,0) = (1@ Adu(g1))(0).

Indeed, for g and 6 as before, the first member of (8.1.45) is transformed
as follows:

(8.1.45)

diy (1@ Ady(g~1))(0)) = (A UOdUONU)((1®AdU(9 D))
= (A UOdUONU)(5 ulg™ ,0))
(see Diagram 3.2) = (\? U o dU)( Snu(g™ 1,,u1U(0)))
= (o

(see (3.2.14)) o dir) (Ady (g~ (ur(9)))-

Thus, applying (8.1.44) for w = u;(0), we find that

)
diy (1@ Adu(g~"))(0)) = \p (Ady (g~ ") (dgr(ug7(6)))
— A% (9u(9) /\UAdU( N (nir(0)))
= A% (Adu(g ) (ut(0) Audu ()
(>) = Af(A) = \G(B )*)\211(0)7
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where the terms represented by A, B, C are clear.
But the analog of Diagram 3.2 for 2-forms implies that

A (A) = AF (Adu (g~ ) (dy (g (0)))
= (Ao dnu) (g b, diy(uir(9)))
= (G0 (1 A) (97", diy(uy(0)))
=897 (N ody o pgr)(0))
= (1® Adu(g ") (dyh)).

On the other hand, using (3.2.17) and Diagram 3.2,

A (9)A\vAdy (g ) (uh(0) = (B (0) Audnu (g, ui(9))
= ur(0u(0)Au(ugr o 6l ) (g, 0)
1t (00 (0)) Au gy (1 ® Adp(g~1))(8)).

Similarly,

Adu(g ) (b (0)Avdu(g) = pi (1 © Adu (g ))(0)) Avny (9u(g)).
Therefore, applying (8.1.21), we see that
—AG(B) = AH(C) = —0u(9)A\u (1@ Adu(g™h))(6).

As a result, if we substitute the expressions of A% (A) and —\?,(B) — A%(C)
in (>), we obtain (8.1.45), as required.
Taking into account (3.2.15'), the sheafification of (8.1.45) leads to

d'(Ad(g ") w) = Ad(g™).d'w — d(g) NAd(g™").w,

for every (g,w) € GL(n, A) xx Q' (M, (A)), which is formula (8.1.26') in
the context of the present example.

The previous d! determines an operator D and the corresponding curva-
ture datum (GL(n, A), D). In conclusion:

The Lie sheaf of groups GL(n,.A) has a natural curvature datum pro-
vided that the original differential triad (A,d,2) extends to a pre-
curvature datum (A, d, Q', d', Q?).
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Note. As a complement to the comments following Definition 8.1.2, let us
remark that the conclusions of both of the previous examples show that the
curvature data of them have been naturally constructed from an appropriate
precurvature datum (A, d, Q', d', Q?).

Thus, although the curvature of a connection on an arbitrary G-principal
sheaf is generally determined by a curvature datum (see the next section),
in the particular case of connections on the C3(G)-principal sheaf of germs
of sections of a smooth principal bundle (see Example 4.1.9(a)), and that
of connections on a GL(n, A)-principal sheaf, the curvature is ultimately
constructed from the aforementioned precurvature datum.

For the above reason, and only within the context of the aforementioned
particular cases, (A,d,Q', d", Q%) may legitimately be called a curvature
datum, as in Mallios [62, Vol. II, p. 188].

8.2. The curvature in general

Let P = (P,G, X, ) be a given principal sheaf admitting connections. We
also assume the existence of a curvature datum (G, D). With this assumption
in mind, we come to the following fundamental notion.

8.2.1 Definition. The curvature of a connection D on P is the morphism
(of sheaves of sets) R = R : P — Q2(L) defined by R := Do D, as
pictured in the next diagram.

P QL)

N

0*(L)
DIAGRAM 8.2

8.2.2 Proposition. The curvature R of a connection D on the principal
sheaf (P, G, X, ) is G-equivariant with respect to the actions of G on P and
O2(L); that is,

R(p.g) = p(g~").R(p),

for every (p,g) € P xx G.



298 Chapter 8. Curvature

Proof. In virtue of (6.1.1) and (8.1.31), we have
R(p-g9) =D (plg").D(p) + 0(9))
=p(g ").D(D(p)) = plg~")-R(p). O

In the terminology of Definition 5.3.8, the previous result shows that R
is a temsorial morphism. Hence, if we denote by

(8.2.1) Homg(P,Q3(L))

the sheaf of germs of tensorial morphisms of P into Q2(£) (see (5.3.19)),
Proposition 8.2.2 implies the following:

8.2.83 Corollary. Up to an isomorphism, R can be considered as a global
section of the sheaf of germs of tensorial morphisms (8.2.1); that is,

R € Homg(P, Q*(L)) = Homg (P, Q*(L))(X).

Proof. Recall that (8.2.1) is generated by the complete presheaf of tensorial
morphisms

U — Homg,,, (P|u, Q*(L)|v). O

As usual, we denote the morphism of sections induced by R by the same
symbol. Thus, evaluating R at the natural sections (s,) of P (with respect
to a fixed local frame U of P), we obtain the local sections

(8.2.2) Qo := RP(s4) = R(sa) € Q*(L)(Us), ac€l.

Inspired by the classical case of connections on principal bundles, we
give the following definition.

8.2.4 Definition. The local sections (2,) are called the local curvature
forms of the curvature R = R, with respect to a local frame U of P.

8.2.5 Proposition. Let R be the curvature of a connection D with local
connection forms (wq). Then the local curvature forms satisfy:
i) The local Cartan (second) structure equations

1 1
(8.2.3) Qo =d'wy + éwa/\wa =d'w, + 3 [Wa, wal; acl.

ii) The compatibility condition

(8.2.4) Q5 = p(955)-Qa,

on every Uyp # 0.
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Clearly, d' and A in (8.2.3) are now the induced operators on the cor-
responding local sections.

Proof. For any x € U,, we check that

Qa(x) = R(sa)(z) = R(sa()) = D(D(s4()))
= D(D(50)(7)) = D(wa()) = D(wa)(x)

— (dlwa + %wa/\wa)(m),

from which (8.2.3) follows.
Finally, equality (4.3.3) and Proposition 8.2.2 imply that

Q3 = R(s3) = R(sa - gop) = p(9.3)-R(sa) = p(g55) Qe
which is the desired compatibility condition. ]

8.2.6 Theorem. The curvature R of a connection D = (wq) is com-
pletely determined by the 0-cochain of its local curvature forms (4) €
U, (L))

Proof. For an arbitrary open U C X, we define the mapping
Ry : P(U) — Q(L)(V)
as follows: for any section s € P(U), we set

(8.2.5) Ry (s)lunv, = p(9a)-Qalvnv

where g, € G(U NU,) is uniquely determined by the equality s|yny, =
SalUntU,  ga- Since go = gag - gp over U N Uyg, (8.2.4) implies that

(952 = p(95"  9ap)-(0(923) Q) = p(95")-Qars

where, for simplicity, we have omitted the notation of restrictions. This
proves that Ry, is well defined, taking, of course, into account that

U=JUnu).

Therefore, the family (Rj;), with U running in the topology of X, is a
presheaf morphism generating a morphism of sheaves R’ : P — Q2(L).
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By the definition of (,) and R’, we have that R(ss) = Qo = R/'(sa)-
Hence, for any s € P(U) and « € I, Proposition 8.2.2 and equality (8.2.5)
imply that

R(s)|vnv., = R(sluru.) = R(salvnu., - 9a)
= p(95")-R(sa)lunv. = R (s)lvrv,.

from which we conclude that R(s) = R'(s), for every s € P(U) and every
open U C X. Therefore, R = R’ and the statement is proved. O

We shall show that R induces another global object, related with the
adjoint sheaf p(P). Here we identify p(P) with P x$ £, whose coordinates
are @4 : p(P)|y, — L|y.. The change of coordinates, computed on local
sections, gives

(®a 0 @5")(0) = plgp3)(0), €€ L(Uap)

(see Subsection 5.4(d) and its concluding comments).

We consider the sheaf (actually A-module) Q%(p(P)) = Q2 @4 p(P).
Working as in the discussion preceding the proof of Corollary 6.3.4, we
see that the previous sheaf is locally of type Q2(£) by means of the local
coordinates

1980 (P, = Pl @ a1, pPa — Pl ®ay, Llria = POl

(o € I), where 1 is the identity of Q? restricted to U,. Their change
100a)0(100,") =1® (o d,"),

over U,g, is given (section-wise) by the following analog of (6.3.11)

(8.2.6) (1® (®a o ®5"))0) = plgap).0, 0 € QL))

8.2.7 Proposition. The curvature R determines a global section of the
A-module Q%(p(P)).

Proof. Setting O, := (1@ ®,1)(Q%), (8.2.4) and (8.2.6) imply
O =(100;")(2) = (10 ;") (p(g,4)- ) =
((1 ©d;") o (1® (D50 @;1))) Q) = (10 -H)(Q0) = O,

over U, # ). Therefore, gluing the ©,’s we get a global section (in classical
terms: a global 2-form) © € Q%(P)(X), as stated. O
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8.3. The Bianchi identity

In order to derive the abstract analog of the classical Bianchi identity, we
need to assume that the curvature datum (G, D) can be extended to a triplet,
called henceforth Bianchi datum,

(8.3.1) (G, D,d?),

where d* : Q*(L) — Q3(L) is a K-linear morphism satisfying the following
conditions:

(8.3.2) d*od' =0,
(8.3.3) d?*(a/\b) = (d'a)/\b — a/A\d"Db,

for every (a,b) € QY(L) x x QY(L).

Note. Working as in Example 8.1.6(a), we easily see that the 2nd order
exterior differential of ordinary (Lie algebra) G-valued forms determines an
operator d? : Q?(C¥(G)) — Q3(C¥(G)) satisfying the above properties.

Similarly, an operator d? : Q*(M,(A)) — Q%(M,(A)) is constructed
within the context of Example 8.1.6(b), if we are given a K-linear morphism
d? : 0% — Q3 satisfying the conditions

d?od' =0,
d*(a AD) = (d'a) ANb—a Ad'D,
for every (a,b) € Q' xx Q.
Thus, in both cases, the Bianchi datum is essentially determined by
the collection (A,d,€,d", Q% d? Q3) extending the (pre)curvature datum
(A,d,Q,d", Q). For this reason, in these two cases, one may call the former

collection itself a Bianchi datum (see also the final note of Section 8.1 and
Mallios [62, Vol. II, p. 220]).

The 2nd exterior differential d? induces the K-linear morphism
(8.3.4) d? : Hom (P, Q*(L)) — Hom(P, Q3(L)),
defined by

(8.3.5) di(f) =d’o f,
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for every f € Hom(P,Q?(L)). For convenience, we also set
(8.3.6) d? = d>.

The distinction between d? = d? and d? : Q'(£) — Q3(L) is understood
either by the context or by mentioning their domains.

In the same way, the exterior product /\ (see (8.1.3)) induces the K-
linear morphism

(8.3.7)  Ap :Hom(P,QP(L)) x Hom(P, Q4 (L))—Hom(P, QP (L)),
determined by

(8.3.8) (fAmg)(p) == f(p)Ng(p),

for every (f,g) in the domain of (8.3.7) and p € P. Again, for the sake of
simplicity, we set

(8.3.9) Aw = A

Since, by Corollary 8.2.3, R € Homg(P,Q?(£)) € Hom(P,Q%(L)), we
prove the analog of the classical Bianchi identity.

8.3.1 Theorem. Let D be a connection on P with curvature R. If there
exists a Bianchi datum, then the Bianchi (second) identity

(8.3.10) d’R = RAD = [R, D]
holds true.

Clearly, the bracket appearing in (8.3.10) extends to Hom(P, Q%(L)) the
bracket of (8.1.3).

Proof. For every p € P, (8.3.6) and (8.3.9) imply that
(d*R)(p) = (d; R)(p) = d*(R(p))

= d*(d"(D(p)) + %D(p)/\D(p))

(see (8.3.2) _ %dz(D(p)/\D(p))

(see (8.3.3)) =d' (D(p)) AD(p)

(see (8.1.28)) = D(D(p))\D(p) — % (D(p)AD(p))AD(p)
(see (8.1.5b)) = R(p)/\D(p) := (RA\uD)(p)

= (RAD)(p),
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from which the Bianchi identity follows. O

8.3.2 Remark. Following the custom of the classical literature, we may
omit the order of the differential and write identity (8.3.10) as

(8.3.10) dR = [R, D].

We shall give a variant of the Bianchi identity, which reminds us of
another familiar version of its classical counterpart. To this end, given a
fixed connection D, we introduce the covariant exterior differential

(8.3.11) D = D” : Hom(P,Q%*(£)) — Hom(P,Q3(L)),
defined by

D(f) =d}(f)+ DAuf;  f€Hom(P,Q*(L)),
or, in virtue of (8.3.5) and (8.3.8),

(8.3.12) (D(f)) (p) = d*(f(p)) + D)Nf(p),  pEP.

Therefore, the preceding definition and the properties of /\ (see the begin-
ning of Section 8.1) prove at once:

8.3.3 Corollary. The Bianchi (second) identity takes the form D(R) = 0.
Furthermore, from Theorem 8.3.1 we obtain:

8.3.4 Corollary. The local Bianchi (second) identities

(8.3.13) d*Qq = Qo N\wy = (drwy) Awa; acl,
are valid. Equivalently, by (8.1.8") and (8.3.10"),
(8.3.13") d*Qp = [, wa] = [d'wa, wal, acl

In the previous statement, all the operators are now the ones induced on
the corresponding modules of sections over U,.

Proof. Based on (8.2.2), (8.3.10), and the interplay between sheaf morph-
isms and the induced morphisms of sections, we have:

& () (@) = d*(Qu(x)) = d*(R(sa(x)))
— R(sa(2))AD(s0())
= Qu () Awala)
— (QuAwa)(2),
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for every x € U,. This proves the first equality of (8.3.13).
For the second, we differentiate the local structure equation (8.2.3):

d*(Q,) = d?*(d'w, + %wa/\%)

1
(see (8.3.2)) =3 d*(wWaAwa)
(see (8.3.3)) = (d'wa) Awa,
which completes the proof. O

Conversely, we shall prove:

8.3.5 Theorem. The local Bianchi identities (8.3.13) imply the Bianchi
identity (8.3.10).

For the proof we need the following auxiliary result.
8.3.6 Lemma. If D = (w,) is a connection with curvature R = (§,), then
(8:3.14) & (p(92")-9) = p(g0")- A0 — 0(92) Ap(g5")-Qa,
for every go € G(Uy).

Proof. By the structure equation (8.2.3) and Proposition 8.1.1,
@(p(g5") 02) = & (plg ) (' + 5 aAw)
(8.3.15) =d*(p(g,").d'wa)
+ % d*(p(90 ") wa\p(gs ") wa)-
Also, by (8.1.26'),

p(ge)-d'wa = d' (p(ga ") wa) + 0(ga) Np(ga ") wa-

Thus, by the preceding equality and (8.3.2), (8.3.3), we successively trans-
form the first summand in the last term of (8.3.15) to

dQ(P(ggl)-dlwa) = d2(8(9a)/\f’(9;1)'wa)
= dl(ﬁ(ga))Ap(ggl). Wa (ga)/\dl( (9o )Wa)
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or, by applying (8.1.25),

d*(p(ga')-d'wa) = —% (0(92)N(ga)) Nplga")-wa
— 0(ga)N\d" (p(ga ") wa)-

(8.3.16)

Since, in virtue of (8.1.26"), the second summand on the right-hand side of
(8.3.16) becomes

(ga)/\dl( (9o ) Wa) = (9(ga)/\p(g;1).d1wa—3(ga)/\(8(ga)Ap(g;1).wa),

equality (8.3.16) turns into

N —

d*(p(9")-d'wa) = =5 (3(9a) NI(90)) Ap(9, ") -wa
(8317) a(ga)/\ ( 71).d1wa
+ 0(9a) A\ (9(g0) Np(95 ") -wa).-

On the other hand, applying (8.3.3) and (8.1.26") to the second summand
of the last term of (8.3.15), we get

5 (002" 0 Np(a") ) = ' (pg0") ) Al ) v
(8.3.18) = p(ga")-(d'wa) Np(gy ") -wa
- (6(ga)/\p(g(;1>'wa)/\p(g(;l)-wa

Therefore, by (8.3.17) and (8.3.18), (8.3.15) takes the form

(8.3.19)

Now we work out the right-hand side of (8.3.14). First, using similar
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arguments, together with (8.1.9), we check that

p(ga").d*Qo = p(gy").d* (d'wa + %wa/\wa)
(8.3.20) — p(g2")-(d'we) Awe)
= p(9a1)-(d'wa) Np(ga ) wa-
Analogously,
9(9a)N\P(9a1)-Qa = 3(ga) Np(9a 1) -(d'wa)
+ % 8(ga) N\ (p(ga")waNp(ga ') wa).

Combining (8.3.20) and (8.3.21), we see that the right-hand side of (8.3.14)
turns into

P(ga')-d*Qa — 0(ga) Np(g2")-Qa = p(g2").(d'wa) Np(gs ") wa
(8.3.22) — 0(9a) Nplga")-(d'wa)

N %a(gav\(p(g;l)-wa/\p(g; D) a)-

If we compare (8.3.19) with (8.3.22), we conclude that (8.3.14) is satisfied
if and only if

—% (0(92) NI (9a)) Ap(ga ) wa + 9(9a) N (9(90) Ap(ga*)-wa)

—(0(9a) A\p(ga ") wa) Np(ga ') wa = —% 9(9a) N\ (p(ga ") waNp(ge ) .wa)-

(8.3.21)

Setting a = 9(ga) and b = p(g, ') .wa, after a few elementary calculations
we see that the last equality amounts to

(a/N\a)/\b+ (b/\Ab)\a = —2(a/\b)N\a — 2(a/\b)/\b.

But this is always true, as it follows at once by applying the section analog
of the identity (*) of the exterior product /\, firstly to the triplet (a,a,b)
and secondly to (b,b,a). O

Proof of Theorem 8.3.5. Let p € P be an arbitrary element and assume
that m(p) = = € U,. Then there is a (unique) go(z) € G, such that p =
Sa(2) - ga(x), thus we have the equalities:

R(p) = R(sa(x) - ga(x)) = p(ga(z)™")-Qa(2),
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D(p) = D(sa(x) - ga()) = p(ga(2) ")-wa + O(ga(z)).

Applying (8.3.14) and the local Bianchi identities, evaluated at x, we
find that

(dR)(p) = d*(R(p)) = d*(p(ga(2) ") -Qa())
= p(ga(2)71).d*(Qa(2)) = 0(ga(2)) Ap(ga(z) ™). Qa(z)
= p(ga(2)™)-(Qa(2) Awa(@)) = 0(ga(2)) Ap(galz) ) Qa(2)
= p(ga(2) ) Qa(2)Ap(ga(z) ™) wal(2)

+ p(ga(2) 1) Qa(2) N (ga())
= p(ga(2) ") Qa(@) A\ (p(ga(2) ") wa + 8(ga()))
= R(p)/\D(p) = (RA\D)(p),

which proves the assertion of the theorem. ]

The results of this section, combined together, also lead to:

8.3.7 Corollary. The Bianchi (second) identity (8.3.10) (or its variant in
Corollary 8.5.3) is equivalent to the local Bianchi identities (8.3.13).

8.4. The sheaf of curvatures

For the sake of completeness we shall describe the curvature as a global
section of the sheaf of curvatures, in analogy to the sheaf of connections
C(P), whose global sections correspond to the connections of P (see Theorem
6.2.4).

Let P be a principal sheaf with local frame U and natural sections (s,). If
D = (wq) is a connection on P, then the corresponding section S € C(P)(X)
satisfies equality

(841)  S() = [(sa(®), Disa(@)))] = [(sa(@).wa(@)); @ € Ua,

as a result of (6.6.14) discussed in the proof of Lemma 6.6.4 (see also the
second part of the proof of Theorem 5.3.9 (“ontoness”)). By the same token,
we have that the definition of the equivalence relation involved yields

S(x) = [(sa(2),wa(2))] = [(sp(2),wp(2))], 2 € Unp.
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8.4.1 Definition. The sheaf of curvatures of a principal sheaf P is the
sheaf
R(P) :=P x5 Q*(L)

defined by the following equivalence relation:
(pw) ~ (q,w') <=3 geG:(qu)=(pw).g:=(pg,plg”")w).

The previous terminology is justified by the following direct consequence
of Theorem 5.3.9:

8.4.2 Proposition. Global sections T of R(P) correspond bijectively to
morphisms R € Homg(P,Q?(L)), so that

(8.4.2) T(z) = [(sa(z), R(sa(x)))], x € U,.

In particular, if R is the curvature of a connection and T the corresponding
section of R(P), then

(8.4.2") T(x) = [(sal(z), Qa(x))], x € U,.

To connect the sections S and T (corresponding, respectively, to a con-
nection and its curvature), we define the morphism D : C(P) — R(P) by

(8.4.3) D([(p,w)]) := [(p, D)) [(p,w)] € C(P),
where D is the Cartan structure operator (8.1.27).

8.4.3 Theorem. Let D be a connection on P, corresponding to the global
section S € C(P)(X) of the sheaf of connections. Then the global section
T € R(P)(X), corresponding to RP, satisfies equality

(8.4.4) T =D(S),

if D:C(P)(X)— R(P)(X) is the induced morphism of global sections.
Conversely, a section T € R(P)(X) satisfying (8.4.4) determines (in a
unique way) the curvature RP of the connection D corresponding to S.

Proof. Let T be the section determined by RP”. Then (8.4.1) — (8.4.3)
imply that
T(:L') = [(Sa(x>7RD($))] = [(Sa(x)a (DOD)(Sa(x)))]
— D(((s(2), D(sa(@))]) = DS(x)) = D(S)(x),
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for every z € U,. Hence, T|y, = D(5)|v,,, for every U, € U, and the first
part of the statement is proved.

For the converse part, let us denote by R’ the morphism corresponding
to a section T'. Then, in virtue of our assumptions, we obtain

[(3a(2), R'(sa(2)))] = T(=) = D(S(x)) =
D([(sa(), D(sa(2))]) = [(sa(), R” (sa(2)))];
that is, R/(s,) = RP(s4), for all the natural sections (s, ) of P. Since R’ and

RP are both tensorial, arguing as in the last part of the proof of Theorem
8.2.6, we conclude that R’ = RP. O

8.5. The curvature of various connections

After some typical examples, we describe the curvature of related and asso-
ciated connections, the curvature of the pull-back connection, as well as the
curvature of A-connections on vector sheaves.

8.5.1. Some typical examples

(a) Thinking of the Maurer-Cartan differential 0 as a connection (see Ex-
ample 6.1.2(a)), the Maurer-Cartan equation (8.1.29) implies that

R =Dod=0.

(b) Similarly, the curvature of each canonical local connection D, (see Ex-
ample 6.1.2(b)) is given by

RPe =DoDy,=Dodo¢p, =0.

The previous connections are also typical examples of flat connections,
treated in detail in Section 8.6.

(c) Let (P,G,X,mp) be a principal bundle and (P,G, X, ) the sheaf of
germs of smooth sections of P. As we have already seen in Example 6.2(a),
a connection on P, say w, amounting to the family of its local connection
forms w, € A (U, G), a € I, corresponds bijectively to a connection D
on P with local connection forms (viz. sections) w, € QCF(G))(Uy). The
curvature of the principal bundle connection w is fully determined by the
local curvature forms

1
Qy = dlwa + 5 [wonwa} S AQ(Ua-/G)Q ael,
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satisfying the compatibility condition Q3 = Ad(g, ) Qq on Ugyg.

To find the curvature RP we start with the local connection forms (w )
and then we define the curvature forms (£2,) by the structure equations

(8.2.3), i.e
1
Qoz = dlga + §ga/\ga,

where A\ is the exterior product (8.1.16) of Example 8.1.2(a) and d' the
differential defined in Example 8.1.6(a). Therefore, by Theorem 8.2.6, we
determine the curvature R”.

Another way to obtain RP is the following: By the 2-form analogs of
(3.3.13) and (6.2.2), we have the isomorphisms

2

A
A2 (U, G) —2 A%(U,,R) ®coo(v, k) C°(Ua, G)
= 92(Uo¢) ®A(Ua) 'C(Ua)
=~ (0% ®4 L)(Uy),

where £ = C¥(G) and A = C¥((R). We set O, := A}, (Q). Then,
applying (8.1.15) and the definition of d', we check that

1
O, = )‘2U,I (Qa) = AzUa (dlwa + ) [mea])

1
= (A7, 0d'o gan) (A, (wa)) + 5 A, (wa) Av Ay, (wa)

Therefore, by the above identification and (1.2.17), the form 2, = é; €
O2(L)(U,) satisfies

_ 1 N
Q=0,=(dj w,+ §£a/\Ua£a)
1
= dlw 5 Nw
=04

that is, we obtain the 2-forms (£,) which determine R” as in the previous
approach.

For the sake of completeness, let us notice that the compatibility condi-
tion Qg = Ad(g;ﬂl) Q, implies the analogous condition QB = Ad(gaﬁ) Q,
This is easily proved by working as in the proof of (6.2.1).
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8.5.2. The curvature of related connections

Following the notations and terminology of Definition 6.4.1, we consider
two (f, ¢, ¢,idx)-related connections D and D’ on the principal sheaves
(P,G,X,m) and (P', G, X, 7'), respectively.

We assume that Q'(£) and Q'(£’) are endowed with 1st order differen-
tials d' (same symbol for both) such that

(8.5.1) (12 ® @) od' =d' o (11 @ ).
0'(c) 220 oz
d' d'
02(0) 220 oxp)

DIAGRAM 8.3

Then the curvature data (G,D) and (G’,D’') determine the curvatures
R=RP and R = R”'". We claim that

(8.5.2) Rof=(lg: ®¢)oR.

The proof is a consequence of the commutativity of the sub-diagrams of
the next diagram illustrating the present situation.

P - P
D D’
lgr ® 5
R\ Q') —* Q') /g
D D’
-
0(c) 220 oz

DIAGRAM 8.4
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Indeed, the upper (trapezoid) sub-diagram is commutative by (6.4.1),
while the left and right triangles are commutative by the definition of the
curvature.

It remains to show the commutativity of the lower (square) sub-diagram.
In accordance with (8.5.1), it is sufficient to prove the general equality

(8.5.3) (o1 ® @) (@) N\ (11 ® 6)(b) = (11 ® ¢)(a/\D),

for every (a,b) € QL) xx Q(L£). We still use the same symbol for the
exterior products defined with respect to £ and L’.

For the proof of (8.5.3) we work locally, by taking decomposable tensors.
More precisely, for any open U C X, we consider the local exterior products
Ay (generating /\), given by (8.1.4). Then, for any

wRu, v e Ql(U) @A) L),
we check that

(It ® 9)(w @ W) Au(lon ® 9)(0 @ v) = (w @ G(u)) Av (0 ® d(v)) =
(WA 0) @ [d(u),d(v)] = (w A 0) @ d([u,v]) =
(12 @ @) (WA 0) ® [u,v]) = (1g2 ® @) ((w @ WAy (0 ®0)).

Hence, by linear extension, we obtain (8.5.3) and, consequently, (8.5.2).

For the sake of completeness let us find the relationship between the
local curvature forms (€2,) and (2))) of R and R’, respectively, defined over
local frames with a common open covering U = (U,) of X. We denote by
(sq) and (s),) the natural sections of P and P’.

For every s, we have that

(R/ o f)(8a) = R/(f(sa)) = R/(S,a he) =
P (hy )R (s},) = p'(hy )2,
as well as B B
(1o ® @) o R) (sa) = (1o2 ® 9)(Ra),

where hy € G'(U,) with f(sq) = ., - ha (see also Theorem 4.4.1). Thus
(8.5.2) implies

(8.5.4) J ) = (ge ©B)(Q0),  acl.
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Another way to obtain the previous equality is to use the local structure
equation (8.2.3) and equality (6.4.3) of Theorem 6.4.2. In fact, together
with (8.5.1), (8.5.3), the equivariance of /\ (see (8.1.9)), conditions (8.1.25),
(8.1.26"), and the structure equation (8.1.31), we see that

— — 1
(Lo2 ® )(Q2a) = (12 ® ¢)(dlwa + 5“)04/\”04)

_ 1 _ _
=d' (I @ §)(wa)) + 5 (1 ® B)(wa) A1y ® 6)(wa)
=d' (p'(hg")wp + 0'(ha))

1 _ _
5 ()l + 0 (1) A (0 (03 + 9 ()
— by ), + dMD (o)

1 1
5 () (@A) + 5 0 () A (1)
1

=p/(hy").(d'w), + 3 wi, A\wly)
=0/ (hg") Q.

We can also check that the conditions (8.5.2) and (8.5.4) are equivalent.
We have already seen that (8.5.2) implies (8.5.4). The converse is obtained
by applying the 2-form analog of Lemma 6.4.3: For any p € P with «(p) =
x € Uy, there is a unique g, € G, with p = s,(z) - go; hence,

f(0) = f(3a(2) - ga) = f(sa(@)) - ¢(ga) = 84(x) - ha(x) - d(ga);
from which it follows that

(R o £)(p) = B (s1() - ha
=0 (¢(ga) ) (0 (ho' (z)
(see (8.5.4)) =p'(¢(90) 1).( )

thus proving the assertion.
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In particular, if we consider two G-principal sheaves and a G-isomorphism
f=(f,idg,idr,idx) between them, equalities (8.5.2) and (8.5.4) reduce to

(8.5.2)) Rof=R,
(8.5.4) p(ha') Qg = Qa,

respectively, for every a € I.

8.5.3. The curvature of associated connections
We apply the results of the preceding subsection to the associated connec-
tions discussed in Section 7.3.

(a) First we work out the case of the connection Dypy on ¢(P), induced by
a morphism of Lie sheaves of groups (¢, #). We assume that the principal
sheaf P is endowed with a connection D = Dp with curvature R = RP. If
(8.5.1) is satisfied, then, in virtue of Proposition 7.3.2 and equality (8.5.2),
we obtain

(8.5.5) RPsP) oe = (12 @ ) o R.

On the other hand, if (for simplicity) we denote by (€,) the local
curvature forms of RP¢(P), equality (8.5.4) reduces to

(8.5.6) Q=12 ®0)(Q);  ac€l,

since (5.4.6) implies that h, = 1x|y,. Note that, as in the general case of
the preceding subsection, (8.5.6) is also derived from (7.3.2) and (8.2.3).

(b) The second case refers to a representation (¢,%) of the form (7.3.3).
Such a representation induces a vector sheaf &, associated with a given
G-principal sheaf P, a morphism

(Fp, ¢, p,idx) : (P,G,X,m) — (P(£,),GL(n, A), X, 7"),

and a connection Dp g ) which is (Fp,p, P, idx)-related with a given con-
nection D = Dp on P. Then (8.5.1) and Proposition 7.3.3 yield

(8.5.7) RPPE) o Fp = (192 @ B) o R.

The respective formula for the local curvature forms is given again by (8.5.6),
as a result of (5.5.9). It is also obtained from (7.3.5) and (8.2.3).
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(c) The final case is concerned with the connections D, and Dp,) of
Proposition 7.3.4. Then

RP¢ = RPPeEo 0.
Moreover, if RP¢ = () and RP7¢0) = (Q,), (7.3.7) shows that

Q. =Q, acl.

«

8.5.4. The curvature of the pull-back connection

Let P = (P, G, X, ) be a principal sheaf equipped with a connection D. We
assume that (G, D) is a curvature datum, thus the curvature R = R” of D
is defined.

By Proposition 6.5.1, a continuous map f : Y — X induces the connec-
tion D* := 7o f*(D) on the pull-back principal sheaf f*(P). For a reason
which will immediately become clear, we set 71 := 7. We recall that 71 is
the isomorphism of f*(A)-modules (see Lemma 3.5.1)

(8.5.8) T QML) — FON((L)).
Analogously, we define the 2-form f*(.A)-isomorphism

(8.5.9) Ty fHP(L) — [ (L)),

thus we may define the exterior differential

(8.5.10) dl =190 f*(d")oT!,

also shown in the next diagram.

F(QN (L)

DIAGRAM 8.5



316 Chapter 8. Curvature

Similarly, applying the obvious identification

(8.5.11) F(QUL) xx QL)) = f1(QN(L)) xx [H(QY(L)),
we define the exterior product

(8.5.12) N =730 f*(N)o(r1x71) !,

where

N ((y,0). (y,0) — (y,a/\D).
Equality (8.5.12) is illustrated in the following diagram.

PR xx P (0) —L DL o))
T1 X T1 T2
PO L)) xx FHEOYFHL)) - e PO (L))

DiAGRAM 8.6

We shall prove that d verifies the analogs of (8.1.25) and (8.1.26). Be-
fore the proof of (8.1.25) we note that equalities (1.4.5) and (8.5.12), in
conjunction with (8.5.11), imply

(8.5.13) T2(y, 0N\w) = T1(y, O)N'T1(y,w),

for every (y,0), (y,w) € f*(Q'(L)). Therefore, for every (y,g) € f*(G), =
{y} x Gsy)» (3.5.7) implies that

(dio0*)(y,9) = di(T1(y,0(9))
= (120 f*(d"))(

= 72(y,d' (9(g)
(see (8.1.25)) = —% T2(y, (g

1

(see (8.5.13)) = =5 71y, 9GNNT1(y, 8(9))

y,9(9))
)
)A(9))
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which is the analog of (8.1.25) in our context.
For the proof of the analog of (8.1.26), we recall that the action A* of
f5(G) on f*(QY)(f*(L)) satisfies
A* ((y7 g)a Tl(y7 w)) =T1 (y7 A(ga W)),
for every (y,9) € f*(G)y and (y,w) € f*(Q'(L)), (see Lemma 3.5.3), from
which, together with (3.3.7), it follows that

(8.5.14) P (y,9).m1(y, w) = T1(y, plg)-w),

for (y,g) and (y,w) as before.
The 2-form analog of (8.5.14) is

(8.5.15) P (y,9)-T2(y,0) = T2(y, p(g).9),
for every (y,9) € f*(G), and (y,0) € f*(Q*(L)),, resulting from the action
of G on Q%(L£) and that of f*(G) on f*(Q%(L)).

Now, let any (y,9) € f*(G)y and u € (f*(Ql)(f*(ﬁ)))y. There exists a

(unique) (y,w) € f*(Q'(L)), such that 71(y, w) = u. Therefore, (8.5.14),
(8.1.26) and (8.5.15) yield

@} (" g)) = (r20 (@) 07, (0" (. 9) 1 (3. )
(7.20]0 (dl) o 11) (7'1 ))
= (120 f*(d"))(y. p(g).w)
(8.5.16) = 73(y, d" (p(g).w))

= 72(y. p(9)-(d'w + d(9) A\w))
p*(y,9)-m2(y, d'w + 9(g) \w).

However (see also (8.5.13)),
(8.5.17) diu= (too0 f*(d) ot ) (T1(y,w)) = Ta(y,d'w),
(8.5.18) 9" (y, 9)N'u = T1(y, 0(9)N'T1(y, w) = T2(y,d(9) Aw).
Thus, substituting (8.5.17) and (8.5.18) in (8.5.16), we obtain
d.(p*(y,9)-u) = p*(y, 9).72(y, d"w + 0(g) Aw)
= p"(y,9)-(T2(y, d"w) + T2(y,8(9) Aw))
= p"(y,9)-(diu + 0" (y, 9) N'w),
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which is the analog of (8.5.26) for d..

Now, using /A" and di, we define the structure operator D* by
* 1 1 *
D*(u) := d,u + §u/\ u,
for every u € f*(Q1)(f*(L)). As one expects,
(8.5.19) D*(u) = (120 f*(D) oy ") (u).

Indeed, for every u as before (: u = 71(y,w)), we have that

D*(u) = d! (71 (5, w)) + 5 71 (5, 0) N1 (3, )

= (r20 @) () + 5 (720 £/ (A) (9 w), (v, 0)
= 7ol d'w) + 5 Ta(y, wAw)

= oy d'w 4 5 wAw)

=72y, D(w)) = (2.0 (D)) (vow)

= (r20 [ (D) o7y ) (w);

that is, we obtain (8.5.19).

With the previous constructions we get a curvature datum (f*(G), D*)
which determines the curvature R* := RP" of D*. We now see that

(8.5.20) R* =790 f*(R),
since, by (8.5.19) and the definition of the pull-back connection D*,

R*=D"o D* = (7'2 o f*(D) OTfl) o (T1 o f*(D))
— 30 f{(DoD) =150 f*(R).

In a more informative way, showing all the morphisms involved so far,
one can equivalently write that

(8.5.20) RP" = RTol"(D) — 1) 6 f*(RP),

for every connection D on P.
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Omitting the isomorphism 72, (8.5.20) reduces to

(8.5.20") R*(y,p) = f*(R)(y,p) = (y, R(p)), (y,p) €Y xx P

(compare with (6.5.2)).

For the sake of completeness, let us find the relationship between the local
curvature forms (€2,) of R, over a local frame U = (U,) of P, and the local
curvature forms (%) of R*, over the local frame V = {f 1 (U,) | U, € U} of
f*(P). Let us denote by

oo - QL) (Ua) — f* (L)) (f 1 (Ua))

the adjunction map over Uy, given by ff; (0)(y) := (y,@(f(y))), for every
6 € Q*(L)(U,) and y € f~'(U,). Then equality (4.1.11) -relating the
natural sections (s,) of P with those of f*(P)- implies that

D (y) = R (s3)(y) = R (si(y)) = (120 f*(R)) (v, 5a(f (1))
= 72(y, R(sa(f(y)))) = T2(y, (f(y)) = (T2 0 [, () (v),

for every y € f~1(U,); that is,
(8.5.21) O, =120 fi (Qa); ael,
or, omitting again 7o,

(8.5.21") Q) = (1 W(fW),  yef (Ua)

We note that the same formula can be obtained from the structure equa-
tion of D*, which now has the form Q = dlw* + s whN'wy, where w}, is
given by (6.5.3). This is a matter of routine checking requiring no further

elaboration.

8.5.5. The curvature of an 4-connection

In the first place we define the curvature of an A-connection V on a vector
sheaf & = (£, 7, X) in a direct way, as expounded in Mallios [62, Chap. VIII].
Later on, it will be connected with the curvature of the corresponding con-
nection on the sheaf of frames P (&) of £.

For our purpose, we assume the existence of a (pre)curvature datum

(A,d = d°, QY d', Q%) and set Q(E) == ER4 QY = VR4 E i = 1,2
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Then the 1st prolongation of an A-connection V : & — Q!(€) is the
K-morphism
v olE) — Q2(8),

satisfying the property
Vieow)=e@dw—wAVe=ec@dw+ (Ve) Aw,
for every (e,w) € £ x x QL.
It is easily proved that
Via-(e@w)) =a-V'(e®w)+ (da) A (e ® w),
Vl(a-Ve) =a-V'(Ve) — (Ve) Ada,

for every (e,w) € £ xx Q! and a € A on stalks over the same base point
(for more details we refer to Mallios op. cit., p. 190, under an appropriate
change of notations).

The curvature of an A-connection V is defined to be the morphism

RY :=V!'oV,
also shown in the diagram:
\Y%
£ - QL&)
RV ’ N vl
02*(€)

DIiAGRAM 8.7
A straightforward calculation shows that RV is an A-morphism; that is,
RY € Homy(E,92%(&)) = Homa(E,9%(E))(X).

If U = (Uy) is a local frame of £, we have already proved that V is
completely determined by its local connection matrices

w® = (wi) € Mp(UUL)); ael,
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(see equality (7.1.4) and Theorem 7.1.4). Similarly, if we evaluate RV (viz.
the induced morphism on sections) at the elements of the natural basis e?,
then, in virtue of (7.1.3) and the preceding properties of V!, we find that

RY(ef) = V' (V(e5) = V' (Y ef @ wfy)

i=1

= (et @d'wf — wi AV(ef))
=1

n

n n
= (f@dwl)+> (Z (ef @ wiy) Awg;.),
i=1 i=1

k=1
or, by a suitable change of indices,

n

n
RY(e) = ef @ (o + i Awy).

i=1 k=1
Setting
n
(8.5.22) R =d'w + > wi Awp,
k=1

we obtain the n x n matrix
(8.5.23) R* = (Rf}) € My (Q*(Ua)) = Mn(2%)(Ua),

called the curvature matrix of V over U,,.

Taking into account the definition of the differential d' of matrices (see
(8.1.39)) and the definition of the product A of matrices (see (8.1.18) and
(8.1.19)), we check that (8.5.22) leads to the matrix equalities

(8.5.24) R* = d'w® 4+ w* A w; ael,

known as the local Cartan (second) structure equations of V.
Working as in the proof of Lemma 7.1.2, we obtain the compatibility
condition

(8.5.25) RO = Ad(4h,}) (R*) =4 - B - g,

over U,z # (). Here the transition sections 1/);51 € GL(n, A)(U,) are viewed
as elements of GL(n, A(U,)), in virtue of (3.2.7).
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In analogy to Theorem 8.2.6, we verify that RV is completely determined
by the local matrices (8.5.23). This is a consequence of (8.5.25) and the
following calculations (see a similar argumentation in the proof of Lemma
7.1.3): If s € £(U) is any section of £ over an arbitrary open U C X, then
the restriction s|yny, can be written in the form

n

slunv. = D 8% eflunua,

i=1

with coefficients s € A(U NU,). Therefore, omitting —for simplicity— the
restrictions, we have that

n n

RY(s) = RV(;sﬁ o) = > B (eh)
—Z (Zek@) wkl+2wkl/\wh)>
—%eg@l(;s?- wkﬁzwkm%)
:ie%@(i}s?-}%)

- eg ® (3 ' Ra)v
k=1

Sl

where the second factor in the last tensor product denotes the (matrix)
multiplication of s = (s1,...,$,) by R®.

Now let us interpret the foregoing in terms of the sheaf of frames P ().
As we already know (see Theorem 7.1.6), an A-connection V = (w®) on £
corresponds bijectively to a connection D = (w,) on P(£). In particular
(see also (3.1.8) and (3.1.9)),

Wa = )\an (w) € Ql(Mn(A))(Ua) =
(Q' ©4 M (A)(Ua) = Q' (Ua) ® 4w,) Mn(A)(Ua)

for all @ € I. Also, each local curvature form over U,

Q, € 92(Mn(A))(Ua) =
(92 XA Mn(-A))(Ua) = 92(Ua) ®.A(Ua) Mn(A)(Ua)v
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is determined by the structure equation (8.2.3), where now d' and /A are
defined in Example 8.1.6(b). Thus, taking into account (1.2.17),

1 1 -
Qo =d'ws + 3 wal\wy = (d(ljawa + 3 wa/\ana) .

Applying the definitions of d*, A, equality (8.1.21") and the structure equa-
tion (8.5.24), we have that

dly w0+ 5 wau,wa = (VB 0 d" ol )M, (&%)
3 ML %) A, A ()
= A, (d'w® + w® A w®)
= N}, (R?).
Therefore, the 2-form equivalent of (3.1.8) and (3.1.9) imply that
Qo = (A, (RY))”= A, (RY),

in other words, up to an isomorphism, Q, = R*.

8.5.6. Some particular cases

(a) Assume that the structure group of P is abelian. If D = (w,) is a
connection on P with curvature R” = (), then (by Definition 3.3.4) the
compatibility condition (8.2.4) reduces to

Qs =0y on Uy #0.

As a consequence, RP is equivalent to a global section, say © € Q%(£)(X).

(b) An interesting example of a principal sheaf with an abelian structure
sheaf is (P, A", X, 7). In this case £L = A and Q}(A4A) = Q' @4 A = O
Hence,

wAw =0, weQ'(A) =0l
Moreover, we take d' = d'. Thus D = d* and the curvature of a connection
D is now given by RP” = d' o D. As in the previous example, g = Q4 on
Uap and RP is equivalent to a global section © € Q%(X).

(c) A combination of the previous case (b) with the general discussion of
Subsection 8.5.5 (especially its concluding comments) allows us to establish
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an analogous interplay between the curvature of a Maxwell field (€, V) (see
definition 7.2.7) and the curvature of the corresponding connection D on

(P(E),A, X, 7).

8.6. Flat connections

In this section we deal with connections of zero curvature. Integrable con-
nections, complete parallelism, and other relevant notions are related with
flat connections. Their equivalence, partially established here, will be com-
pleted in the next section.

Let P = (P,G, X, ) be a principal sheaf equipped with a curvature
datum; hence, the curvature of connections on P can be defined.

8.6.1 Definition. A connection D on P is said to be flat if R = RP = 0.

As a consequence of Theorem 8.2.6, we obtain the following immediate
local criterion of flatness.

8.6.2 Proposition. A connection D is flat if and only if the local curvature
forms of R wvanish, i.e.,
O, =0, ael.

Likewise, an A-connection V on a vector sheaf £ is said to be flat if
RY = 0. Hence, Proposition 8.6.2, combined with the results of Subsection
8.5.5, also implies:

8.6.3 Proposition. Let V be an A-connection with curvature RY. Then
the following conditions are equivalent:

i) V is flat.

ii) The curvature matrices R* (a € I) vanish.

iii) The corresponding connection D on P(E) is flat.

Two elementary examples of flat connections are provided by the Maurer-
Cartan differential 0 and the canonical local (or Maurer-Cartan) connections
(D), as alluded to in the comments following Example 8.5.1(b).

We shall relate flat connections with the notions of complete parallelism
and integrability, which are also significant for the geometry of the principal
sheaf. They are defined relative to a connection D, but, unlike the flatness,
they are independent of the curvature R”. First we give the following:
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8.6.4 Definition. We say that a connection D on P induces a complete
parallelism if there exists a local frame U of P, whose corresponding natural
sections (s,) are parallel or horizontal; that is,

D(sq) =0, acl
In this case, it is customary to call the cochain of sections (s,) € C°(Uy, P)
a horizontal frame (of sections).
The second relevant notion is given in the next definition.

8.6.5 Definition. A connection D on P is called integrable if there is a
local frame U = ((Uya), (o)) of P, over which D coincides with the canonical
local connections (6.1.2); that is,

(8.6.1) Dlp, = Dq = 0 0 ¢q,
where P, := P|y, .

We show that there is no essential difference between complete parallel-
ism and integrability.
8.6.6 Proposition. Let D be a connection on P. Then the following con-
ditions are equivalent:

i) D induces a complete parallelism.

it) D is integrable.

i11) The local connection forms (wq) of D annihilate.

Proof. First observe that the natural local sections (s,) satisfy
(8.6.2) Dy (sq) = 01|y, ) = 0; ael,

as a result of (6.1.2), (4.1.7"), and Proposition 3.3.5.

Now assume that D induces a complete parallelism. Then D(s,) =0 =
Dy (sqa). Since, for any p € Py, with 7(p) = z, there exists a g € G, such
that p = s, () - g, we see that

D(p) = plg™").D(s4) + 0(g) = d(g) = Dal(p),
which implies that D|p, = D,. Hence i) = ii).
Conversely, assume that D is integrable. Then, by (8.6.2),
D(so) = Dl|p,(sa) = Duo(sa) = 0; ael,

which shows that (s,) is a horizontal frame; thus ii) = 7).
Finally, w, := D(s4) = 0 if and only if D induces a complete parallelism.
This terminates the proof. O
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8.6.7 Corollary. All the conditions of Proposition 8.6.6 are equivalent to
Do =Dg on Ply,,,

for every o, 8 € I with Uyg # 0. In other words, (Dy) is a 0-cocycle, or
(Do) € Z°(U, Hom(P,Q(L))).

Proof. If P has an integrable connection D, then, by definition, D, = D =
Dg on P\Uaﬁ. Conversely, if the equality of the statement holds, then, by
gluing together the D, ’s, we define an integrable connection D. O

8.6.8 Corollary. Any one of the equivalent conditions of Proposition 8.6.6
and Corollary 8.6.7 implies that D is a flat connection.

Proof. Since, in all cases, w, = 0, the structure equation (8.2.3) implies
that Q, = 0, for every a € I. Thus, by Proposition 8.6.2, D is flat. O

The next notion of flatness, ultimately related with flat connections,
depends only on 0 and the local structure of P, and not on any connection.
More precisely, we have:

8.6.9 Definition. A principal sheaf P is said to be 0-flat if there is a local
frame U with corresponding transition sections gog € G(Uyp) such that

6(9015) =0; Oé,,@ el

8.6.10 Proposition. P is 0-flat if and only if it has an integrable connec-
tion.

Proof. Let U be a local frame of P. Any p € P|y,,, with n(p) = z, is
written as p = sg(z) - g, for a (unique) g € G,. Thus, taking into account
(4.3.3) and (8.6.2), we obtain

(863) (Do Dp)p) = plg~")-Dalss(@)) = plg™")-Dgap(a)).

If P is 0-flat, (8.6.3) implies that D, = Dg on P|y,,, for all o, 3 € 1.
Therefore, by Corollary 8.6.7, the 0-cocycle (D,,) determines an integrable
connection D.

Conversely, assume that P admits an integrable connection. Again, by
Corollary 8.6.7, we have that D, = Dg on P|y,,. Hence, (8.6.3) implies
that 0(gap) = 0; that is, P is O-flat. O

The preceding result and Corollary 8.6.8 also yield:
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8.6.11 Corollary. Every 0-flat principal sheaf admits a flat connection.

The relationship between the flatness of connections and the relative
notions studied so far is summarized in the next statement.

8.6.12 Theorem. Let P be a principal sheaf and consider the following
conditions:

(F. 1) P admits a flat connection.

(F. 2) P admits a connection inducing a complete parallelism.

(F. 3) P admits an integrable connection.

(F. 4) P is 0-flat.

(F. 5) P admits a connection with vanishing local connection forms.
Then (F. 2) — (F. 5) are equivalent and all of them imply (F. 1).

The statement is depicted as follows:

(F.2) — (F.3) <— (F.4) < (F.5)

N\

(F. 1)

DIAGRAM 8.8

The equivalence of (F. 1) with the other conditions will be discussed in
Section 8.7.

Let now P and P’ be two G-principal sheaves over the same base X, and
let f = (f,idg,id,,idx) be a G-(iso)morphism between them. Assume that
D and D' are connections on P and P’, respectively, with curvatures R and
R'. If the connections are f-conjugate (see Definition 6.4.1), then equality
(8.5.2") implies that:

D is flat if and only if the same is true for D'. Hence, conjugation
preserves flatness (of connections).

A similar assertion is not necessarily true for integrability, parallelism
and O-flatness. However, under suitable conditions, a given non integrable
connection can be transformed to an integrable one, as in the following:
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8.6.13 Proposition. Let P = (P,G, X, m) be a principal sheaf with a local
frame U = ((Ua), (¢a)). Let D be a connection on P whose connection
forms (wq,) satisfy the condition

(8.6.4) wa = O(ha),

for a 0O-cochain h, € C°(U,G). Then there exists a principal sheaf P’ =
(P',G,X,n), an integrable connection D' on P’ (with respect to a local
frame over the same open covering (Uy) of X ), and a G-isomorphism of P
onto P’ such that D and D’ are f-conjugate.

Conversely, let P be equipped with an arbitrary connection D = (wq). If
there is a pair (P', D) such that P and P’ are f-isomorphic and D and D’
are f-conjugate, then (wy) necessarily satisfy (8.6.4).

Proof. The assumption (8.6.4), along with (3.3.8), turns the compatibility
condition (6.1.5) into

8(h[3) = p(g;ﬁl)'a(ha) + a(gaﬁ) = 8(hoz : gaﬁ)§
hence, in virtue of Proposition 3.3.5, 9(ha - gas - hgl) = 0. Setting

(8.6.5) 9o = ha Gap - hy',

we obtain a cocycle (g,,5) € Z Y(U,G) which determines a G-principal sheaf
P’ (Theorem 4.5.1).

Since d(g,5) = 0, for all a, 8 € I, P' is 0-flat. By Propositions 8.6.6
and 8.6.10, P’ admits an integrable connection, say D’, with corresponding
local connection forms w!, = 0, o € I. Therefore, (8.6.4) amounts to (6.4.5)
which, together with (8.6.5), proves that D and D’ are f-conjugate (see
Theorem 6.4.5). Here f is the isomorphism determined by the 0-cochain
(ha), in virtue of Theorem 4.4.2.

The proof of the converse follows a similar argumentation. O

8.6.14 Remarks. 1) A connection D satisfying (8.6.4) is called trivial.
Clearly, any integrable connection D = (w,) is trivial, since w, = 0 is also
written as wo = 0(1|y,,).

2) Using Proposition 8.1.5, we see that a trivial connection is necessarily
flat, since
Qo = D(wa) = (Do d)(hy) =0.
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3) Condition (8.6.4) means that equation dxr = w, has a global solution
ha € G(U,) (cf. also Definition 8.7.2). Hence, (8.6.4) is a strong integrability
condition implying that a trivial connection is flat.

Conversely, as we shall see in the next section, the flatness of an ar-
bitrary connection, together with a Frobenius condition, implies the local
integrability of the aforementioned equation and, in turn, the equivalence of
all the conditions of Theorem 8.6.12.

Using Definition 6.7.1 and notation (6.7.4), referring to the equivalence
of pairs of the form (P, D), Proposition 8.6.13 implies the following:

8.6.15 Corollary. Let D be a trivial connection on P. Then, for every
(P',D") € [(P, D)], the connection D’ is trivial.

Proof. Since D is trivial, in virtue of the direct part of Proposition 8.6.13,
there is a pair (P, D) such that (P, D) ~ (P, D), with D integrable. Then,
for any (P’, D') € [(P, D)], we have that (P’, D') ~ (P, D) ~ (P, D). There-
fore, by the converse part of the same proposition, we get the result. ]

The proof of Proposition 8.6.13 suggests that, under an appropriate
change of the local frame, D itself is integrable, with respect to the new
frame. As a matter of fact, we have:

8.6.16 Proposition. If D is a trivial connection on P, then D is integrable;
hence, P is 0-flat.

Proof. As in the proof of Proposition 8.6.13, we consider the isomorphism
f : P — P’ defined by an appropriate O-cochain (h,) € C'(U,G), if U =
((Ua), (6a)) is a local frame of P. Setting o4 := 54 - hy,' and ¥, == ¢/, o f,
« € I, where (¢,) are the local coordinates of P’ over U, we see that each
Yo : Plu, — Glu, is a G-equivariant coordinate mapping.

Moreover, by (4.1.7") and (4.4.6),

wal(l‘Ua) = f_l(siy) = Sa - h;1 = Oa;

which means that U’ = ((U,), (1)) is a local frame of P with corresponding
natural sections (0,). Hence, in virtue of our assumption and Proposition
3.3.5,

D(Ua) = p(hoz)‘D(Sa) + a(hgl) = p(hoz)'wa - p(hoz)'a(ha) =0,

i.e., D induces a complete parallelism. Therefore, D is integrable and P is
O-flat, with respect to U'. O
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We close with one more notion of flatness, inspired by an analogous
situation encountered in the context of ordinary fiber bundles. Towards this
end, in the remainder of this section we assume that

(8.6.6) G contains the constant sheaf Gx = X x G,

where G is a given group. We denote by € : Gx — G the natural inclusion,
also induced by the inclusions ey : G = Gx(U) — G(U), for every open
UCX.

8.6.17 Definition. A G-principal sheaf P, with G as in (8.6.6), is called
flat if it has a cocycle (ga5) € ZH(U,Gx).

To be more precise, in the preceding definition we should have written
(9ap) € Z'(U,e(Gx)). However, for the sake of simplicity, we omit an
explicit mention of €, whenever its use is obviously understood.

In a different manner (see, e.g., Gunning [38, p. 96], Mallios [62, p. 370]),
one says that

P =[P] € HY(X,G) is flat (or admits a flat representative) if
and only if P € e*(HY(X,Gy)),

where €* is the induced morphism of cohomology groups.

From the previous definitions, we see that the transition sections are
locally constant. Thus, we have a situation analogous to the classical flat
principal bundles, both within the topological and smooth context (in this
respect see also Dupont [24], Kamber-Tondeur [46]). We note that in the
smooth case, by a flat bundle we usually mean a bundle equipped with a
flat connection, a fact which amounts to the existence of constant transition
functions. However, in view of the non equivalence of the various notions
of flatness given in our abstract setting, we are obliged to adhere to the
distinctive terminology applied to each notion.

8.6.18 Proposition. If Gx = ¢(Gx) C ker(9), then any flat G-principal

sheaf satisfies all the conditions (F. 1) — (F. 5) of Theorem 8.6.12.
Conversely, if ker(9) C Gx, then a G-principal sheaf, satisfying any one

of the (equivalent) conditions (F. 2) — (F. 5) of the same theorem, is flat.

Proof. By our assumptions, d(gag) = 0, thus P is 0-flat, i.e., we obtain
Condition (F. 4) of Theorem 8.6.12. This proves the direct part of the
statement.
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Conversely, the 0-flatness of P implies that

9ap € ker(0)(Uag) C (Gx)(Uap) = e(Gx)(Uag),
which completes the proof. O

8.6.19 Corollary. If the sequence of sheaves
(8.6.7) 1—Gx <6200

is exact, then the flatness of P (in the sense of Definition 8.6.18) is equi-
valent with all the conditions (F. 2) — (F. 5) of Theorem 8.6.12. Thus we
get the following diagram of implications completing Diagram 8.8:

[P is flat]

)

[(F. 2) <= (F. 3) < (F. 4) <> (F. 5)]

{

(F. 1)

DI1AGRAM 8.9

The discussion on flat sheaves will be completed in Section 8.8, where
we examine flat GL(n, A)-principal sheaves. They provide an interesting
example, illuminating the general considerations of the present section.

8.7. A Frobenius condition

In this section we intend to establish the equivalence of all the conditions of
Theorem 8.6.12.

Reverting to the standard case of smooth bundles and connections, one
may recall that the aforementioned equivalence is always valid there, as
a consequence of the fundamental integrability theorem of Frobenius for
equations with total (logarithmic) differential.

More precisely, let X be a smooth manifold and G a Lie group with Lie
algebra G. If 6 is a G-valued differential 1-form on X, i.e., € AY(X,G),
then locally # = f~! - df, for a smooth map f : U — G, U € T, if and
only if 0 is integrable; that is, the (integrability) condition df + %9 NG =0
is satisfied.
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In other words, the integrability condition ensures the existence of (local)
solutions of the equation 2~ !-dx = . In particular, if X is simply connected,
then there are global solutions. For details we refer to Bourbaki [15, p. 179],
Krein -Yatskin [51, p. 57], Kriegl-Michor [52, p. 427], Oniscik [86, p. 76].

Using the terminology and notations of Example 3.3.6(a), the previous
classical result is stated in the following form:

Frobenius theorem (restated). Let 6 € Q' (C¥(G)). Then the equation
Ox = 6 admits (local) solutions if and only if D(0) = 0.

It would be too much, of course, to expect an immediate extension of this
result within the present framework. To achieve our purpose, we axiomatize
the ordinary (smooth) situation. Apart from the classical case, this point of
view is further supported by other examples given in Section 8.8.

In this respect, we consider the sequence of sheaves of sets (in fact a
complex, in virtue of the Maurer-Cartan equation (8.1.29) and Proposition
3.3.5)

(8.7.1) 1 —kerd <o ¢ -2 0l (2) 2 02(0),

and, throughout the present section, we assume that

the (abstract) Frobenius condition holds true, namely the

(8.7.2) sequence (8.7.1) is exact.

Clearly (8.7.2) reverses the inclusion im d C ker D.

8.7.1 Lemma. Let 0 € (ker D)(U) be a 1-form (viz. section) over any open
U C X. Then, for each x € U, there exists an open neighborhood V-C U of
x and a section g € G(V') such that

(8.7.3) d(g) = bly.
Proof. Condition (8.7.2) implies that
O(z) € (Imd), = im(@m Gy — Ql(ﬁ)T)

Hence, there is a local section h € G(W), with W € N (z), so that

As a result, there exists an open V such that z € V. C UNW and 9(h)|y =
O(hly) = 0]y. The desired g is precisely hly . O
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8.7.2 Definition. Following the standard terminology, a section g satisfying
(8.7.3) is called a (local) solution of the equation dx = 6 or, even, a
solution of the equation (8.7.3).

For the sake of completeness we also prove:

8.7.3 Corollary. Let 0 € (ker D)(U) and let (zo, go) be a pair with x, € U
and go € Gy, Then the following conditions are equivalent:

i) There exists a solution g € G(V') of (8.7.3) such that g(xs) = go.

ii) For every solution g € G(V), V € N(x,), it follows that

Go - G(0) " € ker 0.

Proof. Let g € G(V), V € N(z,), be any solution and g € G(V) one
with g(x,) = go. Since 9(g ( o)) = 0(x,) = 9(go), Proposition 3.3.5 implies
condition 4i).

Conversely, assuming i7), we can find a local section s € (ker 9)(W) with
5(20) = go - §(0) t and W € N (z,). Setting V :=V N W and g := s gly,
we check that g(z,) = g, and

d(g) = 0(s-glv) = p((glv)"").0(s) + d(glv) = b]v:

that is, g is a solution satisfying condition ). O

Note. Obviously, in virtue of the standard properties of the local sections of
a sheaf, two solutions of (8.7.3) with the same initial condition coincide on
an open subset of their common domain.

We now come to the main result of this section, which completes The-
orem 8.6.12.

8.7.4 Theorem. Under the Frobenius condition (8.7.2), all the conditions
of Theorem 8.6.12 are equivalent.

Proof. Let D be a connection with curvature R = RP = 0. We denote by
(wq) the local connection forms and by (£2,) the local curvature forms, with
respect to a local frame U and the corresponding natural sections ().

If all the w,’s vanish identically, then the result is trivially verified, since
D(sa) = wa = 0, for every o € I, implies that (s,) is a horizontal frame;
hence, D induces a complete parallelism.

Now assume that not all the local connection forms vanish identically.
We shall construct a new local frame )V whose natural sections induce a
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complete parallelism. Indeed, for an arbitrary x € X, there is some U, € U
with x € U,. By the assumption, D(w,) = Qo = 0; that is, w, € (ker D)(U,)
and (by Lemma 8.7.1) there exists an open neighborhood V, C U, of z and
a section g, € G(V;) such that 9(g,) = wa|y,. Running x in the entire X,
we obtain an open refinement ¥V = {V; C X |j € J} of U and a 0-cochain
(9;) € C°(V, G) satisfying

(8.7.4) 9(g5) = wrj)lvy,

where 7 : J — I is a refining map with V; C U.;), for every j € J.

The morphisms 9 := ¢, (;)|p, - (9; o 7|p;), with P; := P|y,, determine a
family of local coordinates with respect to V. In fact, a simple calculation
shows that 11)].*1 = (¢T(j)|pj)_1 . (g;1 o mglg,), where mg is the projection of
G, Gj == Gly,, and g;l is the inverse section of g; (see (1.1.4)). Hence, the
new natural sections (0;);cs of P, with respect to V, are given by

03(@) = (07 0 1y, (@) = 673 (e) - 67 (2) = 8ry (@) - 97 (2),
for every z € Vj, ie., 0 = s.(;j)|v; -g;l. Therefore, (8.7.4) and Proposition
3.3.5 imply that
D(oj) = D(s-3)lv; - g; ') = plgs)-Disjlv;) +9(g; ")
= p(g5)-wr(jlv; — p(g;)-0(g;) =0,

which closes the proof. ]
In particular, Corollary 8.6.19 is completed as follows:

8.7.5 Corollary. Let P be any G-principal sheaf admitting o flat connection
with G containing a constant sheaf of groups Gx. If the sequence (8.6.7) is
exact, then the Frobenius condition implies that P is flat. Hence, all the
conditions shown in Diagram 8.9 are equivalent.

The Frobenius condition (8.7.2) leads to an interesting exact sequence
of cohomology groups. First, observe that the same condition results in the
(short) exact sequence of sheaves

(8.7.5) 0 —kerd <5 G 2 kerD — 0.
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Thus, also motivated by Asada [2], [3] and Oniséik [86] (all dealing with cer-
tain aspects of non-abelian cohomology related with connections), we derive
the cohomology sequence

0 — HX, kerd) ——H(X,G) -2 H(X, ker D) 2
— HY(X, ker9) - HY(X,0),

where the morphism 0 is defined as follows: Let © € (ker D)(X) be a given
(global) section. As in the proof of Theorem 8.7.4, we can find local solutions
hy € G(U) of 0x = O, i.e., d(hy) = O|y, where U is running some open
covering U of X. We define 6(©) to be the 1-cochain given by

5(O)uy = hy - hy's UVelu.

It is now clear that §(©) is in fact a 1-cocycle, thus ¢ is well defined.

(8.7.6)

Note. In virtue of Definition 8.6.9, H'(X,ker d) represents the equivalence
classes of 0-flat G-principal sheaves. Moreover, if (8.7.2) is in force, then the
same cohomology set represents classes of G-principal sheaves admitting flat
connections.

8.7.6 Theorem. Under the Frobenius condition, the sequence (8.7.6) is
exzact. Moreover, §(0) = §(O) if and only if © and O are gauge equivalent;
that is, there exists g € H°(X,G) = G(X) such that

(8.7.7) 6 =p(g 1.6 +0d(g).

Proof. The exactness of (8.7.6) is immediately verified (see also Subsection
1.6.4). For the direct part of the second assertion, we may assume that
both equations with “coefficients” © and © (see Definition 8.7.2) admit the
respective local solutions (hy) and (hy) over the same open covering U
of X, otherwise we take a common refinement of the respective coverings.
Therefore, if 6(6) = §(6), then the 1-cocycles (6(0)yy) and (§(O)yy) are
cohomologous, i.e., there exists a O-cochain (A7) € CO(U, ker 9) satisfying
(8.7.8) hu - hyt = v - (ho - hyt) - Ay

on every UNV # (). Setting gy := Bgl -)\L_,l-hU, (8.7.8) implies that gy = gv
on U NV, thus we obtain a global section g € G(X) with g|y := gy. Hence,
taking into account that d(Ay) = 0, we have that

Oly = d(hy) = v - hu - gu)
= p(gy").0(hv) + d(gu)
= (plg™")-040(9)v,
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for every U € U. This proves (8.7.7).

Conversely, assume that ©,0 € (kerd)(X) are gauge equivalent by
means of a g € G(X). Then, using an appropriate common open covering
and working as before (in a reverse way), we see that d(hy - g|v) = 9(hy)
or, by Proposition 3.3.5, d(hy - gu - hl}l) = 0. Setting

(8.7.9) Aot = hy - glu byt

we have that d(Ay) = 0, for every U € U, thus obtaining a 0-cochain
(A\y) € C'(U, ker 9). Comparing (8.7.9) for U and V, we get (8.7.8), thus

4(@) = §(O@) which concludes the proof. O
We close with the following immediate result:

8.7.7 Corollary. Assume that G contains the constant sheaf of groups Gx .
If, in addition to the Frobenius condition, the sequence (8.6.7) is exact, then
the exact sequence (8.7.6) takes the form

0 — HY(X,Gy) ——H(X,0) - HO(X, ker D)
— H'(X,Gx) = H'(X,G).

8.8. GL(n, A)-principal sheaves and flatness

The case of the sheaves in the title merits a particular treatment. On the
one hand, taking GL(n,.A) as the structure sheaf allows one to reduce the
number of the axioms imposed at various stages of our approach. More
specifically:

1) As we have already seen in Example 3.3.6(b), in conjunction with
Proposition 3.2.1, GL(n,.A) is a Lie sheaf of groups in a natural way: Its
Maurer-Cartan differential is derived directly from the differential of the
original differential triad (A, d = d°, Q = Q') and automatically satisfies the
fundamental property (3.3.8) of Definition 3.3.2, with respect to the adjoint
representation of GL(n, A) on M, (A).

2) If the differential triad extends to a precurvature datum (see Definition
8.1.2), then GL(n, A) is provided with a convenient curvature datum, already
constructed in Example 8.1.6(b).

On the other hand, the same group sheaf is the structure group of the
sheaf of frames P(&) of a vector sheaf € of rank n. Thus, according to Sub-
section 8.5.5, the results pertaining to the curvature of a GL(n, A)-principal
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sheaf imply analogous results concerning the curvature of A-connections.
Consequently, taking into account Theorem 7.1.6, we see that a consider-
able part of the geometry of vector sheaves derives from the general theory
of GL(n, A)-principal sheaves.

Furthermore, flat GL(n, A)-principal sheaves (see Definition 8.6.17) are
naturally defined by considering the constant sheaf

GL(n,K) := X x GL(n,K),
(K =R,C), and the morphism
e:GL(n,K) — GL(n, A),
induced by the obvious imbeddings of presheaves
GL(n,K)(U) 2 GL(n,K) < GL(n, A(U)) = GL(n, A)(U),

for every open U C X. Therefore, in virtue of the discussion following
Definition 8.6.17, we conclude that

P =[P] e H(X,GL(n, A)) is flat if it lies in im e*.
In analogy to (the first part of) Proposition 8.6.18, this conclusion leads to:

8.8.1 Proposition. A flat GL(n, A)-principal sheaf satisfies all the condi-
tions of Theorem 8.6.12.

Proof. Let P be any flat GL(n, A)-principal sheaf. Each transition section
9ap € GL(n, A(Uyg)) of the cocycle of P can be identified, by means of ¢,
with a matrix (qgﬁ) € GL(n,K) (i,j = 1,...,n). Since d vanishes on con-
stants (see Proposition 2.1.3), the Maurer-Cartan differential (see (3.2.10))
yields

(88.1) B(gap) = ., ((927)) = (927) " a((9i)) = (927) "+ (dg?) =0,

as a consequence of (1.2.17), (3.2.9),(8.1.38) and d = d°. Thus P is O-flat.
Theorem 8.6.12 now completes the proof. ]

The converse of the previous statement goes as follows (compare with
the converse part of Proposition 8.6.18 in conjunction with the sequence

(8.6.7)).
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8.8.2 Proposition. Let P be a GL(n, A)-principal sheaf satisfying any one
of the (equivalent) conditions (F. 2) — (F. 5) of Theorem 8.6.12. If the

sequence
(8.8.2) 0—»K=Ky A4
is exact, then P is flat.

Proof. By the d-flatness of P and equality (8.8.1), (dg;]ﬁ) = 0; that is,

dg(% = 0. Hence, for each = € U,g, the exactness of (8.8.2) and the identi-
fication (Kx)s = i((Kx)x) C A, imply that ¢7(z) = i([s]a) = [s]a , for
a locally constant section s of K. Consequently, there exists an open neigh-
borhood V2 C Uap of @ such that g;/ \V” = i(c¢ij) = ¢ij € K (constant).

Therefore, on

we have that
Japlv, = (%aﬂvy) = ¢((ci5)),

which proves that each g, is a locally constant section. ]

A consequence of the above two results is:

8.8.3 Corollary. With the assumptions of Proposition 8.8.2, Diagram 8.9
holds true for every GL(n, A)-principal sheaf.

If, in addition, we take into account the Frobenius condition, we obtain
the analog of Corollary 8.7.5, namely:

8.8.4 Corollary. Assume that the Frobenius condition is satisfied and the
sequence (8.8.2) is exact. Then a GL(n,A)-principal sheaf P is flat if and
only if it has a flat connection. Therefore, all the conditions of Theorem
8.6.12 are equivalent and amount to the flatness of P; in other words, Dia-
gram 8.9 consists of equivalences everywhere.

The more specific case of GL(1,.A4) = A" is also of interest at this point
because, under suitable topological assumptions, it provides examples of
principal sheaves always verifying the Frobenius condition. As a matter of
fact, we prove the following analog of Lemma 8.7.1.
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8.8.5 Lemma. Let A be a sheaf of unital commutative and associative topo-
logical C-algebras which are, in addition, o-complete and locally m-convex.
We further assume that the sequence of C-vector space sheaves

(8.8.3) 0—dAs ol Lgtal o

is evact. Then, for any open U C X and 0 € (d*'Q)(U), there is an open
V C U and a section g € A*(V') such that 9(g) = 0]y, where the differential
0 is given by (3.2.4).

The terminology of the Lemma is explained at the end of this section.

Proof. We essentially follow Mallios [62, Vol. II, Theorem 11.9.1]: For any
0 as in the statement, the exactness of (8.8.3) ensures the existence of a
section h € A(V'), over an open V C U, such that

(8.8.4) dh = 0|y

The topological properties of A guarantee the existence of an exponential
morphism

exp: A— A
defined section-wise by
oo 1 .
exp(s) := Z 5
n=0

for every s € A(U) and every open U C X. Applying (the continuous
morphism) d to the last expression, we check that

d(exps) = (exps) - ds;
therefore, in virtue of (3.2.4),
(8.8.5) d(exps) = (exps) - d(exps) = ds,

for every local section as before. Now combining equalities (8.8.4) and
(8.8.5), we obtain the result by setting g := exp h. O

8.8.6 Theorem. Let P be any A’ -principal sheaf endowed with a flat con-
nection D. If A is a sheaf of topological algebras satisfying the assumptions
of Lemma 8.8.5, then the Frobenius condition is always satisfied, thus the
conclusion of Theorem 8.7.5 holds true; that is, (F. 1) — (F. 5) are all equi-
valent.
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Proof. Since, in the present case, D = d!, the Frobenius condition (8.7.2)
reduces to im @ = kerd!, which is true by Lemma 8.8.5. Hence, Theorem
8.7.4 implies the result. O

8.8.7 Remarks. 1) The exponential morphism exp : A — A" is an import-
ant morphism in the geometry of line sheaves (see, e.g., Mallios [64]).

2) Regarding the exactness of (8.8.2) and (8.8.3), we note that this is
part of the exactness of the abstract de Rham complex

0—C—oA-btolo2_..

encountered at the end of Section 2.5 (see Definition 2.5.4 and the ensuing
comments). As we discussed there, in our abstract framework this exactness
is not always ensured. An interesting problem is to seek (topological) algebra
sheaves A and A-modules satisfying it.

8.8.8 Topological algebras jargon. We give a few definitions concerning
topological algebras. For full details we refer to Mallios [58]. For the gen-
eral theory of topological vector spaces one may consult, e.g., Horvath [45],
Schaefer [108].

A topological algebra A is a topological vector space (over C) with
an algebra multiplication A x A > (a,b) — a-b € A, which is separately
continuous (i.e., continuous in each one of the variables).

A topological algebra A is said to be locally convex if it is a locally
convex topological space. By definition, there is a fundamental system of
convex neighborhoods of 0. In particular, a topological algebra is said to
be locally m-convex (: locally multiplicatively-convez), in brief Imec, if
the fundamental system of neighborhoods of 0 consists of multiplicative
(: U-U CU) convex sets.

Finally a topological algebra is o-complete (: sequentially complete) if
every Cauchy sequence in A converges.
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Chern - Wezil theory

On the other hand, the latter differen-
tial geometrical method describes the way
principal bundles are curved by differen-
tial forms using the concepts of a connec-
tion and the curvature. This is called the

Chern - Weil theory.
S. MoORITA [78, p. xi].

HE objective of this chapter is to give an abstract analog of the Chern -
Weil homomorphism, in the context of principal sheaves and their con-
nections. According to this, appropriate invariant symmetric multilinear
maps on the sheaf of Lie algebras £ (attached to a Lie sheaf of groups G)
determine certain cohomology classes. The latter are defined over a de Rham
space X, completing the initial differential triad (A, d, Q).
We follow a variation of the geometric approach due to S. S. Chern, based
on the curvature of an arbitrary connection defined on a G-principal sheaf

341
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P over X. Since the standard approach (within the context of principal
bundles), using horizontal distributions and the covariant exterior differ-
entiation (induced by a connection), is meaningless in our framework, we
proceed by considering appropriate “local” entities over X.

The classical theory is treated in many sources. Among them we cite, for
instance, Dupont [24], Greub -Halperin-Vanstone [35], Kobayashi-Nomizu
[49], Naber [81]. For a local approach, within the same classical framework,
the reader may consult, e.g., Nicolaescu [84] and Wells [142]. The sheaf-
theoretic analog of the Chern-Weil theory in the context of vector sheaves
is given in Mallios [62, Chapter IX].

9.1. Preliminaries

We fix throughout an algebraized space (X, .A) endowed with the differential
triad (A, d,2) and a Lie sheaf of groups (G, p, £,9). From Section 2.5 we
recall that d = d° and Q = QL.
We assume that the differential d of (A, d, §2) extends to operators
(9.1.1)  of sufficiently higher orders, as the case may be. Furthermore, we
assume the existence of a Bianchi datum (G, D, d?).
At a later stage, the previous assumption about d will be strengthened by
demanding X to be a de Rham space. However, (9.1.1) is sufficient for the
development of the first three sections of the chapter.
From Subsection 1.3.2 we recall the notation

(9.1.2) SF =S xx - xxS,
N—— —
k—factors

applied in order to avoid confusion with the exterior power S¥ = SA---AS
(k times). However, to handle more complicated formulas, we shall also use
the notation

k
(9.1.2') [ s=8xx--xxS.
k—factors

9.1.1 Definition. A morphism of A-modules f : £L*) — A is said to be a
k-morphism if it is a morphism of A-modules with respect to each variable.
Moreover, f is called symmetric if

f(u0(1)7 s 7u0'(n)) = f(ula oo 7“71,)7

for every (ui,...,u;) € £L*) and every permutation o of {1,...,k}.
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We know that a representation p : G — Aut(L) induces an action of G
on the left of £, whose result is denoted by g.u, for any (g,u) € G x x L (see
Proposition 3.3.1). Thus, we can give the next definition:

9.1.2 Definition. A k-morphism f : £*) — A is said to be p-invariant if
flgur, ... g.ug) = flur,... ug),
for every (g;ui,...,u;) € G xx LF).

We have already defined the algebra (see (8.1.1))

QL) = é OP(L) = é 0P @4 L.
p=0 p=0

According to Subsection 1.3.6, it can be equivalently obtained by the sheafi-
fication of the presheaf

Ur— 6—90 (A(QY(U) @ awy L(U)).

Given a p-invariant k-morphism f : £*) — A, for each open U C X we
define the k-linear (with respect to A(U)) map

k o) [e'e)
913 fu: [T(D W@ W) @aw) £0)) — DA (@ V),
p=0 p=0
by setting
(9.1.4) FoOr @0, .. 00 @0) = f(lr,..., ) - 01 A~ A by,

for every 0; @ £; € N (Q'(U)) ® gy L(U). The product on the left-hand
side of (9.1.3) is the usual cartesian product, while the morphism f on the
right-hand side of (9.1.4) is, obviously, the induced morphism of sections.

Running U in the topology of X, the presheaf morphism (9.1.3) generates
the k-morphism

(9.1.5) F=s(f): [[ow—ea

The product in the domain of ]? now is the fiber product.
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For later use, let us find the stalk-wise expression of ]‘A‘ for a particular
type of decomposable elements, namely f(w; ® uy,...,wx ® uyg), for any
re X and w; @u; € QF @4, Lo = QP (L), (i =1,...,k). In this case there
are U € Tx, 0; € \"(QY(U)) and ¢; € L(U), such that w; = [6;], = 6;(x)
and u; = {;(x) = ¢;(x). Hence,

Wi @ U = gz(ﬁ) ® bi(z) = @(JU) ® ti(z) = (0; @ £;)(w),
which leads to (see also Diagram 1.7)

Flwr @ur, .. wp @ ug) = F((01 @ 0) (), .., (6 @ b)(2))

/
(fU(Gl Db, 0,00)) (2)
= (f(lr,.. . k) OL A AO) (2)
= (B0 (@) - (61 A ) ()
=1t () (a:))ﬁl(a:)AmA@k(a;)
= f(w ) w1 A - AW
that is, we obtain
(9.1.6) Flwr @ uts. .. wp @ ug) = flur, ..., up) - wi A Awg,

for every w; @ u; € QPi(L),.
The action of G on Q'(£) and Q?(L), defined earlier, obviously extends
to an action on QP(£) and Q°(£). Thus we prove:

9.1.3 Lemma. Let f : L% — A be a p-invariant k-morphism. Then
I Hkﬂ(ﬁ) — Q°, defined by (9.1.5), is also a p-invariant k-morphism;
that is,

~

f(p(g)-m,---,p( ) ) (7)17---7 )7
for every (g;v1,...,v;) € G Xx (H Q(L)).

Proof. Because of the A-linearity of f, with respect to each variable, it
suffices to prove the equality of the statement for elements of the form v; =
w; @ u; € QPi(L), and any G € G,.

As in the proof of (9.1.6), there are sections s € G(U), 6; € A" (2 (U))
and ¢; € L(U), such that g = s(x) = s(x), w; = 0;(x) and u; = {;(x) = {;(x).
Hence, by the analog of (8.1.8) for decomposable tensors containing forms
of higher degree,

p(g).vi = (1@ p(s))(0; @ 4;)) () = (6 ® p(s) (&) (z).
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As a consequence,

Flp(g)-vr, ... p(g).vk) = F((61 @ p(s)(61)) (), ..., (0 @ p(s)(r)) ()
= (Ju (61 @ p(s)(01), ..., 0k @ p(s)(L))) (@)
= f(p(s)(l1), ... p(s) () () - (O A -+ A O) ().

However, (3.3.1") and the p-invariance of f yield

Flp(s)(a), -, p(s) (i) (@) = [ (p(s)(€1)(2), - .., p(s)
= ((8.61)(@, , (8.48)(
,s(@

(L
z))

)
)-(x))

)(z))

(
(

Therefore, combining the preceding equalities, we have that

Flp(g)-vr,. . op(g)vo) = F(la, .o le) (@) - (01 A A OL) (2)
= fllr, ... b)) (@) - (1 A= A OR) ()
= (fu(1® 01,00 ® &) (2)
= A(m,...,vk).
This completes the proof. O

From the set of all k-morphisms f : L) — A we single out the ones
whose corresponding f’s have an appropriate behavior with respect to the
exterior product and the differential. Namely, we denote by

(9.1.7) 1*(g)

the set of p-invariant symmetric k-morphisms f : L£%*) — A such that the
induced morphisms f satisfy the following conditions:

k
(IN. 1) d(f(or,...o) =Y flor,....dvi,... o),
i=1

for every (vi,...,v) € [[*Q%(L), and

k
(IN. 2) > Fwr, v, ) =0,
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for every (vivy,...,u) € QL) xx [[FQ2(L).

For simplicity, in (IN. 1) we have set d = d** and d = d*. The exterior
product in (IN. 2) is defined in (8.1.3). We have restricted our considera-
tions to 2-forms since these are actually needed in what follows. Analogous
formulas for forms of higher degree presuppose the existence of higher order
differentials dP,p > 2.

Clearly, I¥(G) is an A-module. The notation originates from the classical
case of Ad-invariant symmetric polynomials.

9.2. From I*(G) to closed forms

In addition to the assumptions of the previous section, we consider a fixed
G-principal sheaf (P, G, X, 7) endowed with a connection D. We denote by
R the curvature of D and by (€2,) the local curvature forms defined over a
(fixed) local frame U = (U,) of P.

Thinking of Q%(£) as naturally imbedded in Q°(£), for each o € I, we
take the induced morphism of sections

~

o= (F )y, t L) WUa) x -+ x QL) (Ua) — O (U,)

k—factors

and define the local forms (viz. sections)
(9.2.1) F(20) = fa(Qa,..., Q) € ?*(U,), acl
Therefore, evaluating (9.2.1) at any = € U,, we see that

922)  f(00)@) = Fal@ar - Q@) = F(Qa (), ., Qul)),
where

Qa(z) € QL) = (P @4 L), =02 @4, La.

9.2.1 Lemma. The local 2k-forms given by (9.2.1) coincide on the over-
lappings; that is,

f(Q) = f(Qp) over Uypg # 0.

As a result, the cochain (f(Qa)) € COU, k) is a 0-cocycle which determ-
imes a global 2k-form, denoted by

(9.2.3) f(D) € Q**(X).
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Proof. For every x € U,g, the compatibility condition (8.2.4), along with
the p-invariance of f and (9.2.2), implies that

~

F(9p)(x) = F(Qp(x),. .., ()
= F((plg24) - ) (@), (plgah) - Q) (@)
= f(Qa(@), ..., Q(2))
= f(Q0)(2). O

Note. The notation (9.2.3) reminds us that the form (section) at hand is
derived from the morphisms f and f by means of the connection D (and its
curvature).

9.2.2 Proposition. The global form f(D) of Lemma 9.2.1 is closed, i.e.,
d(f(D)) =0,
where d is now the induced morphism on sections
d= (%)« (X)) = (A (X) — (A1) (x) = Q! (X).

Proof. Let x be any point of X. If, for instance, x € U,, we check that

where the summation is taken over the indices ¢ = 1,..., k indicating the
i-th place that d(Q4(z)) occupies each time. Hence, the local Bianchi iden-
tities (8.3.13) and the Properties (IN. 1) — (IN. 2) transform the last equality
into

k
d(f(D))(x) =3 F(Qul(2),..., %@ Awa(@),...,(r)) =0. O
=1

Stating the previous proposition in a different way, we have that

(9.2.4) f(D) € (kerd)(X) = (ker d?*)(X) = ker (d2F) y C Q2F(X).
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9.3. The effect of pull-back

This section deals with some technicalities needed in the sequel and paves
the way towards our main objective, namely the construction of certain
characteristic classes.

Let ¢ : Y — X be a continuous map, where X is the topological
space over which all the considerations of the previous sections apply. Our
aim is to compare the 2k-form f(D) (see (9.2.3)) with the analogous form
o*(f)(D*) = ¢*(f)(f*(D)) obtained by pulling back, via ¢, all the entities
involved in the construction of f(D). For the identification D* = f*(D) we
refer to (6.5.1) and (6.5.2).

To this end, we first observe that the pull-back of a k-morphism f €
I*(G) by ¢ may be thought of as the k-morphism

k
931) () J] ¢7(L) =" (L) xx - xx ¢7(£) — ¢*(A),

k—factors

which, after the obvious identification

(9.3.1") Y xx ( H L) H (Y xx L) = Hkgb*(ﬁ)

is stalk-wise given by

(9.3.17) " (H)((y,ur), -, (your)) = (y, fur,. .o up)),

)
for every (y,u1, ..., ug) with 7z (u;) = ¢(y) (mc : the projection of £). Thus
*(f) € I*(¢*(G)). In analogy to (9.1.5), ¢*(f) induces the k-morphism

(9.3.2) (N [T e @) 6 (L) — 67 (@),

By an obvious extension of Lemma 3.5.1 we have the identification (see
also (8.5.9))

9" ((L)) = ¢"(X ®a L) 2 () R (a) ¢ (L) = ¢(2°)(¢7(L)).
In particular, for any (y,w ® u) € {y} x Q ) OAst) Ly(y), (3.5.5") implies

(9.3.3) (Y, w @ u) = (fo, @ f7,) = (y,w) ® (y,u),

for every w € Q<¢>( ) and u € Lyy); or, identifying 7, (y, w®@u) with (y, w®@u),

(9.3.3) (y,w@u) = (y,w) @ (y,u).
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On the other hand, following an argumentation similar to that of Lemma
3.5.1, we obtain analogous results for the pull-back of the exterior powers of
Q. Namely,

¢ (PAAQT) = " () N g (2)0" ()
resulting from the isomorphism
(9.3.4) (yow A w') = (g,w) A (),
for every y € Y and w,w’ € Qg(y)- Thus we can write

(9.3.4") (y,w Aw') = (y,w) A (y,w).

Therefore, working stalk-wise, as in the proof of (9.1.6), we check that

¢/(\)((y,w1) (ym) o (Y, wr) @ (y,ur)) =
() ((y,w (y,ur)) - (ywi) A A (y, wy)
(see (9.3.17)) (f)((y,U1,.. )) (ywi) Ao A (y, we)
(see (9.3.4")) ( flur, . ug)) - (y,wn A A wg)
(,]?( ®u1,...,wk®uk))
(]?)(y,wl R ULy e W @ Up)
(see (9.3.3')) P gw) © (y,w), - (yswn) @ (yun))-

Hence, by A-linear extension, one infers that

(9.3.5) & () =" (F),

within the aforementioned identifications.

Now, given a connection D on the principal sheaf P, we already know
that ¢*(P) is a principal sheaf (see Example 4.1.9(c)), endowed with the
connection D* which can be identified with the morphism ¢*(D), i.e.,

D*(y,p) = (10 ¢*(D))(y,p) = ¢"(D)(y,p) = (v, D(p)),  (y,p) €Y xx P

(see Proposition 6.5.1 and the ensuing comments).

By the same token, the curvature R* of D* identifies with the morphism
»*(R) (see (8.5.20) — (8.5.20”)). The curvature forms (%), defined over the
local frame V = {¢~'(Uy,) | U, € U}, are given by (see (8.5.21) and (8.5.21"))

(9.3.6) Q% (y) = 61, (W)WY) = (1, 2(G).  y€d ' (Ua)
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As a result, using the previous identifications, we have in analogy to (9.2.1)
and (9.2.2):

(6" (D) (W) = o°()
¢ () ((v. ﬂaw( ). (1, Q)

= 0" (1) (1. (1)), ... (6(y)))
(4 F( (6@, . 2ul6)))
(y, Qa(( ))))

= (6}, (F(2)))(v),

for every y € ¢ 1(U,). Thus, within appropriate isomorphisms,

(9-3.7) G (1(25) = 6" (N (1, () = b, (F(2).

Moreover, for every y € ¢ !(U,p), Lemma 9.2.1 and equality (9.3.7)
imply

(6 () W) = o (F Q) W) = (v, FQ)(F W) =
(4, Q) (FW))) = 67, (F( Q) (v) = (6*(N)(25)) (v);

in other words, o o
¢*(f)(Q) = ¢*(f)(Q2p).
Hence, the forms (9.3.7), for all a € I, define a global form denoted by
¢*(f)(D*) = ¢*(f)(¢"(D)) € *(2*F)(Y) = ¢"(2)** (V).
This is actually the pull-back of f(D), i.e.,
(9.3.8) ¢"(f)(D7) = ¢"(f(D)).

Indeed, for any y € Y with, say y € ¢ }(U,), it follows from (9.3.6),
(9.3.7), and the definition of f(D):

(@*())(D) () = (6" (N (W) = (65, (F( Q) ()
(v, F(Q)(6(¥) = (v, f(D)(&(y))) = ¢*(f(D))(v).

Summarizing, we have proved the following:



9.4. Cohomology classes from k-morphisms 351

9.3.1 Theorem. Let P = (P,G, X, ) be a principal sheaf, equipped with
a connection D, with curvature R and local curvature forms (), over a
local frame U. Also, let f € I*(G) be a k-morphism and f(D) € Q% (X)
the 2k-form obtained from f and the 0-cocycle ()?(Qa)) e 20U, Q%*). If
¢ Y — X is a continuous map, then the pull-back k-morphism ¢*(f) €
I¥(¢*(G)) and the pull-back connection D* = ¢*(D) on the principal sheaf
¢*(P) = (¢*(P), ¢*(G), Y, 7*), with curvature R* and local curvature forms
{1, = o7, () | € I}, determine a 2k-form

¢*(£)(D") = ¢"(F)(¢"(D)) € " (Q*)(Y) = 6" (D)*(Y),

which is obtained from the 0-cocycle ¢/*(?)(¢}‘JQ(QQ)) € 729V, ¢*(92%%)) and
coincides with the pull-back of f(D). Here V = {¢~1(U,) |Us € U}.

Proposition 9.2.2 and routine calculations now yield:

9.3.2 Corollary. The form ¢*(f)(¢*(D)) = ¢*(f)(D*) € ¢*(Q2*)(Y) is
closed with respect to the differential induced on global forms by the pull-
back differential ¢*(d) : ¢*(Q%) — ¢*(Q*+1); that s,

¢*(d) (67 (f)(¢7(D))) = 0.
Equivalently,

¢"()(¢7(D)) € (ker ¢*(d))(Y) =

(9.3.9) (qs*(ker d))(Y) — (Y x x (ker d))(Y),

if, as in Proposition 9.2.2, d = (d?*) .

9.4. Cohomology classes from k-morphisms

In addition to the conditions of (9.1.1), we assume that X is a generalized
de Rham p-space; hence, by definition, we have the exact sequence (2.5.17),
repeated here for convenience, namely

(94.1) 0 —kerd > ALt A0 . or ¥, par 0.

Let w € QP(X) be a closed p-form, i.e., as in Proposition 9.2.2, dw =
(dP) yw = 0. Then, the exactness of

(9.4.2) 0 — kerd? <& op P pp 0,
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as part of (9.4.1), implies that
(9.4.3) w € (kerdP)(X) = (dP~'QPH)(X).

Thus, w may be regarded as a 0-zero cocycle, i.e., w € Z°U,dP~1QP~1), for
some open covering U of X.
We consider the order p — 1 analog of (9.4.2), i.e.

ar—1 dpflgpfl -0

(9.4.4) 0 — kerd? ! <& p!
and the next diagram, consisting of commutative sub-diagrams (compare
with Diagram 1.15).

1 p—1 -

* S d
0 e CHUerdr ™) e U @) e (U 0) —— 0

5 (1) 5 5
p—1

. d .
0 Ol erdr ) e O ) e (U 07) 0

5 (1I) 5 (II) 5

p—1 .

) ; d
0 —— C"WU,kerd? ') — COWU, QP 1) —— @ H(COWU, P Y)) —— 0

DIAGRAM 9.1.

For simplicity, the morphisms between cochains in the horizontal se-
quences of the diagram, induced by the morphisms i and dP~ ! of (9.4.4),
are denoted by the same symbols, whereas all the coboundary operators in
the vertical sequences are denoted by 6. The symbol C' has been used to
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emphasize that we are dealing with Cech cochains and, later on, with Cech
cohomology.

The bijectivity of d” ! in (9.4.4) and the paracompactness of X im-
ply that w € ZO°U,dP~'QP=1) C COU,dP~'QP~"), is refinement-liftable
(see Subsection 1.6.2). In other words, there exists a 0-cochain (6,) €
CO(U,QP~1) such that dP~'((0,)) = (dP"'6,) = w (see (1.6.31) and the
relevant definition).

It should be noted that (6,,) is generally defined over a refinement, say
V, of the initial covering U, and w is now thought of as a 0-cocycle over
the same refinement. In spite of this change, for notational convenience, we
retain the same symbol for the coverings, as similar changes will appear at
the successive steps of the procedure we are applying.

By the commutativity of sub-diagram (III), we have that

P (5((6a)) = 3(w) =0,

which means that the 1-cochain §((6,)) € C' (U, QP~1) lies in the kernel of
art ie.,

5((0a)) € ker {aP~' - C' (U, Q) — a7 (CT (U, QPTY) .

Therefore, in virtue of the exactness of the middle sequence, there exists a
1-cochain

(9.4.5) N = (Nap) € C* (U, ker d’ ")
such that
(9.4.6) i(n) = 6((0a))-

or, by (9.4.6),

which implies that

i(n) € ker {5 : C*(U, Q"1 — C*(U, QP 1)}

9.4.7 . .
6.4.7) =Zu, o c o, o).
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Consequently, (9.4.5) and (9.4.7), together with the exactness of (9.4.1),
show that

ne Z' U, kerd” 1) = ZX U, imdP~2) = ZH (U, dP 2P 2).

In brief, we see that, from w € (dP~1QP~1)(X), identified with a cocycle
w € Z%U,dP 'wP~ 1), we obtain a cochain (6,) € CO(U,QP~1) such that
dP~1((04)) = w and 6((0,)) = n € Z' (U, dP~2QP~2).

For n we apply the same procedure using the analog of (9.4.4) for dP 2
and the analog of Diagram 9.1, thus we obtain a cocycle

¢ e 722U, kerdP™%) = Z2(U,dP~30P3).
Repeating the same method down to d = d°, we finally obtain a 1-cocycle
2(w) € ZP(U, ker d),
which determines the cohomology class
c(w) == [2(w)] € HP(X, kerd).

The notations z(w) and ¢(w) are introduced in order to remind us that
the cocycle and its class both originate from w.

Regarding the previous construction, one more remark is appropriate
here: The 1-cocycle n = (n43) is not uniquely determined by w, since many
0-cochains (f,) can be mapped (by dP~1) to w. However, 1 is uniquely
determined up to coboundary.

Indeed, let (6)) € C°(U,P~1) be another cochain with dP~1((6.)) = w
and let 7' € Z'(U,kerd”~!) be a cocycle with i(n/) = 6((¢,)). The last
equality, together with (9.4.6), implies that

(9.4.8) i(n—n") =6((6a)) — 6((65)) = 6 (90 — 00,)) -

Since dP~1((0,)) = w = dP~1((0)) yields (6,) — (0,) € ker d?~!, there is a
(Aa) € CO(U, ker dP~1) such that

(9-4'9) i(()‘a)) = (ea - 0:)5)'

Hence, by (9.4.8), (9.4.9), and the commutativity of sub-diagram (II), we
have that

(i00)((Aa)) = (0 03)((Aa)) = 6((0a — 05)) = i(n — '),
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ie., n —n = 0((\a)), which proves the claim. The same arguments apply
down to the last cocycle z = z(w), so the class c(w) = [z(w)] is well defined.

Our discussion constitutes the proof of the following result, stated form-
ally for later reference.

9.4.1 Lemma. Let X be a generalized de Rham p-space. Then a closed
p-form w € QP(X) determines a (p-dimensional) cohomology class

c(w) € HP(X,kerd) = HP(X, ker d).

9.4.2 Remarks. 1) The identification of the cohomology modules in the
previous statement is a consequence of the general property of cohomology
(1.6.21), since (by Definition 2.5.5) X is paracompact.

2) If, in addition, X is a de Rham p-space, then ker d = K, and the class
¢(w) is analogous to a class of the ordinary de Rham cohomology.

Returning to the 2k-form f(D) € Q2*(X), defined by Lemma 9.2.1, we
see that Proposition 9.2.2 and Lemma 9.4.1 directly lead to:

9.4.3 Corollary. If X is a generalized de Rham 2k-space, then the closed
2k-form f(D) € Q*(X) determines a 2k-dimensional cohomology class

(9.4.10) c(f(D)) = [f(D)] € H*(X,kerd) = H**(X, ker d).

By its construction, f(D) is derived from a k-morphism f € I*(G), by
means of a connection D and its curvature, defined on a fixed G-principal
sheaf. Therefore, it is natural to ask whether the class (9.4.10) depends
on the choice of D. The answer is negative, according to Proposition 9.4.6
below. In preparation of its proof we need the following auxiliary result:

9.4.4 Lemma. Let Dy and Dy be two connections on a principal sheaf
P =(P,G,X,n). Then their convex combination

D=tDy+ (1—t)Dy;  te0, 1] CR,
18 also a connection on P.

Before the proof we explain that, for any A € R and any connection D,
the morphism AD : P — Q!(L) is defined by (AD)(p) = A - D(p), the right-
hand side denoting multiplication by scalars after the natural imbedding
iz : R={z} xR — Ay, x = mw(p). Similar is the meaning of \J, also needed
in the proof.
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Proof. We first prove that

(9.4.11) t-(p(g)-w) = p(g).(tw),

for every t € R and (g,w) € G xx Q(L). Indeed, since p(g).w = A(g,w)
(see (3.3.7)), it suffices to work with the local actions (Ay ), generating A,
and given by (3.3.6). Then, for any s € G(U) and 0 € Q(U) @ 4y L(U),

(tAu)(s,0) =t ((1® p(s))(0)) = (1@ p(s))(t0) = Ay (s, t0).

The proof of the statement is now a routine verification of Definition
6.6.1 by taking into account (9.4.11). O

For immediate use we also have the following, easy to prove, proposition
relating the cohomology class of f(D) with the class of ¢*(f)(f*(D)) =

o*(f)(D*). To this end, observe that, for a continuous map ¢ : ¥ — X
and any A-module S, the pull-back functor ¢* induces the morphism of
cohomology modules

(0.412) o : HY(X,8) — H*(Y,6°(S)) : [ 2] = 6#([2]) 1= [6"(2)].

for every cocycle z € ZP(U,S), p € Z, over an open covering U of X. More
precisely, for any (o, ...,qp) and y € ¢~ (U, N ... NU,,),

¢ (2)agap(¥) = (Y Zag-a, (0(y)));
that is, using the notation (1.4.3),
" (2)ag-ap = O (Zag—ay), U:i=UyN...NU,,.

For further details one may consult, e.g., Godement [33, p. 199].

Note. Many authors use the symbol ¢* in place of ¢#. To avoid any
confusion with the pull-back functor, we adhere to the latter notation.

Combining the constructions of Section 9.3 with the previous considera-
tions, we obtain:

9.4.5 Proposition. Let P = (P,S, X, ) be a principal sheaf endowed with
a connection D. If X is a generalized de Rham 2k-space and ¢ 1Y — X a
continuous map, then

o7 (c(f(D))) = c(¢*(H(DY) = (" (N(F*(D))).
for every k-morphism f € I*(G).
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Of course, one needs to prove that if X is a generalized de Rham 2k-
space, then so is Y. However, it is not hard to show that the exactness of
(9.4.1) implies the exactness of the sequence obtained by pulling back (via
¢) the modules and morphisms of the former.

We now return to the question raised after Corollary 9.4.3, namely the
proof of the following result.

9.4.6 Proposition. Let f € I¥(G) and a principal sheaf P over a gen-
eralized de Rham 2k-space X. Then the class c(f(D)) € H?*(X,kerd) is
independent of the choice of the connection D on P.

Proof. If Dy and D; are two arbitrary connections on P, we shall show
that c¢(f(Dg)) = ¢(f(D1)) by a homotopy argument.

More precisely, we consider the closed interval I = [0, 1] C R, the topo-
logical space X x I and the projection to the first factor

Py X X1 — X: (2,t)— 2.

For each ¢ € I, we also consider the (continuous) inclusion map
hy : X — X x1:xw— (z,1).

We have two immediate results: Firstly, equality

(9.4.13) Dy 0 hy =idy,

is valid for every t € I. Secondly,

the maps hg and hy are homotopic by means of the homotopy

(9-4.14) H:=1d: X xI— X x1I.

The pull-back p% (P) of P = (P, G, X,7) is a p} (G)-principal sheaf over
X x I, equipped with the pull-back connections Dj = p;{,(DO) and D} =
P (D1) (see Section 6.5 and, in particular, the identification (6.5.2)). Hence,
in virtue of Lemma 9.4.4,

(9.4.15) D* :=tDy+ (1 -t)D7,
is a connection on p% (P), which can be identified with

(9.4.15') D* = tp (Do) + (1 — t)p5 (D1) = p’, (tDo + (1 — t) D).
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Pulling back p%(P) by hy, we return (up to an isomorphism) to the
initial principal sheaf P, since (1.4.6) and (9.4.13) yield

hi (P (P)) = (px o ht)"(P) = id (P) = P,

for every t € I. By the same token, the connections D*, Dj, D7 determine
the corresponding pull-back connections, which can be identified, respect-
ively, with

hi(D*), hi(Dg) = Do, hi(D7) = Ds.

Hence, setting
(9.4.16) D, := hi(D"),
and pulling-back both sides of (9.4.15") by h;, we have that
Dy = h{(D*) = (py o he)* (tDo + (1 — t)D1) = tDo + (1 — t)Ds.

The new connection D; on P determines, in turn, the class ¢(f(Dy)) €
H?! (X kerd), for the given k-morphism f.
On the other hand, the pull-back connection D* = p% (D) on p%,(P) and
the k-morphism p’ (f) € 1 k (p (G)) determine the class
c(pi (F)(D*)) € H* (X x I, kerp’,(d)) = H** (X x I,p’ (kerd)),

where the equality concerning the kernels is routinely verified. Thus, by ap-
plying the cohomology functor h,# , Proposition 9.4.5 and equalities (9.4.13),
(9.4.16) imply that

B (o3 (N(DM)) = e(hi (0 (D) (B (D)) = e(F(D)).

Therefore, for ¢ = 0, 1, we obtain the equalities
(9.4.17) c(f(Do)) = hi (e(py (H(D)).

(9-4.18) c(f(D1)) = hY (c(py(F)(D"))).

Since, by (9.4.14), hy and h; are homotopic, the general theory of cohomo-
logy (see, e.g., Spanier [116, p. 240], Mallios [62, Vol. II, p. 161]) implies
that

W (c(pi (D7) = BT (c(p (B)(D))),
which, combined with (9.4.17) and (9.4.18), leads to

c(f(Do)) = c(f(D1))-
This completes the proof. ]
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9.4.7 Remarks. 1) The vector sheaf and vector bundle analogs of Pro-
position 9.4.6 can be found in Mallios [62, p. 259] and Milnor-Stasheff [74,
p. 298], respectively.

2) In the classical framework, the independence of ¢(f(D)) from the
choice of the connection D can be shown by using the so-called transgression
formula (see, e.g., Kobayashi-Nomizu [49, Vol. II], Naber [81]). However,
this quite popular approach cannot be applied here.

The results obtained so far in the current section are summarized in the
following:

9.4.8 Theorem (Chern-Weil). Let X be a generalized de Rham 2k-space
and let P be a G-principal sheaf over X, where G = (G, p, L,0) is a Lie sheaf
of groups. We assume that P admits connections and, as in (9.1.1), there
is a Bianchi datum attached to G. Then each k-morphism [ € I’“(g) and
any connection D on P determine a closed 2k-form f(D) € Q2¢(X), whose

corresponding cohomology class c¢(f(D)) € H**(X, kerd) is independent of
the choice of D.

Owing to the independence of ¢(f(D)) from D, we set

(9.4.19) c(f, P) == c(f(D)),
for any connection D on P.

9.4.9 Definition. The cohomology class c(f,P) € H?*(X,kerd) is called
the characteristic class of P associated with the k-morphism f €

1"(G).

9.4.10 Proposition. With the assumptions of Theorem 9.4.8, if P admits
a flat connection, then c(f,P) =0, for every k-morphism f € I*(G).

Proof. Let D be any flat connection on P. In virtue of Proposition 8.6.2,
all the curvature forms Q, vanish. Therefore, by Lemma 9.2.1, f(D) = 0,
which concludes the proof. ]

9.4.11 Remark. The same result holds, of course, under any one of the
(equivalent) conditions (F. 2) — (F. 5) of Theorem 8.6.12, as well as for any
flat G-principal sheaf (see Proposition 8.6.18).

Fixing a principal sheaf P as in Theorem 9.4.8, we shall show that the
assignment of the characteristic class ¢(f,P) to a k-morphism, for any k,
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determines a map with some nice properties. To see this, we consider the
direct sum of A-modules

(9.4.20) () = 1)

It is an A-module, in virtue of Subsection 1.3.2. As usual, I°(G) := A.
Similarly, we define the A(X)-modules

(9.4.21) H*(X,kerd) = P H*(X, kerd),
k=0

(9.4.22) H* (X kerd) = @D H* (X, ker d).
k=0

Obviously,

(9.4.23) H* (X, kerd) — H*(X,kerd).

It is also clear that the modules (9.4.20) — (9.4.22) are K-vector spaces, since
K is canonically imbedded in A.
By Theorem 9.4.8 we obtain the map

(9.4.24) Wrp:I"(G) — H* (X, kerd) : f— Wp(f) :=c(f,P).

9.4.12 Definition. Let P be a G-principal sheaf over a generalized de Rham
space X, as in Theorem 9.4.8. The map 20p, defined by (9.4.24), is called
the Chern -Weil map of P.

9.4.13 Proposition. The Chern-Weil map Qp is a K-linear morphism
satisfying the following functorial property

¢* 0 Wp = W (p) © ¢,

for every continuous map ¢ 1Y — X. Equivalently, we have the commutat-
we diagram:

I*(G) Wr H*(X, ker d)
o o*
ISP
1'(6°(G)) —— L+ H*(Y, ker ¢*(d))

DiAGRAM 9.2
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The vertical map ¢* in Diagram 9.2 is the morphism induced by the pull-
back of k-morphisms (see Section 9.3), whereas ¢# is defined by (9.4.12).
The functorial property is also known as the naturality of 2p.

Proof. The first assertion results from the fact that all the maps involved in
the construction of the characteristic classes, in particular the differentials
d? and the coboundary operators 67 (see also Diagram 9.1) are linear maps
with respect to K, for all p’s.

The naturality of 20p is a straightforward combination of Proposition
9.4.5 and equality (9.4.19): If f € I*(G), then

(67 0 2p)(f) = ¢7 (c(f, P)) = ¢7 (c(£(D))) =
c(¢"(N(f(D)) = c(¢"(f), ¢"(P)) = Wy (p) (6" (f))- 0

We now examine the behavior of the Chern-Weil maps corresponding to
two equivalent principal sheaves (see Definition 4.6.1). We always assume
that the principal sheaves considered admit connections and that (9.1.1) is
in force.

9.4.14 Proposition. Let P and P’ be two G-principal sheaves over a gen-
eralized de Rham space X. If P and P’ are equivalent, then

Wp = W

Proof. Let h = (h,idg,id,,idx) be an isomorphism defining the equi-
valence of P and P’. Taking local frames over a common open cover-
ing U = (U,) of X, h is in bijective correspondence with a 0-cochain
(ha) € CY(U, G) satisfying the properties of Theorem 4.4.2.

If D' is an arbitrary connection on P’ with corresponding curvature
R = (Q), then D := D’ o h is the unique connection on P, which is
h-conjugate with D’ (see Definition 6.4.1). By (8.5.4’), the local curvature
forms (€,) of D satisfy

p(h 1., = Qq, acl.
Therefore, for any f € I*(G) and x € U,, equality (9.2.2) and the analog

of (3.3.10) for the action (8.1.7) on forms of higher degree, as well as the
invariance of f (see Lemma 9.1.3), imply that

FQ)@) = F@al@),.... 20())
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that is, f(Qa) = f(S2,), for all a € I. As a result, f(D) = f(D'), and the
Chern-Weil Theorem 9.4.8 yields

Wp(f) = Wp(f),
for every f € I*(G) and k € Za' . This completes the proof. O

9.5. The Chern-Weil homomorphism

We shall show that, under suitable conditions, the Chern-Weil map (9.4.24)
becomes an algebra homomorphism. For the moment we remain with the
assumptions of the previous sections; that is, we assume that X is a gener-
alized de Rham space and P = (P,G, X, m) is a principal sheaf admitting
connections with curvatures, as ensured by the existence of a Bianchi datum
(see (9.1.1)).

For our purpose, we supply I*(G) with a product in the following way:
If f € I%(G) and g € I'(G), we define the (k + [)-morphism f ® g by

(f @g)(ul, e Uy Uty -+ 5 UY) 2=

9.5.1

( ) k+l Z fua(l),..., ))‘g(ua'(k+1)""’uo'(k+l))’
Gesk+l

for every (u1,...,ur4) € HkH L. Here Sj.; denotes the group of permuta-

tions of {1,...,k+1} and the center dot on the right-hand side denotes the
multiplication in A.

It is straightforward to verify that f © ¢ € I**4(G); thus I*(G), equipped
with the multiplication (9.5.1), has the structure of a (graded) commutative
A-algebra with identity. In particular, I*(G) is a K-algebra with the same
properties, after the canonical imbedding K — A.

Given two morphisms f € I¥(G) and g € I'(G), using (9.2.1) and (9.2.2),
we construct the forms

(9.5.2) (F©9)(Q) € 2FD () = (N**ahyu,),
F(Q) AG(Q) € QFUHNQP(U,)
= (NN (U AN"Q)(U).

In order to find the relationship between these forms, we need a few
preliminary remarks. For any p > 2, we know that the sheaf

O =Q'NA 4. A0 = APQ!
N—_——— —

p—factors

(9.5.3)
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is generated by the presheaf

(9.5.4) Ur— Q' U)A sy Naan@' (U) = NP (Q1(D)).

(For the sake of convenience, in what follows the index A will be omitted.)
We denote by

oy N (@ (U)) — (N2)(©)

the canonical map assigning to each “section” of the presheaf (9.5.4) the
corresponding section of A’Q over U (see (1.2.2)). For any decomposable
element (61 A...A0,) € AP(QL(U)) and every x € U, we have that

(9.5.5)  pp(01 A A Op) () = p (01 A A Op) = O1(z) A ABy(x),

where
et N (QU)) — (N2 2 QA A
——

p—factors

is the canonical map into the stalk. The last term of (9.5.5) actually de-
termines the exterior product on the stalk over x.

Analogously, thinking of Q2 AQ?" as the sheaf generated by the presheaf
U — QPHU)NQ?(U), we have a corresponding canonical map (for every
open U)

(9.5.6) pil s PRU)NQ? (U) — (Q2FAQ2)(U)
satisfying equality
(9.5.7) P (s A (@) = pil(s At) = s(z) At(x),  zeU.

Again the last exterior product is meaningful after the identification of stalks
(2R AQ2D), = QZF AQZ and because s,t are sections of sheaves.

With the previous notations in mind, (9.5.2) and (9.5.3) are now related
as follows.

9.5.1 Lemma. For any f € I*(G) and g € I'(G), equality

— ~

(9.5.8) (J09)( Q) = (F(Q) AG())

is satisfied for every o € I.
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Proof. Using (9.5.7) and(9.2.2), we see that

~

P (F(20) AG(Q0)) (2) = F(Qa)(2) AG(Q0)(x) =
f(m( ) (7)) A G(Q0(2), ., Qal)),
k—times I—times

for every = € U,. Hence, if Qn = >, 0; ® uj,
kil (7 .
pii, (F(Qa) A G(Q0)) (z) =
( Z f(uil,...,uik)-eil/\.../\Hik)/\

i1,..,0k €1
9.5.9
( ) /\< Z g(Ujl,...,Ujl)-9j1/\.../\0j1>:
Jrengi€d

Z f(uil,...,uik) ~g(uik+1,...,uik+l)-9i1 /\.../\GikH.

i1yt €1

On the other hand,

- o —

(f © g)(Qa)(x) = (f © g)(Qa(x)v s 7901(‘73)) =
(k+1)—times
(9.5.10) S (FOPui i) O A A, =

i17...,ik+l€[

1
m Z Z f(uo(il)’ e ,Ua-(ik)) . g(ug(ik+1)7 RN ,ug(ik+z)) . 91'1 FANPAN eik+l,
e

where the first sum in the last row is taken over all 4y,...,ix4; € I, and o
is running in the group of permutations Si.y;.

Now, using the symmetry of both f and g, along with elementary com-
binatorics, we check that the coefficients of ;) A ... A6;, ., in (9.5.9) and
(9.5.10) coincide. Thus, by linear extension, we get equality (9.5.8) of the
statement. L]

9.5.2 Proposition. For every f € I*(G), g € IY(G) and any connection D
on P, we have that

(9.5.11) (f © 9)(D) = p§' (f(D) A g(D)).

where pl}l is the canonical map (9.5.6) over X.
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Proof. Let any x € X. If 2 € U,, for some a € I, then Lemmata 9.2.1,
9.5.1, and equality (9.5.7) imply that

(f ©9)(D)(x) = (F © 9)(Q)(@) = pii' (F(Q) AG(Q0)) (2) =
F(Q)(z) AG(Q)(z) = F(D)(x) A g(D)(z) = pi' (F(D) A g(D))(2),
which concludes the proof. ]

To bring to completion the aim of this section, we need to define an
appropriate product on H*(X, ker d), involving the exterior product of forms
(viz. sections), since the classes we are interested in arise from such objects.

However, the cohomology classes ¢(w) € HP(X, ker d), obtained from the
closed forms w € QP(X), as discussed before (and summarized in) Lemma
9.4.1, may be problematic with regard to this product. As a matter of
fact, if wy, wy are two closed forms as before, then it is not assured that
c(wr A we) = ¢(w1) A ¢(wz), which would be the desirable result. This is
due to the fact that the class of w is constructed by a cocycle, obtained by
successive applications of the chasing diagram routine, so the shifting from
the cochains of a certain degree to another may not preserve the exterior
product.

To overcome this difficulty, we consider a new (equivalent) cohomology,
which behaves well with respect to the exterior product, and then we transfer
the latter product to H*(X, kerd). Of course, this is done at an extra cost,
as we explain in what follows.

The new cohomology is derived from the A(X)-complex

T'x(d°) Tx(d')
Em— _—

0 — T'(A) I'x(QY Ix(Q?) — -,

where I'x is the (global) section functor. The previous complex is also
written in the form

(9.5.12) 0 — AX) 5L 0l x) B 02(x) — -

Now, in addition to the assumptions (9.1.1), we further suppose that
(this is the extra cost!)

X s a de Rham space, which means that

0 1 D
00— A Y 0t 02 ... qr ¥,

is an acyclic resolution of kerd.
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(see Definition 2.5.5). But then we can apply the abstract de Rham Theorem
(see the end of Subsection 1.6.3 and equality (1.6.36)), by which

HP(X,kerd) = H? (X, kerd) =
(9:5.13) ker {dy : OP(X) — (X)) ker (d})

im{dg(_1 (X)) — QP(X)} . im(dgf_l)

within isomorphisms of A(X )-modules (see also Remark 9.4.2(1)). We recall
that kerd is the A-module ker{d : A — Q'}. Although it is customary to
drop the superscript and subscript of d% and simply write d, in order to
avoid any confusion between d : A — Q' and d5 : QP(X) — QPTH(X), we
retain the full notation of the latter differential.

If we QP(X) is a closed form, we denote by

ker (d%)

im(d5 )
the cohomology class of w defined by the sequence (9.5.12), whereas ¢(w) is
the class of w in HP(X, ker d). Hence, we have the bijective correspondence

ker (dg()
m(dy ")’

[wlq €

(9.5.14) HP(X, kerd) 3 ¢(w) =7 [w]y €

where hy, stands for the isomorphism (9.5.13).

Before proceeding further, let us explain how one defines the exterior
product of classes of the previous kind. For two classes

ker (dgf) ker (dgf)
m(dy ") m(dy ")’
we set (see (9.5.6) and the notations of Proposition 9.5.2)
ker (d5)
m (i)

The right-hand side class is defined, because if w; and wy are closed forms,
so is p¥ (w1 A ws). Indeed, for every z € X, using (9.5.7) we have:

(B (PR (w1 A wn))) (2) = d5™ (wi(2) Awa(e)) =
I (wi()) A (w2 () + (wi(x)) A d (wa(z ))
(diywn)(2) A (wa(2)) + (wi(2)) A (diw)(z) =

[wilg € and [wo]g €

(9.5.15) [wﬂd A [wg}d = [ Xq(wl A\ wz)]d €
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We prove that (9.5.15) is independent of the representatives of the classes
on the left-hand side. To see this, assume that [w1]g = [w]]s and [wa]q =
[wh]4. Then there are 6; € QP! and 0y € Q9! such that

(9.5.16) Wi =w +d% 0 and  wh = wy +d% '6s.
We shall show that

(9.5.17) PRI A wh) = pR9(wr Aws) +d%TT1e,
where

(9.5.18) 0= p% (01 Aws) + (—1)P o3I (wi A ) + p% P (01 A B).
Thus, in virtue of (9.5.7), it suffices to show that

0510 (2) Awhla) = (&) Awn(a) + (&5710)(2)

= wi(@) Awa(x) +d5T (O(x)),

for every x € X.
Indeed, taking into account that wq and wsy are closed, as well as that
dPtodP =0, (9.5.18) yields

5 0(x)) =
d’;rq_l (01(x) Awa(x) + (—=1)P wi(x) A Oa(z) + 61 (2) A b2(x)) =
A5 (01(2)) A wa(@) + wi(@) AdY (Ba(x)) + d5 ' (01(2)) A dY ' (Ba(x).
Hence, in virtue of (9.5.16) and the preceding equality, we have
wi(@) Awa() +d5 " (O(x)) =
(wi(z) + d5% (01 (2))) A (wa(x) + d% (02(2))) =
wi(z) Awy(z);

that is, we obtain (9.5.19), which, as already explained, proves (9.5.17) and
the independence of (9.5.15) from the representatives of the classes.

Now, in virtue of the isomorphism (9.5.13), the exterior product of two
classes c(w1) € HP(X,kerd) and c(wz) € HY(X,kerd) is, by definition, the
class c¢(w) A c(wy) € HPT(X kerd) given by
(9.5.20) c(wl) A\ C(wg) = h;iq([wl]d A\ [wg]d) = h;iq([pgéq(wl A LUQ)]d).
As a result, H*(X, kerd) has the structure of a (graded) A(X)-algebra. In
particular, H*(X, kerd) is a K-algebra.

The previous preparation allows us to conclude with the following;:
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9.5.3 Theorem. Let X be a de Rham space, G a Lie sheaf of groups and
(Q,D,dz) a Bianchi datum. If P is a G-principal sheaf over X admitting
connections, then the Chern-Weil map 20p : I*(G) — H* (X, kerd) becomes
a K-algebra morphism with respect to the products (9.5.1) and (9.5.20).

Proof. For any f € I¥(G), g € I'(G), and for an arbitrary connection D on
P, equalities (9.4.24) and (9.4.19) imply that

Wr(f©g)=c((f©9)(P)) =c((f®g)(D)),

or, by (9.5.14) and (9.5.11),

Wo(f ©g) = hil, (((f © 9)(D))a) = hit, (I 1F(D) A g(D)]a).

Hence, in virtue of (9.5.20),

Wp(f©g)=c(f(D)) Ae(g(D)) =
C(f,’P)AC(g,'P):Qﬂp(f)/\wp(g). u

The morphism of K-algebras 20p, obtained under the conditions of the
preceding theorem, is called the Chern-Weil homomorphism of P.

Notes. 1) In the case when ker d = R, the previous situation is reminiscent
of the classical analog within the framework of ordinary principal sheaves
and Ad-invariant morphisms.

2) If we consider a principal sheaf with structure sheaf GL(n,.A), then
a k-morphism f : [[¥ Myxn(A) — A can be connected with symmetric
Ad-invariant polynomials, so we obtain a Chern-Weil homomorphism in-
volving such polynomials. Furthermore, combining Proposition 5.2.5 and
Theorem 7.1.6, we obtain a Chern-Weil homomorphism in the context of
vector sheaves (and polynomials). A direct proof of this is given in Mallios
[62, Vol. 11, p. 271].



Chapter 10

Applications
and further examples

L’ application pratique se trouve quand
on ne la cherche pas et on peut dire
que tout le programme de civilisation
repose sur ce principe. ... [d’ import-
antes recherches mathématiques/ elles
sont inspirées par le désir qui est le mo-
tif commun de tout travail scientifique,
celui de savoir et de comprendre.

J. HADAMARD [40, pp. 115-116]

HIS chapter contains a few applications and examples further illustrating
T some of the general ideas exhibited in the preceding chapters. They
supplement, in a sense, the basic examples given at various stages of our
exposition.

369
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More precisely, in Section 10.1 we discuss the notion of differential triad
in the context of non-commutative geometry. In Section 10.2 we exam-
ine how the connection theory of infinite-dimensional bundles fits into our
scheme. This is applied to the concrete case of manifolds and bundles mod-
elled on projective finitely generated A-modules, where A is a unital com-
mutative associative locally m-convex algebra (Section 10.3). In Section 10.4
we deal with the torsion of an A-connection on the vector sheaf €2*, and we
show that the local torsion forms satisfy the analogs of Cartan’s structure
equation and Bianchi’s identity. In Section 10.5 we prove that the existence
of a Riemannian metric on a vector sheaf is equivalent to the reduction of
its structure sheaf to the orthogonal group sheaf.

Finally, the problems concluding the chapter raise certain research ques-
tions that have not been touched upon here. Undoubtedly, an answer to
them would be an add-on to our work, enhancing the effectiveness of the
present approach.

10.1. A non-commutative differential triad

Starting with a differential triad (A, d, 2) in the (original) sense of Definition
2.1.2, in Section 3.1 we constructed its matrix sheaf extension (M, (.A),d,
M, (), where M,,(A) is a non-commutative algebra sheaf. Hence, the
notion of differential triad is susceptible of a generalization within the non-
commutative framework. Of course, the question of how far one can go in
this direction remains open.

In the present section we want to outline another example of a non-com-
mutative differential triad derived from non-commutative geometry. This
idea has been suggested by A. Asada ([5]) who is heartily thanked again
here.

We briefly recall that a *-algebra is a complex algebra A with an in-
volution, i.e., a map *: A — A satisfying the properties:

Q) (a+b) = a* +b*
(ii) (Aa)* = Aa*
(i) (a-b)" = b - a"
(iv) (@) =a

for every a,b € A and \ € C.
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A C*-algebra is a Banach *-algebra A whose involution satisfies, in
addition, the C*-property:

(v) la*-all=lal?, a€A.

By the Gel’fand-Naimark theorem, a C*-algebra is isometrically *-iso-
morphic with a closed subspace of the space L(H) of continuous (bounded)
operators of a complex Hilbert space H. The space L(H) is a C*-algebra
whose involution associates to each operator 7' € L(H) its adjoint 7%. To
avoid any confusion, we denote by J the involution of L(H ), thus J(T') = T™*.

From the very extensive literature on C*-algebras, we cite, e.g., Bonsall-
Duncan [11] and Murphy [80], where the reader is referred for details.

Let A be a C*-algebra, viewed as an infinite-dimensional Hilbert space
(of operators). We assume that J is self-adjoint, i.e. J* = .J. Since J 2 = id
(: J has square 1), we further assume that the two proper spaces

(T|J(T)=T} and {T|J(T)= T}

are infinite-dimensional. In this case, the Hilbert space at hand admits a
polarization and the space itself is said to be polarized. Polarized Hilbert
spaces are important to loop groups and integrable systems (see [103, p. 80]).

According to A. Connes’s general construction (see [21, pp. 19, 313]), the
quantized differential da of a € A is defined as follows: If a is identified
with an operator T' € L(H ), then

da=dT :=[J, T)=JT —-TJ.
The previous commutator is given by
[, TI(S)=J(S)oT —ToJ(S)=85"oT—ToS" SeL(H).

On the other hand, we define € to be the A-module generated by the
elements [J,a] = [J, T], for all a € A. As a result, we establish the map

d:A>ar—da=1[J, a] €9Q,

which is C-linear and satisfies the Leibniz rule. The derivation d is rich in
geometric information, but this cannot be described here.

Now, let us consider a C*-algebra sheaf A over a topological space X =
(X,%Tx). For each U € Tx, A(U) is a C*-algebra; hence, by the above
constructions, we associate with it an A(U)-module ©(U) and a C-linear
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map dy : A(U) — Q(U) satisfying the Leibniz rule. Therefore, varying
U in Ty, we obtain the A-module Q := S(U — Q(U)) and the C-linear
morphism d : A — €, with d := S((dU)Uer;X), satisfying the Leibniz rule.
Then (A, d, Q) is a non-commutative differential triad.

A theory of non-commutative connections on vector sheaves seems to
be more complicated, since even the construction of ordinary (non sheaf-
theoretic) non-commutative connections is based on particular technicalities
(such as the Schatten—von Neumann ideals etc.) which are beyond the scope
of this work. The interested reader is referred to Asada [4] (see also Connes
[21]) for the latter terminology and related results.

Note. Non-commutative geometry is an “algebraic” approach to differen-
tial geometry within the non-commutative framework (see Connes op. cit.,
Madore [56] and their references). Among its ambitions are the description
and understanding of the “quantum world”. Without entering the discussion
whether this target may or may not be achieved by the concrete methods
of non-commutative geometry (cf., for instance, J. Nestruev’s comments in
[83, p. 141]), we would like to say that this point of view has the same philo-
sophy as ADG; namely, to bypass the manifold structure on a space X and
concentrate on the algebraic quantities over it. The reader who is familiar
with non-commutative geometry, may have noticed that certain principles
of it are closely related with analogous ones of ADG. However, many aspects
of the former lack a convenient localization and cannot be included in our
scheme.

10.2. Classical infinite-dimensional connections

As we saw in Example 6.2(a), in conjunction with Theorem 6.2.1, connec-
tions on finite-dimensional principal bundles can be thought of as (sheaf-
theoretic) connections in the sense of Definition 6.1.1. This is based on the
identification (see Example 3.3.6(a) and equality (3.3.13))

Al(Ua G) = Al(Uv R) ®C°°(U,R) COO(U7 G)a

if G denotes the Lie algebra of a given (finite-dimensional) Lie group G. We
recall that AY(U, G) is the C°°(U, R)-module of G-valued differential 1-forms
on an open U C X. Moreover, Q(U) = AY(U,R) if Q = QL is the sheaf (of
germs) of R-valued differential 1-forms on the smooth manifold X.
Although the above identification is not generally valid in the infinite-
dimensional framework, we obtain a sheaf-theoretic interpretation of the
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connections on an infinite-dimensional principal bundle, under a slight modi-
fication of Example 6.2.(a).

More precisely, we start with a principal bundle (P, G, X, 7) whose base
X and structural group G have an appropriate infinite-dimensional differen-
tial structure (e.g., Banach manifold and Banach-Lie group, respectively). If
G is the Lie algebra of GG, we consider the sheaf of germs of smooth G-valued
forms defined on X

Qx(G) :=S(U — A'(U,G)).

Following Example 4.1.9(a), we obtain the principal sheaf of smooth sections
of P
P:=S(U+—T(U,P)),

whose structure sheaf G = (G, Ad, £, 0) is defined as in Example 3.3.6(a).
Namely,
G =CX(G):=

= 8S(U — C>(U,Q)),
L=CF(G):

S
S(U +— C*(U,G)),

the Maurer-Cartan differential 0 : G — Qx(G) is generated by the morph-
isms

Oy : C®°(U,G) — A (U,G) : f s 0u(f):= f-df,
while the representation Ad : G — L is generated by the morphisms
Ady : C*(U,G) — Aut(Cg(o(GﬂU),

defined, in their turn, by

(Adu(9)(f)) (z) = (Ad(g(x))) (f(2)),

for every g € C*(U,G), f € C*(V,G), © € V, and every open V C U.
On the right-hand side of the preceding equality, Ad : G — Aut(G) is the
ordinary adjoint representation of G.

As in the same Example 3.3.6(a), we define the local actions

o 1 C°(U,G) x AYU.G) — AU, G),
with 6y (g,w) := Ad(g).w, the 1-form on the right-hand side being given by

(Ad(g) w)e(v) = (Ad(g))(wz(v));  ze€U,veTl,X.
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Varying U in the topology of X, we obtain an action
0:CY(G) xx Ax(G) — Qx(G).
To remind us that § comes from the adjoint representation, we set
Ad(a).w := d(a,w), (a,w) € G xx Ux(G).
Then 0 satisfies the fundamental property
d(a-b) = Ad(b1).0(a) + O(b); (a,b) €G xxG.

Now let us turn to the connections of the principal sheaf P constructed
from the bundle P. First recall that (see (4.1.9)) the natural sections s, €
P(U,) of P are given by s, = 04, if 04 € I'(U,, P) are the (smooth)
natural sections of P. Similarly, by (4.3.7), the transition sections of P are
the sections Yo = Jap € G(Ua), if gap € C°(Ua, G) are the transition
functions of G.

A connection on P will be a morphism D : P — Qx(G) such that

D(p-g) = Ad(g~").D(p) +9(g9),  (p.g) €P xxG.

As in the general theory of Section 6.1, D is equivalent to the existence of a
0-cochain (w,) € C°(U,x (G)) satisfying the compatibility condition

(10.2.1) wp = Ad(7,3) wa + O(Vap),

over Uy # 0, for all a, 8 € I. In fact, wy = D(sqa). The first term on the
right-hand side of (10.2.1) is the section defined by

(Ad(755)-wa) () = Ad(v,5(2)) wa(@).

By the construction of Qx(G), we may write w, = 5@[ and wg = 55 for
0o € AL (Uy,,G) and 05 € AY (U, G). Hence, (10.2.1) takes the form

05 = Ad(G,4) 00 + 0(G,4) = (Ad(g,4) ba + Ou,,(925)) "

Since the presheaf of G-valued forms generating Qx(G) is complete, the
canonical map

AYU,G) — Qx(G)(U) : 0 +— 6

is a bijection, thus the last equality implies

05 = Ad(9,5)-00 + 00,5(90s) = Ad(905) b0 + 9os-d9as;
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that is, the 1-forms 6, € A'(U,,G), a € I, determine a connection on P
with connection forms 6,. The converse is proved by reversing the previous
arguments.

Hence, analogously to Theorem 6.2.1, one infers:

The connections on an infinite-dimensional principal bundle P are
in bijective correspondence with the connections D : P — Qx(G) on
the sheaf P of germs of smooth sections of P.

However, we do not know a reasonable way to express Qx(G) in terms of
and £, as in the finite-dimensional case, already described in the beginning
of this section.

In the next section we apply the previous discussion to the frame bundles
of a particular category of infinite-dimensional vector bundles.

10.3. On the geometry of A-bundles

We outline an application whose full details can be found in Vassiliou-
Papatriantafillou [134]. We are mainly interested in studying the connections
on the frame bundle F'(E) of a vector bundle whose fiber type is a projective
finitely generated module over an appropriate topological algebra A. As we
shall see, the topological structure of A is crucial for our considerations.

Before approaching our objective, let us say a few words about the
bundles in the title, in order to clarify when and how these bundles are
connected with our sheaf-theoretic techniques.

In many areas of pure mathematics and theoretical physics, one fre-
quently encounters vector spaces having the additional structure of a mod-
ule over a topological algebra A. A number of problems related with, e.g.,
operator theory, theoretical physics, differential topology, to name but a
few, have been successfully treated by taking into account this additional
structure (see Kaplansky [47], Selesnick [110], Mis¢enko [75], respectively).

Of particular interest, in the same direction, are manifolds and vector
bundles, whose models are projective finitely generated A-modules (the relev-
ant definitions will be given below). For the sake of brevity, such manifolds
and bundles henceforth are called A-manifolds and A-bundles, respect-
ively. We refer to Kobayashi [48], Shurygin [111], Prastaro [102] for some
applications of this aspect in differential geometry, PDEs, and mechanics.

The structure and classification of topological A-bundles have been stud-
ied by A. Mallios (see [59] and the references therein), whereas differentiable
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A-bundles have been considered by M. Papatriantafillou, within an appropri-
ate differential framework (see [90], [95], [96]). In both aspects, A is a locally
m-convex algebra, a case encompassing all the aforementioned examples and
applications.

As already proven in [96], differentiable A-bundles admit linear connec-
tions, which are equivalent to covariant A-derivations (see [95]), in contrast
to the general infinite-dimensional case (cf., e.g., Flaschel-Klingenberg [29],
Vilms [138]). But, if we want to view an infinite-dimensional vector bundle
as a bundle associated with its principal bundle of frames, and to reduce lin-
ear connections on the former to connections on the latter, a serious obstacle
arises: If the fiber of the bundle is a non-Banachable infinite dimensional
vector space P, then the general linear group GL(P) of P is not necessarily
a Lie group, not even a topological one as is, for instance, the case of a
Fréchet space. Thus the frame bundle of a vector bundle of this type may
not be smooth or topological, let alone have connections.

However, in the context of an A-bundle FE of fiber type P, the structural
group of the frame bundle F(FE) is the group GLa(P) of A-linear auto-
morphisms of P, which is always a topological group. In addition, if A is
a Q-algebra, i.e., the set A’ of invertible elements of A is open in A, then
GLA(P) is proved to be a Lie group and F(FE) becomes a smooth prin-
cipal bundle. Moreover, each linear connection V on P induces a 0-cochain
of local forms (w,) satisfying the compatibility condition (6.2.1) and vice-
versa. The same family of forms globalizes to a principal connection form w
on F(FE), thus the linear connections on F are in bijective correspondence
with the connections on the frame bundle F(F).

Unfortunately, in the most important and frequently met examples of A-
bundles, A is either the algebra C(X) of continuous functions on a topological
space X, or the algebra C°°(X) of smooth functions on a smooth manifold
X. In both cases, A is not a Q-algebra, unless X is compact (as a matter
of fact, the previous functional algebras are @ if and only if X is compact;
see Mallios [58, Scholium 1.1, p. 221] and [62, Vol. II, (11.39), p. 371]).
As a result, in the general (non-compact) case, F'(E) is treated only as a
topological bundle, in which case (w,) cannot be globalized to a connection
form on F(F) as before.

Yet, the sheaf of germs F(FE) of certain continuous sections of F(FE)
(which play the role of “differentiable” sections) admits a connection D
in the sense of Section 10.2, fully determined by (and determining) the
local forms (ws). Therefore, the linear connections on E are in biject-
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ive correspondence with the connections D on F(E). Of course, if A is a
(Q-algebra, the connections D coincide, within a bijection, with the ordinary
connections on the smooth bundle of frames F(FE).

In what follows we fix a wunital commutative associative Imc (: locally
m-convez) algebra A (see also the brief comments in 8.8.8), and we denote
by PFG(A) the category of projective finitely generated A-modules.
We recall that, if M € PFG(A), then (by definition)

(10.3.1) M & M, =A™

for some M; € PFG(A) and m € N. Obviously, A € PFG(A).

Since the objects of PFG(A) will be used as models of the manifolds
and bundles considered below, we need to define a topology and a method
of differentiation on them.

We topologize an M, satisfying (10.3.1), by taking the relative topology
Tys on M, induced by the product topology of A™. It turns out that 7, does
not depend on M; or m. Moreover, it is the unique topology making M a
topological A-module and any A-multilinear map on M continuous. We call
Ty, the canonical topology of M. For details we refer to Papatriantafillou
[89] in conjunction with Mallios [57].

The description of the differentiation method is a little more complic-
ated. It is due to Vu Xuan Chi [139], originally defined on modules over
a topological ring. To this end, for any M, N € PFG(A), we denote by
La(M, N) the projective finitely generated A-module of A-linear maps from
M into N. As usual, N (z) stands for the filter of open neighborhoods of
x € M and 0y is the zero element of M.

With these notations, for x € M and W € N(z), we say that a map
f: W — N is A-differentiable at x if there is a Df(x) € Ly(M, N) such
that the remainder ¢ of f at x, given by

¢(h) = f(x+h)— f(x) — Df(z)(h); he M with z+hel,
satisfies the following infinitesimality condition:

VVeNOy) 3UeN0y): VBeN(0y) FAeN(0,):
acA = ¢(aU) C aBV.

This differentiation, applied to our case, where the structure of the mod-
ules is richer than the one considered by Vu Xuan Chi op. cit., has a number
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of fundamental properties, missing both in the context of the latter work
and that of locally convex spaces. In particular,

i) A-differentiability implies continuity.

ii) The composition and the evaluation maps are A-differentiable.

iit) The chain rule holds true for every order of differentiation.

The proofs can be found in Papatriantafillou [90], where an analogous dif-
ferentiation is introduced on *-algebras.

An infinitely A-differentiable map will be called A-smooth.

Following the standard pattern, we obtain the category Man(A) of
A-manifolds, modelled on the objects of PFG(A), and A-smooth morph-
isms.

We construct the tangent space T, X at a point 2 of X € Man(A) by
considering classes of equivalent A-curves. An A-curve is an A-smooth map
a:V — A where V € N(0y). If X is modelled on M and (U, ¢) is a chart
at z € X, then the bijection

6 TuX = M : [(a,2)] — D(d0.)(0)

provides T, X with the structure of a (projective finitely generated) A-mod-
ule. Furthermore, the tangent bundle T'X of X is an A-manifold. If f :
X — Y is A-smooth, the differential df : TX — TY is also A-smooth and
its restrictions to the tangent spaces are A-linear maps.

Vector A-bundles are defined similarly: Let X, E € Man(A), 7 : E — X
be A-smooth and P € PFG(A). We assume that

E, =7 '(z) € PFG(A); e X,

and that there exist an open covering U := {U, }aer of X and (trivializing)
A-diffeomorphisms

Ta:wfl(Ua)anxP; a€el,

such that pry o 7, = 7, with the restrictions 7., : £, — {z} x P of 7, to the
fibers E,, x € U,, being A-module isomorphisms.

A triplet £ = (E, 7, X) satisfying the previous properties is called an
A-bundle. An obvious example is the tangent bundle of an A-manifold.

It is worth noticing that the definition of infinite dimensional vector
bundles (from Banach ones and beyond) includes as an axiom the differ-
entiability of the transition functions (cf. condition (VB. 3) in Lang [54]).
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However, in our context, although the underlying vector spaces of the models
are infinite-dimensional locally convex spaces, this condition is now a con-
sequence of the properties of the projective finitely generated A-modules. In
fact, we have the next result, whose proof is included here just to give an
idea of the mechanism used in this framework.

10.3.1 Lemma. Let M, N, P € PFG(A), an open U C M and an A-
smooth map f : U x N — P such that the partial maps f, : N — P, with
fz(y) .= f(x,y), y € N, are A-linear for all x € U. Then the map

F:U—Lp(N,P):z— f,
s A-smooth.
Proof. Let N1, P, € PFG(A) and n,p € N, with N&N; = A" and P& P, =
AP. The A-smooth extension of f
7 U x (N@Nl) - P@Pl : (xayayl) = (f(fU,y)/O),

induces the map F : U — Lp(A" AP) : 2 + f,. It is elementary to
show that L, (N, P) is a direct factor of Ly (A", AP) and F = pro F, where
pr: La(A”, AP) — L (N, P) denotes the respective projection. Therefore,
F is A-smooth if and only if F is A-smooth, the other component of I’ van-
ishing. Since Ly (A", AP) is A-isomorphic with the A-module M, ,(A) of
n X p matrices with entries in A, it suffices to prove that

U — Mpxp(A) 1 2 (aij(2)) = (pr; o fo(e))

is A-smooth. This is a consequence of the A-smoothness of the maps
fi:U— APz f(z,6) = (an (), ..., a;p(z)),

for all indices 7 = 1,...,n. O

Consequently, we prove at once the following:

10.3.2 Proposition. Let £ = (E, 7, X) be an A-bundle of fiber type P €
PFG(A), with a trivializing covering {(Uy, 7o) | o € I}. Then the transition
functions

(10.3.2) Gap t Uap — La(P) :=Lg(P,P): 2 — Tog 0 Tgxl

are A-smooth.
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By their definition, the transition functions (10.3.2) take their values in
the group GLa(P) of invertible elements of the algebra La (P). The latter,
being an object of PFG(A), admits the canonical topology, and the algebra
multiplication

(10.3.3) Lao(P) x Lo(P) > (f,g) — go f € La(P)

is continuous (as an A-bilinear map). On the other hand, Ly (P), being also
a unital Imc-algebra, has a continuous inversion (see Mallios [58, Chap. II,
Lemma 3.1]), thus GL4 (M), topologized with the relative topology induced
by the canonical topology of Ly (P), is a topological group. Therefore, the
cocycle (gap) € Z'(U,GLA(P)) determines a topological principal bundle
F(F) = (F(F),GLs(P),X,p), called the bundle of frames or frame
bundle of E.

In summary, we obtain:

10.3.3 Theorem. If E is an A-bundle of fiber type P € PFG(A), then the
bundle of frames F(E) is a topological principal bundle with structural group
the general A-linear group GLa(P).

Now assume that A is, in particular, a Q-algebra (see p. 376). This
property is inherited by the algebra Ly (P), for every P € PFG(A) (see Swan
[120, Corollary 1.2] and Mallios [57, Theorem 1.1]). Thus the restriction of
(10.3.2) to GLa(P) yields a corresponding A-smooth “multiplication”

GLA(P) x GLA(P) — GLA(P) : (f,9) — go [.

To view GL4(P) as a Lie group, we should prove the differentiability
of the inversion. Unfortunately, this cannot be deduced from the differenti-
ability of the multiplication, since such a deduction is based on the inverse
mapping theorem, which is generally not valid in this context. However, the
differentiability in question is shown straightforwardly in the next:

10.3.4 Lemma. Let A be a commutative associative Imc Q-algebra with
unit and P € PFG(A). Then the inversion map inv : f — f~ ! is A-smooth
in GLao(P).

Proof. Let f € GLy(P) and set Dinv(f)(h) := —f ' oho f~! for every
h € La(P). Following the standard pattern (see, e.g., Cartan [19, Théoréme
2.4.4, p. 34] we check that the remainder of inv at f

¢(h) := inv(f + h) — inv(f) — Dinv(f)(h)
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can be transformed to ¢(h) = f~'oty(h)o f~1, where ¢)(h) = ho(f+h)"oh.

We prove that 1 is infinitesimal: Let O be the zero element of Ly (P)
and V € N(0). The continuity of the composition at (0, f~!,0) implies
the existence of Uy € N(0), Vi € N(f ') with Uy o V4 o Uy C V. Since
Vi € N(f71) and inv is continuous, there exists Vo € N(f) with V, ' C V4.
The continuity of the A-module operations also determine A; € N (04) and
Uy € N(0), with AUy C Vo — f € N(0). We set U := Uy N Uy, and, for
B € N(04p), A:= Ay N B. Then, for any a € A and h € U, we have that

Y(ah) = aho(f+ah) toah=a*ho(f+ah) toh
S CLAUlo(f—i-AlUg)il oU; gaBUloVQ_loUl
- CLBUlo‘/iOUl QCLBV,

which proves the assertion. Since an A-linear combination of infinitesimal
maps is infinitesimal, ¢ is also infinitesimal. This completes the proof. [

Therefore, we are led to the following:

10.3.5 Theorem. Let A be a unital commutative associative Ilmc Q-algebra
and let P € PFG(A). Then GLA(P) is a Lie group. Therefore, for every
A-bundle E of fiber type P, the corresponding bundle of frames F(E) is an
A-smooth principal bundle.

Given an A-bundle F = (E, 7, X), the set of A-smooth sections of E
will be denoted by I'(X, F). An A-connection on E is defined to be an
A-bilinear map

VP T(X,TX) xT(X,E) — I(X,E) : (& 3s) — Vs,
satisfying the following properties:
Vies=f-VEs,
VE(fs)=f VEs+(df o€) s,

for every £ € I'(X,TX), s € I'(X, E), and every A-smooth map f: X — A.

Here a connection is essentially identified with a covariant derivation.
This well known fact in finite dimensional bundles (owing to the existence
of bases in the models), is not necessarily true in the infinite dimensional
case, even for Banach bundles (cf. Flaschel-Klingenberg [29], Vilms [138]).
In our context, although bases do not exist, we recover this property of finite
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dimensional bundles by showing that V¥ amounts to a family of (general-
ized) Christoffel symbols,

— firstly, by imbedding the given bundle in one with bases; and

— secondly, by extending V¥ to a suitable map,
under the condition that the base manifold admits A-bump functions (see
below). The technical details are given in Vassiliou-Papatriantafillou [134,
Theorem 4.2]. Here we merely recall that the Christoffel symbols now have
the form

To:Uy — L3(M x P,P) = Ly(M,Ly(P)); acl,
and satisfy the compatibility conditions
(10.3.4) Ig(x)(h, k) =
(98a(2) 0 Ta(x) = D(gga © ¢a')(9a(2))) ((Pa © ¢5') (1), gas(x)(K)),

for every h € M, k € P, x € Uyg and «a, § € I. The previous expressions
are defined with respect to a smooth atlas {(Us, ¢o) | € I} of X and a
trivializing covering {(U,, 7o) | € I} of E. The isomorphism ¢, has been
explained in the discussion concerning the tangent space of an A-manifold
(see p. 378).

The equivalence of V¥ with the family (T'a), as already commented,
relies on the existence of appropriate bump functions. In fact, analogously
to the standard case, we say that a manifold X € Man(A) admits A-bump
functions, if

for every open U C X and = € U, there is an open V' C X, with
xz € V CV C U, and an A-smooth map f + X — A such that
fly =1, flx\wv =0.
The existence of A-bump functions on A-manifolds is ensured if A coincides
with the algebra C(X) of continuous functions on a completely reqular Haus-
dorff topological space X, or with the algebra C*°(X) of smooth functions
on a compact manifold X (see Papatriantafillou [93] and [92], respectively).
The general case still remains open.

Similarly, an A-connection is equivalent to a splitting of the short exact

sequence of A-bundles (see Papatriantafillou [95])

0 -5 VE— TE ™ 7*(TM) — 0,

where VE is the vertical subbundle of TE, and T'r! := (7g,T'7) is the
morphism induced by the universal property of the pull-back (cf. also Vilms
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[138] regarding the case of connections on Banach bundles). Again this
result is valid for finite-dimensional bundles but not necessarily for infinite-
dimensional ones.

Concerning the connections of the bundle of frames, we have the next:

10.3.6 Theorem. Let A be a unital commutative associative Imc Q-algebra
and let E = (E, 7, X) be an A-bundle of fiber type P € PFG(A). Then the
A-connections on E correspond bijectively to the connections on the bundle
of frames F(FE) = (F(FE),GLao(P), X, p).

Proof. Let A'(Uy,, Ls(P)) denote the A-module of L (P)-valued A-smooth
1-forms on U,, o € I.

Given a connection V¥ on E, its Christoffel symbols (I'y) induce the
1-forms w, € A (U, La(P)) defined by

(10.3.5) (Wa,e(0))(h) :=Ta(z)(¢alv), h),

for every x € Uy, v € T, X and h € P.
We check that (10.3.4) yields the compatibility condition (: gauge trans-
formation)

(10.3.6) wp = Ad(9,3) wa + 9o - Agap-

We recall that the last term on the right-hand side of (10.3.6) is the total
differential mentioned in Example 3.3.6(a). Therefore, as in the classical
case (see, e.g., Kobayashi-Nomizu [49], Pham Mau Quan [101], Sulanke-
Wintgen [118]), we obtain a global connection form w € AY(F(E),La(P))
by setting

(10.3.7) W1y = Ad(gY) T wa + g4t dga,

where g, : 71 (U,) — GLA(P) is the A-smooth map defined by the equality
p = 5a(7(p))-ga(p), for every p € 7 1(U,), if (54) are the natural sections of
F(E) over the open covering U = {U, | o € I'}. The local connection forms
of w are precisely the given w,’s.

Conversely, starting with a connection form w and its local connection
forms (ws) on the bundle of frames, we see that equalities (10.3.5), for all
a € I, determine a family of Christoffel symbols satisfying (10.3.4), as a
result of (10.3.6). Hence, we obtain an A-connection on E. The bijectivity
of the statement is routinely checked. ]
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The natural question now arising is what happens if A is not a
Q-algebra. In this case, GLy(P) may not be a Lie group with cor-
responding Lie algebra Ly (P). As before, an A-connection V¥ on E
determines the local forms (10.3.5) satisfying (10.3.6), but (10.3.7) has
no meaning, so the family (w,) does not globalize to a connection form
w on F(E). However, using the ideas of Section 10.2, each V¥ will be
associated with an abstract connection D on an appropriate sheaf.

To this end, we say that a map g : U — GLa(P) (U C X open) is
invertibly A-smooth, if g and g~ ! (with ¢~ '(z) := g(z)~!, z € U) are
A-smooth when they are considered as taking values in La(P). Similarly,
a local section of F'(E) will be called invertibly A-smooth, if its principal
parts are invertibly A-smooth. By the principal part of a section of F(F),
relative to a trivialization ®, : F(E)|y, — GLx(P), we mean the map
proo®,0s:UNU, — GLaA(P).

If T'(Uy, F(E)), a € I, are the sets of invertibly A-smooth sections of
F(E) over the trivializing open covering U of both E and F(FE), we ob-
tain the presheaf U, —— T'(U,, F(E)) generating a sheaf F(FE). Similarly,
GLx(P) denotes the sheaf of germs of invertibly A-smooth GLy (P)-valued
maps on X. Taking into account the structure of the principal bundle of
frames F'(E) and following the general construction of Example 4.1.9(a), we
see that the quadruple

F(E) = (F(E),GLa(P), X, )

is a principal sheaf. The structure sheaf GL4(P) is a Lie sheaf of groups of
the form

(GLA(P), Ad, Lx(P),0),

where L, (P) is the sheaf of germs of A-smooth Ly (P)-valued maps on X,
Ad : GL4(P) — Aut(La(P)) the sheafification of the usual adjoint repres-
entation of GL(P) on La(P), and @ : GLA(P) — Q% (La(P)) is the Maurer-
Cartan differential obtained by the sheafification of the ordinary total dif-
ferential (with respect to the invertibly A-smoothness). Here, Q% (La(P)) is
the sheaf of germs of L (P)-valued A-smooth 1-forms on X, thus we have
the canonical identifications

(10.3.8) (Q% (La(P))(U) 2 AN (U, Lo(P)); UeZx.

Moreover, under (10.3.8), the local connection forms (w,) determine
a 0-cochain (@,) € C(U,Q%(La(P))), which define a unique connection
D : F(E) — QL (La(P)) with local connection forms (@y).
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Reversing our arguments, we check that a connection D on F(E) de-
termines a unique A-connection V¥ on E.

To conclude, we summarize the main results of the present section in the
following statement.

10.3.7 Theorem. Let A be an arbitrary unital commutative associative lmc
algebra. Also, let E be an A-bundle, F(F) its bundle of frames, and F(E)
the principal sheaf of germs of invertibly A-smooth sections of F(E). Then
there exists a bijective correspondence between the A-connections VF on E
and the connections D on F(FE). In particular, if A is a Q-algebra, then
both V¥ and D correspond bijectively to a global connection (form) w on the
bundle of frames F(FE).

The previous discussion shows that the (abstract) connections D on a
topological object, namely F(FE), describe, through appropriate isomorph-
isms, the connections of F in all of their equivalent forms, as well as, in the
case of a @-algebra, the corresponding connections of the (smooth) bundle
of frames F'(E). Therefore, the example of A-bundles illustrates, once again,
the efficiency of the sheaf-theoretic approach in enlarging certain aspects of
the ordinary differential geometry to a non-smooth context.

10.4. The torsion of a linear connection on ()*

If X is a smooth manifold, a linear connection on the tangent bundle T'X
induces the corresponding torsion and its torsion form. This is a standard
fact found in most of the books dealing with connections. The purpose of the
present section is to obtain the analogous notions in our abstract framework.

To explain the title and the general setting of the section, let us recall
Example 2.1.4(a): Given a smooth manifold X, we define the sheaf of germs
of its differential 1-forms Q := Qﬁ(, which is a C§P-module. In particular, if
X is finite-dimensional, €2 is a vector sheaf. The dual module Q2* is identified
with the sheaf of germs of smooth sections of the tangent bundle 7'X, in
other words the sheaf of germs of smooth vector fields of X. Therefore, the
abstract analog of the torsion will be obtained by considering A-connections
on 2.

Here, starting with a differential triad (A, d,2) whose 2 is assumed to
be a vector sheaf, we define the torsion as an appropriate morphism on the
sheaf of frames of Q*.



386 Chapter 10. Applications and further examples

Before moving on to the main subject, we prove a few auxiliary results
concerning vector sheaves in general.

10.4.1 Lemma. Let & = (E,mg, X) be a vector sheaf of rank n. Then the
A-module £* := Hom (€, A) is also a vector sheaf of rank n.

Proof. Let U = ((Ua), (o)) be a local frame of £. We already know (see
Section 5.1) that each local coordinate v, : |y, = A"y, determines the
basis €@ = (%), 1 < i < n, of £(U,), given by €2 = ¥, (e]v.,), if (&) is the
natural basis of A"(X) = A(X)".

Without loss of generality, we may assume that (U,) is a basis for the
topology of X (see also the comments preceding (4.1.5)). Thus, according
to the conclusion of Subsection 1.2.2, £ is identified with the sheaf generated
by the presheaf of its sections over Y. The same principle applies to every
other sheaf considered in the sequel.

With the previous remarks in mind, we have that £* is generated by
the presheaf of A(Uy)-modules U, — Homy, (€|v,.Alv,). Therefore, for
every V € U with V C U,, we can consider the A(V')-isomorphism

Vv Hom, (Elv, Alv) —— A(V)"

(10.4.1)
f L (f(e(llh/)? e '?f(ezéh/)):

where the map f in the target is, obviously, the induced morphism of sec-
tions.

The inverse of (10.4.1) is obtained as follows: If (a1,...,an) € A(V)",
the morphism ( Z}V)*l(ozl, .oy 0p) € Homy, (Ely, Aly) is determined by

(10.4.1") (W) N, am)) (u) = uias(x),
i=1

for every u = >"" | ujef(z) € & and x € V.

Varying V' in U,, we obtain a presheaf isomorphism generating an
Al -isomorphism

(10.4.2) Vi ENy, —— A"y,

The local frame ((U,), (¢%)) determines the desired vector sheaf structure
on &£*. O
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In virtue of the previous lemma we call £* the dual vector sheaf of £.

Each coordinate v}, of £ induces the basis e}, = (*¢%"), 1 < i < n, of
E*(U,), with

(10.4.3) et = () (eilu,).

As expected, €, coincides —up to isomorphism— with the dual basis of e,.
Indeed, after the identification

E*(Ua) = Homa(€, A)(Ua) = Hom g,y (€l Alur).

each "ei* is viewed as an element of Hom 4, (€|v,,Alv, ). Thus, the induced
morphism of sections (see also (1.1.3)) *e® = (*¢¢) : £(Us) — A(U,) can be
evaluated at the sections of the basis e® = (e, ..., e%). Therefore, for every
x € Uy, (10.4.3) and (10.4.1"), along with the completeness of the presheaves
involved and (1.2.17), yield:

) = () (elv) ()
(@0 l0,)) (@)
03y (x),

from which we obtain

(10.4.4) e (ef) = dijlu,; ihwj=1,...,n

The second auxiliary result is:

10.4.2 Lemma. Let £ be a vector sheaf. Then

(10.4.5) (ENAE)Ua) = EUa) N awa)€ (Ua),
for every (Uy,1q) in the local frame of £.

Proof. For convenience, we omit the index of the exterior product. Then,
as in the proof of Lemma 10.4.1, we assume that I/ is a basis for the topology
of X. Since ¢, : €|y, — A"|y, is an A|y, -isomorphism, it follows that

(EAE)(Ua) = (ENE) |, (Ua)
= (Elu NE|v) (Ua)
(10.4.6) = (A", A v,) (Ua)
= (A

"NA")(Ua).-
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On the other hand, by (5.1.2),
AN UINA(Un) = A(UL)NAUL)" = AU ),

Thus the sheaf A" A A", generated by the presheaf U, —— A" (U,)\NA"(U,),

can be identified with the sheaf A(Z), generated by U, — A(Ua)(g); hence,
by the completeness of the latter,

(A" ANA")(Ua) 2 A(U) ),
from which, along with (10.4.6), we get
(10.4.7) (ENE)Us) = AU ).
By the same token,

E(Ua)NE(Ua) = A™(Ua) NA"(Ua)

(10.4.8) = AUa)"NAU)"
~ AU,
The isomorphisms (10.4.7) and (10.4.8) prove the lemma. O

To define the abstract torsion, we start with a differential triad (A, d, Q2),
where (2 is a vector sheaf of rank n.

As in Section 8.1, in order to avoid confusion with the exterior powers
Q" and Q(U)", U C X open, we set

QM =Qxyx---xxQ and QU™ =QU,) x -+ x QU,),
—_———

n—factors n—factors

where the second product is now the usual cartesian product.

Since 2* is a vector sheaf of rank n, we obtain the corresponding prin-
cipal sheaf of frames P(Q*) = (P(Q*),GL(n, A), X, 7). We denote by (1),
(v}) and (¥},) the coordinates of 2, * and P(2*), respectively, over a com-
mon open covering U = (U,), which is a basis for the topology of X. The
coordinates (1),) and (1%) induce the bases

O = (6%,...,60%) and 6 := (0%,...,70%)

of Q(U,) and Q*(U,), respectively.
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For each U, € U, we define the map

(10.4.9) Fu, :Tso 41, (A"|v,, Q|0,) — Q(Ua)™
by setting
(10.4.10) Fu.(f) == (fi)) " (62)7,

where the matrix (f;;) € GL(n, A(Us,)) is determined by
(10.4.11) fleilv,) Z fii 0%,

and (0,)7 denotes the transpose of , = (6¢,...,0%). It is clear that (Fy,),
with U, running in U, is a presheaf morphism.

10.4.3 Definition. The canonical morphism of P(*) is the morphism
(of sheaves of sets)

(10.4.12) F:P(Q*) — Q)
generated by the presheaf morphism (F, ).

Let us compute the images F(o%) € Q) (U,) of the natural sections o,
of P(Q*), since they can be used to determine F in a direct way.

By (5.2.6'), oy, = (¥%)~!, where ¥}, € Isoy,, (|v.,A"|v,) is the co-
ordinate of Q* over U,. Hence Diagram 1.7 yields

P

Flon) = F((wo) ™) = (Fu. (2) )"
(see (10.4.10)) — (W) (027"
where (¢;) is the matrix of 47, determined by reversing the analog of

(10.4.11). But the definition of 07, implies that (¢j;) = I (: the identity
matrix), from which it follows that

(10.4.13) Foh) = ((0a)T) ™ =60 = (65,...,69), acl
After the natural identification

~

(10.4.14) QUL ™ (s1,. .., 8n) — (51,...,5,) € Q(U,),
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we can write F(o})) = 6, and call the previous sections the canonical local
forms of P(€2*), under an obvious abuse of terminology, of course.

We shall show that F' is tensorial, with respect to appropriate actions. To
this end, observe that each group GL(n, A(Uy,)) acts on the left of Q(U,)™
in the following way:

GL(n, A(Uy)) x QU)™ — Q(U,)™ -

10.4.15
( ) ((gij)7(w17"‘7wn)) '_>(g7jj)71‘(CU1,...,wn

)T
The previous local actions determine a presheaf morphism generating an

action of GL(n, A) on the left of Q™).

10.4.4 Proposition. The canonical morphism F is tensorial with respect
to the action of GL(n,A) on the right of P(Y*), and the action of GL(n, A)
on the left of Q) generated by the local actions (10.4.15).

Proof. It suffices to work locally. Indeed, for any h € Iso 4, (A"|v.,2"[v.)
and g € GL(n, A(U,)), we have that

—1 _
Fu.(h-g)=Fy,(hog)=((hog)y) ()" = (gi)"" - Fu.(h),
which yields the result. O

The tensoriality of F and (1.4.13) essentially determine F. As a matter
of fact, if p € P(Q*) with 7(z) € Uy, there is a unique g, € GL(n, A), such
that p = o}, - go. Hence,

(10.4.16) Fp) = ga" - Flo3) = g0+ ((6)") ().
But, if x € U,g, we also have
(10.4.16") Fp) = 95" - ((05)") (2).

However, the two expressions of F coincide. This is proved by taking
into account the following facts:

i) g = gzﬁ(a:)*l “ ga, where (g7, 5) is the cocycle of P(2%).
ii) By Corollary 5.2.3, g;,5 is identified with the transition matrix, say

(*d)fjﬁ ), of the coordinate transformation ¢} 5 of Q.

iii) If we denote by (@Z)Zﬂ ) the transition matrix of the coordinate trans-
formation 1,4 of €, the definition of (6,), o € I, and elementary calculations
show that

95)7 = ()" - (8)T
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iv) Since the bases () and (6,) are dual, for all a € I (see(10.4.4)), it
follows that 5 .
(o) = ((5))

Therefore,

g5 (05)7) (@) =g+ ((05))) @) - ()" (6" ) (@)
=" (C08)) - ()" 6" ) (@)
= g2 ((6)7) ().

The previous arguments actually prove:

10.4.5 Corollary. The canonical morphism F is completely determined by
the family (of local canonical forms) (6,) via (10.4.16).

Proof. Let F': P(Q*) — Q™ be the map with F'(p) := g5 ((6a)") (2),
for any p as in (10.4.16). F’ is well defined. It is continuous, since over each
U, €U,

F'(p) = k(p, o4(r(p)) "+ Oaln(p))

(see Proposition 4.1.4); thus F’ is a continuous morphism. By its construc-

tion, F’ is tensorial.
Moreover, (10.4.13) and the definition of F’ imply that

Fl(o3) = ((6)") = Floy).

Hence, the preceding equality and the tensoriality of both F and F’ imply
that F= F'. O

Now, we further assume that

Q* admits an A-connection V. We recall that V is completely de-
termined by the connection matrices w® := (wf;) € M, (2U(Ua)), o € I
(see (7.1.4) and Theorem 7.1.4). The corresponding curvature R is
also completely determined by the curvature matrices R* = (R%) €
M, (Q%(U,)) (see (8.5.23) and its subsequent discussion).

To define the torsion, we need an appropriate exterior product: After
the identification M, (Q(U,)) = Q(Ua)™"), analogously to (8.1.19) we have
the exterior products

AU, Q(Ua)(rﬂ) x QU,) ™ — (Q(Ua)z)(n) — (Q(Ua)/\A(Ua)Q(Ua))("),

@
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for all U, € U, which generate an exterior product

Using the later and the previous assumptions about 2%, we define the
K-morphism, called Cartan (first) structure operator,

wW: QM — (%)™,
given by the Cartan (first) structure equation
(10.4.18) W(a) :=d'a+w*(x)Aa, aec (QM), = (Q,)™.
We clarify that if a = (a1,...,a,), then d'a = (d'ay,...,d'a,).

10.4.6 Definition. The torsion of an A-connection V on Q* (equivalently,
of a connection D on P(Q*)) is the morphism of (sheaves of sets) T:= WoF,
also shown in Diagram 10.1. Accordingly, by abuse of terminology, we call
local torsion forms of V the local sections

O, := T(o}) e (MB)(U,), ael.

F
P(QY) Q)
T .. w
(02)®

DiagraMm 10.1

10.4.7 Proposition. The local torsion forms satisfy the local Cartan
(first) structure equations

(10.4.19) On = (d'00 +w* A ba)7; ael,
within appropriate identifications.

In the previous statement, by the notation introduced in (¢ ), p. 104,
the superscript “~ 7 represents the map

(QU)H™ 5t — T e (Q)M(U,).

Recall that U, — (Q(Ua)Q)(") generates (22)(™ (in this respect see also
the Subsection 1.3.6). Moreover, for convenience, we write A instead of Ay, .
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Proof. In virtue of (10.4.13) and (10.4.18), we have that

Oa(w) = (Wo F)(03)(x) = W(0a ) (z) = W(0a(x))
= W(0a(z)) = d' (0a(2)) + w* () A balz),
after (), = (Q,) ”. But w(z) A Ou(x) = (w* Ay, o) (x), since
w® /\Ua O € (QUUa)? ) ™). On the other hand, by Lemma 10.4.2, d'6,, €
( )(n) = (Q ) ), i.e., d'f, may be thought of as element of
(Q(a?) ", ¢

)

hus (d'6,) € (22 ) )(U,). Consequently,

Oa(2) = d' (0a(2)) + w(z) A ba()
= (d'0a) (2) + (W AU, 0a) (x)
(d1 o+ w* A ba) (2),
which yields the result. ]
As we saw before, O, € (Q2)™(U,), d'0, € (Q2(U,))"™ and wAp, 0, €

(QU4)?)™. However, if we take into account the second order analog of
(10.4.14) and Lemma 10.4.2, we obtain the isomorphisms

(@) (U,) = (22(Ua) ™ = (QU.)?)".
Therefore, we prove the following:

10.4.8 Corollary. Within an isomorphism, (10.4.9) also takes the form:
(10.4.19") On = d'fy + W™ A by, acl

To differentiate ©,, we need a second order differential (same sym-
bol!) d? on the sections of (Q2)(™). Thus, if we are given a Bianchi datum
(A, d,Q,d", Q2% d% Q3) (see the relevant comments concerning the termino-
logy in the beginning of Section 8.3), the differential d? induces the differ-
entials

&2 (Q2(UL) " — (3(UL))™ -
(C1esGn) = d*(Q) = (%G, - A7),

for every a € I. By the identification (Qp(Ua))(n) = (Q(Ua)p)(n) (see
Lemma 10.4.2), we can also interpret the previous operators as morphisms
of the form

&2 (U™ — (U)H™, ael
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Moreover, we need the second order analogs of the local exterior products
generating (10.4.17). Namely, following the same pattern, we obtain the
morphisms (same unadorned symbol for both!)

A (Q(Ua)2)(n2) % Q(U(),)(n) _ (Q(Ua>3)(n)
A QUL x (QUL)Y) ™ — (VL))"

10.4.9 Theorem. Let € be a vector sheaf of rank n, equipped with an A-
connection and a Bianchi datum (A, d,$,d", Q% d?,Q3). Then, within iso-
morphism, the following local Bianchi identities

d*Oq = (R* Ny —w* ABL))” = R* Ay —w™ A O,
are satisfied, for all o € I.
Proof. Considering the isomorphisms preceding Corollary 10.4.8, we take
"0, € (2(U,)?)",
W Ay € (UL ™ = (Q2(U.) ",
P00 € ()" (Ua) = (2(Ua)™ = (V).

l12

and we differentiate (10.4.19") by using the appropriate differential and ex-
terior product each time. Hence, elementary calculations and the properties
of d? listed before (8.3.5), show that

d*0q = d*(d"0n + w* N O,) = d*(W* A By) = (d'w™) A by — w™ A d'0,.

Applying Cartan’s second structure equation of V (see (8.5.24)) and, once
more, equality (10.4.19"), we obtain

(d'w*) Ay — w® Nd Oy =
(R — W Nw*) ANy —w* N (Oq —w* NOy) =
RYNO, —w* N\ Oy,

which, substituted in the preceding series of equalities, leads to the identities
of the statement. O

Note. In Mallios [62, Vol. II, p. 236], the local torsion forms (0,) (called
local torsions therein) are defined by (10.4.19’), starting with the local bases
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(0,) of Q, relative to U. In our approach we have shown that the forms (6,,)
define the torsion as a global (©%)(™-valued morphism T on P(€*), from
which we obtain the local torsion forms.

In the remainder of this section we outline the construction of the torsion
morphism derived from the classical torsion form of the principal bundle of
linear frames of a smooth manifold.

So we begin with an n-dimensional smooth manifold X and denote by
TX = (TX,7,X) its tangent bundle. The (principal) bundle of (linear)
frames of X is denoted by L(X) = (L(X),GL(n,R), X, 7). Its total space
consists of all the bases (: linear frames) of the tangent spaces T, X, for all
x € X. Equivalently, a basis of T, X is identified with a linear isomorphism
R™ — T, X. If (Ua, ¢q) is a chart of X, with coordinates (x');—1,.. n, then

2

L(X) is trivial over U, by means of the GL(n, R)-equivariant diffeomorphism
O, N Us) — Uy x GL(0,R) s u (1, (uij)),
if u: R” = T, X. The matrix figuring in the image of ®, is determined by
n
u(e;) = Zuﬂ%t ,
j=1 J
where (%‘x) is the natural basis of T, X with respect to (Uy, ¢q ).

For any natural section (alias moving frame) s, € I'(Uy,, L(X)) and any
x € Uy, So(x) is the linear isomorphism R™ — T, X satisfying equality

(10.4.20) (sa(2))(v) = Zvi%
i=1 ?

Y
x

for every v = 3", vie; € R™.

In this context, the canonical form of L(X) is defined to be the 1-
form @ € A'(L(X),R") defined by (see, e.g., Kobayashi-Nomizu [49, p. 118],
Bleecker [10, p. 78])

0u(8) = u™ (Tum()),

for every ¢ € T,L(X) and u € L(X) interpreted as a linear isomorphism
u:R" - T, X, with T,m = 7, = d,7 denoting the differential of 7 at u.
The form 6 is tensorial, or GL(n,R)-equivariant, in the sense that

(Ry0)u(§) = 97"0u(&) :=g ' 00u,(¢); €€ TL(X), ue L(X),
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if R, denotes the right translation of GL(n,R) by ¢, and g identifies with a
linear automorphism of R".

Taking the pull-back of 6 by the local sections (sq,) of L(X), we obtain
the canonical local forms of L(X)

0, =s0c A (U, RY), acl.

A simple calculation shows that

thus (10.4.20) yields the equalities

8 .
Oou(gesl,) =ci  weUai<isn
7

Hence, the smooth map Qa(%) € C*°(Uy, R™) reduces to the constant e;.

Moreover, writing 0, as an n-tuple of R-valued 1-forms, i.e.,
AURY S 0, =(87,...,0%) € (A(UR)",
we find that

(10.4.21) 0, =(dz%,... dzy), ael.

« n

In other words, relative to the chart (U, ¢ ), each local torsion form 6,
is precisely the ordinary basis of A'(U,,R), which is the dual of the basis
(5%) of TU,.

To translate the previous classical apparatus into our abstract setting,

we consider the following sheaves (see also Example 2.1.4(a)):

c A=CY = S(Ua — C’OO(UQ,R)), i.e., the sheaf of germs of real-valued
smooth functions on X;

e Q=04 = S(Ua — Al(Ua,R)), i.e., the sheaf of germs of differential
1-forms on X;

e £:=8S(Uy — I'(Uy, L(X))), i.e., the sheaf of germs of smooth sections
of L(X);

e GL(n,R) := S(Uy — C°°(U,,GL(n,R))), i.e., the sheaf of germs of
GL(n,R)-valued functions of X.
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Note that all the presheaves involved above are defined with respect to the
open covering U = (U,), determined by the smooth structure of X, thus U
is a basis for the topology of X.

We observe that any section s € I'(U,, L(X)) corresponds bijectively to
a unique invertible matrix (s;;) € GL(n, C*(U,, R)), determined by

s@)(e) = Y sile) g
J

j=1

~
This fact implies the identifications

2(U,) = GL(n, C*(U,, R)) =
I50.41,,, (A" [0, X |v.) = P(Q7) (Ua),

for every U, € U; hence,
£=P(Q).

Similarly,
C>®(Uy, GL(n, R)) & C®(Uy, R)"
GL(n, C™(Uy, R)) = GL(n, A(Uy,)),
for every U, € U. Thus,
GL(n,R) = GL(n, A).

Now, given the canonical form 6 of L(X), the corresponding canonical
local forms (6 ) determine a unique basis (6,) of Q(Uy,), the elements 65 of
each 6, being defined by the isomorphism (see also 10.4.21)

AUy, R) == Q4 (U,) = QUL) : da — da® =: 65",
As a result, we state the following conclusion:

10.4.10 Theorem. Let X be an n-dimensional smooth manifold. Then the
canonical form 6 € AY(L(X),R™), on the bundle of linear frames L(X) of X,
determines the canonical morphism F: £ = P(Q*) — Q) and the torsion
W: g =P — (Q)™ on the sheaf £ of germs of smooth sections of
L(X).
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10.5. Riemannian metrics

We intend to show that, under suitable conditions on a given algebra-
ized space (X, .A), the existence of a Riemannian metric on a vector sheaf
(€,7, X) of rank n amounts to the reduction of GL(n,.A) to the orthogonal
group sheaf O(n).

Before the main results, we give a short account of Riemannian metrics,
and we prove some auxiliary results serving the purpose of this section.

If (£,7,X) is an arbitrary .A-module, our aim is to define an inner
product on £. Classically, an inner product (on a real vector space) is a
positive-definite real-valued function on the given space. In our context,
where the coefficients live in the algebra sheaf A (instead of the classical
field of reals), we need beforehand an ordering in A, so that in the latter we
may consider positive and negative elements.

Motivated by certain algebraic structures, such as ordered fields (see,
e.g., Lang [53, p. 390]), and taking into account the structure of A, we say
that (X, .A) is a preordered algebraized space if there is a subsheaf S of A
(called preorder) with the following properties:

(10.5.1) S+S5CS,
(10.5.2) AS C S,
(10.5.3) S-SCS,

for every A € R, — A. All the algebraic operations listed above are defined
stalk-wise and R is the short-hand notation for the constant sheaf R x X.
Such a preordered algebraized space is conveniently denoted by (X, A, S).

A preordered algebraized space (X, A4, S) is called (partially) ordered
if S satisfies the additional condition

(10.5.4) Sn(=8) =0,

where 0 is the constant sheaf 0, also identified with the (image of the) zero
section of S over X.

For the sake of completeness, we add that a sheaf S satisfying the prop-
erties (10.5.1) — (10.5.3) is also known as the (pointed) multiplicative con-
vex cone of A, whereas (10.5.1) — (10.5.4) characterize S as the (pointed)
multiplicative convex salient cone of A.

If (X, A,S) is an ordered algebraized space, then the positive elements
of A are, by definition, the elements of S itself. It is customary to set
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AT := 8. Analogously, the negative elements of A are the elements of
A~ = —8. Accordingly, sections of A taking values in AT or A~ are called
positive or negative sections respectively.

Now, turning to A-modules (in particular vector sheaves), we first define
the notion of inner product.

10.5.1 Definition. Let (X, A, S) be an ordered algebraized space and let
E = (E,m,X) be an A-module. A (sheaf) morphism p : € xx &€ — A is
called an A-valued inner product if it is

i) symmetric and A-bilinear,

i1) positive-definite; that is,

{p(u, u) €8y = (AM), = (A)7,

(10.5.5)
plu,u) =0, <=  u=_0,

for every u € &, and every x € X. In the preceding equivalence, the first 0,
is clearly the zero element of A,, whereas the second one is the zero of &,.

An inner product p on £ induces a canonical A-morphism
(10.5.6) p:E&— & :=Homy(E,A)

in the following way: Let U be a fixed open subset of X and let s € £(U)
be a fixed section. For each open V' C U, we define the A(V)-linear map

(10.5.7) py(s)y 1 EV) — AV): t p(s|v,t).

Varying V in U, we obtain a presheaf morphism generating a morphism
of sheaves

Py (s) € Hom g, (Elu, Alp).

Therefore, varying s in £(U), we obtain a new presheaf morphism.
py  E(U) — Homy, (Elu, Alv),

where each p;; is A(U)-linear. Running U in the topology of X, (py) gen-
erates the desired A-morphism p.

Based on equality (10.5.5), it is not hard to show that p is an injective
A-morphism but not necessarily a surjective one. As in the case of infinite-
dimensional vector spaces, the surjectivity of p characterizes a particular
class of inner products. The abstract homologue of this classical case is
described in the following:
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10.5.2 Definition. An inner product p is said to be strongly non-degene-
rate if the canonical morphism p is surjective; hence, p is an A-isomorphism.
Using a terminology suggested by ordinary differential geometry, we also say
that such a p is a Riemannian A-metric and the pair (£, p) a Rieman-
nian A-module. In the same spirit, an inner product, whose canonical
morphism p is only injective, is called weakly non-degenerate.

If & = A" (ie., £ is a free module), a Riemannian A-metric on & is
completely known by its matrix (p;;) € GL(n, A(X)) = GL(n, A)(X), where
pij = p(€i,€j). Here p denotes the induced morphism of sections, and
€ € AM(X) = A(X)", 1 <i<mn, are the natural (global) sections of A".

Similarly, if £ is a Riemannian vector sheaf with corresponding coordin-
ates ¥y : €|y, — A", over U = (Uy,), then p is completely determined by
the family of local metrics p, : €|, xv, €lu, — Alu,, restrictions of p to
the indicated domains. Each p, is equivalently defined by the (local) matrix
() € GL(n, A(Ua)) = GL(n, A)(Us), whose entries are given by

oy = plef ef) = p(vy (eilu,), vo ' (€5lu.)); 1<4,j<n,

(see (5.1.3)). A direct consequence of the definitions is that the invertible
matrices (p;;) and (pf;) are symmetric, i.e.,
) )

(pij) = (pij)" and  (pf;) = (pj;

where the superscript T denotes the transpose of the matrix involved.

If we start with an ordered algebraized space (X,.A,S) where, in ad-
dition, A is assumed to be a Riemannian A-module with metric p, then
the free A-module A" is provided with a natural Riemannian metric, called
extension of p,

(10.5.8) Pl A" xx A" — A (a,b) — p"(a,b) = Zp(ai,bi),
i=1

for every a = (a1,...,a,) and b = (by,...,b,) in the given domain.

On the other hand, assuming again that (A, p) is a Riemannian module,
a vector sheaf £ (of rank n) can be equipped with a Riemannian metric in
various ways. One routine is, roughly speaking, the following: We choose
a local frame (U,, (¢o)) and restrict the metric p™ , defined by (10.5.8), to
every A"y, . Transferring the latter metrics by the coordinates, we obtain
a family of local Riemannian metrics, say po : E|lu, Xuv, Elv, — Alu,,
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a € I. We get a (global) Riemannian metric pg on £ by gluing together the
pPa’s, a procedure applicable if, for instance, A admits a partition of unity
subordinate to U.

The idea just described hides certain subtleties. Firstly, to define a
partition of unity subordinate to U, the covering need to be locally finite.
For this purpose, X is assumed to be a (Hausdorff) paracompact space.
Then, for any local frame (V, (xa)) of &€, there is a locally finite refinement
U of V, which yields (by appropriate restrictions) a local frame (U, (¢4)) of
& with the desired property.

Secondly, the morphism pg, obtained by the gluing process via a partition
of unity, is, in general, only symmetric and bilinear. We do get a (positive-
definite) inner product if we further assume that the partition of unity, say
(fa), is strictly positive; that is,

falu) e AT NA, forevery u€ A, z€X,acl.
Notice that
Al = (A7), =2 (AT and A, = (A", = (A)".

We do not give further details (which can otherwise be found in [62,
Vol. I, pp. 316-330]; see in particular Theorem 8.3, p. 328 ibid.) because,
as explained earlier, our intention is to obtain Riemannian metrics from
a reduction of the structure sheaf. However, there are still a couple of
important notions needed later on.

10.5.3 Definition. An ordered algebraized space (X, A, S) has square roots
if the following conditions are satisfied:
i) The strictly positive elements of A are invertible, i.e., AT —0 C A";
ii) For every a € AT, there is a unique b € A" such that
(a,b) € AT xx AT and b =a.
In this case, b is called the square root of a, also denoted by +/a.

The square root of a section is defined in the obvious way. We note
that the existence of square roots is not guaranteed for sheaves of arbitrary
algebras. The sheaves of germs of R-valued continuous (resp. smooth maps)
on a Hausdorff paracompact topological space (resp. smooth manifold) X
are typical examples of algebraized spaces with square roots.

10.5.4 Definition. If (A, p) is a Riemannian .4-module also admitting
square roots, then the A-valued norm on A" is the morphism

|- ]+ A" — AT € Aiar |la] = /o (e, a).
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With the foregoing machinery at our disposal (: existence of square roots,
norms etc.), we can perform the analog of the Gram-Schmidt orthogon-
alization process to any basis of sections of A™. As a matter of fact, given
a basis (0;) € A"(X) =2 A(X)", 1 < i < n, we construct an orthonormal
basis (s;), 1 <i < n; in other words,

I|sill = v/p"(si,si) = 1lx, p"(si,s5) = 0ij.

The steps of the process follow the standard inductive pattern of the classical
case, under the necessary modifications. The same procedure works for any
free A-module.

Let us fix a Riemannian A-module (A, p) with square roots and an or-
thonormal basis (¢;) € A"(X). An isometry of A" (with respect to p") is
an A-morphism f: A" — A" satisfying

p"(f(u), f(v)) = p"(u,v), (u,v) € A" xx A™.
It corresponds bijectively to a matrix

(fij) € GL(n, A(X)) such that (fi;)- (fiy)" =1,
where I is the identity matrix and f;; = p"(e;, €;). Thus

(fij) € O(n, A(X)),

the latter symbol denoting the orthogonal group with coefficients in A(X).
The orthogonal group sheaf O(n,A) is the sheaf of groups generated by
the complete presheaf of (local) orthogonal groups

U +— O(n, A(U)).

The preceding preliminary (though lengthy) discussion brings us to the
main target of the present section. Before stating its results, let us gather
all the properties of A needed henceforth. So, we assume that:

(X, A,S) is an ordered algebraized space such that (A, p) is a
Riemannian A-module (with a Riemannian metric p), also ad-
mitting square roots. If p™ is the Riemannian metric on A",
defined by (10.5.8), we fix an orthonormal basis (€;)1<i<n of
A(X)™, relative to p™, by applying the Gram-Schmidt ortho-
gonalization process.

(10.5.9)
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10.5.5 Proposition. With the assumptions (10.5.9), we consider a vector
sheaf € = (E,7m,X) of rank n and a local frame (U, (¢y)) of it. If the co-
ordinate transformations Yag 1= @Z)ao@bgl s Ay, — A", are isometries
(with respect to p™), then £ is provided with a Riemannian A-metric.

Proof. For each a € I, we define the morphism p¢ : E|y, xu, E|lu, by
setting pg¢ 1= p" o (Yo X 1), as in the diagram

Elva XUa Elvg ===~ - Ay,

Vo X Pq p"

A" |v, xv, A,
DiacraM 10.2

where, for the sake of simplicity, we have omitted the symbol of restriction
from p".

We shall show that pg = p’g over E|u,; Xv,s €|lv.,- Indeed, for every
(u,v) in the last sheaf, we have that

pg(u, v) = p" (Yp(u), Yp(v))

P (Yap(s(u), Yas(ts(v)))
—p”(w ), Ya(v))
= pg(u,v),
Therefore, gluing the morphisms (pg)acr together, we obtain a morphism

p: & xx &€ It is a Riemannian A-metric since all the previous partial
morphisms have the same property, in virtue of our assumptions. O

Proposition 10.5.5 implies that the transition matrix (wl-ajﬂ ) correspond-
ing to ¢, is an orthogonal matrix, i.e.,

(¥2) € O(n, A(Uap));

thus, identifying the coordinate transformations with the transition matrices
(recall Proposition 5.1.4 and its preceding discussion), we see that the cocycle
of £ now has the form

(10.5.10) (Yap) € Z'(U,O(n, A)).

Consequently, the previous proposition can be restated as follows:
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10.5.5 Proposition (restated). If the cocycle of € has coefficients in
O(n, A), then £ admits a Riemannian A-metric pg.

10.5.6 Corollary. Under the assumptions of Propositions 10.5.5, the co-
ordinates Vo : €|y, — A"|vu,, a € I, are isometries with respect to the
metrics pe and p".

Proof. Reverting to the beginning of the proof of Proposition 10.5.5, we
see that the isometry property of v, is merely the definition of pg. O

10.5.7 Corollary. Let £ be a wvector sheaf of rank n, equipped with a
Riemannian A-metric pg. If the coordinates (o) are isometries (with re-

spect to ps and p"), then (Yag) € Z1U,O(n, A)).

Proof. For every (u,v) € €|y, ; Xv,; €|, 4, the assumption implies that

pg(u, U) = p"(wa(u), ’(ﬁa(v)) = p”(d)g(u),ng(v)),

for all o, 3 € I. Therefore, for every (a,b) € A"y, , XU, 5 A" Uap

p" (Yap(a), Yap(b)) = p" (% )s a5 (b))
= pe (V5 (), 51 (1))
=p (wﬁ ); ¥a(v5' (b))
= p"(a,b),
which means that .5 € O(n, A(Uag)) = O(n, A(Uag)). O

In virtue of Corollaries 10.5.6 and 10.5.7 we also have:

10.5.8 Corollary. Let £ be a vector sheaf of rank n and (U, (1)) a given
local frame of it. Then the following conditions are equivalent:

i) (@Z}aﬁ) ez (U,0(n, A)).

ii) There exists a Riemannian A-metric ps on € such that the coordinates
(o) are isometries (with respect to pg and p™ ).

With the assumptions (10.5.9) always in force, the converse of Proposi-
tion 10.5.5 is stated in the following way.

10.5.9 Proposition. Let £ be a vector sheaf of rank n admitting a Rieman-
nian A-metric pg. Then there always exists a local frame (U, (1)) of € such
that the coordinates (1) are isometries and the respective cocycle has coef-

ficients in O(n, A).
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Proof. Let (U, (xa)) be a local frame of £. We consider the canonical
orthonormal basis (¢;) of A"(X) = A(X)™ and the basis () of £(U,) with
e := x5 (€, ), 1 <i < n. Applying the Gram-Schmidt orthogonalization
process to (), we obtain an orthonormal basis (e$) of £(U,). Then the
maps Vq : €|y, — A"|v,,, defined by ¥, () = €y, for all 1 <i <n and
a € I, induce coordinates which are isometries with respect to the metrics

involved. By Corollary 10.5.8 we get a cocycle of the form (10.5.10). O

Using a suitable terminology, a Riemannian local frame is a frame
satisfying the properties of Proposition 10.5.9.

We now formulate the existence of Riemannian metrics in terms of prin-
cipal sheaves and also the reduction of their structure sheaf (see Section 4.7).

We start with a Riemannian vector sheaf (£, pg) of rank n. Mimicking
the general technique of the construction of the principal sheaf of frames
P(E) (see Section 5.2), we define the sheaf of orthonormal frames P, (&)
of £. As a matter of fact, we choose a Riemannian local frame (U, (¢),)) of
& so that U be the basis for the topology of X. Also, we denote by

Isom4 (A", &) C Isoa(A™,E)

the A(X)-module of isometries (with respect to p™ and pg). Localizing the
previous module over U/, we obtain the presheaf of modules

U, — IsomA‘UQ (A" v Elva)-

The sheafification of the latter is, by definition, the sheaf P,(E).
As in the case of the ordinary sheaf of frames, for each o € I, we define
the coordinate

0F, : Po(E) v, — O(n, A)lu,
generated by the A(V')-isomorphisms, when V' is varying in U,,
Py v Isom g, (A"|v, Elv) — O(n, A(V)) : f — Ya o f,

the isometry 1, o f being identified with its orthogonal matrix. Therefore,
it is routinely checked that

730(5) = (730(5), O(TL, -A)a X, 770)

is a principal sheaf, subsheaf of P(E).
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Let us denote by gg5 € O(n, A)(Uap) the transition sections of Po(€),
and by gop € GL(n, A)(Uyp) the transition sections of P(£). Then, identi-
fying G with the sheaf of germs of its sections, Diagram 1.7 and Corollary
5.2.3 imply that

9o = (220 (2%) ) (lv.,)
= (200, © (@%0.,) ") Mu.y)
= (Yo 05" ) = Yap = gap-

Thus, in virtue of Proposition 4.7.2 and Corollary 4.7.5,

the principal sheaf of frames P(E) of a Riemannian vector sheaf &
reduces to the principal (sub)sheaf of orthonormal frames Po(E); equi-
valently, GL(n, A) reduces to O(n, A).

Conversely, assume that GL(n, A) reduces to O(n, A). Then there exists
a O(n, A)-principal subsheaf F of P(£). If (gap) denotes the cocycle of
F, we have that (gag) € Z'(U,O(n,A)). Since (gas) coincides with the
cocycle of P(€), and the latter coincides —up to isomorphism— with the
cocycle (q3) of £, we have that (1Yas) = (gag) € Z1(U,O(n, A)); hence, in
virtue of Corollary 10.5.8, £ has a Riemannian A-metric. However, we can
select as local frame of £ a Riemannian one, whose open sets form the basis
for the topology of X. In this case, we construct, as earlier, the principal
sheaf of orthonormal frames P,(€). Since its cocycle also coincides with
(¢ap) = (gap), we conclude that P,(£) = F, within an isomorphism. In
other words,

the reduction of GL(n,A) to O(n,.A) implies that P(E) reduces to
Po(E), and £ is a Riemannian vector sheaf.

Putting together the previous italicized conclusions, we state the follow-
ing main result, closing the present section.

10.5.10 Theorem. Let £ be a vector sheaf of rank n. With the assumptions
(10.5.9) on A, the following conditions are equivalent:

i) The sheaf £ admits a Riemannian A-metric.

ii) The sheaf of frames (P(E),GL(n, A), X, ) reduces to the sheaf of
orthonormal frames (Po(E), O(n, A), X, 7).

ii1) The general linear group sheaf GL(n,A) reduces to the orthogonal
group sheaf O(n,A).
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10.6. Problems for further investigation

The following list of selected problems presents a research interest, and
complements some of the ideas expounded in the main part of this work.

1. Define the notion of Grassmann sheaf and classify vector sheaves by
means of it.

2. Construct universal sheaves and connections.

3. Define the abstract notions of parallel translation and holonomy, and
relate them with connections.

4. Relate flat connections, and relative notions of flatness, with repres-
entations of the fundamental group of the base space of a principal
sheaf on its structure sheaf.

5. Find conditions under which it is possible to determine connections
with prescribed curvature.

6. Develop a general theory of G-structures, where G is Lie sheaf of
groups.

7. Develop a sheaf-theoretic approach to symplectic geometry and geo-
metric quantization.

8. Develop a sheaf-theoretic approach to gauge theory.

Certain problems stated above might be hard to answer and represent
large undertakings. Nevertheless, their investigation would be a valuable
contribution towards the same direction of research. The interested readers
are kindly invited to explore the new territory opened by ADG.

Yav Bycis otov myaiuo ya oy Tddxn, As you set out for Ithaka
va etiyeoar v aval pakpis 6 6p6uoc, hope the voyage is a long one,
yeudrog mepinéteies, yeudrog yvaoes.  full of adventure, full of discovery.

(From Constantine Cavafy’s (1863-1933) Ithaka*)

*C. P. Kavary, COLLECTED POEMs. Translated by Edmund Keeley and Philip Sher-
rard. Princeton University Press, Princeton N. J., 1992
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List of symbols

The list contains the main symbols, with a fixed meaning, together with a brief
description and the page of their first appearance.

Chapter 1
Tx
S=(S,7mX)
m:S—=X

Sy =1 Y(x)
Sly :==n"1(U)
p:S—T

G 1 Sz — Ty

Hom(S,7)
Shx

SxxT
Gg=(G,rmX)
vY:GxxG—G
a:Gg—¢g

A= (A X)
E=(€&,mX)

topology of X

sheaf over X
projection of S
stalk of S at =
restriction of S to U
sheaf morphism

restriction of a sheaf morphism to the
stalk at x

set of sheaf morphisms of S into 7
category of sheaves over X

fiber product of sheaves over X
sheaf of groups

multiplication of G

inversion of G

sheaf of algebras

A-module (also vector sheaf, p. 164)
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PShx
I'(S)
I: th — PShX

puz:SWU) — Sy
pu :S(U) — SU)

§:=pu(s)

set of continuous local sections of &
set of continuous global sections of S
induced morphism of sections
inverse section in a sheaf of groups
unit or identity section of G

zero section of A, £

unit section of A

restriction map of a presheaf
presheaf

morphism of presheaves

set of presheaf morphisms of S into T'
category of presheaves over X
presheaf of sections of S

section functor

morphism of sections induced by ¢
filter of open neighborhoods of x
germ of s at x

canonical map into germs

canonical map between sections

sheaf section associated to a presheaf
section s

sheaf generated by the presheaf S
(sheafification)

sheafification functor
morphism of sheaves generated by ¢

inductive (direct) limit of (¢y)

category of complete presheaves

© N 9 9 9 OO o o o L

e i e e e e e
N = == OO OO O O O

12

12
12
13
13

16
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Uag =U,N Ug
CY(U,K)
Cx

(U, K)

oo

M

Fx
ST

[Lies Si

@iel Si

s =38m

I'(S) ®ra) I'(T)
S®@AT

PP

N'S

¢NY
Homyu(S,7)
Homy(S,T)

S* :=Homu(S, A)

End(S)
Aut(S)
/()

*

U

*
Yy

f*

overlapping of two sets
K-valued continuous functions on U

sheaf of germs of continuous functions
on X

K-valued smooth functions on U

sheaf of germs of smooth functions on
a manifold M

constant sheaf of stalk type F'

direct or Whitney sum of two
A-modules

direct product of a family of sheaves
direct sum of a family of A-modules
same as [[_|S; with §; =S

tensor product of presheaves of sections
tensor product of A-modules

tensor product of A-morphisms

p-th exterior power of an A-module
exterior product of A-morphisms

set of A-morphisms between A-modules
sheaf of germs of A-morphisms

dual (A-module) of S

sheaf of germs of endomorphisms of S
sheaf of germs of automorphisms of S
pull-back of S by f

canonical or adjunction map

canonical bijection of stalks

pull-back functor

16
17

17
17

17
17

19
19
20
20
21
21
21
22
23
23
24
24
24
24
26
26
26
27
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List of symbols

ker ¢

im ¢

ker ¢ = ker ((¢0))
im ¢ = im ((¢0))
ci1(U,S)

Ung...crg

0 =01

o]

v

Z¢ :==Nu{0}
C'(U,S)
Z9U,S)
BY(U,S)

HIU, S)

[f]ue

pull-back of a morphism

set of continuous sections along f

unit section of f*(A)

push-out of S by f

push-out of a morphism

unit section of f,(A)

push-out functor

kernel of an A-morphism of sheaves
image of an A-morphism of sheaves
kernel of an A-morphism of presheaves
image of an A-morphism of presheaves
A(X)-module of (Cech) g-cochains
abbreviation of Uy, N...NUg,,
coboundary operator

support of a simplex o

-th face of o

set of non-negative integers

Cech cochain complex of U
A(X)-module of ¢g-th Cech cocycles of U

A(X)-module of g-th Cech coboundaries
of U

g-th Cech cohomology module (group) of
U with coefficients in an A-module S

cohomology class of (a cocycle) f
in H9(U,S)

cochain map induced by a refining
map 7

cohomology map induced by 7

26
27
28
28
28
29
29
30
30
31
31
33
33
33
34
34
34
34
35

35

35

35

35
36
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s
HY(X,S)
ty
[f]
H*(X,S)
HI(X,S)
H*(X,S)
¢M,q
Dit.q

=0
5*
CUU, T)
HI(X,T)
C. = (andq)qez
C*(U,E,6,d)
q'(U,9)
1“ € Hl (u7 g)

cohomology map H9(U,S) — HI(V,S)
induced by a refinement V of U (cf. also
p. 49)

g-th Cech cohomology module (group)
of X with coefficients in an A-module &

canonical map HY(U,S) — H(X,S)
(cf. also p. 50)

cohomology class of f in HI(X,S)

Cech cohomology of X with coefficients
in an A-module &

g-th Cech cohomology module (group)
of X with coefficients in an A-module S

Cech cohomology of X with coefficients
in an A-module S

morphism of cochains over U, induced
by a morphism ¢ (cf. also p. 44)

morphism of cohomology groups of U

induced by a morphism ¢

morphism of cohomology groups of X
induced by a morphism ¢ (cf. also p. 44)

connecting morphism of cohomology
groups

liftable g-cochains

liftable g-cohomology module
abstract complex

double complex (over U)

1st cohomology set of U with
coefficients in non-abelian G

equivalence class of the trivial cocycle

1st cohomology set of X with

37

37

38
38

39

39

40

40

41

41

41
44
44
46
ol

49
49
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[(fap)l € H'(U. G)
1e HY(X,Q)
H'(X, &%)

Chapter 2
X, A)

A,d, Q)

f<(A), fu(d), f(2))

I fa, fa)
DT

DM

P N e

PUV

TUV

(f*(A), f*(d), f*(€))
ar = A\PQ!

Q' =AQ

A

0

dl-Ql — 02
dp - QP ., Qp+l1
Chapter 3
(Mo AD)). )
M (A)

M (82)

AL

coefficients in non-abelian G 50
cohomology class of a cocycle (fa3) 50
distinguished element 50
p-hypercohomology group of X
with coefficients in the complex &£° 52
algebraized space 54
differential triad 54
push-out of a differential triad 60
morphism of differential triads 61
category of differential triads 65
category of C'°°-manifolds 65
67
68
pull-back of a differential triad 80
p-th exterior power of ) = Q! 82
exterior algebra of €2 82
exterior product in Q" 82
d':=d 83
1st exterior derivation 83
p-th exterior derivation 83
presheaf of matrices 90
matrix algebra sheaf of order n 90
n-th square matrix extension of 2 91

Ma(9) = Q@4 M, (A) 92
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"

d: Mp(A) — M, (Q)
Mansin (A) 5 Mo ()
"

DA —Q

GL(n, A)

0 GL(n, A) = My(Q)
Ad

p:G— Aut(L)
(S:QXX£—>£
Q(L)

p(g).w

inverse of A\!

square matrix extension of d : A — Q

matrix extension of d : A — Q
sheaf of units of A

logarithmic differential of A
general linear sheaf group
logarithmic differential of GL(n, A)
adjoint representation of GL(n,.A)
also of C¥(G)

representation of G on L

(left) action of G on L
abbreviation of Q ® 4 £

action of g on w relative to p

equivalent of (---), if (---) contains
a long, complicated section

Maurer-Cartan differential
Lie sheaf of groups

sheaf of G-valued maps on X
sheaf of G-valued maps on X
G-valued 1-forms on U

sheaf of G-valued 1-forms
Qx(G) = Q ®cy CX(G)
inverse of \!

ordinary differential of a smooth
function at x

generalized smooth G-valued maps

the isomorphism of f*(.A)-modules

92
93

94
94
95
96
96
97
107
101
101
103
103

104
104
105
106
106
106
106
107
107

109
112
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List of symbols

a*

*

P
A*

Chapter 4

(,P7 g7X? ﬂ—)

U={UsC X|ael}

¢a : Plu. — Glu.,
U= U, (9a))
kZPXXP—>g

Sa)

Sa)

[, 0, ¢,idx)
fi¢,idx)

fs

(9ap) € Z' (U, G)
Pg(X)

(
(
(
(

Chapter 5
E=(&,mX)

Yo 1 Elu, — A"y,
e e EWUy), el
Yas = Ya 0 V5

(957)

[(S@AT) = f*(S) @+ [7(T)
Maurer-Cartan differential of f*(G)
representation of f*(G) on f*(L)
action of £(G) on f*(9) (F*(£))

principal sheaf

(open) covering of X

coordinate of a principal sheaf P
local frame with its coordinates

morphism connecting elements in the
same stalks of a principal sheaf

natural sections of P

natural sections of f*(P)
morphism of principal sheaves
particular case of the above
equivalent to pry|fs(s)
1-cocycle with values in G

set of equivalence classes of G-isomor-
phic principal sheaves over X

vector sheaf (also A-module, p. 4)
coordinate of a vector sheaf &
natural sections of a vector sheaf

coordinate transformation of a vector

sheaf

transition matrix of £

116
118
123
123

132
132
132
133

134
135
139
140
140
140
144

156

164

164
165

166
167
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(ap) € 21U, GL(0, A))

P (X)
Iso 4, (A"|v, Elv)

P(€)

Sp:Gxx F—F
Q= (PxxF)/G
Q=P F
Homg (P, F)
ad:G xx G —G
ad(P)
Hom,q(P, G)

Homaq(P,G)
GA(P)
GA(P)

¢(P) = (P xxH)/G

M:(PXXS)/Q

E=(Pxx A")/G
p(P) = (P xx L£)/G
Chapter 6

D:P — QL)

Dq

(wa)

wO

1-cocycle of a vector sheaf 167

set of equivalence classes of A-isomorphic
vector sheaves of rank n over X 170

set of Aly-isomorphisms of A|y

onto &y 173
sheaf of frames of a vector sheaf &£ 173
action of G on F 177
associated sheaf of type F 180
other symbol for the above 180
sheaf of tensorial morphisms 187
adjoint action of G on itself 187
sheaf associated by the adjoint action 187
group of tensorial morphisms with

respect to the adjoint action 187
sheaf of germs of the above 188
group of gauge transformations of P 188
sheaf of gauge transformations of P 189

associated sheaf of type (the sheaf

of groups) H 190
associated A-module of type

(the A-module) & 194
associated vector sheaf 195
p-adjoint sheaf associated to P 196
connection on a principal sheaf P 212
local connections 213
local connection forms 214

canonical flat connection on X x G 220



List of symbols

(wa)
[ D
M(P)
M(P
(P,D) ~ (P, D)
Pg(X)P

)
)

H'(X,g = Q(L))

Chapter 7

Chapter 8
OP(L) =P @4 L
Q' (L) = AN(Q(L))
A\

[a, b]

sheaf of connections
Maurer-Cartan cocycle
Atiyah class of P

restriction of P to U,

set of connections on P
pull-back connection

local connection forms of D*
same as Do f

moduli space of P

moduli sheaf of P
equivalent sheaves with connections

quotient space induced by the
above equivalence

1-hypercohomology group with
coefficients in G —2 QL)

abbreviation of E R4 N = QR4 E
A-connection on £

local connection matrix

morphism induced by the morphism

& My (A) — M, (A)

p-th L-valued exterior power of (2
L-valued exterior algebra of 2
exterior product in Q° (L)

same as a/\b for a,b € Q" (L)

222
226
226
227
234
240
241

243
244

245
248

249

249

256
256
257

268

281
281
281
281
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d' QL) — QL)
D:QYL) — Q2(L)

P
(9,D)
R=RP

Qo := RP(s4)

d?: Q%(L) — D3(L)
(G,D.d%)

d

Nn

D = D?

R(P)

D :C(P) — R(P)
Vi QN E) — Q%)
RV

R* = (Rg)
A
Chapter 9

FoTlE, Q) — Q4
I*(G)

~

Jfa

analog of A' (see Chap. 3) for 2-forms
analog of u! (see Chap. 3) for 2-forms
inverse of 2

1st order differential on Q'(£)

Cartan second structure operator
p-form analog of \!

inverse of AP

curvature datum

curvature of a connection D
(on a principal sheaf)

local curvature forms of D

2nd order differential on Q2(L)
Bianchi datum

extension of d* to Hom(P, Q%(L))
extension of /A to Hom(P, Q" (L))
covariant exterior differential

sheaf of curvatures

1st prolongation of V
curvature of an A-connection
curvature matrix

Topological algebra

morphism induced by f: £L*) — A

set of p-invariant symmetric
k-morphisms

section morphism over U, induced by f

285
285
285
287
288
293
293
288

297
298
301
301
301
302
303
308
308
320
320
321
340

343

345
346
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c(f,P)

1*(9)
H*(X, ker d)
H** (X, ker d)
Wp

fog

Sk+1

Chapter 10
PFG(A)

Man(A)
F(E)
I'(X,E)
VE

abbreviation of ]?Q(Qm o Q0)

form defined by a k-morphism f and
a connection D

cocycle determined by a closed form w

cohomology class determined by a
closed form w

cohomology class determined by f(D)

morphism between cohomology groups
induced by the pull-back morphism

characteristic class of P induced by
a k-morphism f

direct sum of all I*(G)

direct sum of all H*(X, ker d)
direct sum of all H2*(X,ker d)
the Chern-Weil map of P
product of f,g € I*(G)

the group of permutations of k + [
elements

the canonical map
Q2R (U) A QPHU) — (Q%F A Q2)(U)

ker(d%, )

o ker(di)
class of w i (@)

category of projective finitely generated
A-modules

category of A-manifolds
bundle of frames of a vector bundle F
set of smooth sections of F/

A-connection on F

346

346
354

354
355

356

359
360
360
360
360
362

362

363
366

377
378
380
381
381
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(X, AS)

At =8

A" =-8§
p:ExxE—A
p:&E—E"
(€:p)

o

O(n,A)
Po(€)
Isom 4 (A", &)

sheaf of germs of invertibly smooth
sections of

sheaf of germs of generalized smooth
GL4 (P)-valued maps

natural basis of £*(U,)
transpose of (6,,)

canonical morphism of P(2*)
Cartan first structure operator
torsion of an A-connection on Q*
local torsion forms

bundle of linear frames of a smooth
manifold X

canonical form of L(X)

local canonical forms of L(X)
preordered algebraized space
positive elements of A
negative elements of A
A-valued inner product on &

canonical morphism induced by an
inner product p

Riemannian A-module
extension of p to A"

square root of a € A"
A-valued norm on A"
orthogonal group sheaf
sheaf of orthonormal frames

A(X)-module of isometries

384

384
387
389
389
392
392
392

395
395
396
398
399
399
399

399
400
400
401
401
402
405
405






Subject index

A — Riemannian, 400
A-module, 31 A-morphism, 5 B
A-morphism, 31 — compatible with (¢, ¢), 267

— image of, 31 — of vector sheaves, 168

— kernel of, 31 A-submodule, 5
A-presheaf, see A-module A-valued norm, 401
A-bundle, 375, 378 abelian principal sheaf, 248
A-connection, 381 action, 101
A-curve, 378 adjoint action of G, 187
A-differentiable, 377 adjoint representation
A-manifold, 375, 378 —of C3(G), 107
A-module, 377 —of GL(n, A), 97
A-smooth map, 378 adjoint sheaf of P, 196
A-smooth morphism, 378 adjunction map, 26
A-connection, 256 algebra

— 1st prolongation of, 320 *, 370

— flat, 324 - C*, 371

— torsion of, 392 — topological, 340
A-connections — locally convex, 340

— f-conjugate, 264 — locally m-convex, 340

— f-related, 264 — o-complete, 340
A-isomorphism, 168 algebraized space, 54
A-module, 4 — base space of, 54

— associated with P, 194 — ordered (partially), 398

— dual, 24 — preordered, 398

— injective, 47 — structure sheaf of, 54

— locally free, 164 associated

— of Lie algebras, 91, 101 — A-module, 194

— partition of unity of, 47 — sheaf

— reflexive, 233 — by a morphism of sheaves

435
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Subject index

of groups, 190
— coordinates of, 179
— of type F, 179
— vector, 196
Atiyah class, 226

B

base of a sheaf, 2
basis
— dual, 387
—of £(U,), 166
— orthonormal, 402
Bianchi
— datum, 301
— identity
— local, 394
— second identity, 302, 303
— local, 303
Bockstein operator, 41
bump functions, 382
bundle of frames
—of F, 380
—of X, 395
— local canonical forms of,
396
— canonical form of, 395

C

C*-algebra, 371
canonical
— form of L(X), 395
— local forms of L(X), 396
— local forms of P(£2*), 390
~ map
—fi7 (in pull-backs), see ad-
junction map
— puz (into germs), 11
— ty (of cohomology mod-
ules), 38, 50

— map (morphism)
— pu (of sections), 12
— morphism of P(Q2*), 389
— topology, 377
Cartan
— 1st structure equation, 392
— local, 392
— 1st structure operator, 392
— 2nd structure equation, 288
— local, 298
— local of V, 321
— 2nd structure operator, 288
category
— of complete presheaves, 16
— of differential triads, 65
— of presheaves, 10
— of sheaves, 3
Cech
— coboundary, 35
— cochain, 33
— cochain complex, 34
— cocycle, 35
cohomology, 39, 40
— liftable, 44
— cohomology group, 35
cohomology module, 35, 38,
39
— hypercohomology group
—of U, 52, 251
—of X, 52, 251
Chern -Weil
— homomorphism, 368

— map, 360
Christoffel symbols, 382
coboundary, 35
— homomorphism, see opera-
tor
— liftable, 44
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— operator, 33
cochain, 33, 49
— liftable, 44, 46
cocycle, 35, 49
— Maurer-Cartan, 226
— condition, 144, 167
— liftable, 44
— of a principal sheaf, 144
— of a vector sheaf, 167
cocycles
— cohomologous, 49, 150
— equivalent, 49
cohomology
— 1st of a principal sheaf, 156
— 1st of a vector sheaf, 168
— group, 38
— long exact sequence
— for presheaves, 41
— for sheaves, 45
— module
— liftable, 44
— with coefficients in S, 40
— with coefficients in S, 35,
38
—set (1st) of X, 50
—set (1st) of U, 49
complete
— parallelism, 325
— presheaf, 16

complex
— cochain, 34
— double, 51

— of A-modules, 46
composition law for morphisms
of differential triads, 64

conjugate
— A-connections, 264
— connections, 235

connecting morphism
— of cohomology groups, 41

connection
— canonical flat of P = X X G,
220
— canonical local of P, 213
— flat, 324

— integrable, 325

— local matrix of, 257

— on a principal sheaf, 212

— pull-back of, 240

— trivial, 328
connections

— gauge equivalent, 243

— set of, 234

— f-conjugate, 235

— f-related, 235
constant

— presheaf, 18

— sheaf, 17
convex cone

— multiplicative, 398

— multiplicative salient, 398
coordinate 1-cocycle, 144
coordinate transformation

— of a principal sheaf, 143

— of a vector sheaf, 166
coordinates

— of a principal sheaf, 132

— of a vector sheaf, 165

— of an associated sheaf, 179
coordinatizing covering

— of a principal sheaf, 133

— of a vector sheaf, 165
covariant exterior differential, 303
curvature

— datum, 288

— matrix of V, 321
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Subject index

— of a connection, 297
— of an A-connection, 320

D
0-flat principal sheaf, 326
datum

— Bianchi, 301

— curvature, 288

— precurvature, 287
de Rham

— abstract theorem, 48

— complex, 85

— generalized space, 86

— generalized p-space, 86

— space, 87
derivation

— A-valued of A, 58

— Kabhler, 57

— Q-valued of A, 55
differentiable map in abstracto, 79
differential

— covariant exterior, 303

— Kahler, 57

— logarithmic, 109

—of A", 95
—of GL(n, A), 96

— Maurer-Cartan, 104

— quantized, 371

— total, see logarithmic
differential triad, 54

— pull-back of, 80

— push-out of, 60

— restriction of, 81
direct product of presheaves, 19
direct sum of A-modules, 19, 20
distinguished element, 50
dual

— A-module, 24

— basis, 387

— vector sheaf, 387

E

element
— negative, 399
— positive, 398
equivalent
— Maxwell fields, 272
— pairs (P, D), 248
equivariance property, 132
— of a coordinate, 133
— of a morphism of principal
sheaves, 140
equivariant morphism, 132
étalé space, 17
exact sequence
— of A-modules, 31
— of A-modules, 30
— short, 31
exponential morphism, 339
extension of a metric, 400
exterior
— algebra of €2, 82
— L-valued, 281
— covariant differential, 303
— derivation, 83
— power of A-modules, 22
— power of 2, 82
— L-valued, 281
— product
—in Q°, 82
—in Q°(L), 281
— of A-morphisms, 23

F

fiber, see stalk

fiber product
— of A-modules, 19
— of sheaves, 4, 19
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field strength, 279
flat
— A-connection, 324
— connection, 324
— principal sheaf, 330
— representative, 330
f-morphism, 127
form, 82, 212
— canonical of L(X), 395
— closed, 347, 351
frame
— bundle, see bundle of frames
— horizontal (of sections), 325
— linear, 395
— local
— of a principal sheaf, 133
Frobenius
— condition, 332
— theorem, 332
functor
— section, 10
— sheafification, 12

G

G-morphism, 141
G-principal sheaf, 132
gauge
— equivalent connections, 243
— group of P, 188
— local
— of a principal sheaf, 133
— of a vector sheaf, 165
— potential, 214
— potentials, 214
— transform, 222
— transformation, 188
— transformations
— group of, 188
— sheaf (of germs) of, 189

general linear group sheaf, 96
generalized smooth, 112
germ of s at =, 11
global section, 6
Gram-Schmidt orthogonalization,
402
group
— general linear GL(n, A(U)),
96
— orthogonal O(n, A(X)), 402
group of units, 94
group sheaf
— general linear, 96
— orthogonal, 402

H

homotopy operator, 36
horizontal

— frame (of sections), 325

— section, 325
hypercohomology (Cech), 51, 249

I

identity section of G, 6
image
— direct, of a sheaf see push-
out 28
— inverse, of a sheaf see pull-
back 26
— of an A-morphism, 31
— of an A-morphism, 30
induced morphism of sections, 6
inner product, 399
— non-degenerate
— strongly, 400
— weakly, 400
integrable connection, 325
inverse section of G, 6
invertible element, 94



440

Subject index

invertibly A-smooth, 384
involution, 370
isometry, 402
isomorphism
— of presheaves, 10
— of principal sheaves, 141
— of sheaves, 3
— of vector sheaves, 168

K

k-morphism, 342
p-invariant, 343
— symmetric, 342
Kahler
— derivation, 57
— differential, 57
kernel
— of an A-morphism, 31
— of an A-morphism, 30

L

Leibniz condition, 55, 58
Leibniz-Koszul condition, 256
Lie algebra A-module, 91, 101
Lie sheaf of groups, 105
— abelian, 105
— morphism of, 114
— pull-back of, 127
liftable
— (Cech) cohomology, 44
— (refinement) cochain, 46
— cochain, 44
line sheaf, 272
linear frame, 395
Imc see topological algebra 340
local
— Bianchi identity, 394

— Bianchi second identity, 303

— Cartan structure equation,
298, 392
— connection forms, 214
— connection matrix, 257
— curvature forms, 298
— frame
— Riemannian, 405
— of a principal sheaf, 133
— of a vector sheaf, 165
— gauge, 133, 165
— section of a sheaf, 6
— torsion forms, 392
logarithmic differential, 109
—of A", 95
—of GL(n,.A), 96
long exact cohomology sequence
— for presheaves, 41
— for sheaves, 45

M

matrix algebra sheaf, 90
matrix sheaf extension

— n-th square of (A, d, ), 94

— n-th square of d, 93

— n-th square of , 91

—of d, 94
matter field, 196
Maurer-Cartan

— cocycle, 226

— connections, 213

— differential, 104

— equation, 289
Maxwell field, 272
metric

— Riemannian, 400

— extension of, 400
module

~ A, 31
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— projective finitely generated,
377
— canonical topology of, 377
moduli
— sheaf, 245
— space, 244
monopresheaf, 18
morphism
— canonical of P(Q*), 389
— equivariant, 132
— exponential, 339
— identity (of differential tri-
ads), 62
induced of sections, 6
of Lie sheaves of groups, 114
— of differential triads, 61
— of presheaves, 9
— injective, 10
— surjective, 10
— of principal sheaves, 140
— equivariance property of,
140
— of sheaves, 3
— compatible with ¢, 205
— injective, 3
— of unital algebras, 61
— surjective, 3
— with algebraic structure, 5
— of unital algebras, 61
— of vector sheaves, 168
— of A-modules, 5
— tensorial, 185

N

natural sections
— of a principal sheaf, 135
— of a vector sheaf, 165
naturality of the Chern-Weil ho-
momorphism WWp, 361

negative
— elements, 399
— section, 399
norm on A, 401

(0)

orthogonal group, 402

— sheaf, 402
orthonormal

— basis, 402

— frames (sheaf of), 405

P

p-form, 82
parallel sections, 325
parallelism (complete), 325
particle field, 196
partition of unity, 47

— strictly positive, 401
positive

— elements, 398

— section, 399
precurvature datum, 287
preorder, 398
presheaf

— complete, 16

— constant, 18

— isomorphism of, 10

— morphism, 9

—of A(U)-modules, see A-mo-

dule

— of sections of a sheaf, 10

— of sets, 7

— restriction maps of, 7

— sections of, 8
principal sheaf, 132

— 1st cohomology class of, 156

— abelian, 248

— cocycle of, 144
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— coordinate mappings of, 132
— coordinates of, 132
— O-flat, 326
— flat, 330
— gauge transformation of, 188
— local frame of, 133
— natural sections of, 135
— of germs of sections of a prin-
cipal bundle, 137
— structure sheaf of, 132
— structure type of, 133
principal sheaves
— equivalent, 156
— isomorphisms of, 141
— morphism of, 140
principal subsheaf, 161
product
— inner, 399
— of differential triads, 66, 74
— projections of, 66
— universal property of, 66
projection of a sheaf, 2
projective finitely generated mod-
ule, 377
prolongation of A-connection, 320
pull-back
— adjunction map, 26
— canonical map of sections,
26
— connection, 240
— functor, 27
— of a Lie sheaf of groups, 116,
127
— of a principal sheaf, 138
— of a principal sheaf— univer-
sal property of, 142
— of a sheaf, 26
push-out

— functor, 29
— of a sheaf, 28

Q
Q-algebra, 376
quantized differential, 371

R

(p, @)-connection, 213
p-invariant k-morphism, 343
reduction

— of a principal sheaf, 159

— of the structure sheaf, 159,

160

refinement liftable cochain, 46
refining map, 35
reflexive A-module, 233
related A-connections, 264
related connections, 235
representation of G, 101

— trivial, 105
resolution, 46

— acyclic, 47

— fine, 47

— flabby, 48

— injective, 48

— soft, 48
restriction maps of a presheaf, 7
restriction of a sheaf, 2

Riemannian
— local frame, 405
— metric, 400
— module, 400
S
section
—along f, 27

— functor, 10
— horizontal, 325
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— identity of G, 6
— inverse of G, 6
— natural
— of a principal sheaf, 135
— of a vector sheaf, 165
— negative, 399
— of a presheaf, 8
— of a sheaf, 5
— global, 6
— local, 6
— parallel, 325
— positive, 399
— transition, 144
— unit of A, 7
—unit of G, 6
—zeroof A, 7
set of connections, 234
sheaf, 2
— associated with P, 178

— by a morphism of sheaves

of groups, 190

— base of, 2
— constant, 17
— fiber of, 2
— fine, 47
— flabby, 47
— generated by a presheaf, 12
— isomorphism, 3
— line, 272
— matrix algebra, 90
— morphism, 3
— of algebras, 4
— of connections, 223
— of curvatures, 308
— of frames, 173

— natural sections of, 174
— of germs

— of A-endomorphisms, 24

— of A-morphisms, 24
— of automorphisms, 24
— of continuous functions, 17
— of gauge transformations,
189
— of sections, 15
— of smooth functions, 17
— of tensorial morphisms, 187
— of groups, 4
— inversion of, 4
— multiplication of, 4
— of K-vector spaces, 4
— of orthonormal frames, 405
— of p-forms, 82
— of rings, 4
— of units of A, 94
— principal, 132
— structure sheaf of, 132
— structure type of, 133
— projection of, 2
— pull-back of, 26
— push-out of, 28
— section of, 5
— soft, 47
— space, 2
— stalk of, 2
— vector, 164
sheafification
— functor, 12
— of a presheaf, 12
sheaves
— isomorphism of, 3
— morphism of, 3
simplex, 34
— face of, 34
— support of, 34
smooth
— generalized, 112
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— invertibly, 384
solution of dx = 0, 333
square
— matrix sheaf extension
—of (A,d,Q), 94
—of O, 91
—of d, 93
—root, 401
stalk, 2
— of type F, 17
— preserving, 3
structure equation
— Cartan first, 392
— local, 392
— Cartan second, 288
— local, 298
structure operator
— Cartan first, 392
— Cartan second, 288
structure sheaf
— of a principal sheaf, 132
— of an algebraized space, 54
structure type
- F, 178
— of a principal sheaf, 133
subsheaf, 3
— principal, 161
symmetric k-morphism, 342

T

tensor product
— of A-modules, 21
— of A-morphisms, 21
— of presheaves (of sections),
21
tensorial morphism, 185
tensorial morphisms
— sheaf (of germs) of, 187
topological algebra, 340
— locally m-convex (Imc), 340

— o-complete, 340
torsion

— local forms of, 392

— of an A-connection, 392
total differential, 109
total space, see sheaf space
transition

— matrix, 167

— section, 144
trivial

— bundle, 220

— connection, 328

— representation, 105

U
unit
— section of A, 7
— section of G, 6
universal property
— of product of differential tri-
ads, 66
— of pull-back, 81
— of push-out, 81

A%

vector sheaf, 164
— 1st cohomology class of, 168
— associated with P, 196
— cocycle of, 167
— coordinate transformations
of, 166
— coordinates of, 165
— dual of, 387
— local frame of, 165
— Riemannian, 405
— natural sections of, 165

W
Whitney sum of A-modules, 19, 20
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