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Preface

This volume presents a selection of worked-out lectures, delivered by mathematicians
and theoretical physicists, that were held in March 2006 at the workshop “Renormal-
ization and Galois theories” at CIRM, Marseilles, France. The contributions include
the courses given by Caterina Consani, Vincent Rivasseau, and David Sauzin, to-
gether with articles written by Yves André, Kurusch Ebrahimi-Fard and Dominique
Manchon, Michael Hoffman, Frédéric Menous, and Stefan Weinzierl.

August 2009 Alain Connes
Frédéric Fauvet
Jean-Pierre Ramis






Foreword

The CIRM meeting revolved around some of the interactions of four very active topics
with origin in pure mathematics and in physics:

¢ Renormalization in Quantum Field Theory
* Differential Galois theory

¢ Noncommutative geometry

* Motives and Galois theory

The articles that form this volume all illustrate the richness of these interactions.
The recent years have witnessed the emergence of a much better mathematical un-
derstanding of perturbative renormalization both in its Galois aspects related to the
ambiguity inherent in the renormalization group and the role of the Birkhoff decom-
position, as well as in the deep arithmetic nature of the numbers that appear as residues
of Feynman graphs in the renormalization process. The Birkhoff decomposition plays
a crucial role, together with the Hopf algebra of Feynman graphs, in the conceptual
understanding of the perturbative renormalization process. This result of our collab-
oration with D. Kreimer is recalled, and largely extended to regularization processes
more general than dimensional regularization, in the article of Kurusch Ebrahimi-Fard
and Dominique Manchon.

There is a striking similarity between the ambiguity group occurring in physics, and
its underpinning as the “cosmic Galois group” in joint work with M. Marcolli, and the
ambiguities that occur in the resummation processes of divergent series (Stokes phe-
nomenon, resurgence, etc.). Frederic Menous has developed a mechanism of Birkhoff
decomposition to treat conjugacy problems that arise in the study of solutions of differ-
ential equations (analytic or formal). For some equations, the obstacles in the formal
conjugacy are reflected in the fact that the associated characters of a Hopf algebra
(here a shuffle Hopf algebra) appear to be ill-defined. The analogy with the need
for a renormalization scheme (dimensional regularization, Birkhoff decomposition)
in Quantum Field Theory becomes obvious for such equations and delivers a wide
range of toy models.

The article of David Sauzin is a careful account of the mould calculus of Ecalle, a
powerful combinatorial tool which yields surprisingly explicit formulas for the series
attached to an analytic germ of singular vector field or of map. His article for this
volume illustrates the method for the case of the saddle-node of a two-dimensional
vector field.

The work of Kreimer and Broadhurst opened up a new area of interactions between
the highly involved computations of Quantum Field Theory, where numbers such as
£(3) naturally occur as ingredients of computations of physical quantities, and deep
aspects of arithmetic, such as the study of periods, in the theory of motives.

Stefan Weinzierl reviews in his contribution the connections between Feynman
integrals and multiple polylogarithms. He gives a thorough introduction to loop
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integrals, the Mellin—-Barnes transformation, shuffle algebras and multiple polylog-
arithms. Finally, he discusses how certain Feynman integrals evaluate to multiple
polylogarithms.

In his article, Michael Hoffman copes with various Hopf algebras which have their
origin in renormalization; he shows in particular how combinatorial Dyson—Schwinger
equations can profitably be solved by lifting them from a commutative algebra to a
non-commutative one.

The aim of the enticing text of Yves André is to indicate what Grothendieck’s
theory of motives has to say, at least conjecturally, on the question of an analogue of
Galois theory for transcendental numbers, and to promote the idea that periods should
have well-defined conjugates and a Galois group that permutes them transitively.

The article of Caterina Consani starts by an enlightening historical survey of the
theory of pure motives in algebraic geometry and then reviews some of the recent
developments of this theory in noncommutative geometry, namely the new theory of
endomotives, which was developed in joint work with C. Consani and M. Marcolli. It
shows how a natural extension of the simplest category of motives, namely the Artin
motives, to the larger category of algebraic endomotives quickly yields, by using
cyclic cohomology and the thermodynamics of noncommutative spaces, the spectral
realization of the zeros of the Riemann zeta function.

Finally, the article of Vincent Rivasseau and Fabien Vignes-Tourneret is a review
of the fast growing subject of renormalization of Quantum Field Theory on non-
commutative spaces. The Grosse—Wulkenhaar breakthrough opened up a new era by
realizing that the right propagator in noncommutative field theory is not the ordinary
commutative propagator, but it has to be modified to obey Langmann—Szabo duality.
Grosse and Wulkenhaar were able to compute the corresponding propagator in the
so-called “matrix base” which transforms the Moyal product into a matrix product,
and to use this representation to prove perturbative renormalisability. V. Rivasseau,
in joint work with R. Gurau, J. Magnen and F. Vignes-Tourneret, using direct space
methods, provided recently a new proof that the Grosse—Wulkenhaar scalar ®*-theory
on the Moyal space R* is renormalisable to all orders in perturbation theory. Their
review is remarkably clear and accessible.

In all of the mentioned subjects there is now a flurry of activity and the present
book is a perfect introduction to these very lively topics of research, relevant both in
physics and pure mathematics.

Alain Connes
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Noncommutative geometry and motives
(a quoi servent les endomotifs?)

Caterina Consani*

Mathematics Department, The Johns Hopkins University
3400 N. Charles Street, Baltimore MD 21218, U.S.A.
email: ke@math.jhu.edu

Abstract. This paper gives a short and historical survey on the theory of pure motives in alge-
braic geometry and reviews some of the recent developments of this theory in noncommutative
geometry. The second part of the paper outlines the new theory of endomotives and some of its
relevant applications in number theory.

1 Introduction

This paper is based on three lectures I gave at the Conference on ‘“Renormalization and
Galois theories” that was held in Luminy, at the Centre International de Rencontres
Mathématiques (CIRM), in March 2006. The purpose of these talks was to give an
elementary overview on classical motives (pure motives) and to survey on some of the
recent developments of this theory in noncommutative geometry, especially following
the introduction of the notion of an endomotive.

Itis likely to expect that the reader acquainted with the literature on motives theory
will not fail to notice the allusion, in this title, to the paper [18] in which P. Deligne
states that in spite of the lack of essential progress on the problem of constructing
“relevant” algebraic cycles, the techniques supplied by the theory of motives remain
a powerful tool in algebraic geometry and arithmetic.

The assertion on the lack of relevant progress on algebraic cycles seems, unfortu-
nately, still to apply at the present time, fifteen years after Deligne wrote his paper.
Despite the general failure of testing the Standard Conjectures, it is also true that
in these recent years the knowledge on motives has been substantially improved by
several new results and also by some unexpected developments.

Motives were introduced by A. Grothendieck with the aim to supply an intrinsic
explanation for the analogies occurring among various cohomological theories in al-
gebraic geometry. They are expected to play the role of a universal cohomological

*Work partially supported by NSF-FRG grant DMS-0652431. The author wishes to thank the organizers of
the Conference for their kind invitation to speak and the CIRM in Luminy-Marseille for the pleasant atmosphere
and their support.



2 Caterina Consani

theory by also furnishing a linearization of the theory of algebraic varieties and in
the original understanding they were expected to provide the correct framework for a
successful approach to the Weil’s Conjectures on the zeta-function of a variety over a
finite field.

Even though the Weil’s Conjectures have been proved by Deligne without appeal-
ing to the theory of motives, an enlarged and in part still conjectural theory of mixed
motives has in the meanwhile proved its usefulness in explaining conceptually some
intriguing phenomena arising in several areas of pure mathematics, such as Hodge the-
ory, K-theory, algebraic cycles, polylogarithms, L-functions, Galois representations
etc.

Very recently, some new developments of the theory of motives to number theory
and quantum field theory have been found or are about to be developed, with the sup-
port of techniques supplied by noncommutative geometry and the theory of operator
algebras.

In number theory, a conceptual understanding of the main result of [9] on the
interpretation proposed by A. Connes of the Weil explicit formulae as a Lefschetz trace
formula over the noncommutative space of adele classes, requires the introduction of
a generalized category of motives inclusive of spaces which are highly singular from
a classical viewpoint.

The problem of finding a suitable enlargement of the category of (smooth pro-
jective) algebraic varieties is combined with the even more compelling one of the
definition of a generalized notion of correspondences. Several questions arise already
when one considers special types of zero-dimensional noncommutative spaces, such
as the space underlying the quantum statistical dynamical system defined by J. B. Bost
and Connes in [6] (the BC-system). This space is a simplified version of the adeles
class space of [9] and it encodes in its group of symmetries, the arithmetic of the
maximal abelian extension of Q.

In this paper I give an overview on the theory of endomotives (algebraic and
analytic). This theory has been originally developed in the joint paper [10] with
A. Connes and M. Marcolli and has been applied already in our subsequent work [12].
The category of endomotives is the minimal one that makes it possible to understand
conceptually the role played by the absolute Galois group in several dynamical systems
that have been recently introduced in noncommutative geometry as generalizations of
the BC-system, which was our motivating and prototype example.

The category of endomotives is a natural enlargement of the category of Artin
motives: the objects are noncommutative spaces defined by semigroup actions on
projective limits of Artin motives. The morphisms generalize the notion of algebraic
correspondences and are defined by means of étale groupoids to account for the pres-
ence of the semigroup actions.

Endomotives carry a natural Galois action which is inherited from the Artin motives
and they have both an algebraic and an analytic description. The latter is particularly
useful as it provides the data of a quantum statistical dynamical system, via the imple-
mentation of a canonical time evolution (a one-parameter family of automorphisms)
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which is associated by the theory of M. Tomita (cf. [37]) to an initial state (probability
measure) assigned to an analytic endomotive. This is the crucial new development
supplied by the theory of operator-algebras to a noncommutative C *-algebra and in
particular to the algebra of the BC-system.

The implication in number theory is striking: the time evolution implements on
the dual system a scaling action which combines with the action of the Galois group to
determine on the cyclic homology of a suitable noncommutative motive associated to
the original endomotive, a characteristic zero analog of the action of the Weil group on
the étale cohomology of an algebraic variety. When these techniques are applied to the
endomotive of the BC-system or to the endomotive of the adeles class space, the main
implication is the spectral realization of the zeroes of the corresponding L-functions.

These results supply a first answer to the question I raised in the title of this paper
(a quoi servent les endomotifs?). An open and interesting problem is connected to the
definition of a higher dimensional theory of noncommutative motives and in particular
the introduction of a theory of noncommutative elliptic motives and modular forms. A
related problem is of course connected to the definition of a higher dimensional theory
of geometric correspondences. The comparison between algebraic correspondences
for motives and geometric correspondences for noncommutative spaces is particularly
easy in the zero-dimensional case, because the equivalence relations play no role. In
noncommutative geometry, algebraic cycles are naturally replaced by bi-modules, or
by classes in equivariant KK -theory. Naturally, the original problem of finding “inter-
esting” cycles pops up again in this topological framework: a satisfactory solution to
this question seems to be one of the main steps to undertake for a further development
of these ideas.

2 Classical motives: an overview

The theory of motives in algebraic geometry was established by A. Grothendieck in the
1960s: 1963—69 (cf. [36], [22]). The foundations are documented in the unpublished
manuscript [20] and were discussed in a seminar at the Institut des Hautes Etudes
Scientifiques, in 1967. This theory was conceived as a fundamental machine to develop
Grothendieck’s “long-run program” focused on the theme of the connections between
geometry and arithmetic.

At the heart of the philosophy of motives sit Grothendieck’s speculations on the ex-
istence of a universal cohomological theory for algebraic varieties defined over a base
field k and taking values into an abelian, tensor category. The study of this problem
originated as the consequence of a general dissatisfaction connected to an extensive
use of topological methods in algebraic geometry, with the result of producing several
but insufficiently related cohomological theories (Betti, de Rham, étale, etc.). The typ-
ical example is furnished by a family of homomorphisms H! (X, Q) — HE (Y, Qy)
connecting the groups of étale cohomology of two (smooth, projective) varieties, as the
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prime number £ varies, which are not connected, in general, by any sort of (canonical)
relation.
The definition of a contravariant functor (functor of motivic cohomology)

h: 'Vk d Mk(vk), X h(X)

from the category Vi of projective, smooth, irreducible algebraic varieties over k
to a semi-simple abelian category of pure motives My (V) is also tied up with the
definition of a universal cohomological theory through which every other classical,
cohomology H " (here understood as contravariant functor) should factor by means of
the introduction of a fiber functor (realization ®-functor) @ connecting My (Vi) to
the abelian category of (graded) vector-spaces over Q

Vi grVectg

e e

Mi (Vi)

Following Grothendieck’s original viewpoint, the functor /# should implement the
sought for mechanism of compatibilities (in étale cohomology) and at the same time
it should also describe a universal linearization of the theory of algebraic varieties.

The definition of the category My (Vi) arose from a classical construction in al-
gebraic geometry which is based on the idea of extending the collection of algebraic
morphisms in Vi by including the (algebraic) correspondences. A correspondence
between two objects X and Y in Vi is a multi-valued map which connects them. An
algebraic correspondence is defined by means of an algebraic cycle in the cartesian
product X x Y. The concept of (algebraic) correspondence in geometry is much older
than that of a motive: it is in fact already present in several works of the Italian school
in algebraic geometry (cf. Severi’s theory of correspondences on algebraic curves).

Grothendieck’s new intuition was that the whole philosophy of motives is regulated
by the theory of (algebraic) correspondences:

“..J appelle motif sur k quelque chose comme un groupe de cohomologie L-adique
d’un schema algébrique sur k, mais considérée comme indépendant de £, et avec sa
structure entiére, ou disons pour instant sur Q, déduite de la théorie des cycles
algébriques...” (cf. [16], Lettre 16.8.1964).

Motives were envisioned with the hope to explain the intrinsic relations between
integrals of algebraic functions in one or more complex variables. Their ultimate goal
was to supply a machine that would guarantee a generalization of the main results of
Galois theory to systems of polynomials equations in several variables. Here, we refer
in particular to a higher-dimensional analog of the well-known result which describes
the linearization of the Galois-Grothendieck correspondence for the category V¢ of
étale, finite k-schemes

V¢ = {finite sets with Gal(k /k)-action}, X — X(k)
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by means of the equivalence between the category of Artin motives and that of the
representations of the absolute Galois group.

In the following section we shall describe how the fundamental notions of the
theory of motives arose from the study of several classical problems in geometry and
arithmetic.

2.1 A first approach to motives

A classical problem in algebraic geometry is that of computing the solutions of a finite
set of polynomial equations

Xy, o X)) =0, ..., (X1, Xm) =0

with coefficients in a finite field [F,. This study is naturally formalized by introducing
the generating series

[m
X,t) = — .
C(X.1) exp(vam) 2.1)
m>1
which is associated to the algebraic variety X = V(f1,..., f) thatis defined as the
set of the common zeroes of the polynomials f, ..., fr.

Under the assumption that X is smooth and projective, the series (2.1) encodes
the complete information on the number of the rational points of the algebraic variety,
through the coefficients v,, = |X(Fgm)|. The integers v,, supply the cardinality of
the set of the rational points of X, computed in successive finite field extensions [;m
of the base field [,.

Intersection theory furnishes a general way to determine the number v, as in-
tersection number of two algebraic cycles on the cartesian product X x X; namely
the diagonal Ax and the graph 'y of the m-th iterated composite of the Frobenius
morphism on the scheme (X, Ox):

Fr: X > X; Fr(P)=P, f(x)+— f(x?) forall f € OxU), U C X open.

The Frobenius endomorphism is in fact an interesting example of correspondence,
perhaps the most interesting one, for algebraic varieties defined over finite fields. As
a correspondence it induces a commutative diagram

H*(X x X) —F _ H*(X x X)
prT l@z)* 2.2)
H*(X) T) H*(X)

in étale cohomology. Through the commutativity of the above diagram one gets a way
to express the action of the induced homomorphism in cohomology, by means of the
formula

Fr*(c) = (p2)«(p(c) NTr) forallc € H*(X),
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where p;: X x X — X denote the two projection maps. Here, ‘algebraic’ refers to
the algebraic cycle 'y C X x X that performs such a correspondence.

For particularly simple algebraic varieties, such as projective spaces P”, the com-
putation of the integers v, can be done by applying an elementary combinatorial ar-
gument based on the set-theoretical description of the space P" (k) = k™1 \ {0}/ k>
(k = any field). This has the effect to produce the interesting description

qm(n-i-l) _

gm —1
This decomposition of the set of the rational points of a projective space was certainly
a first source of inspiration in the process of formalizing the foundations of the theory
of motives. In fact, one is naturally led to wonder on the casuality of the decomposition
(2.3), possibly ascribing such a result to the presence of a cellular decomposition on
the projective space which induces a related break-up on the set of the rational points.
Remarkably, A. Weil proved that a similar formula holds also in the more general case
of a smooth, projective algebraic curve Cf, of genus g > 0. In this case one shows
that

|P" (Fgm)| = =1+q"+¢"" +-+q"". (2.3)

2g
IC(Em) =1=) o +¢"; wi €@, o] =q"> (2.4)
i=1
These results suggest that (2.3) and (2.4) are the manifestation of a deep and intrinsic
structure that governs the geometry of algebraic varieties.

The development of the theory of motives has in fact shown to us that this structure
reveals itself in several contexts: topologically, manifests its presence in the decom-
position of the cohomology H*(X) = ;.o H' (X), whereas arithmetically it turns
out that it is the same structure that controls the decomposition of the series (2.1) as a
rational function of ¢:

[Tiso det(1 — rFr*|HZ 1 (X))
[Tisodet(l — tFr*|HZ (X))

C(X.1) =

This is in fact a consequence of the description of the integers v,, supplied by the
Lefschetz—Grothendieck trace formula (c¢f. [23])

X (Fgrm)| = > (=1 tr((Fr™)* | HL (X)).

i>0

2.2 Grothendieck’s pure motives

Originally, Grothendieck proposed a general framework for a so called category of
numerically effective motives M(k)g over a field k and with rational coefficients.
This category is defined by enlarging the category Vi of smooth, projective algebraic
varieties over k (and algebraic morphisms) by following the so-called procedure of
pseudo-abelian envelope. This construction is performed in two steps: at first one
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enlarges the set of morphisms of Vi by including (rational) algebraic correspondences
of degree zero, modulo numerical equivalence, then one performs a pseudo-abelian
envelope by formally including among the objects, kernels of idempotent morphisms.

Let us assume for simplicity that the algebraic varieties are irreducible (the general
case is then deduced from this, by additivity). For any given X,Y € Obj(Vk), one
works with correspondences f: X --> Y which are elements of codimension equal
to dim X in the rational graded algebra

A*(XXY)ZC*(XXY)®®/Nnum

of algebraic cycles modulo numerical equivalence. We recall that two algebraic cycles
on an algebraic variety X are said to be numerically equivalent Z ~,,, W, if

deg(Z -T) =deg(W -T), (2.5)

for any algebraic cycle T on X . Here, by deg(V') we mean the degree of the algebraic
cycle V=73 ¢ ..maVo € C*(X).

The degree defines a homomorphism from the free abelian group of algebraic
cycles C*(X) = @; C'(X) to the integers. On the components C'(X), the map is
defined as follows

| i dm
deg: C'(X) > Z, deg(V)z{OZam“ ifi = dim

ifi <dimX.

The symbol ‘-’ in (2.5) refers to the intersection product structure on C *(X), which
is well-defined under the assumption of proper intersection. If Z N T is proper
(i.e. codim(Z N T) = codim(Z) + codim(7T)), then intersection theory supplies the
definition of an intersection cycle Z - T € C*(X). Moreover, the intersection product
is commutative and associative whenever is defined.

Passing from the free abelian group C*(X) to the quotient C*(X)/ ~, modulo a
suitable equivalence relation on cycles, allows one to use classical results of algebraic
geometry (so called Moving Lemmas) which lead to the definition of a ring structure.
One then defines intersection cycle classes in general, even when cycles do not intersect
properly, by intersecting equivalent cycles which fulfill the required geometric property
of proper intersection.

It is natural to guess that the use of the numerical equivalence in the original defi-
nition of the category of motives was motivated by the study of classical constructions
in enumerative geometry, such as for example the computation of the number of the
rational points of an algebraic variety defined over a finite field. One of the main
original goals was to show that for a suitable definition of an equivalence relation on
algebraic cycles, the corresponding category of motives is semi-simple. This means
that the objects M in the category decompose, following the rules of a theory of
weights (cf. Section 2.3), into direct factors M = @, M;(X), with M;(X) simple
(i.e. indecomposable) motives associated to smooth, projective algebraic varieties.
The importance of achieving such a result is quite evident if one seeks, for example,
to understand categorically the decomposition H*(X) = €, H'(X) in cohomology,
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or if one wants to recognize the role of motives in the factorization of zeta-functions
of algebraic varieties.

Grothendieck concentrated his efforts on the numerical equivalence relation which
is the coarsest among the equivalence relations on algebraic cycles. So doing, he
attacked the problem of the semi-simplicity of the category of motives from the eas-
iest side. However, despite a promising departing point, the statement on the semi-
simplicity escaped all his efforts. In fact, the result he was able to reach at that time
was dependent on the assumption of the Standard Conjectures, two strong topological
statements on algebraic cycles. The proof of the semi-simplicity of the category of
motives for numerical equivalence (the only equivalence relation producing this re-
sult) was achieved only much later on in the development of the theory (cf: [25]). The
proof found by U. Jannsen uses a fairly elementary but ingenious idea which mys-
teriously eluded Grothendieck’s intuition as well as all the mental grasps of several
mathematicians after him.

By looking at the construction of (pure) motives in perspective, one immediately
recognizes the predominant role played by the morphisms over the objects, in the
category M(k)q. This was certainly a great intuition of Grothendieck. This idea led
to a systematic study of the properties of algebraic cycles and their decomposition by
means of algebraic projectors, that is algebraic cycles classes p € A9™X (X x X)
satisfying the property

pP=pop=rp.

Notice that in order to make sense of the notion of a projector and more in general,
in order to define a law of composition ‘o’ on algebraic correspondences, one needs
to use the ring structure on the graded algebra A*. The operation ‘o’ is defined as
follows. Let us assume for simplicity, that the algebraic varieties are connected (the
general case can be easily deduced from this). Then, two algebraic correspondences
f1 € ASmXi+i (X x X,) (of degree i) and f> € A9MX2+/ (X, x X3) (of degree )
compose accordingly to the following rule (bi-linear, associative)

AdimX1+i(X1 x X3) x AdimX2+j(X2 x X3) — Adim X1 +i+j(X1 x X3)

(f1. 2) = fa0 fi = (P13)«((P12(f1) - (P23)* (f2))).

In the particular case of projectors p: X --> X, one is restricted, in order to make a
sense of the condition p o p = p, to use only particular types of algebraic correspon-
dences: namely those of degree zero. These are the elements of the abelian group
AImX (X x X).

The objects of the category M(k)q are then pairs (X, p), with X € Obj(Vi) and p
a projector. This way, one attains the notion of a Q-linear, pseudo-abelian, monoidal
category (the ®-monoidal structure is deduced from the cartesian product of algebraic
varieties), together with the definition of a contravariant functor

h: Ve - Mg, X = h(X) = (X,id).
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Here (X, id) denotes the motive associated to X and id means the trivial (i.e. identity)
projector associated to the diagonal Ay. More in general, (X, p) refers to the motive
ph(X) that is cut-off on #(X) by the (range of the) projector p: X --> X. Notice
that images of projectors are formally included among the objects of M(k)q, by the
procedure of the pseudo-abelian envelope. The cut-off performed by a projector p
on the space determines a corresponding operation in cohomology (for any classical
WEeil theory), by singling out the sub-vector space pH*(X) C H*(X).

The category M(k)q has two important basic objects: 1 and L. 1 is the unit motive

1 = (Spec(k),id) = h(Spec(k)).
This is defined by the zero-dimensional algebraic variety associated to a point, whereas
L= (P'.m). m=P'x{P}, PeP'(k)

is the so-called Lefschetz motive. This motive determines, jointly with 1, a decompo-
sition of the motive associated to the projective line P!

h(PHYy=1@L. (2.6)

One can show that the algebraic cycles P! x {P}and {P} x P! on P! x P! do not
depend on the choice of the rational point P € P!(k) and that their sum is a cycle
equivalent to the diagonal. This fact implies that the decomposition (2.6) is canonical.
More in general, it follows from the Kiinneth decomposition of the diagonal A in
P" x P" by algebraic cycles A = 7o + -+ + 7y, (¢f. [32] and [19] for the details)
that the motive of a projective space P" decomposes into pieces (simple motives)

h(P") = h°(P™) @ h*(P™) & --- ® h*"(P") (2.7)

where h%/ (P") = (P", mp;) = (h*>(P"))® foralli > 0. It is precisely this decom-
position which implies the decomposition (2.3) on the rational points, when k = [, !

For (irreducible) curves, and in the presence of a rational point x € C(k), one
obtains a similar decomposition (non canonical)

h(C) = h°(C) @ h'(C) ® h?*(C)

with h(C) = (C.mp = {x} x C), h*(C) = (C.my, = C x {x}) and h!(C) =
(C,1 — g — m2). This decomposition is responsible for the formula (2.4).

In fact, one can prove that these decompositions partially generalize to any object
X € Obj(Vg). In the presence of a rational point, or more in general by choosing a
positive zero-cycle Z = Y, mgZy € CU™X (X x X) (here X is assumed irreducible
for simplicity and dim X = d), one constructs two rational algebraic cycles

1 1
wo=—(ZxX), mg=—(Xx2), m=deg(Z)=Zma>0
m m -

which determine two projectors 7o, 7724 in the Chow group CH? (X x X) ® Q of
rational algebraic cycles modulo rational equivalence. The corresponding classes in
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A% (X x X) (if not zero) determine two motives (X, 7o) ~ h%(X) and (X, mp4) =~
h24(X) (cf e.g. [35)).

For the applications, it is convenient to enlarge the category of effective motives by
formally adding the tensor product inverse L ™! of the Lefschetz motive: one usually
refers to it as to the Tate motive. It corresponds, from the more refined point of view
of Galois theory, to the cyclotomic characters. This enlargement of M(k)g by the
so-called “virtual motives” produces an abelian, semi-simple category My (Vi)q of
pure motives for numerical equivalence. The objects of this category are now triples
(X, p,m), with m € Z. Effective motives are of course objects of this category and
they are described by triples (X, p, 0). The Lefschetz motive gains a new interpretation
in this category as L = (Spec(k),id, —1). The Tate motive is defined by L™! =
(Spec(k),id, 1) and is therefore reminiscent of (in fact induces) the notion of Tate
structure Q (1) in Hodge theory.

In the category My (Vi )@, the set of morphisms connecting two motives (X, p, m)
and (Y, ¢, n) is defined by

Hom((X, p,m), (Y,q.n)) = q o AMX=m+1(x » ¥)o p.
In particular, for all f = f2 € End((X, p,m)), one defines the two motives
Im(f)=(X,po fopm), Ker(f)=(X p—fm).

These determine a canonical decomposition of any virtual motive as Im(f) &
Im(1 — f) = (X, p, m), where the direct sum of two motives as the above ones is
defined by the formula

(X’p7m)®(Y7qvm) = (X]_[Y,P-i-q,m)

The general definition of the direct sum of two motives requires a bit more of formalism
which escapes this short overview: we refer to op.cit. for the details.
The tensor structure

(X, p.m)® (Y, q.n) = (X xY,p®q,m+n)

and the involution (i.e. auto-duality) which is defined, for X irreducible anddim X = d
by the functor

Vi (Me(Vi)@)™ = Me(Vi)a, (X, p.m)¥ = (X, p'.d —m)

(the general case follows from this by applying additivity), determine the structure
of a rigid ®-category on My ('Vi)q. Here, p' denotes the transpose correspondence
associated to p (i.e. the transpose of the graph). One finds, for example, that LY =
L~!. In the particular case of the effective motive #(X), with X irreducible and
dim X = d, this involution determines the notion of Poincaré duality

h(X)" = h(X)  L®D

which is an auto-duality that induces the Poincaré duality isomorphism in any classical
cohomological theory.
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2.3 Fundamental structures

A category of pure motives over a field k and with coefficients in a field K (of charac-
teristic zero) is supposed to satisfy, to be satisfactory, several basic properties and to be
endowed with a few fundamental structures. In the previous section we have described
the historically first example of a category of pure motives and we have reviewed some
of its basic properties (in that case K = QQ). One naturally wonders about the descrip-
tion of other categories of motives associated to finer (than the numerical) equivalence
relations on algebraic cycles: namely the categories of motives for homological or
rational or algebraic equivalence relations. However, if one seeks to work with a
semi-simple category, the afore mentioned result of Jannsen tells us that the numer-
ical equivalence is the only adequate relation. The semi-simplicity property is also
attained if one assumes Grothendieck’s Standard Conjectures. Following the report
of Grothendieck in [21], these conjectures arose from the hope to prove the conjec-
tures of Weil on the zeta-function of an algebraic variety defined over a finite field.
It was well known to Grothendieck that the Standard Conjectures imply the Weil’s
Conjectures. These latter statements became a theorem in the early seventies (1974),
only a few years later the time when Grothendieck stated the Standard Conjectures
(1968-69). The proof by Deligne of the Weil’s conjectures, however, does not make
any use of the Standard Conjectures and these latter questions remain still unanswered
at the present time. The moral lesson seems to be that geometric topology and the
theory of algebraic cycles govern in many central aspects the foundations of algebraic
geometry.

The Standard Conjectures of “Lefschetz type” and of “Hodge type” are stated in
terms of algebraic cycles modulo homological equivalence (cf. [27]). They imply two
further important conjectures. One of these states the equality of the homological and
the numerical equivalence relations, the other one, of “Kiinneth type”, claims that the
Kiinneth decomposition of the diagonal in cohomology can be described by means of
(rational) algebraic cycles. Nowadays it is generally accepted to refer to the full set
of the four conjectures, when one quotes the Standard Conjectures. In view of their
expected consequences, one is naturally led to study a category of pure motives for
homological equivalence. In fact, there are several candidates for this category since
the definition depends upon the choice of a Weil cohomological theory (i.e. Betti,
étale, de Rham, crystalline, etc.) with coefficients in a field K of characteristic zero.

Let us fix a cohomological theory X — H*(X) = H*(X, K) for algebraic va-
rieties in the category Vi. Then, the construction of the corresponding category of
motives M,*;"m (Vi )k for homological equivalence is given by following a procedure
similar to the one we have explained earlier on in this paper for the category of motives
for numerical equivalence and with rational coefficients. The only difference is that
now morphisms in the category M,};"m("\?k) k are defined by means of algebraic corre-
spondences modulo homological equivalence. At this point, one makes explicit use of
the axiom “cycle map” which characterizes (together with finiteness, Poincaré duality,
Kiinneth formula and weak and strong Lefschetz theorems) any Weil cohomological
theory (cf. [27]).
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The set of algebraic morphisms connecting objects in the category Vi is enlarged
by including multi-valued maps X --» Y that are defined as a K-linear combination
of elements of the vector spaces

C*(X X Y) Qz F/ ~hom >

where F C K is a subfield. Two cycles Z, W € C*(X x Y) ® F are homologically
equivalent Z ~yom W if their image, by means of the cycle class map

y:C* X xY)®F - H*(X xY)

is the same. This leads naturally to the definition of a subvector-space Ay (X xY) C

H*(X xY) generated by the image of the cycle class map y. These spaces define the

correspondences in the category Mzom('\?k) k. If X is purely d-dimensional, then
Cor” (X, Y) := AT (X x Y).

hom

In general, if X decomposes into several connected components X = [ [; X;, one sets
Cort" (X,Y) = @, Cort” (X;, Y). In direct analogy to the construction of correspon-
dences for numerical equivalence, the ring structure (“‘cap-product”) in cohomology
determines a composition law ‘o’ among correspondences.

The category M,};"m('Vk) k is then defined as follows: the objects are triples M =
(X, p,m), where X € Obj(Vi),m € Z and p = p? € Corr®(X, X) is an idempotent.
The collection of morphisms between two motives M = (X, p,m), N = (Y,q,n) is
given by the set

Hom(M, N) = g o Cort" ™ (X,Y) o p.

This procedure determines a pseudo-abelian, K-linear tensor category. The tensor law
is given by the formula

(X.p,m)® (Y.q,n) = (X xY,pxq,m+n).

The commutativity and associativity constraints are induced by the obvious isomor-
phisms X x Y = Y x X, X x (Y x Z) = (X x Y) x Z. The unit object in
the category is given by 1 = (Spec(k), id, 0). One shows that :M,};"m('\?k) K 1s a rigid
category, as it is endowed with an auto-duality functor

Vi c/\/f,%"““('Vk)K — (eMJ}éom('Vk)K)Op-

For any object M, the functor — ® MV is left-adjoint to — ® M and MV ® — is
right-adjoint to M ® —. In the case of an irreducible variety X, the internal Hom is
defined by the motive

Hom((X, p,m). (Y,q.n)) = (X x Y, p’ x ¢,dim(X) —m + n).

The Standard Conjecture of Kiinneth type (which is assumed from now on in this
section) implies that the Kiinneth components of the diagonal n)"( € Corr®(X, X)
determine a complete system of orthogonal, central idempotents. This important
statement implies that the motive h(X) € :M,l;‘)m (Vi )k has the expected direct sum
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decomposition (unique)
hX) =@ X hi(X), W (X)=rlh(X).

The cohomology functor X +— H *(X) factors through the projection h(X) — h'(X).
More in general, one shows that every motive M = (X, p, m) gets this way a Z-gra-
ding structure by setting

X,p,m)" = (X,pon"T2" r). (2.8)

This grading is respected by all morphisms in the category and defines the structure
of a graduation by weights on the objects. On a motive M = (X, p,m) = ph(X) ®
L®" = ph(X)(m) in the category, one sets

M =@, G (M), Gr’(M) = ph?>"*i(X)(m)

where Gr}’ (M) is a pure motive of weight i. One finds, for example, that 1 has weight
zero, L = (Spec(k), 1, —1) has weight 2 and that L™! = (Spec(k), 1, 1) has weight
—2. More in general, the motive M = (X, p,m) = ph(X)(m) has weight —2m.

In order to achieve further important properties, one needs to modify the natural
commutativity constraint = P, ( ¢, "1 M" @ N° =>N°® M", by defining

Vnew = @r,s (=D g (2.9)

We shall denote by afl}l"m('\?k) k the category of motives for homological equiv-
alence in which one has implemented the modification (2.9) on the tensor product
structure.

An important structure on a category of pure motives (for homological equivalence)
is given by assigning to an object X € Obj(gMz"m("Vk)K) a motivic cohomology
Hl (X). H. (X) is a pure motive of weight i. This way, one views pure motives
as a universal cohomological theory for algebraic varieties. The main property of
the motivic cohomology is that it defines a universal realization of any given Weil
cohomology theory H*. Candidates for these motivic cohomology theories have
been proposed by A. Beilinson [3] in terms of eigenspaces of Adams operations in
algebraic K-theory, i.e., an]{)t_" (X,Q(j)) = K,(X)Y), and by S. Bloch [5] in terms
of higher Chow groups, i.e., H2/""(X,Q(j)) = CH’/ (X,n) ® Q.

The assignment of a Weil cohomological theory with coefficients in a field K which
contains an assigned field F is equivalent to the definition of an exact realization
®-functor of ﬂg"m (Vi )k in the category of K-vector spaces

ras: MP™(Vi)g — Vectx, e+ (HL (X)) ~ H (X). (2.10)

In particular, one obtains the realization rg+(L™!') = H?(P') which defines the
notion of the Tate twist in cohomology. More precisely we have

— in étale cohomology: H?(P!) = Qq(—1), where Q(1) := lim pem is a Qq-

m
vector space of dimension one endowed with the cyclotomic action of the absolute
Galois group G; = Gal(k/k). The “twist” (or torsion) (r) in étale cohomology
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corresponds to the torsion in Galois theory defined by the r-th power of the
cyclotomic character (Tate twist);

— in de Rham theory: H, (P') = k, with the Hodge filtration defined by F=° =
0, F7% = k. Here, the effect of the torsion (r) is that of shifting the Hodge
filtration of —r-steps (to the right);

— in Betti theory: H?(P!) = Q(-1) := (27i)"'Q. The bi-graduation on
H?(P') ® C ~ C is purely of type (1,1). The torsion (r) is here identi-
fied with the composite of a homothety given by a multiplication by (27i)~"
followed by a shifting by (—r, —r) of the Hodge bi-graduation.

Using the structure of rigid tensor-category one introduces the notion of rank

associated to a motive M = (X, p,m) in J\Z}é"m("\?k) k- The rank of M is defined as
the trace of idys i.e. the trace of the morphism & o Y. © 7 € End(1), where

e MM -1, n:1->M"QM

are resp. the evaluation and co-evaluation morphisms satisfying ¢ ® idps oidpyy ® n =
idys, idpv ® € 0 ® idysv = idpsv. In general, one sets

tk(X, p.m) =Y dim pH' (X) = 0.

i>0
Under the assumption of the Standard Conjectures (more precisely under the as-
sumption that homological and numerical equivalence relations coincide) and that
End(1) = F (char(F) = 0), the tannakian formalism invented by Grothendieck and
developed by Saavedra [34], and Deligne [17] implies that the abelian, rigid, semi-
simple tensor category ﬂ,};"m('\)k) k is endowed with an exact, faithful ®-fibre functor
to the category of graded K-vector spaces

w: ME™(Vi) g — VectGrg, o(HZ (X)) = H*(X) 2.11)

which is compatible with the realization functor. This formalism defines a tannakian
(neutral if K = F) structure on the category of motives. One then introduces the
tannakian group

G = Aut®(w)

as a K-scheme in affine groups. Through the tannakian formalism one shows that the
fibre functor w realizes an equivalence of rigid tensor categories

w: ﬂ,‘;‘)fn("vk)K —>Repr(G),

where Repr (G) denotes the rigid tensor category of finite dimensional, F' represen-
tations of the tannakian group G. This way, one establishes a quite useful dictionary
between categorical ®-properties and properties of the associated groups. Because
we have assumed all along the Standard Conjectures, the semi-simplicity of the cate-
gory M,};"m('\?k) k implies that G is an algebraic, pro-reductive group, that is G is the
projective limit of reductive F-algebraic groups.
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The tannakian theory is a linear analog of the theory of finite, étale coverings of
a given connected scheme. This theory was developed by Grothendieck in SGA1
(theory of the pro-finite 771). For this reason the group G is usually referred to as
the motivic Galois group associated to Vi and H*. In the case of algebraic varieties
of dimension zero (i.e. for Artin motives) the tannakian group G is nothing but the
(absolute) Galois group Gal(k/ k).

In any reasonable cohomological theory the functors X +— H™*(X) are deduced
by applying standard methods of homological algebra to the related derived functors
X — RT(X) which associate to an object in 'V a bounded complex of k-vector
spaces, in a suitable triangulated category D (k) of complexes of modules over k,
whose heart is the category of motives. This is the definition of cohomology as

H'(X) = H'RT'(X).

Under the assumption that the functors RI" are realizations of corresponding mo-
tivic functors i.e. RI' = rg+ R, One expects the existence of a (non-canonical)
isomorphism in D (k)

RT ot (X) = @; Hppo(X)[—i]. (2.12)

Moreover, the introduction of the motivic derived functors R, suggests the defini-
tion of the following groups of absolute cohomology

abs (X) Homi)(k) (1» RFmot(X)[l])
For a general motive M = (X, p, m), one defines

(M) = Homgp (1, M[i]) = Ext' (1, M). (2.13)

abs

The motives HE _,(X) and the groups of absolute motivic cohomology are related by
a spectral sequence

EY? = HE (HI (X)) = HEXTI(X).

abs

2.4 Examples of pure motives

The first interesting examples of pure motives arise by considering the category V7
of étale, finite k-schemes. An object in this category is a scheme X = Spec(k’),
where k' is a commutative k-algebra of finite dimension which satisfies the following
properties. Let k denote a fixed separable closure of k.

1. k' @k ~ kWK,
2. k' ~ []ka, for k,/k finite, separable field extensions;
3. X)) = [k k].

The corresponding rigid, tensor-category of motives with coefficients in a field K is
usually referred to as the category of Artin motives: €V°(k)k.
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The definition of this category is independent of the choice of the equivalence
relation on cycles as the objects of 'V are smooth, projective k-varieties of dimension
zero. One also sees that passing from V7 to €V°(k)k requires adding new objects
in order to attain the property that the category of motives is abelian. One can verify
this already for k = K = Q, by considering the real quadratic extension k' =
Q(+/2) and the one-dimensional non-trivial representation of Gg = Gal(Q/Q) that
factors through the character of order two of Gal(k’/Q). This representation does

not correspond to any object in 'V, but can be obtained as the image of the projector

p = %(1 — o), where o is the generator of Gal(k’/Q). Therefore, image(p) €

Obj(€V?(Q)q) is a new object.
The category of Artin motives is a semi-simple, K-linear, monoidal ®-category.
When char(K) = 0, the commutative diagram of functors

Ve G~G {sets with Gal(lg / k)-continuous action}

| |

eV(k)x % {finite dim. K-v.spaces with linear Gal(k / k)-continuous action}

where [ is the contravariant functor of linearization

S+ K5, (g(f)s) = f(g ' (s)) forall g € Gal(k/k),

determines a linearization of the Galois—Grothendieck correspondence (GG) by means
of the equivalence of categories (). This is provided by the fiber functor

w: X > HO (X, K) = KX®

and by applying the tannakian formalism. It follows that €V°(k) is ®-equivalent
to the category Repg Gal(k/ k) of representations of the absolute Galois group G =
Gal(k/k).

These results were the departing point for Grothendieck’s speculations on the
definition of higher dimensional Galois theories (i.e. Galois theories associated to
system of polynomials in several variables) and for the definition of the corresponding
motivic Galois groups.

3 Endomotives: an overview

The notion of an endomotive in noncommutative geometry (cf. [10]) is the natural gen-
eralization of the classical concept of an Artin motive for the noncommutative spaces
which are defined by semigroup actions on projective limits of zero-dimensional al-
gebraic varieties, endowed with an action of the absolute Galois group. This notion
applies quite naturally for instance, to the study of several examples of quantum statis-
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tical dynamical systems whose time evolution describes important number-theoretic
properties of a given field k (cf. op.cit, [15]).

There are two distinct definitions of an endomotive: one speaks of algebraic or
analytic endomotives depending upon the context and the applications.

When k is a number field, there is a functor connecting the two related categories.
Moreover, the abelian category of Artin motives embeds naturally as a full subcategory
in the category of algebraic endomotives (cf. Theorem 5.3) and this result motivates
the statement that the theory of endomotives defines a natural generalization of the
classical theory of (zero-dimensional) Artin motives.

In noncommutative geometry, where the properties of a space (frequently highly
singular from a classical viewpoint) are analyzed in terms of the properties of the
associated noncommutative algebra and its (space of) irreducible representations, it is
quite natural to look for a suitable abelian category which enlarges the original, non-
additive category of algebras and in which one may also apply the standard techniques
of homological algebra. Likewise in the construction of a theory of motives, one seeks
to work within a triangulated category endowed with several structures. These include
for instance, the definition of (noncommutative) motivic objects playing the role of mo-
tivic cohomology (cf (2.12)), the construction of a universal (co)homological theory
representing in this context the absolute motivic cohomology (cf. (2.13)) and possi-
bly also the set-up of a noncommutative tannakian formalism to motivate in rigorous
mathematical terms the presence of certain universal groups of symmetries associated
to renormalizable quantum field theories (cf. e.g. [13]).

A way to attack these problems is that of enlarging the original category of algebras
and morphisms by introducing a “derived” category of modules enriched with a suit-
able notion of correspondences connecting the objects that should also account for the
structure of Morita equivalence which represents the noncommutative generalization
of the notion of isomorphism for commutative algebras.

3.1 The abelian category of cyclic modules

The sought for enlargement of the category Alg; of (unital) k-algebras and (unital)
algebra homomorphisms is defined by introducing a new category Ay of cyclic k(A)-
modules. The objects of this category are modules over the cyclic category A. This
latter has the same objects as the simplicial category A (A contains A as subcategory).
We recall that an object in A is a totally ordered set

fl={0<1<---<n}
for each n € N, and a morphism
S n] — [m]

is described by an order-preserving map of sets f: {0,1,...,n} — {0,1,...,m}.
The set of morphisms in A is generated by faces §; : [n — 1] — [n] (the injection that
misses i) and degeneracies 0, : [n 4+ 1] — [n] (the surjection which identifies j with
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j + 1) which satisfy several standard simplicial identities (cf. e.g. [8]). The set of
morphisms in A is enriched by introducing a new collection of morphisms: the cyclic
morphisms. For each n € N, one sets

Tn: [n] — [n]
fulfilling the relations
éi = 0i—1tp—1 forl <i <n, 1,80 = dy,

Th0; = 0j—1Ty+1 forl <i <n, 1,00 = Gnr,fH, 3.1
r,’l’H =1,.

The objects of the category A are k-modules over A (i.e. k(A)-modules). In cate-
gorical language this means functors

A°® — Mody

(Mody = category of k-modules). Morphisms of k(A )-modules are therefore natural
transformations between the corresponding functors.

It is evident that Ag is an abelian category, because of the interpretation of a
morphism in A as a collection of k-linear maps of k-modules 4, — B, (A,, B, €
Obj(Mody)) compatible with faces, degeneracies and cyclic operators. Kernels and
cokernels of these morphisms define objects of the category Ay, since their definition
is given point-wise.

To an algebra 4 over a field k, one associates the k(A)-module A". For each
n > 0 one sets

Al =AQAR - ® .

(n + 1)-times

The cyclic morphisms on A" correspond to the correspond to the cyclic permutations
of the tensors, while the face and the degeneracy maps correspond respectively to the
algebra product of consecutive tensors and to the insertion of the unit. This construction
determines a functor

The mapping trace ¢ : A — k gives rise to
o' A = K Mo ® - @ an) = ¢lao - an)

in Ag. The main result of this construction is the following canonical description of
the cyclic cohomology of an algebra 4 over a field k as the derived functor of the
functor which assigns to a k(A )-module its space of traces

HC"(A) = Ext" (Al k%) (3.2)

(cf- [8], [30]). This formula is the analog of (2.13), that describes the absolute motivic
cohomology group of a classical motive as an Ext-group computed in a triangulated
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category of motives D (k). In the present context, on the other hand, the derived
groups Ext” are taken in the abelian category of Aj-modules.

The description of the cyclic cohomology as a derived functor in the cyclic category
determines a useful procedure to embed the nonadditive category of algebras and
algebra homomorphisms in the “derived” abelian category of k(A)-modules. This
construction provides a natural framework for the definition of the objects of a category
of noncommutative motives.

Likewise in the construction of the category of motives, one is faced with the
problem of finding the “motivated maps” connecting cyclic modules. The natural
strategy is that of enlarging the collection of cyclic morphisms which are functorially
induced by homomorphisms between (noncommutative) algebras, by implementing an
adequate definition of (noncommutative) correspondences. The notion of an algebraic
correspondence in algebraic geometry, as a multi-valued map defined by an algebraic
cycle modulo a suitable equivalence relation, has here an analog with the notion of
a Kasparov bimodule and the associated class in KK-theory (cf. [26]). Likewise in
classical motive theory, one may prefer to work with (i.e. compare) several versions
of correspondences. One may decide to retain the full information supplied by a
group action on a given algebra (i.e. a noncommutative space) rather than partially
loosing this information by moding out with the equivalence relation (homotopy in
KK-theory).

3.2 Bimodules and KK-theory

There is a natural way to associate a cyclic morphism to a (virtual) correspondence and
hence to a class in KK -theory. Starting with the category of separable C *-algebras and
*-homomorphisms, one enlarges the collection of morphisms connecting two unital
algebras + and B, by including correspondences defined by elements of Kasparov’s
bivariant K-theory

Hom(A, B) = KK (A, B)

([26], cf. also §8 and §9.22 of [4]). More precisely, correspondences are defined by
Kasparov’s bimodules, that means by triples

§=68(A B)=(E. ¢ F)

which satisfy the following conditions:
— E is a countably generated Hilbert module over B3;
— ¢ is a *-homomorphism of #4 to bounded linear operators on E (i.e. ¢ gives E
the structure of an -8 bimodule);
— F is a bounded linear operator on E such that the operators [F,¢(a)],
(F?2 = 1)¢(a), and (F* — F)¢(a) are compact for all a € .
A Hilbert module E over 8 is a right 8-module with a positive, B-valued inner
product which satisfies (x, yb) = (x, y)b forall x,y € E and all b € 8B, and with
respect to which E is complete (i.e. complete in the norm || x ||= /|| {x,x) |]).
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Notice that Kasparov bimodules are Morita-type of correspondences. They gen-
eralize x-homomorphisms of C *-algebras since the latter ones may be re-interpreted
as Kasparov bimodules of the form (8, ¢, 0).

Given a Kasparov bimodule & = & (A, B), that is, an A-B Hilbert bimodule E as
defined above, one associates, under the assumption that E is a projective 8-module
of finite type (cf. [10], Lemma 2.1), a cyclic morphism

€% € Hom(A!, 8Y).

This result allows one to define an enlargement of the collection of cyclic morphisms
in the category Ay of k(A )-modules, by considering Kasparov’s projective bimodules
of finite type, as correspondences.

One then implements the homotopy equivalence relation on the collection of
Kasparov bimodules. Two Kasparov modules are said to be homotopy equivalent
(Eo, o, Fo) ~n (Eq, o1, F1) if there is an element

(E,¢,F) e E(A,IB), IB={f:]0,1] - B| f continuous}

which performs a unitary homotopy deformation between the two modules. This
means that (E®fi B, fi o ¢, fi(F)) is unitarily equivalent to (E;, ¢;, F;) or equiv-
alently re-phrased, that there is a unitary in bounded operators from E & 7B to E;
intertwining the morphisms f; o ¢ and ¢; and the operators f;(F) and F;. Here
fi: I8 — B is the evaluation at the endpoints.

There is a binary operation on the set of all Kasparov 4-8 bimodules, given by
the direct sum. By definition, the group of Kasparov’s bivariant K-theory is the set
of homotopy equivalence classes c¢(& (4, B)) € KK(A,B) of Kasparov modules
& (A, B). This set has a natural structure of abelian group with addition induced by
direct sum.

This bivariant version of K -theory is richer than both K -theory and K-homology, as
it carries an intersection product. There is a natural bi-linear, associative composition
(intersection) product

®3: KK(4, B) x KK(B,€) — KK(A,€)

for all A, B and € separable C *-algebras. This product is compatible with composi-
tion of morphisms of C *-algebras.
KK-theory is also endowed with a bi-linear, associative exterior product

®: KK(A, B) @ KK(€,D) > KK(ARE, B D),
which is defined in terms of the composition product by
c1®c2=(c1 ®le) ®gge (2 ® 13).

A slightly different formulation of KK-theory, which simplifies the definition of this
external tensor product is obtained by replacing in the data (E, ¢, F') the operator F
by an unbounded, regular self-adjoint operator D. The corresponding F is then given
by D(1 4 D?)~"2 (cf. [1]).
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The above construction which produces an enlargement of the category of separable
C*-algebras by introducing correspondences as morphisms determines an additive,
although non abelian category KK (cf. [4] §9.22.1). This category is also known
to have a triangulated structure (cf. [33]) and this result is in agreement with the
construction of the triangulated category (k) in motives theory, whose heart is
expected to be the category of (mixed) motives (c¢f. Section 2.3 and [18]). A more
refined analysis based on the analogy with the construction of a category of motives
suggests that one should probably perform a further enlargement by passing to the
pseudo-abelian envelope of K K, that is by formally including among the objects also
ranges of idempotents in KK-theory.

In Section 5 we will review the category of analytic endomotives where maps are
given in terms of étale correspondences described by spaces Z arising from locally
compact €tale groupoids § = § (X, S, i) associated to zero-dimensional, singular
quotient spaces X (k)/S with associated C *-algebras C *(§). In view of what we have
said in this section, it would be also possible to define a category where morphisms
are given by classes ¢(Z) € KK(C*(§),C*(§’)) which describe sets of equivalent
triples (E, ¢, F), where (E, ¢) is given in terms of a bimodule Mz with the trivial
grading y = 1 and the zero endomorphism F = 0. The definition of the category
of analytic endomotives is more refined because the definition of the maps in this
category does not require to divide by homotopy equivalence.

The comparison between correspondences for motives given by algebraic cycles
and correspondences for noncommutative spaces given by bimodules (or elements in
KK-theory) is particularly easy in the zero-dimensional case because the equivalence
relations play no role. Of course, it would be quite interesting to investigate the higher
dimensional cases, in view of a unified framework for motives and noncommutative
spaces which is suggested, for example, by the recent results on the Lefschetz trace
formula for archimedean local factors of L-functions of motives (¢f. [10], Section 7).

A way to attack this problem is by comparing the notion of a correspondence given
by an algebraic cycle with the notion of a geometric correspondence used in topology
(cf: [2], [14]). For example, it is easy to see that the definition of an algebraic corre-
spondence can be reformulated as a particular case of the topological (geometrical)
correspondence and it is also known that one may associate to the latter a class in
KK-theory. In the following two sections, we shall review and comment on these
ideas.

3.3 Geometric correspondences
In geometric topology, given two smooth manifolds X and Y (it is enough to assume

that X is a locally compact parameter space), a topological (geometric) correspon-
dence is given by the datum

x Xz 5y,
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where
— Z is a smooth manifold,
— FE is a complex vector bundle over Z,

- fx:Z — X and gy: Z — Y are continuous maps, with fx proper and gy
K-oriented (orientation in K-homology).

Unlike in the definition of an algebraic correspondence (cf: Section 2.3) one does
not require that Z is a subset of the cartesian product X x Y. This flexibility is
balanced by the implementation of the extra piece of datum given by the vector bundle
E. To any such correspondence (Z, E, fx, gy) one associates a class in Kasparov’s
K -theory

c(Z,E, fx,8y) = (fx)+((E) ®z (gr)!) € KK(X,Y). (3.3)

(E) denotes the class of E in KK(Z, Z) and (gy)! is the element in KK -theory which
fulfills the Grothendieck Riemann—Roch formula.

We recall that given two smooth manifolds X; and X, and a continuous oriented
map f: X1 — X», the element f! € KK(X1, X,) determines the Grothendieck
Riemann—Roch formula

ch(F ® f!) = fi(Td(f) U ch(F)), (3.4)
forall F € K*(X;), with Td( f) the Todd genus
Td(f) = Td(TX1)/Td(f*TX>). (3.5)

The composition of two correspondences (Z1, E1, fx,gy) and (Z2, E2, fy,gw)
is given by taking the fibered product Z = Z; Xy Z, and the bundle £ = 7] E; x
7y Ep, with r; : Z — Z; the projections. This determines the composite correspon-
dence (Z, E, fx, gw). Infact, one also needs to assume a transversality condition on
the maps gy and fy in order to ensure that the fibered product Z is a smooth manifold.
The homotopy invariance of both gy! and ( fx )« show however that the assumption
of transversality is ‘generically’ satisfied.

Theorem 3.2 of [14] shows that Kasparov product in KK-theory ‘®’ agrees with
the composition of correspondences, namely

C(le Els nygY) ®Y C(Z29 E27 stgW) = C(Z, E’ fXagW) € KK(Xa W) (36)

3.4 Algebraic correspondences and K -theory

In algebraic geometry, the notion of correspondence that comes closest to the definition
of a geometric correspondence (as an element in KK -theory) is obtained by considering
classes of algebraic cycles in algebraic K-theory (cf. [31]).

Given two smooth and projective algebraic varieties X and Y, we denote by px
and py the projections of X x Y onto X and Y respectively and we assume that they
are proper. Let Z € C*(X x Y) be an algebraic cycle. For simplicity, we shall
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assume that Z is irreducible (the general case follows by linearity). We denote by
fx = px|z and gy = py|z the restrictions of py and py to Z.

To the irreducible subvariety T’ <5 Y one naturally associates the coherent Oy -
module i, @7. For simplicity of notation we write it as O7. We use a similar notation
for the coherent sheaf 9z, associated to the irreducible subvariety Z — X x Y.
Then, the sheaf pullback

pyOr = py'Or ®,- 10y Oxxy (3.7

has a natural structure of Oy xy-module. The map on sheaves that corresponds to the
cap product by Z on cocycles is given by

Z : 07 — (px)«(PyOT @0y .y O2). (3.8)

Since py is proper, the resulting sheaf is coherent. Using (3.7), we can write equiva-
lently

Z:0r = (px)«(py'Or ®p-lo, Oz). (3.9)

We recall that the functor f is the right adjoint to f* (i.e. f* fy = id) and that f;
satisfies the Grothendieck Riemann—Roch formula

ch(Ai(F)) = A(TA(f) U ch(F)). (3.10)

Using this result, we can equally compute the intersection product of (3.8) by first
computing
Or ®oy (PY)0z (3.11)

and then applying py . Using (3.10) and (3.4) we know that we can replace (3.11) by
Or ®o, (Oz ® (py)!) with the same effect in K-theory.

Thus, to a correspondence in the sense of (3.8) that is defined by the image in
K-theory of an algebraic cycle Z € C*(X x Y) we associate the geometric class

F(Z)=c(Z.E, fx.gy) € KK(X.Y),

with fx = px|z, gr = py|Z and with the bundle £ = 0.

The composition of correspondences is given in terms of the intersection product of
the associated cycles. Given three smooth projective varieties X, Y and W and (virtual)
correspondences U =} a;Z; € C*(X xY)andV =} ¢;Z; € C*(Y x W), with
Z; C X xY and Zj’. C Y x W closed reduced irreducible subschemes, one defines

UoV = (m13)«((m12)*U - (m23)*V). (3.12)

Tia: X XY XW — X XY, mo3: XXYXW — YxW,andm3: X XY XW — XxW
denote, as usual, the projection maps.

Under the assumption of ‘general position’ which is the algebraic analog of the
transversality requirement in topology, we obtain the following result

Proposition 3.1 (cf. [10] Proposition 6.1). Suppose given three smooth projective
varieties X, Y, and W, and algebraic correspondences U andV givenby Z1 C X XY
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and Z, C Y x W, respectively. Assume that the cycles (712)* Z1 and (723)*Z, are
in general position in X x Y x W. Then assigning to a cycle Z the topological
correspondence ¥ (Z) = (Z, E, fx, gy) satisfies

F(Z102Zy) =5F(Z)) @y F(Z»). (3.13)

where Z10Z, is the product of algebraic cycles and ¥ (Z1) @y ¥ (Z,) is the Kasparov
product of the topological correspondences.

Notice that, while in the topological (smooth) setting transversality can always be
achieved by a small deformation (cf. §1II, [14]), in the algebro-geometric framework
one needs to modify the above construction if the cycles are not in general position.
In this case the formula

[O1,] ® [O1,] = [O71)01]

which describes the product in K-theory in terms of the intersection product of al-
gebraic cycles must be modified by implementing Tor-classes and one works with a
product defined by the formula ([31], Theorem 2.7)

n

(07,1 ® [07,] = Y (=) [Tory* (O7,.Or,)]. (3.14)

i=0

4 Algebraic endomotives

To define the category of algebraic endomotives one replaces the category V¢ of
reduced, finite-dimensional commutative algebras (and algebra homomorphisms) over
a field k by the category of noncommutative algebras (and algebra homomorphisms)
of the form

A =AxS.

A denotes a unital algebra which is an inductive limit of commutative algebras Ay €
Obj(Vy). S is a unital, abelian semigroup of algebra endomorphisms

p: A— A.

Moreover, one imposes the condition that for p € S, e = p(1) € A is an idempotent
of the algebra and that p is an isomorphism of A with the compressed algebra eAe.

The crossed product algebra Ay is defined by formally adjoining to A new gener-
ators U, and U, ;, for p € S, satisfying the algebraic rules

Uyu, =1, Up,U; = p(1), forall p € S,
UPIPZ = Upl UPZ’ U;)kzpl = U;)kl U;)kz’ for all Pj € Sy (41)

Upx = p(x)Up,  xU; =U;p(x), forallp € S, x € A.
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Since S is abelian, these rules suffice to show that +y is the linear span of the mono-
mials U aUp,, fora € Aand p; € S.
Because A = lir_>nAa, with Ay reduced, finite-dimensional commutative algebras

o
over k, the construction of 4y is in fact determined by assigning a projective system
{ Xy }aer of varieties in V,‘; (I is a countable indexing set), with £g o: Xg — X,
morphisms in 'V and with a suitably defined action of S. Here, we have implicitly used
the equivalence between the category of finite dimensional commutative k-algebras
and the category of affine algebraic varieties over k.
The graphs T'g; , of the connecting morphisms of the projective system define

Gx = Gal(k / k)-invariant subsets of X 8 (k) x X (k) which in turn describe £g.a as
algebraic correspondences. We denote by

X =limXe, £:X > Xo

[04

the associated pro-variety. The compressed algebra e Ae associated to the idempotent
e = p(1) determines a subvariety X¢ C X which is in fact isomorphic to X, via the
induced morphism p: X — X°. B

The noncommutative space defined by Ay is the quotient of X (k) by the action of
S, i.e. of the action of the p’s. B

The Galois group Gy acts on X (k) by composition. By identifying the elements
of X (k) with characters, i.e. with k-algebra homomorphisms y: A — k, we write the
action of G on A as

a(y) =aoy: A—k foralla € Gy, y € X(k). (4.2)

This action commutes with the maps p, i.e. (¢ o y) o p = o o (y o p). Thus the
whole construction of the system (X, S) is Gg-equivariant. This fact does not mean,
however, that G acts by automorphisms on Ay !

Moreover, notice that the algebraic construction of the crossed-product algebra A
endowed with the actions of G and S on X (k) makes sense also when char(k) > 0.

When char(k) = 0, one defines the set of correspondences M (A, By) by us-
ing the notion of Kasparov bimodules & (A, By) which are projective and finite as
right modules. This way, one obtains a first realization of the resulting category of
noncommutative zero-dimensional motives in the abelian category of k(A )-modules.

In general, given (Xg, S), with { X4 }oe1 a projective system of Artin motives and S
a semigroup of endomorphisms of X = l(i_@X « as above, the datum of the semigroup

o
action is encoded naturally by the algebraic groupoid
g =XxS.

This is defined in the following way. One considers the Grothendieck group S of the
abelian semigroup S. By using the injectivity of the partial action of S, one may also
assume that S embeds in S. Then, the action of S on X extends to define a partial
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action of S. More precisely, for s = py o1 € S the two projections

E(s) = py ' (p2(Dpr(1),  F(s) = p3 ' (p2(1)p1(1))

only depend on s and the map s: Ag(s) — AF(s) defines an isomorphism of reduced
algebras. It is immediate to verify that E(s~!) = F(s) = s(E(s)) and that F(ss’) >
F(s)s(F(s")). The algebraic groupoid € is defined as the disjoint union

g=]]x"®

seS

which corresponds to the commutative direct-sum of reduced algebras

Dses AF(s)-

The range and the source maps in § are given resp. by the natural projection from §
to X and by its composition with the antipode S which is defined, at the algebra level,
by S(a)s = s(ag—1) for all s € S. The composition in the groupoid corresponds to
the product of monomials aUsbU; = as(b)Uy;.

Given two systems (Xy, S) and (X/,, S’), with associated crossed-product alge-
bras A; and By and groupoids § = 9(X,,S) and §' = §(X_,.S’) a geometric
correspondence is given by a (§,§')-space Z = Spec(C), endowed with a right
action of ¥’ which fulfills the following étale condition. Given a space such as §’,
that is, a disjoint union of zero-dimensional pro-varieties over k, a right action of §’
on Z is given by amap g: Z — X’ and a collection of partial isomorphisms

zeg WF@is) >z -5se€g YE(®)) 4.3)
fulfilling the following rules for partial action of the abelian group S:

g(z-5)=g()-s, z-(ss)=(z-5)-5 ong YF(s)Ns(F(s)). (4.4)

Here x — x - s denotes the partial action of S on X’. One checks that such an action
gives to the k-linear space C a structure of right module over By. The action of §’
on Z is étale if the corresponding module C is finite and projective over By.

Given two systems (X, S) and (X,,, S) as above, an étale correspondence is
therefore a (9 (X, S), (X, S"))-space Z such that the right action of ¥(X,,S’)
is étale.

The Q-linear space of (virtual) correspondences

Corr((Xy, S), (XL, S"))

is the rational vector space of formal linear combinations U = ) . a; Z; of étale cor-
respondences Z;, modulo the relations arising from isomorphisms and equivalences:
Z|]Z' ~ Z + Z'. The composition of correspondences is given by the fiber product
over a groupoid. Namely, for three systems (X, S), (X,,.S’), (X/,.S") joined by
correspondences

(Xa.S) <~ Z - (X,,S")., (X,.8) < W — (X3S,

ol as
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their composition is given by the rule
ZoW =27 xg W, 4.5)
which is the fiber product over the groupoid &' = §(X/,, S’).

a/ b
Finally, a system (X, S) as above is said to be uniform if the normalized counting

measures Ly on Xg satisfy g o g = pg.

Definition 4.1. The category & V° (k) of algebraic endomotives with coefficients in
a fixed extension K of Q is the (pseudo)abelian category generated by the following
objects and morphisms. The objects are uniform systems M = (Xgq,S) of Artin
motives over k, as above. The set of morphisms in the category connecting two
objects M = (Xy, S) and M' = (X, S') is defined as

Hom(M, M') = Corr((Xq. S). (X, S)) ®q K.

The category €V?(k)g of Artin motives embeds as a full subcategory in the cate-
gory of algebraic endomotives

eV (K)x — EVO(K)k.

The functor ¢ maps an Artin motive M = X to the system (Xq, S) with X, = X for
all @ and S = {id}.

4.1 Examples of algebraic endomotives

The category of algebraic endomotives is inclusive of a large and general class of
examples of noncommutative spaces #4; = A xS which are described by semigroup
actions on projective systems of Artin motives.

One may consider, for instance a pointed algebraic variety (Y, yo) over a field
k and a countable, unital, abelian semigroup S of finite endomorphisms of (Y, yo),
unramified over yo € Y. Then, there is a system (X, S) of Artin motives over k
which is constructed from these data. More precisely, for s € S, one sets

Xs={yeY :s(y) = yo} (4.6)
For a pair s, 5" € S, with s = sr, the connecting map & ¢ : X5 — Xj is defined by
Xsr 2y > 1r(y) € Xs. 4.7)

This is an example of a system indexed by the semigroup S itself, with partial order
given by divisibility. One sets X = 1i<_mX s
N
Since s(yg) = Yo, the base point yo defines a component Z; of X forall s € S.
The pre-image S_sl,(Z s) in X is a union of components of X. This defines a
projection eg onto an open and closed subset X ¢ of the projective limit X .
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It is easy to see that the semigroup S acts on the projective limit X by partial
isomorphisms fs: X — X¢ defined by the property

Bs: X — X%, &Eu(Bs(x)) =&,(x) foralluesS, x e X. (4.8)

The map B, is well-defined since the set {su : u € S} is cofinal and &,(x) € Xy,
with su&, (x) = s(yo) = yo. The image of S is in X*®s, since by definition of S;:
E(Bs(x)) = &1(x) = yo. For x € X¢, we have &,(x) € X,,. This shows that 8
defines an isomorphism of X with X ¢s, whose inverse map is given by

E4(B1(x) = Eu(x) forallx € X%, uesS. (4.9)
The corresponding algebra morphisms p; are then given by

ps(£)(x) = f(B; (x)) forall x € X, pg(f)(x) =0 forall x ¢ Xé. (4.10)

This class of examples also fulfill an equidistribution property, making the uniform
normalized counting measures s on X compatible with the projective system and
inducing a probability measure on the limit X. Namely, one has

€y sihs = g foralls,s € S. 4.11)

For a detailed study of a particularly relevant example of an algebraic endomotive we
refer to the recent paper [11].

5 Analytic endomotives

In this section we assume that k is a number field. We fix an embedding o: k < C
and we denote by k an algebraic closure of (k) C Cin C.

When taking points over k, algebraic endomotives yield O-dimensional singular
quotient spaces X (k)/S, which can be described by means of locally compact étale
groupoids & (k) and the associated crossed product C*-algebras C(X(k)) x S. This
construction gives rise to the category of analytic endomotives.

One starts off by considering a uniform system (Ag, S) of Artin motives over k
and the algebras

AC=A®kC=1_ir_)nAa®kC, Ac = A Qr C = Ac x S. 5.1
o
The assignment
acA—a, a(y) = x() forall)(ele(iﬂXa (5.2)
o
defines an involutive embedding of algebras Ac C C(X). The C *-completion C(X)
of Ac is an abelian AF C*-algebra. One sets

Ac = C(X) % S.
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This is the C*-completion of the algebraic crossed product Ac % S. It is defined
by the algebraic relations (4.1) with the involution which is apparent in the formulae
(cf. [281, [29)).

In the applications that require to work with cyclic (co)homology, it is important
to be able to restrict from C *-algebras such as #A¢ to canonical dense subalgebras

Ac = C®(X) xyg S C Ac (5.3)

where C*°(X) C C(X) is the algebra of locally constant functions. It is to this
category of smooth algebras (rather than to that of C *-algebras) that cyclic homology
applies.

The following result plays an important role in the theory of endomotives and their
applications to examples arising from the study of the thermodynamical properties
of certain quantum statistical dynamical systems. We shall refer to the following
proposition, in Section 5.1 of this paper for the description of the properties of the
“BC-system”. The BC-system is a particularly relevant quantum statistical dynamical
system which has been the prototype and the motivating example for the introduction
of the notion of an endomotive. We refer to [10], § 4.1 for the definition of the notion
and the properties of a state on a (unital) involutive algebra.

Proposition 5.1 ([10] Proposition 3.1). 1) The action (4.2) of G on X (lg) defines
a canonical action of Gy by automorphisms of the C*-algebra Ac = C(X) x S,
preserving globally C(X) and such that, for any pure state ¢ of C(X),

ap(a) = e (a) foralac A, ac Gg. 5.4)

2) When the Artin motives Ay are abelian and normal, the subalgebras A C C(X)
and Ay C Ac are globally invariant under the action of Gy and the states ¢ of Ac
induced by pure states of C(X) fulfill

ap(a) = e(0(a)(a)) foralla € Ay,

(5.5)
O(a) =a™! foralla € G = Gy /[Gy, Gy

On the totally disconnected compact space X, the abelian semigroup S of home-
omorphisms acts, producing closed and open subsets X* — X, x + x -s. The
normalized counting measures i, on X, define a probability measure on X with the
property that the Radon—-Nikodym derivatives

ds*u
du

are locally constant functions on X. One lets § = X % S be the corresponding étale
locally compact groupoid. The crossed product C *-algebra C(X (IE)) x S coincides
with the C*-algebra C *(§) of the groupoid §.

The notion of right (or left) action of § on a totally disconnected locally compact
space Z is defined as in the algebraic case by (4.3) and (4.4). A right action of §
on Z gives on the space C.(Z) of continuous functions with compact support on Z

(5.6)
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a structure of right module over C.(¥). When the fibers of the map g: Z — X are
discrete (countable) subsets of Z one can define on C.(Z) an inner product with values
in C.(9) by
Emes) =Y. E@)niEos) (5.7)
zeg=l(x)

A right action of § on Z is étale if and only if the fibers of the map g are discrete
and the identity is a compact operator in the right C*-module &gz over C*(§) given
by (5.7).

An étale correspondence is a (§(Xy, S),§(X,,.S"))-space Z such that the right
action of §(X_,, ') is étale.

The Q-vector space

Corr((X, S, ), (X', 8", 1))

of linear combinations of étale correspondences Z modulo the equivalence relation
Z U Z' = Z + Z' for disjoint unions, defines the space of (virtual) correspondences.

ForM = (X, S, u),M' = (X', 8", ;)),and M" = (X", S”, u"), the composition
of correspondences

Corr(M,M') x Corr(M',M") — Cort(M,M"), (Z, W)+ ZoW

is given following the same rule as for the algebraic case (4.5), that is by the fiber
product over the groupoid §’. A correspondence gives rise to a bimodule Mgz over the
algebras C(X) xS and C(X’) xS’ and the composition of correspondences translates
into the tensor product of bimodules.

Definition 5.2. The category C* V¢ of analytic endomotives is the (pseudo)abelian
category generated by objects of the form M = (X, S, u) with the properties listed
above and morphisms given as follows. For M = (X, S, ) and M’ = (X', S’, u')
objects in the category, one sets

Homc*vg(M, M') = Corr(M,M') ®q K. (5.8)

The following result establishes a precise relation between the categories of Artin
motives and (noncommutative) endomotives.

Theorem 5.3 ([10], Theorem 3.13). The categories of Artin motives and algebraic
and analytic endomotives are related as follows.

(1) The map € +— §(k) determines a tensor functor
F:E&Vo(k)g — C*VE, F(Xa.S) = (X(k).S, 1)
Jfrom algebraic to analytic endomotives.
(2) The Galois group Gy = Gal(k/k) acts by natural transformations of F .

(3) The category €V°(k)x of Artin motives embeds as a full subcategory of
EVe(k)k.
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(4) The composite functor
coF:E8V°(k)k > KK ®K (5.9)

maps the full subcategory €V°(k)x of Artin motives faithfully to the category
KKg, ® K of G-equivariant KK -theory with coefficients in K.

Given two Artin motives X = Spec(A4) and X’ = Spec(B) and a component
Z = Spec(C) of the cartesian product X x X’, the two projections turn C intoa (4, B)-
bimodule ¢(Z). If U = Y a;xz, € Homeyow) (X, X'), c(U) = Y aic(Z;)
defines a sum of bimodules in XK ® K. The composition of correspondences in
€V (k) translates into the tensor product of bimodules in K K¢g, ® K

c(U)®pc(L) ~c(UoL).

One composes the functor ¢ with the natural functor A — A¢ which associates to a
(A, B)-bimodule & the (A¢c, Bc)-bimodule &Ec. The resulting functor

coF o1t €Vo9(k)xk > KKg, @ K

is faithful since a correspondence such as U is uniquely determined by the correspond-
ing map of K-theory Ko(Ac) ® K — Ko(Bc) ® K.

5.1 The endomotive of the BC system

The prototype example of the data which define an analytic endomotive is the system
introduced by Bost and Connes in [6] (cf. also [11] for a very recent development on
the study of this system). The evolution of this C *-dynamical system encodes in its
group of symmetries the arithmetic of the maximal abelian extension of k = Q.

This quantum statistical dynamical system is described by the datum given by a
noncommutative C *-algebra of observables Ac = C*(Q/Z) x, N* and by the rime
evolution which is assigned in terms of a one-parameter family of automorphisms o; of
the algebra. The action of the (multiplicative) semigroup § = N * on the commutative
algebra C*(Q/Z) ~ C(Z) is defined by

fm=tp) ifpenZ,

, peZ=1imZ/nZ.
0 otherwise, <~

n

an(f)(p) = {

For the definition of the associate endomotive, one considers the projective system
{Xn}nen of zero-dimensional algebraic varieties X,, = Spec(4,), where 4, =
Q[Z/nZ] is the group ring of the abelian group Z/nZ. The inductive limit A =
h_r)nA,, = Q[Q/Z] is the group ring of Q/Z. The endomorphism p,: A — A asso-

n
ciated to an element n € S is given on the canonical basis e, € Q[Q/Z], r € Q/Z,
by

1
pnl(er) = ; Z €s. (5.10)

ns=r



32 Caterina Consani

The Artin motives X, are normal and abelian, so that Proposition 5.1 applies. The
action of the Galois group Gq = Gal(Q/Q) on X,, = Spec(A4,) is obtained by
composing a character y: A, — Q with the action of an element g € Gq. Since
X is determined by the n-th root of unity y(ej/,), this implies that the action of Gq
factorizes through the cyclotomic action and coincides with the symmetry group of
the BC-system. The subalgebra /g C Ac = C(X) x S coincides with the rational
subalgebra defined in [6].

There is an interesting description of this system in terms of a pointed algebraic
variety (Y, yo) (¢f. Section 4.1) on which the abelian semigroup S acts by finite endo-
morphisms. One considers the pointed affine group scheme (G, 1) (the multiplicative
group) and lets S be the semigroup of non-zero endomorphisms of G,,. These en-
domorphisms correspond to maps of the form u + u”, for some n € N. Then, the
general construction outlined in Section 4.1 determines on (G, (Q), 1) the BC system.

One considers the semigroup S = N* acting on G,,(Q) as specified above. It
follows from the definition (4.6) that X,, = Spec(A,) where

Ay = QuE /" - 1).

For n|m the connecting morphism &, »,: X, — X, is defined by the algebra homo-

morphism A, — Ay, , u,jfl > ui“ witha = m/n. Thus, one obtains an isomorphism
of QQ-algebras

L:A=li_r>nAnL>®[®/Z], L(u,,)=e%. (5.11)

n

The partial isomorphisms p, : Q[Q/Z] — Q[Q/Z] of the group ring as described
by the formula (5.10) correspond under the isomorphism ¢, to those given by (4.8) on

X = h(_an. One identifies X with its space of characters Q[Q/Z] — Q. Then,

n
the projection &,,(x) is given by the restriction of (the character associated to) x € X
to the subalgebra A,,. The projection of the composite of the endomorphism p,, of
(5.10) with x € X is given by

X(pn(er)) = % Z x(es).

ns=r

This projection is non-zero if and only if the restriction x|4,, is the trivial character,
that is if and only if &, (x) = 1. Moreover, in that case one has

x(pn(er)) = x(es) foralls, ns =r,
and in particular

x(pn(er)) = x(e 1) (5.12)

For k|m the inclusion of algebraic spaces Xy C X, is given at the algebra level
by the surjective homomorphism

Jem: Am = Aks JemUm) = ug.
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Thus, one can rewrite (5.12) as

X0 0n O Jenk = X|dy- (5.13)
This means that
Enk (x) = &k (x © pn).

By using the formula (4.9), one obtains the desired equality of the p’s of (5.10) and
(4.10).

This construction continues to make sense for the affine algebraic variety G, (k)
for any field &, including the case of a field of positive characteristic. In this case one
obtains new systems, different from the BC system.

6 Applications: the geometry of the space of adeles classes

The functor
F:8V°(k)xk — C*V}é

which connects the categories of algebraic and analytic endomotives establishes a sig-
nificant bridge between the commutative world of Artin motives and that of noncom-
mutative geometry. When one moves from commutative to noncommutative algebras,
important new tools of thermodynamical nature become available. One of the most
relevant techniques (for number-theoretical applications) is supplied by the theory of
Tomita and Takesaki for von Neumann algebras ([37]) which associates to a suitable
state ¢ (i.e. a faithful weight) on a von Neumann algebra M, a one-parameter group
of automorphisms of M (i.e. the modular automorphism group)

ol R— Aut(M), of(x)= AZXA;”.

A, is the modular operator which acts on the completion L2(M, ¢) of {x € M :
@(x*x) < oo}, for the scalar product (x, y) = ¢(y*x).

This general theory applies in particular to the unital involutive algebras A =
C®(X) g S of (5.3) and to the related C *-algebras Ac which are naturally asso-
ciated to an endomotive.

A remarkable result proved by Connes in the theory and classification of factors
([7]) states that, modulo inner automorphisms of M, the one-parameter family ol‘p is
independent of the choice of the state ¢. This way, one obtains a canonically defined
one parameter group of automorphism classes

§: R — Out(M) = Aut(M)/Inn(M).
In turn, this result implies that the crossed product dual algebra

M:MXIG;/J[R
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and the dual scaling action
05: RY — Aut(M) 6.1)

are independent of the choice of (the weight) ¢.

When these results are applied to the analytic endomotive ¥ (X, S) associated to
an algebraic endomotive M = (Xg, S), the above dual representation of [Ri combines
with the representation of the absolute Galois group Gy. In the particular case of the
endomotive associated to the BC-system (cf. Section 5.1), the resulting representation
of Gg x R% on the cyclic homology HCy of a suitable Q(A)-module D (A, @)
associated to the thermodynamical dynamics of the system (s, oY) determines the
spectral realization of the zeroes of the Riemann zeta-function and of the Artin L-
functions for abelian characters of G (cf. [10], Theorem 4.16).

The action of the group W = Gq x R on the cyclic homology H Co(D(A, ¢))
of the noncommutative motive D (A, ¢) is analogous to the action of the Weil group
on the étale cohomology of an algebraic variety. In particular, the action of RY is
the ‘characteristic zero’ analog of the action of the (geometric) Frobenius on étale
cohomology. This construction determines a functor

w: &V°(k)k — Repc (W)

from the category of endomotives to the category of (infinite-dimensional) represen-
tations of the group W.

The analogy with the Tannakian formalism of classical motive theory is striking.
It is also important to underline the fact that the whole thermodynamical construction
is non-trivial and relevant for number-theoretic applications only because of the par-
ticular nature of the factor M (type III;) associated to the original datum (s, ¢) of
the BC-system.

It is tempting to compare the original choice of the state ¢ (weight) on the algebra
4 which singles out (via the Gelfand—Naimark—Segal construction) the factor M
defined as the weak closure of the action of A4 = C(X ) x S in the Hilbert space
H, = L*(M,¢), with the assignment of a factor (X, p,m)" (r € Z) on a pure
motive M = (X, p,m), c¢f. (2.8). In classical motive theory, one knows that the
assignment of a Z-grading is canonical only for homological equivalence or under
the assumption of the Standard Conjecture of Kiinneth type. In fact, the definition
of a weight structure depends upon the definition of a complete system of orthogonal
central idempotents n)"(.

Passing from the factor M to the canonical dual representation (6.1) carries also the
advantage to work in a setting where projectors are classified by their real dimension
(M is of type II;), namely in a noncommutative framework of continuous geome-
try which generalizes and yet still retains some relevant properties of the algebraic
correspondences (i.e. degree or dimension).

The process of dualization is in fact subsequent to a thermodynamical “cooling
procedure” in order to work with a system whose algebra approaches and becomes in
the limit, a commutative algebra (i.e. Io). Finally, one has also to implement a further
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step in which one filters (i.e. “distils”) the relevant noncommutative motive D (A, ¢)
within the derived framework of cyclic modules (c¢f. Section 3.1). This procedure is
somewhat reminiscent of the construction of the vanishing cohomology in algebraic
geometry (cf. [24]).

When the algebra of the BC-system gets replaced by the noncommutative algebra
of coordinates A = 8(Ay) x k* of the adele class space X; = Ay/k* of a num-
ber field k, the cooling procedure is described by a restriction morphism of (rapidly
decaying) functions on X} to functions on the “cooled down” subspace Cj of ide¢le
classes (cf. [10], Section 5). In this context, the representation of Cy on the cyclic ho-
mology H Co(H ,: ¢) of a suitable noncommutative motive ) «.c produces the spectral
realization of the zeroes of Hecke L-functions (c¢f. op.cit, Théorem 5. 6).

The whole construction describes also a natural way to associate to a noncom-
mutative space a canonical set of “classical points” which represents the analogue in
characteristic zero, of the geometric points C (Fq) of a smooth, projective curve C i
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1 Introduction

General relativity and ordinary differential geometry should be replaced by non-com-
mutative geometry at some point between the currently accessible energies of about
1-10 Tev (after starting the Large Hadron Collider (LHC) at CERN) and the Planck
scale, which is 10!° times higher, where space-time and gravity should be quantized.

This could occur either at the Planck scale or below. Quantum field theory on
a non-commutative space-time (NCQF) could very well be an intermediate theory
relevant for physics at energies between the LHC and the Planck scale. It certainly
looks intermediate in structure between ordinary quantum field theory on commutative
R* and string theory, the current leading candidate for a more fundamental theory
including quantized gravity. NCQFT in fact appears as an effective model for certain
limits of string theory [1], [2].

In joint work with R. Gurau, J. Magnen and F. Vignes-Tourneret [3], using direct
space methods, we provided recently a new proof that the Grosse-Wulkenhaar scalar
Qi—theory on the Moyal space R* is renormalisable to all orders in perturbation theory.

The Grosse—Wulkenhaar breakthrough [4], [5] was to realize that the right prop-
agator in non-commutative field theory is not the ordinary commutative propagator,
but has to be modified to obey Langmann—Szabo duality [6], [5]. Grosse and Wulken-
haar were able to compute the corresponding propagator in the so called “matrix base”
which transforms the Moyal product into a matrix product. This is a real four de force!
They use this representation to prove perturbative renormalisability of the theory up
to some estimates which were finally proven in [7].

Our direct space method builds upon the previous works of Filk and Chepelev—
Roiban [8], [9]. These works however remained inconclusive [10], since these authors
used the right interaction but not the right propagator, hence the problem of ultravio-
let/infrared mixing prevented them from obtaining a finite renormalised perturbation
series.

We also extend the Grosse—Wulkenhaar results to more general models with co-
variant derivatives in a fixed magnetic field [11]. Our proof relies on a multiscale
analysis analogous to [7] but in direct space.

Non-commutative field theories (for a general review see [12]) deserve a thorough
and systematic investigation, not only because they may be relevant for physics be-
yond the standard model, but also (although this is often less emphasized) because
they can describe effective physics in our ordinary standard world but with non-local
interactions.

In this case there is an interesting reversal of the initial Grosse—Wulkenhaar prob-
lematic. In the ®§-theory on the Moyal space R*, the vertex is sort of God-given by the
Moyal structure, and it is LS invariant. The challenge was to overcome uv/ir mixing
and to find the right propagator which makes the theory renormalisable. This prop-
agator turned out to have LS duality. The harmonic potential introduced by Grosse
and Wulkenhaar can be interpreted as a piece of covariant derivatives in a constant
magnetic field.
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Now to explain the (fractional) quantum Hall effect, which is a bulk effect whose
understanding requires electron interactions, we can almost invert this logic. The
propagator is known since it corresponds to non-relativistic electrons in two dimen-
sions in a constant magnetic field. It has LS duality. But the interaction is unclear, and
cannot be local since at strong magnetic field the spins should align with the magnetic
field, hence by Pauli principle local interactions among electrons in the first Landau
level should vanish.

We can argue that among all possible non-local interactions, a few renormalisation
group steps should select the only ones which form a renormalisable theory with
the corresponding propagator. In the commutative case (i.e. zero magnetic field)
local interactions such as those of the Hubbard model are just renormalisable in any
dimension because of the extended nature of the Fermi-surface singularity. Since
the non-commutative electron propagator (i.e. in non-zero magnetic field) looks very
similar to the Grosse—Wulkenhaar propagator (it is in fact a generalization of the
Langmann—Szabo—Zarembo propagator) we can conjecture that the renormalisable
interaction corresponding to this propagator should be given by a Moyal product.
That is why we hope that non-commutative field theory is the correct framework for
a microscopic ab initio understanding of the fractional quantum Hall effect which is
currently lacking.

Even for regular commutative field theory such as non-Abelian gauge theory, the
strong coupling or non-perturbative regimes may be studied fruitfully through their
non-commutative (i.e. non-local) counterparts. This point of view is forcefully sug-
gested in [2], where a mapping is proposed between ordinary and non-commutative
gauge fields which do not preserve the gauge groups but preserve the gauge equivalent
classes. We can at least remark that the effective physics of confinement should be
governed by a non-local interaction, as is the case in effective strings or bags models.

In other words we propose to base physics upon the renormalisability principle,
more than any other axiom. Renormalisability means genericity; only renormalisable
interactions survive a few RG steps, hence only them should be used to describe
generic effective physics of any kind. The search for renormalisabilty could be the
powerful principle on which to orient ourselves in the jungle of all possible non-local
interactions.

Renormalisability has also attracted considerable interest in the recent years as a
pure mathematical structure. The work of Kreimer and Connes [13], [14], [15] recasts
the recursive BPHZ forest formula of perturbative renormalisation in a nice Hopf al-
gebra structure. The renormalisation group ambiguity reminds mathematicians of the
Galois group ambiguity for roots of algebraic equations. Finding new renormalisable
theories may therefore be important for the future of pure mathematics as well as for
physics. That was forcefully argued during the Luminy workshop “Renormalisation
and Galois Theory”. Main open conjectures in pure mathematics such as the Riemann
hypothesis [16], [17] or the Jacobian conjecture [18] may benefit from the quantum
field theory and renormalisation group approach.
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Considering that most of the Connes—Kreimer works use dimensional regulariza-
tion and the minimal dimensional renormalisation scheme, it is interesting to develop
the parametric representation which generalize Schwinger’s parametric representa-
tion of Feynman amplitudes to the non-commutative context. It involves hyperbolic
generalizations of the ordinary topological polynomials, which mathematicians call
Kirchoff polynomials, and physicist call Symanzik polynomials in the quantum field
theory context [19]. We plan also to work out the corresponding regularization and
minimal dimensional renormalisation scheme and to recast it in a Hopf algebra struc-
ture. The corresponding structures seem richer than in ordinary field theory since they
involve ribbon graphs and invariants which contain information about the genus of the
surface on which these graphs live.

A critical goal to enlarge the class of renormalisable non-commutative field theo-
ries and to attack the Quantum Hall effect problem is to extend the results of Grosse—
Waulkenhaar to Fermionic theories. The simplest theory, the two-dimensional Gross—
Neveu model can be shown renormalisable to all orders in their Langmann—Szabo
covariant versions, using either the matrix basis [20] or the direct space version devel-
oped here [21]. However the x-space version seems the most promising for a complete
non-perturbative construction, using Pauli’s principle to control the apparent (fake)
divergences of perturbation theory.

In the case of ¢i, recall that although the commutative version is until now fatally
flawed due to the famous Landau ghost, there is hope that the non-commutative field
theory treated at the perturbative level in this paper may also exist at the constructive
level. Indeed a non-trivial fixed point of the renormalisation group develops at high
energy, where the Grosse—Wulkenhaar parameter €2 tends to 1, so that Langmann—
Szabo duality become exact, and the beta function vanishes. This scenario has been
checked explicitly to all orders of perturbation theory [22], [23], [24]. This was done
using the matrix version of the theory; again an x-space version of renormalisation
might be better for a future rigorous non-perturbative investigation of this fixed point
and a full constructive version of the model.

Finally let us conclude this short introduction by reminding that a very important
and difficult goal is to also extend the Grosse—Wulkenhaar breakthrough to gauge
theories.

1.1 The quantum Hall effect

. 2 . .
One c.ons1ders.free electrons: Hy = ﬁ(p +eA)? = 5 where p = mi —eAis the
canonical conjugate of r.

The moment and position p and r have commutators

[p,’,pj] =0, [ri,rj] =0, [p,',rj] =lh8ij. (1.1)
The moments & = mi = p + e A have commutators

[JT,‘,JT]‘] = —zhs,'l,-eB, [r,',rj] = 0, [ni,rj] = lh&‘j. (1.2)
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One can also introduce coordinates R, R, corresponding to the centers of the
classical trajectories

1 1
R, =x—£ny, R, =y+£nx (1.3)
which do not commute:
1
[Ri,Rj] =lh8ij£, [JTi,Rj] =0. (14)

This means that there exist Heisenberg-like relations between quantum positions.

1.2 String theory in background field

One considers the string action in a generalized background

1
S=— /E(g,waaXMa“X”—zma’BwaabaaXMabX“) (1.5)
1 i
= X130 XY — = | B, X"9,X", 1.6
47‘[0[’/;;ng a 2/;;): j7ay t ( )

where X is the string worldsheet, d; is a tangential derivative along the worldsheet
boundary 0% and By, is an antisymmetric background tensor. The equations of
motion determine the boundary conditions:

Euvon X" 4+ 2mia’ By d: X [ps = 0. (1.7)

Boundary conditions for coordinates can be Neumann (B — 0) or Dirichlet
(g — 0, corresponding to branes).

After conformal mapping of the string worldsheet onto the upper half-plane, the
string propagator in background field is

< X*(2)X"(Z) > = —a/[g”“”(log |z —Z'|log|z —Z'|)
Iz — 7| (1.8)
+ G*loglz —Z')* + 6"V log =

|z — 2|

+ const.]

for some constant symmetric and antisymmetric tensors G and 6.
Evaluated at boundary points on the worldsheet, this propagator is

< XM()X () > = —a'G" log(r — ')® + %9’“’8(1 -7, (1.9)

where the 6 term simply comes from the discontinuity of the logarithm across its cut.
Interpreting 7 as time, one finds
[XH*, XV] =i6"", (1.10)

which means that string coordinates lie in a non-commutative Moyal space with pa-
rameter 6.
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There is an equivalent argument inspired by M -theory: a rotation sandwiched be-
tween two 7T dualities generates the same constant commutator for string coordinates.

2 Non-commutative field theory

2.1 Field theory on Moyal space

The recent progresses concerning the renormalisation of non-commutative field theory
have been obtained on a very simple non-commutative space namely the Moyal space.
From the point of view of quantum field theory, it is certainly the most studied space.
Let us start with its precise definition.

2.1.1 The Moyal space R}). Let us define E = {x*, € [1, D]} and C(E) the

free algebra generated by E. Let ® a D x D non-degenerate skew-symmetric matrix

(which requires D even) and [ the ideal of C{E) generated by the elements x*x” —

xVx* —1®"Y, The Moyal algebra Ag is the quotient C(E)/I. Each element in Ag

is a formal power series in the x*’s for which the relation [x*, x”] = 1®*" holds.
Usually, one puts the matrix ® into its canonical form:

0 6
—0, 0 ()
O = . 2.1)
0 Op/2
0
(0) oy 0
Sometimes one even set § = 0; = --- = 6p,,. The preceding algebraic definition

whereas short and precise may be too abstract to perform real computations. One then
needs a more analytical definition. A representation of the algebra Ag is given by some
set of functions on R¢ equipped with a non-commutative product: the Groenwald—
Moyal product. What follows is based on [25].

The algebra Ag. The Moyal algebra Ag is the linear space of smooth and rapidly
decreasing functions S(R?) equipped with the non-commutative product defined by:

forall f,g € 8p = S$(RP),

(f *o 8)(x)

de D 1 1k-y
/[RD (zn)Dd y fx+30-k)g(x + ye (2.2)

1

~ 7D |det O] /[RD dPydPz f(x + y)glx +2)e™27077 2.3)

This algebra may be considered as the “functions on the Moyal space [Ré) ”. In the
following we will write f x g instead of f xg g and use that for all f,g € Sp we
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have
N = [ e (2.4)
for the Fourier transform and
(f o ) = [ £lx =g ar 2.5)

for the twisted convolution. As on R?, the Fourier transform exchanges product and
convolution:

F(fxg)=F(f)oF(9), (2.6)
F(fog)=F(f)F(g). (2.7)

One also shows that the Moyal product and the twisted convolution are associative:
((f o8) o h)(x) = / S =1 =9)g(h()e* O HETOT s dr - (2.8)
- / Fu—v)g(v—t)h(t)e2 O =107 gy gy
= (f o (goh)(x). (2.9)

Using (2.7), we show the associativity of the x-product. The complex conjugation is
involutive in Ag:

frog=28%0 [ (2.10)
One also has

freg=g%*-0f (2.11)
Proposition 2.1 (Trace). Forall f,g € Sp,

f dx (f * )(x) = / dx f()g(x) = / dx(g* N)x).  @12)

Proof.
[ 00 =5+ 00 = (7 f 0 0O @.13)
— [FrenFewar =71+ 790 = F(f)0)
= [ st
where * is the ordinary convolution. O

In the following sections, we will need Lemma 2.2 to compute the interaction terms
for the CDi and Gross—Neveu models. We write x A y = 2xO@~1y.
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Lemma 2.2. Forall j € [1,2n + 1], let f; € Ae. Then
(/1 *0 -+ *@ fan) (X)

2n
1 / _ 2n o qyitl,. _
— dx; fi(x;)e XA L (=1D)TIXG ,—102n
pag | 11490 :
2P det” © i

(f1 *e@ ****e fan+1) (X)

2n+1 2n+1

= m/ l_[ dxjj}(xj)S(x— Z (_l)i-‘rlxi) e—l(p2n+]7
j=1

i=1
p . .
¢p = Z (=) Ax; forall p e N.
i<j=1

Corollary 2.3. Forall j € [1,2n + 1], let f; € Ag. Then

/dx (f1 *@ * *@ f2n)(x)

2n on
N m/ 1—[ dxj fj(x;) 8(2(_1)i+1xl~)e_"/’2n’
Jj=1 P
/d.x (fl *@ - *@ f2n+1) (x)

1 2n+1
= Dao f [T du fi Gy eeans,
j=1

p
¥p = Z (=)t x; Ax; forall p e N.

i<j=1

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

The cyclicity of the product, inherited from Proposition 2.1, implies that for all

f’g’h GSD,
(fxg.h)=(fgxh)=(g.h*[)

(2.20)

and allows to extend the Moyal algebra by duality into an algebra of tempered distri-

butions.

Extension by duality. Let us first consider the product of a tempered distribution
with a Schwartz-class function. Let T € 8}, and h € Sp. We define (T, h) = T(h)

and (T*,h) = (T, h).
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Definition 2.1. Let 7" € 8}y, f,h € 8p, wedefine T » f and f * T by

(T x foh) = (T, f * h), (2.21)
(f * T, h)y =(T.h* f). (2.22)

For example, the identity 1 as an element of 87, is the unity for the x-product: for

all £.h € Sp,
(Tx f.h) = (1, f *h) (2.23)
= /(f * h)(x)dx =/f(X)h(X)dx
= (/. h).

We are now ready to define the linear space M as the intersection of two sub-spaces
Mz and Mg of 8.

Definition 2.2 (Multiplier algebra).

M, ={Se8),:S+fe8p forallf €8p}. (2.24)
Mr={ReS8y: f~ReS8p forallf € 8p}, (2.25)
M = Mg N Mg. (2.26)

One can show that M is an associative x-algebra. It contains, among others, the
identity, the polynomials, the §-distribution and its derivatives. Then the relation

[x*, x"] = 1017, (2.27)

often given as a definition of the Moyal space, holds in M (but not in Ag).

2.1.2 The ¢*-theory on IR‘;. The simplest non-commutative model one may con-

sider is the ¢*-theory on the four-dimensional Moyal space. Its Lagrangian is the
usual (commutative) one where the pointwise product is replaced by the Moyal one:

1 A
S[¢]:/d“x(—iauq&*a”qﬁ—i—%m2¢*¢+z¢*¢*¢*gb)(x). (2.28)

Thanks to the formula (2.3), this action can be explicitly computed. The interaction
part is given by Corollary 2.3:

4
/dx d**(x) = / 1_[ dx; ¢(x;)6(x1 — x2 + x3 — x4)e'?, (2.29)

i=1
4
@ = Z (—l)i+j+1x,~ A Xj.
i<j=1

The main characteristic of the Moyal product is its non-locality. But its non-commu-
tativity implies that the vertex of the model (2.28) is only invariant under cyclic per-
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mutation of the fields. This restricted invariance incites to represent the associated
Feynman graphs with ribbon graphs. One can then make a clear distinction between
planar and non-planar graphs. This will be detailed in Section 3.

Thanks to the §-function in (2.29), the oscillation may be written in different ways:

8(x1 — X2 4+ x3 —x4)e'? = §(x1 — xa + X3 — x4)e' ¥IN2TINIAXS (2.30a)
= §(X1 — X2 + X3 — Xg4)e!F4NFITIN2AXS (2.30b)

=6(x1 —x2 + x3 —xg4)expi(x; — x2) A (X2 — x3).
(2.30¢)

The interaction is real and positive':

4
/ l_[ dx;i¢(x;)8(x1 — x2 + x3 — x4)e'?
i=1 (2.31)

2
= /dk ([ dxdy ¢(x)¢(y)e’k(x_y)+’“y) € Ry.

It is also translation invariant as equation (2.30c) shows. .
The property 2.1 implies that the propagator is the usual one: C (p) = 1/(p?>+m?).

2.1.3 UV/IR mixing. The non-locality of the x-product allows to understand the
discovery of Minwalla, Van Raamsdonk and Seiberg [26]. They showed that not only
the model (2.28) is not finite in the UV but also it exhibits a new type of divergences
making it non-renormalisable. In the article [8], Filk computed the Feynman rules
corresponding to (2.28). He showed that the planar amplitudes equal the commutative
ones whereas the non-planar ones give rise to oscillations coupling the internal and
external legs. A typical example is the non-planar tadpole:

k
P L[ dk elpukvO”

C12) @)t k2 +m?

A | m?
= R 2 2\ ~ -2
T 4872 (®p)2 Ky (vm?(©p) e 2 (2.32)

If p # 0, this amplitude is finite but, for small p, it diverges like p~2. In other
words, if we put an ultraviolet cut-off A to the k-integral, the two limits A — oo
and p — 0 do not commute. This is the UV/IR mixing phenomenon. A chain of
non-planar tadpoles, inserted in bigger graphs, makes divergent any function (with six
points or more for example). But this divergence is not local and cannot be absorbed
in a mass redefinition. This is what makes the model non-renormalisable. We will
see in Sections 3.4 and 4 that the UV/IR mixing results in a coupling of the different

Y
|

! Another way to prove it is from (2.10), ¢*4 = 4.
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scales of the theory. We will also note that we should distinguish different types of
mixing.

The UV/IR mixing was studied by several groups. First, Chepelev and Roiban
[9] gave a power counting for different scalar models. They were able to identify
the divergent graphs and to classify the divergences of the theories thanks to the
topological data of the graphs. Then V. Gayral [27] showed that UV/IR mixing is
present on all isospectral deformations (they consist in curved generalisations of the
Moyal space and of the non-commutative torus). For this, he considered a scalar
model (2.28) and discovered contributions to the effective action which diverge when
the external momenta vanish. The UV/IR mixing is then a general characteristic of
the non-commutative theories, at least on the deformations.

2.2 The Grosse-Wulkenhaar breakthrough

The situation remained so until H. Grosse and R. Wulkenhaar discovered a way to
define arenormalisable non-commutative model. We will detail their resultin Section 3
but the main message is the following. By adding an harmonic term to the Lagrangian
(2.28),

= ag(_ L Iz Q_2~ T
S191 = [ @s(= 508 % 06+ 5 Gu) » (9) .

FIm g h S p b x g )0

where ¥ = 20~ !x and the metric is Euclidean, the model, in four dimensions, is
renormalisable at all orders of perturbation [5]. We will see in Section 4 that this
additional term give rise to an infrared cut-off and allows to decouple the different
scales of the theory. The new model (2.33), we call it <I>i, does not exhibit any mixing.
This result is very important because it opens the way towards other non-commutative
field theories. In the following, we will call vulcanization® the procedure consisting
in adding a new term to a Lagrangian of a non-commutative theory in order to make
it renormalisable.

The propagator C of this ®*-theory is the kernel of the inverse operator —A +
Q2%2 + m2. It is known as the Mehler kernel ([28], [20])

Clx,y) = Q? /oo di _ e—% coth(ZQt)(x—y)z—%tanh(2§t)(x+y)2—m2t'
0272 Jo  sinh?(2Q1)

(2.34)

Langmann and Szabo remarked that the quartic interaction with Moyal product is

invariant under a duality transformation. It is a symmetry between momentum and

ZVulcanization: process aimed at hardening rubber or rubber material by treating it with sulfur at a high
temperature.
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direct space. The interaction part of the model (2.33) is (see equation (2.17))

A
Suld#] = [ x5 @ =859 5 P 2.35)
4
=/l_[d4xa ¢ (xq) V(x1,x2, X3, X4) (2.36)
a=1
L dtpa
Z/H Wf/)(Pa)V(PLPz,Py]M) (2.37)
a=1

with

V(x1,x2,x3,x4)
A 1
T 474det®
V(p1. p2. p3. pa)
A

1
=7 (2m)*8(p1 — pa + p3 — pa) cos (§®“”(p1,upz,v + p3,up4,v)),

8(x1 — x2 + x3 — X4) cos(2(®_1)w (xi‘x'z’ + xgx}{)),

where we used a cyclic Fourier transform: ¢(pg) = [dx eV paXagp(x,). The
transformation

$(p) & 7°V/[det Ol $(x),  pu < T (2.38)
exchanges (2.36) and (2.37). In addition, the free part of the model (2.28) is not

covariant under this duality. The vulcanization adds a term to the Lagrangian which
restores the symmetry. The theory (2.33) is then covariant under the Langmann—Szabo
duality:

(2.39)

Sip:m, X, Q] > QZS[qS' m A 1].

QTR Q
By symmetry, the parameter 2 is confined in [0, 1]. Let us note that for @ = 1, the
model is invariant.

The interpretation of that harmonic term is not yet clear. But the vulcanization
procedure already allowed to prove the renormalisability of several other models on
Moyal spaces such that qbg [29], ¢§’ 4 [30], [31] and the LSZ models [11], [32], [33].
These last are of the type ’

1- A - -
S[p] = /d”x(y}j * (=0, + Xy +m)2¢ + Z¢ * P * P *¢)(x). (2.40)

By comparison with (2.33), one notes that here the additional term is formally equiv-
alent to a fixed magnetic background. Deep is the temptation to interpret it as such.
This model is invariant under the above duality and is exactly soluble. Let us remark
that the complex interaction in (2.40) makes the Langmann—Szabo duality more nat-
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ural. It does not need a cyclic Fourier transform. The ¢> have been studied at Q = 1
where they also exhibit a soluble structure.

2.3 The non-commutative Gross—Neveu model

Apart from the ®%, the modified Bosonic LSZ model [3] and supersymmetric theories,
we now know several renormalisable non-commutative field theories. Nevertheless
they either are super-renormalisable (<I>g [29]) or (and) studied at a special point in
the parameter space where they are solvable (D3, @2 [30], [31], the LSZ models
[11], [32], [33]). Although only logarithmically divergent for parity reasons, the non-
commutative Gross-Neveu model is a just renormalisable quantum field theory as ®j.
One of its main interesting features is that it can be interpreted as a non-local Fermionic
field theory in a constant magnetic background. Then apart from strengthening the
“vulcanization” procedure to get renormalisable non-commutative field theories, the
Gross—Neveu model may also be useful for the study of the quantum Hall effect. It
is also a good first candidate for a constructive study [34] of a non-commutative field
theory as Fermionic models are usually easier to construct. Moreover its commutative
counterpart being asymptotically free and exhibiting dynamical mass generation [35],
[36], [37], a study of the physics of this model would be interesting.

The non-commutative Gross—Neveu model (GN%) is a Fermionic quartically inter-
acting quantum field theory on the Moyal plane [Rg. The skew-symmetric matrix © is

0o -0
o= (9 ) ) (2.41)
The action is
Sy, y] = fdx (W (—d+QE+m+pys) ¥ + Vo, ¥) + Vao(¥. ¥)) (x).
(2.42)

where ¥ = 207 !x, ys = 1% and V = V, + V,, is the interaction part given
hereafter. The pu-term appears at two-loop order. We use a Euclidean metric and the
Feynman convention ¢ = y*a,. The y? and y! matrices form a two-dimensional
representation of the Clifford algebra {y*, y¥} = —26"”. Let us remark that the y*’s
are then skew-Hermitian: y#*t = —p#.

Propagator. The propagator corresponding to the action (2.42) is given by the fol-
lowing lemma.

Lemma 2.4 (Propagator [20]). The propagator of the Gross—Neveu model is
Ctx) = [ duenp@io) = (i + ok +m) " ) @4

o
= / dtC(t;x,y),
0
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Q e—l‘m2 = ~
C(l, X, y) _ _ e—% coth(252t)(x—y)2+le/\y (244)
O sinh(292¢)
x {18 cothQQ1)(f — y) + QF — F) — m}e 27Oy
with Q = % etx Ay =2x071y.
We also have e 221707y — cosh(2Q21)1, — lg sinh(2Q¢)y©~1y.

If we want to study a N-color model, we can consider a propagator diagonal in
these color indices.

Interactions. Concerning the interaction part V', recall that (see Corollary 2.3) for
any f1, f2, f3, fain Ae,

/dx i % fox fox f2) ()

| 4 (2.45)
== dx; fj(x;) 8(x1 — x2 + x3 — xg)e™'?,
rgae | TT4hts
m? det ® el
4 . .
0= Z (=)' T A ;. (2.46)

i<j=1
This product is non-local and only invariant under cyclic permutations of the fields.
Then, contrary to the commutative Gross—Neveu model, for which there exits only
one spinorial interaction, the GN%a model has, at least, six different interactions: the
orientable ones

Voz%/dx (v« * ¥ *y) (x) (2.47a)
A . _
+ 72 / dx (V% y"Y ¥ % yu¥) (%) (2.47b)
A . _
+ 22 [ (Faysy o wysy) 0 (2470)
where y’s and s alternate, and the non-orientable ones
Vo = % / dx (Y * ¥ >y * ¥) (x) (2.48a)
A o
+ 75 / dx (Y * " * ¥ * yu¥) (x) (2.48b)
A _
+ 76 / dx (Y > ys¥ * ¥ * ys¥) (x). (2.48c¢)

All these interactions have the same x kernel thanks to the equation (2.45). The reason
for which we call these interactions orientable or not will become clear in Section 4.
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3 Multi-scale analysis in the matrix basis

The matrix basis is a basis for Schwartz-class functions. In this basis, the Moyal
product becomes a simple matrix product. Each field is then represented by an infinite
matrix [25], [29], [38].

3.1 A dynamical matrix model

3.1.1 From thedirectspace to the matrix basis. Inthe matrix basis, the action (2.33)
takes the form

S[¢] = (2ﬂ)D/2\/det®(%¢A¢ + %Tr¢4), (3.1)

where ¢ = ¢yp, m,n € NP/2 and

D/2 5
Amn,kl = Z ('u(Z) + a(ml +n; + 1))5m18nk

i=1

2
= S =@ (VO + D00+ D 81841 (3:2)
+ Mmin; 8m,'—1,l,~5n,'—1,kl~) Hsmjljgnjkj-
JF#i

The (four-dimensional) matrix A represents the quadratic part of the Lagrangian. The
first difficulty to study the matrix model (3.1) is the computation of its propagator G
defined as the inverse of A:

Z Amn;rsGsr;kl = Z Gmn;rsAsr;kl = 5m15nk~ (3-3)

r.seND/2 r.seND/2

Fortunately, the action is invariant under SO(2)? /2 thanks to the form (2.1) of the
® matrix. It implies a conservation law

Apnkl =0 <= m+k #n+1. 3.4)
The result is ([5], [29])
20 D
Gmm+hil+h] = b 1 o a _a)%“%_l) ﬁ G®
B B P SQ 0 (1 + Ca)% ol mS ,mS+h%;15+hs,1
(@)
G hil 41 (3.5)
+I4+h  min _
Jiza)” (D Ca(l +Q) "2
=\T5ce 2, At (=T
su=max(0,—h) —a(l-Q)
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where A(m, [, h,u) = \/( " )(m+h)( ! )(l+h) and C is a function in Q: C(RQ2) =

m—u) \m—u/\l—u/\l—u
(112)2. The main advantage of the matrix basis is that it simplifies the interaction
part: ¢** becomes Tr ¢*. But the propagator becomes very compllicated.
Let us remark that the matrix model (3.1) is dynamical: its quadratic part is not
trivial. Usually, matrix models are local.

Definition 3.1. A matrix model is called local if Gyyp.k1 = G(m,n)8,,18,% and non-
local otherwise.

In the matrix theories, the Feynman graphs are ribbon graphs. The propagator
Gmn;k1 is then represented by the Figure 1. In a local matrix model, the propagator

m l
Figure 1. Matrix propagator.

preserves the index values along the trajectories (simple lines).

3.1.2 Topology of ribbon graphs. The power counting of a matrix model depends
on the topological data of its graphs. The figure 2 gives two examples of ribbon
graphs. Each ribbon graph may be drawn on a two-dimensional manifold. Actually

(a) Planar. (b) Non-planar.

Figure 2. Ribbon graphs.

each graph defines the surface on which it is drawn. Let a graph G with V vertices,
I internal propagators (double lines) and F faces (made of simple lines). The Euler
characteristic

y=2-20=V—-I+F (3.6)
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gives the genus g of the manifold. One can make this clear by passing to the dual
graph. The dual of a given graph G is obtained by exchanging faces and vertices.
The dual graphs of the ®*-theory are tesselations of the surfaces on which they are
drawn. Moreover each direct face broken by external legs becomes, in the dual graph,
a puncture. If among the F faces of a graph, B are broken, this graph may be drawn
on a surface of genus g = 1 — %(V — I + F) with B punctures. The figure 3 gives
the topological data of the graphs of the figure 2.

V=2
I =
F—1 — g=1
B=1

Figure 3. Topological data of ribbon graphs.

3.2 Multi-scale analysis

In [7] V. R, E. V.-T. and R. Wulkenhaar used the multi-scale analysis to reprove the
power counting of the non-commutative ®*-theory.

3.2.1 Bounds on the propagator. Let G a ribbon graph of the <I>2—theory with
N external legs, V' vertices, I internal lines and F faces. Its genus is then g =
1— %(V — I + F). Four indices {m,n;k,I} € N? are associated to each internal
line of the graph and two indices to each external line, that is to say 4/ 4+ 2N = 8V
indices. But, at each vertex, the left index of a ribbon equals the right one of the
neighbour ribbon. This gives rise to 4} independent identifications which allows to
write each index in terms of a set J made of 4V indices, four per vertex, for example
the left index of each half-ribbon.
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The graph amplitude is then
A6 = Y ] Cms@.ns ks 0).15) Sms—t5.m5—ks (3.7
J bseG

where the four indices of the propagator G of the line § are functions of J and written
{mg(J),ns(J); ks(J),15(J)}. We decompose each propagator, given by (3.5):

00 1 00 ap—2G-1)
G=)_G' thanksto / do = Z/  da, M > 1. (3.8)
i=0 0 =1 IM
We have an associated decomposition for each amplitude:
Ag =) A (3.9)
"
A6u = Y [T Gomyorms@its@15@) Sms@ 1505 —ks - (3.10)
J beG

where . = {is} runs over the all possible assignments of a positive integer is to each
line §. We proved the following four propositions.

Proposition 3.1. For M large enough, there exists a constant K such that, for Q €
[0.5, 1], we have the uniform bound

. _ . _Q _2'
Gy manany < KM e $M T lmtlth] 3.11)

Proposition 3.2. For M large enough, there exist two constants K and K, such that,
for Q € [0.5, 1], we have the uniform bound

G;n,m+h;l+h,l
< KM_Zie_%M_Zi [lm+1+h| (312)
D . lmS—15|
. (Klmm(ms,ls,ms—}—hs,ls—}—hs)) 2
l_[ min | 1, .
M2i
s=1

This bound allows to prove that the only diverging graphs have either a constant
index along the trajectories or a total jump of 2.

Proposition 3.3. For M large enough, there exists a constant K such that, for Q €
[%, 1], we have the uniform bound

» .
Z G, p—Lpmtl S KM~2 e~ M2 pl+Iml) | (3.13)
l=—m

This bound shows that the propagator is almost local in the following sense: with
m fixed, the sum over / does not cost anything (see Figure 1). Nevertheless the sums
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we will have to perform are entangled (a given index may enter different propagators)
so that we need the following proposition.

Proposition 3.4. For M large enough, there exists a constant K such that, for Q €
[%, 1], we have the uniform bound

o0

E max G
! p=max(l,0) m.p—l;pm+l =
=—m

< KM 2= 56M™2 Imll (3.14)

We refer to [7] for the proofs of these four propositions.

3.2.2 Power counting. About half of the 4V indices initially associated to a graph
is determined by the external indices and the §-functions in (3.7). The other indices
are summation indices. The power counting consists in finding which sums cost M %
and which cost O(1) thanks to (3.13). The M? factor comes from (3.11) after a
summation over an index> m € N2,

o0 : 4i

Z oM 2i(m'+m?) _ a _e_iM—2i)2 — Afz 1+ O(M_ZZ)). (3.15)

ml,m2=0

We first use the §-functions as much as possible to reduce the set J to a true minimal
set J of independent indices. For this, it is convenient to use the dual graphs where
the resolution of the §-functions is equivalent to a usual momentum routing.

The dual graph is made of the same propagators as the direct graph except the
position of their indices. Whereas in the original graph we have Gy, = k

1
the position of the indices in a dual propagator is

(3.16)

Gmn;kl ==

The conservation 8, —n—k) in (3.7) implies that the difference / — m is conserved
along the propagator. These differences behave like an angular momentum and the
conservation of the differences £ = [ — m and —¢ = n — k is nothing else than the
conservation of the angular momentum thanks to the symmetry SO(2) x SO(2) of the
action (3.1):

l k

Y AP l=m+4L, n=k+(=0). (3.17)

m n

The cyclicity of the vertices implies the vanishing of the sum of the angular momenta
entering a vertex. Thus the angular momentum in the dual graph behaves exactly like
the usual momentum in ordinary Feynman graphs.

We know that the number of independent momenta is exactly the number L’
(= I — V' 4+ 1 for a connected graph) of loops in the dual graph. Each index at
a (dual) vertex is then given by a unique reference index and a sum of momenta. If the

3Recall that each index is in fact made of two indices, one for each symplectic pair of [Rg.
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dual vertex under consideration is an external one, we choose an external index for the
reference index. The reference indices in the dual graph correspond to the loop indices
in the direct graph. The number of summation indicesisthen V'—B+L' = I +(1—B)
where B = 0is the number of broken faces of the direct graph or the number of external
vertices in the dual graph.

By using a well-chosen order on the lines, an optimized tree and a L' — L bound,
one can prove that the summation over the angular momenta does not cost anything
thanks to (3.13). Recall that a connected component is a subgraph for which all internal
lines have indices greater than all its external ones. The power counting is then:

Ag < K [ meco (3.18)
wooik

with
o(Gy) = 4(V/, = Big) —21ij = 4(Fi — Bix) — 21k

(3.19)
=@ —Nix)—4Q2gix +Bix—1)

and N; g, Vig, Lix = 2Vip — % F; x and B; ;. are respectively the numbers of
external legs, of vertices, of (internal) propagators, of faces and broken faces of the
connected component G,i; gik=1-— %(Vi,k — I; x + F; 1) is its genus. We have

Theorem 3.5. The sum over the scales attributions |1 converges if a)(G,i) < 0 for
alli, k.

We recover the power counting obtained in [4].

From this point on, renormalisability of ¢ can proceed (however remark that it
remains limited to € [0.5, 1] by the technical estimates such as (3.11); this limitation
is overcome in the direct space method below).

The multiscale analysis allows to define the so-called effective expansion, in be-
tween the bare and the renormalised expansion, which is optimal, both for physical
and for constructive purposes [34]. In this effective expansion only the subcontribu-
tions with all internal scales higher than all external scales have to be renormalised
by counterterms of the form of the initial Lagrangian.

In fact only planar such subcontributions with a single external face must be renor-
malised by such counterterms. This follows simply from the Grosse—Wulkenhaar
moves defined in [4]. These moves translate the external legs along the outer border
of the planar graph, up to irrelevant corrections, until they all merge together into a
term of the proper Moyal form, which is then absorbed in the effective constants defini-
tion. This requires only the estimates (3.11)—(3.14), which were checked numerically
in [4].

In this way the relevant and marginal counterterms can be shown to be of the Moyal
type, namely renormalise the parameters A, m and Q*.

4The wave function renormalisation i.e. renormalisation of the 3 1@ * M ¢ term can be absorbed in a rescaling
of the field, called “field strength renromalization.”
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Notice that in the multiscale analysis there is no need for the relatively compli-
cated use of Polchinski’s equation [39] made in [4]. Polchinski’s method, although
undoubtedly very elegant for proving perturbative renormalisability does not seem
directly suited to constructive purposes, even in the case of simple Fermionic models
such as the commutative Gross Neveu model, see e.g. [40].

The BPHZ theorem itself for the renormalised expansion follows from finiteness
of the effective expansion by developing the counterterms still hidden in the effective
couplings. Its own finiteness can be checked e.g. through the standard classification
of forests [34]. Let us however recall once again that in our opinion the effective
expansion, not the renormalised one is the more fundamental object, both to describe
the physics and to attack deeper mathematical problems, such as those of constructive
theory [34], [41].

The matrix base simplifies very much at 2 = 1, where the matrix propagator
becomes diagonal, i.e. conserves exactly indices. This property has been used for the
general proof that the beta function of the theory vanishes in the ultraviolet regime
[24], leading to the exciting perspective of a full non-perturbative construction of the
model.

3.3 Propagators on non-commutative space

We give here the results we get in [20]. In this article, we computed the x-space and
matrix basis kernels of operators which generalize the Mehler kernel (2.34). Then we
proceeded to a study of the scaling behaviours of these kernels in the matrix basis.
This work is useful to study the non-commutative Gross—Neveu model in the matrix
basis.

3.3.1 Bosonic kernel. The following lemma generalizes the Mehler kernel [28].

Lemma 3.6. Let H the operator

1
H=_(-A+ Q%x? — 21 B(x01 — x199))- (3.20)
The x-space kernel of e H is
Q
—tH / —A
X)=——"—¢€""°, 3.21
¢ ) = e 21
Qcosth( 2 4 42 2 cosh Bt ,  S2sinh Bt Ay (3.22)
= ——x" +x) - ——x - x —1——x A X .
2 sinh Q7 sinh Q¢ sinh Q1

Remark. The Mehler kernel corresponds to B = 0. The limit 2 = B — 0 gives the
usual heat kernel.
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Lemma 3.7. Let H be given by (3.20) with Q(B) — 22/60(2B0). Its inverse in the
matrix basis is

Hm m+h;l+h,l (323)
9 ! 1 L(Z’Q+(Q—1) 3
— 8Q2 4
= o6 da ( a) D 1 - Ol) 1_[ (as) mS+hS:IS+hs,[S°
882 Jo (1+Ca)z =1 ’ ’
(@)
m,m~+h;l+h,l
- m+l+h  min(m,l) COl(l + Q) m+1—2u
(D) s (SRR
tla u=max(0,—h) l -« (l - Q)
where A(m, 1, h,u) = \/(mniu) (',Z:}:) (liu) (l+h) and C is a function of Q: C(Q) =
(1-2)*
Q-

3.3.2 Fermionic kernel. On the Moyal space, we modified the commutative Gross—
Neveu model by adding a ¥ term (see Lemma 2.4). We have

G(x’ y) — _ﬁ [Oo dt~ e—% coth(zflt)(x—y)z-i-lﬁx/\y (324)
Or sinh(2Q2¢)

{;Ez coth(2831) (¢ — y) + QF — §) — u} o280y i

It will be useful to express G in terms of commutators:

Q [ ~ ~
G.y) =g [ {choth(2Qt) [£. 7] (x. )
0
+Q [T (x.y) — uI (x.p)} 277 72 (305)
where
Fl(x y) — 1 _ e—%coth(Zﬁt)(x—y)z—Hfo/\y (326)
sinh(2921)

with Q = %andx/\y =x%1 —x1y°

We now give the expression of the Fermionic kernel (3.25) in the matrix basis. The
inverse of the quadratic form
4B

4Q2
A= p? +u+9 x+7L2 (3.27)

is given by (3.23) above:

6 (1 (1—a)sd

Donmthsi+ht = 3Q o 4 Wrz,erh;Hh,l’ (3.28)
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m+Il+h
r® _ (= (1—a) % (3.29)
mm~+hil+h,l — 1+ Ca .
m’ 9 7u P
=0 Vi—a(1-Q)

The Fermionic propagator G (3.25) in the matrix basis may be deduced from the kernel
(3.28). We just set B = Q, add the missing term with y°y! and compute the action
of —p — QX + pon I'. We must then evaluate [x”, '] in the matrix basis:

0
[XO’ F]m,n;k,l = 27[0\/;{\/ m + 11_‘m-i-l,n;k,l - \/Zrm,n;k,l—l + \/%Fm—l,n;k,l
—VI+ 11_‘m,n;k,l-l—l + vn+ 11_‘m,n-l—lgk,l - */%rm,n;k—l,l
A1 = VK g} (3.30)

0
[xl’ F]m,n;k,l = 217{0\/;{\/ m + 11—‘m-}—l,n;k,l - ‘/Zrm,n;k,l—l - \/%Fm—l,n;k,l
+VIi+ 11_‘m,n;k,l-i-l —~n+ 11—‘m,n-i—l;k,l + \/%Fm,n;k—l,l
/-1 = VK g} (3.31)

This allows to prove:

Lemma 3.8. Let Gy, .1 the kernel, in the matrix basis, of the operator
(p+ QX+ M)_l. We have:

2Q !
Gm,n;k,l = _927'[2/0 do Gﬁ,,n;k’]s (3.32)

~2—«
frtt,n;k,l = (ZQ o [)é’ 1_‘Ot]m,n;k,l +Q [i’ Fa]m,n;k,] — M Ffll’l,n;k,l)
2—« o
x| —1, —1———° 1), (3.33)
(2«/1—05 W iR

where I'* is given by (3.29) and the commutators by the formulas (3.30) and (3.31).

The first two terms in the equation (3.33) contain commutators and will be gathered

o,comm . o,mass
under the name Gm’n; k- The last term will be called Gm’n L

comm ~2—«
Gf:;,n;k’[ = (lQ o [Jﬁ 1—‘Ol]m,l’l;k,l + 2 [%’ 1—‘O[]m,rl;k,l)
(3.34)

x( 2 —a ” l o 0 1)
Wi—a? avisa V)
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2—« o
Smmiet = ~H T X( o 0 1)- (339)
m,nk,l KL sk, Tl —a? Zmy 12

3.3.3 Bounds. We use the multi-scale analysis to study the behaviour of the prop-
agator (3.33) and revisit more finely the bounds (3.11) to (3.14). In a slice i, the
propagator is

2
M—2G—D “pf 1
ri _ 9 do 1= 2 b . (3.36)
m,m+h,l+hl — Q) -2 (1 + CO[) m,m~+h;l+h,l’° .

o0 ZQ M—2G—=1)
Gmmid = Y Govet Gypes = _W/ da Gy pp- (337
i=1
Leth = n—mand p = [ —m. Without loss of generality, we assume 7 = Oand p = 0.
Then the smallest index among m, n, k, [ is m and the biggestisk = m + h + p. We
have:

Theorem 3.9. Under the assumptionsh = n—m = 0Oand p =1 —m = 0, there
exists K, c € Ry (c depends on 2) such that the propagator of the non-commutative
Gross—Neveu model in a slice i obeys the bound

2 M2 k N2
) . GXP{—HEL—zf - Cl—i—k (h— 1+C) }
G| < KM~ (x(ak >1) /M -2
m,nk,l (1 + kM_Zl) (3.38)

+ min(1, (ak)P)e kM~ —CP).

The mass term is slightly different:

2 M2 k_\2
. . expi— 1 — 1t — 1)}
|GLme | < KM ™2 (X(ak > 1) ‘
m,n;k,l 14+ kM2 (3.39)

+ min(1, (ak)p)e_CkM_zi_Cp) .

Remark. We can redo the same analysis for the ®* propagator and get
i < KM ™2 min (1, (ak)?) e <M~ k+p) (3.40)

m,n;k,l

which allows to recover the bounds (3.11) to (3.14).

3.4 Propagators and renormalisability

Let us consider the propagator (3.32) of the non-commutative Gross—Neveu model.
We saw in Section 3.3.3 that there exists two regions in the space of indices where the
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propagator behaves very differently. In one of them it behaves as the ®* propagator
and leads then to the same power counting. In the critical region, we have

—i -2 M 21
M e—m—%(h—%)z_
1+ /kM—zi

The point is that such a propagator does not allow to sum two reference indices with a
unique line. This fact was useful in the proof of the power counting of the ®* model.
This leads to a renormalisable UV/IR mixing.

Let us consider the graph in Figure 4 (b) where two of the internal lines bear an
index i > 1 and the third one an index j < i. The propagator (3.32) obeys the bound
(3.13) in Proposition 3.3 which means that it is almost local. We only have to sum
over one index per internal face.

G' <K (3.41)

(a) At scalei. (b) At scale j.

Figure 4. Sunset graph.

In the graph of the figure 4 (a), if the two lines inside are true external ones, the graph
has two broken faces and there is no index to sum over. Then by using Proposition 3.11
we get Ag < M2, The sum over i converges and we have the same behaviour as
the ®*-theory, that is to say the graphs with B > 2 broken faces are finite. But if these
two lines belongs to a line of scale j < i (see Figure 4 (b)), the result is different.
Indeed, at scale i, we recover the graph of Figure 4 (a). To maintain the previous result
(M ~2"), we should sum the two indices corresponding to the internal faces with the
propagator of scale j. This is not possible. Instead we have

2i—j —M2ik e_%sz_/(h_%)z j
M= e” < KM/, 42
LM e T G4

The sum over i diverges logarithmically. The graph of Figure 4 (a) converges if it is
linked to true external legs et diverges if it is a subgraph of a graph at a lower scale.
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The power counting depends on the scales lower than the lowest scale of the graph. It
cannot then be factorized into the connected components: this is UV/IR mixing.

Let us remark that the graph of Figure 4 (a) is not renormalisable by a counter-term
in the Lagrangian. Its logarithmic divergence cannot be absorbed in a redefinition
of a coupling constant. Fortunately the renormalisation of the two-point graph of
Figure 4 (b) makes the four-point subdivergence finite [21]. This makes the non-
commutative Gross—Neveu model renormalisable.

4 Direct space

We want now to explain how the power counting analysis can be performed in direct
space, and the “Moyality” of the necessary counterterms can be checked by a Taylor
expansion which is a generalization of the one used in direct commutative space.

In the commutative case there is translation invariance, hence each propagator
depends on a single difference variable which is short in the ultraviolet regime; in the
non-commutative case the propagator depends both of the difference of end positions,
which is again short in the uv regime, but also of the sum which is long in the uv
regime, considering the explicit form (2.34) of the Mehler kernel.

This distinction between short and long variables is at the basis of the power
counting analysis in direct space.

4.1 Short and long variables

Let G be an arbitrary connected graph. The amplitude associated with this graph is in
direct space (with hopefully self-explaining notations):

Ag = / T dru Hdrl @.1)
v,i=1,...,4
H [5(xu,1 — Xy + Xp,3 — Xy a)e’ Zi<j(_1)i+j+lxv'i9_1xv’j] H G,
v 1

2 Q 2 2 Q 2
_ Q —% COth(Qtl)(xu,i(l)+xu’,i’([))+sinh(Qtl)xv,i(l)'xv’.i’(l)_u'otl
[27 sinh(2£7)]?

For each line / of the graph joining positions x,, ;;)y and X, ;/(7), we choose an
orientation and we define the “short” variable u; = x, ;) — Xy ,i/¢) and the “long”
variable v; = Xy ;1) + Xv i/ ().

With these notations, defining Q27; = «;, the propagators in our graph can be
written as

2
/ l_[[2 Qa}llozl )]ze_?COth( Fyu7—F tanh(F )vl_%al. 4.2)
7 sinh (o



Renormalisation of non-commutative field theories 65

As in matrix space we can slice each propagator according to the size of its «
parameter and obtain the multiscale representation of each Feynman amplitude:

(1
Ao = Aoy Agy = / TT dxes TTC® v
m b=, I (4.3)
1_[ [S(XU,I — Xy2 + Xy,3 — Xy4)e’ i< (_I)ZHHXU’[Q_]XN]

v

M—2G—1)
Ci(u U) — / Qdao e—% coth(%)uz—%tanh(%)vz—%%a (4.4)
’ M—2i [27r sinh(a)]? ’
where  runs over scales attributions {i, (/) } for each line / of the graph, and the sliced

propagator C' in slice i € N obeys the following crude bound.

Lemma 4.1. For some constants K (large) and ¢ (small):

Cl(u,v) < K M2 oM ull+M = v]] “5)

“<

(which a posteriori justifies the terminology of “long” and “‘short” variables).

The proof is elementary.

4.2 Routing, Filk moves

4.2.1 Oriented graphs. We pick a tree 7" of lines of the graph, hence connecting all
vertices, pick with a root vertex and build an orientation of all the lines of the graph
in an inductive way. Starting from an arbitrary orientation of a field at the root of
the tree, we climb in the tree and at each vertex of the tree we impose cyclic order to
alternate entering and exiting tree lines and loop half-lines, as in Figure 5 (a). Then
we look at the loop lines. If every loop lines consist in the contraction of an entering
and an exiting line, the graph is called orientable. Otherwise we call it non-orientable
as in Figure 5 (b).

4.2.2 Position routing. There are n §-functions in an amplitude with n vertices,
hence 7 linear equations for the 47 positions, one for each vertex. The position routing
associated to the tree 7' solves this system by passing to another equivalent system
of n linear equations, one for each branch of the tree. This is a triangular change of
variables, of Jacobian 1. This equivalent system is obtained by summing the arguments
of the §-functions of the vertices in each branch. This change of variables is exactly
the x-space analog of the resolution of momentum conservation called momentum
routing in the standard physics literature of commutative field theory, except that one
should now take care of the additional £ cyclic signs.

One can prove [3] that the rank of the system of §-functions in an amplitude with
n vertices is
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8(z)
N
1) <107
P 2 ()
(a) Orientation of a tree. (b) A non-orientable graph.

Figure 5. Orientation.

e n — 1 if the graph is orientable,
* n if the graph is non-orientable.

The position routing change of variables is summarized by the following lemma:

Lemma 4.2 (Position routing). We have, calling Ig the remaining integrand in (4.3),

Ag = / [l_[ [S(Xv,l — Xy2 + X3 _xv,4)]:| IG({xv,i}) (4.6)
—[TI8( X w+ ¥ ow= X et X et ) attd.
b 1eTpULy leLy + leLy — fex,

where e( f) is £1 depending on whether the field f enters or exits the branch.

We can now use the system of §-functions to eliminate variables. It is of course
better to eliminate long variables as their integration costs a factor M*' whereas the
integration of a short variable brings M ~#'. Rough power counting, neglecting all
oscillations of the vertices leads therefore, in the case of an orientable graph with N
external fields, » internal vertices and / = 2n — N/2 internal lines at scale i to:

o a factor M2'@7=N/2) coming from the M2’ factors for each line of scale i in
4.5),

o afactor M4 @n=N/2) for the | = 2n — N/2 short variables integrations,
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o a factor M4 @®=N/2+1 for the long variables after eliminating n — 1 of them
using the §-functions.

The total factor is therefore M~V =4 the ordinary scaling of qbi, which means that
only two and four point subgraphs (N < 4) diverge when i has to be summed.

In the non-orientable case, we can eliminate one additional long variable since the
rank of the system of §-functions is larger by one unit! Therefore we get a power
counting bound M~V which proves that only orientable graphs may diverge.

In fact we of course know that not all orientable two and four point subgraphs
diverge but only the planar ones with a single external face. (It is easy to check that
all such planar graphs are indeed orientable.)

Since only these planar subgraphs with a single external face can be renormalised by
Moyal counterterms, we need to prove that orientable, non-planar graphs or orientable
planar graphs with several external faces have in fact a better power counting than this
crude estimate. This can be done only by exploiting their vertices oscillations. We
explain now how to do this with minimal effort.

4.2.3 Filk moves and rosettes. Following Filk [8], we can contract all lines of a
spanning tree 7" and reduce G to a single vertex with “tadpole loops” called a “rosette
graph”. This rosette is a cycle (which is the border of the former tree) bearing loops
lines on it (see Figure 6): Remark that the rosette can also be considered as a big

Figure 6. A rosette.

vertex, with r = 2n + 2 fields, on which N are external fields with external variables
x and 2n + 2 — N are loop fields for the corresponding n + 1 — N/2 loops. When the
graph is orientable, the rosette is also orientable, which means that turning around the
rosette the lines alternatively enter and exit. These lines correspond to the contraction
of the fields on the border of the tree T before the Filk contraction, also called the
“first Filk move”.
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4.2.4 Rosette factor. We start from the root and turn around the tree in the trigono-
metrical sense. We number separately all the fields as 1,...,2n 4 2 and all the tree
linesas 1,...,n — 1 in the order they are met.

Lemma 4.3. The rosette contribution after a complete first Filk reduction is exactly

5(1}1 — vy +.,._v2n+2+Zu1)eiVQV+iURU+iUSV (4'7)
leT

where the v variables are the long or external variables of the rosette, counted with
their signs, and the quadratic oscillations for these variables is

VoV = Y (=Dt (4.8)

o<i<j<r

We have now to analyze in detail this quadratic oscillation of the remaining long
loop variables since it is essential to improve power counting. We can neglect the
secondary oscillations URU and USV which imply short variables.

The second Filk reduction [8] further simplifies the rosette factor by erasing the
loops of the rosette which do not cross any other loops or arch over external fields.
It can be shown that the loops which disappear in this operation correspond to those
long variables who do not appear in the quadratic form Q.

Using the remaining oscillating factors one can prove that non-planar graphs with
genus larger than one or with more than one external face do not diverge.

The basic mechanism to improve the power counting of a single non-planar sub-
graph is the following:

/dwldee_M2i]w12_M2i2w%_iw101w2+wl-El(x’")+w2E2(X,u)
_p 20 IN2_pg—20 IN2 iy O—14,/
= /dwlldwze M= (w) =M 2 (wy)* +iw 07 wy+(u,x) Q(u,x) (4.9)

= KM*1 /du/ze_“"ﬂi‘+1"1_2"2)(w§)2 — KM i

In these equations we used for simplicity M ~2/ instead of the correct but more compli-
cated factor (€2 /4) tanh(c/2) (of course this does not change the argument) and we per-
formed a unitary linear change of variables w| = w; + €1 (x,u), wy = wy + > (x, u)
to compute the oscillating w1 integral. The gain in (4.9) is M —812 which is the differ-
ence between M ~#72 and the normal factor M #2 that the w, integral would have cost

_Af—2i 2 . o e
M™"2w) factor for long variables. To maximize

if we had done it with the regular e
this gain we can assume i < i5.
This basic argument must then be generalized to each non-planar subgraph in the
multiscale analysis, which is possible.
Finally it remains to consider the case of subgraphs which are planar orientable
but with more than one external face. In that case there are no crossing loops in the

rosette but there must be at least one loop line arching over a non-trivial subset of
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external legs (see e.g. line 6 in Figure 6). We have then a non-trivial integration over
at least one external variable, called x, of at least one long loop variable called w.
This “external” x variable without the oscillation improvement would be integrated
with a test function of scale 1 (if it is a true external line of scale 1) or better (if it is a
higher long loop variable)’. But we get now

/dxdwe—M_Ziwz—in_lx—{-w.El(x’,u)
o (4.10)
= KM* /dxe_MJr = K

so that a factor M #' in the former bound becomes O(1) hence is improved by M ~*/.

In this way we can reduce the convergence of the multiscale analysis to the problem
of renormalisation of planar two- and four-point subgraphs with a single external face,
which we treat in the next section.

Remark that the power counting obtained in this way is still not optimal. To get the
same level of precision as with the matrix base requires e.g. to display g independent
improvements of the type (4.9) for a graph of genus g. This is doable but basically
requires a reduction of the quadratic form Q for single-faced rosette (also called
“hyperrosette”) into g standard symplectic blocks through the so-called “third Filk
move” introduced in [19]. We return to this question in Section 4.4.

4.3 Renormalisation

4.3.1 Four-point function. Consider the amplitude of a four-point graph G which in
the multiscale expansion has all its internal scales higher than its four external scales.

The idea is that one should compare its amplitude to a similar amplitude with
a “Moyal factor” exp (219_1 (x1 A X2 4+ X3 A X4) )S(A) factorized in front, where
A = x1—x2+x3—Xx4. Butprecisely because the graph is planar with a single external
face we understand that the external positions x only couple to short variables U of
the internal amplitudes through the global §-function and the oscillations. Hence we
can break this coupling by a systematic Taylor expansion to first order. This separates
a piece proportional to “Moyal factor”, then absorbed into the effective coupling
constant, and a remainder which has at least one additional small factor which gives
him improved power counting.

3Since the loop line arches over a non-trivial (i.e. neither full nor empty) subset of external legs of the rosette,
the variable x cannot be the full combination of external variables in the “root” §-function.
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This is done by expressing the amplitude for a graph with N = 4, ¢ = 0 and
B =1 as follows:

A(G)(x1, X2, X3, X4) =/CXP (20071 (x1 A x2 4 X3 A X4)) 1_[ dug Co(ug, Ug, Vi)
LeT}

[ I1 duldvlcl(ul,vl)]e‘URUJ”USV 4.11)
leGL 14T

1
{S(A) + /(; dt[U- V(A + 1) + §(A + W[ XQU + m/(t)]]etiQU—HR(t)}’

where Cy(uyg, Uy, V) is the propagator taken at Xy = 0, U = ), u; and R(¢) is a
correcting term involving tanh o[ X. X + X.(U + V)].

The first term is of the initial [ Tr ¢ * ¢ x ¢ * ¢ form. The rest no longer diverges,
since the U and 3R provide the necessary small factors.

4.3.2 Two-point function. Following the same strategy we have to Taylor-expand
the coupling between external variables and U factors in two point planar graphs
with a single external face to third order and some non-trivial symmetrization of the
terms according to the two external arguments to cancel some odd contributions. The
corresponding factorized relevant and marginal contributions can be then shown to
give rise only to

¢ A mass counterterm,
¢ A wave function counterterm,

* An harmonic potential counterterm.

and the remainder has convergent power counting. This concludes the construction of
the effective expansion in this direct space multiscale analysis.

Again the BPHZ theorem itself for the renormalised expansion follows by devel-
oping the counterterms still hidden in the effective couplings and its finiteness follows
from the standard classification of forests. See however the remarks at the end of
Section 3.2.2.

Since the bound (4.5) works for any  # 0, an additional bonus of the x-space
method is that it proves renormalisability of the model for any 2 in ]0, 1]°, whether
the matrix method proved it only for 2 in ]0.5, 1].

4.3.3 The Langmann-Szabo-Zarembo model. This model is a four-dimensional
theory of a Bosonic complex field defined by the action

S =/%&(—D“DM+92x2)¢+k¢3*¢*q§*¢, (4.12)

The case §2 in [1, +-o00[ is irrelevant since it can be rewritten by LS duality as an equivalent model with
in]0, 1].
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where D* =10, 4+ By, x" is the covariant derivative in a magnetic field B.

The interaction ¢ ¢ x ¢ ensures that perturbation theory contains only orientable
graphs. For Q > 0 the x-space propagator still decays as in the ordinary qbi case and
the model has been shown renormalisable by an easy extension of the methods of the
previous section [3].

However at 2 = 0, there is no longer any harmonic potential in addition to the
covariant derivatives and the bounds are lost. Models in this category are called
“critical”.

4.3.4 Critical models. Consider the x-kernel of the operator

H™' = (pP?+ Q2% — 2B (x°p1 —x'po)) . (4.13)
Q (™ dt Q cosh(2Bt
H ' (x,y)= — _— exp(——&,,)(x—y)2 (4.14)
87 Jo sinh(2927) 2 5inh(2Q2¢)
Q cosh(2Q2¢) — cosh(2 Bt
_ S2cosh@S2t) — cosh@B1) 5 | 12 4.15)
2 sinh(2921)
~ sinh(2Bt) Lo~ 29
+21IQ—————x Ay with Q = —. (4.16)
sinh(2€2¢) 0

The Gross-Neveu model or the critical Langmann-Szabo—Zarembo models corre-
spond to the case B = 2. In these models there is no longer any confining decay for
the “long variables” but only an oscillation:

Q [*°  dt Q ~ -
g l=2 ——— €eXx (——coth2Ql X —y)? +2Qx A )
Q 87 Jo smn28n) p > (2Q1)(x — y) y
4.17)

This kind of models are called critical. Their construction is more difficult, since
sufficiently many oscillations must be proven independent before power counting can
be established. The prototype paper which solved this problem is [21], which we
briefly summarize now.

The main technical difficulty of the critical models is the absence of decreasing
functions for the long v variables in the propagator replaced by an oscillation, see
(4.17). Note that these decreasing functions are in principle created by integration
over the u variables’:

/dM e—% coth(2§z)u2+lu/\v — Ktanh(zﬁt) e—ktanh(2§2[)v2. (418)

But to perform all these Gaussian integrations for a general graph is a difficult task
(see [42]) and is in fact not necessary for a BPHZ theorem. We can instead exploit
the vertices and propagators oscillations to get rational decreasing functions in some
linear combinations of the long v variables. The difficulty is then to prove that all

7In all the following we restrict ourselves to the dimension 2.
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these linear combinations are independent and hence allow to integrate over all the v
variables. To solve this problem we need the exact expression of the total oscillation
in terms of the short and long variables. This consists in a generalization of the Filk’s
work [8]. This has been done in [21]. Once the oscillations are proven independent,
one can just use the same arguments as in the ®* case (see Section 4.2) to compute
an upper bound for the power counting:

Lemma 4.4 (Power counting GN%). Let G a connected orientable graph. For all
Q € [0,1), there exists K € Ry such that its amputated amplitude Ag integrated
over test functions is bounded by

|Ag| <K"M~22©) (4.19)

N—-4 ifN=20orN>=6andg =0,
ifN =4,g=0and B =1,

with w(G) = if G is critical, (4.20)
N if N =4,g =0, B=2andG non-critical,
N+4 ifg=>1

As in the non-commutative ®* case, only the planar graphs are divergent. But the
behaviour of the graphs with more than one broken face is different. Note that we
already discussed such a feature in the matrix basis (see Section 3.4). In the multiscale
framework, the Feynman diagrams are endowed with a scale attribution which gives
each line a scale index. The only subgraphs we meet in this setting have all their
internal scales higher than their external ones. Then a subgraph G of scale i is called
critical ifithas N = 4, g = 0, B = 2 and that the two “external” points in the second
broken face are only linked by a single line of scale j < i. The typical example is the
graph of Figure 4 (a). In this case, the subgraph is logarithmically divergent whereas
it is convergent in the ®* model. Let us now show roughly how it happens in the case
of Figure 4 (a) but now in x-space.

The same arguments as in the ®* model prove that the integrations over the internal
points of the graph 4 (a) lead to a logarithmical divergence which means that A5 ~
O(1) in the multiscale framework. But remind that there is a remaining oscillation
between a long variable of this graph and the external points in the second broken face
of the form v A (x — y). But v is of order M’ which leads to a decreasing function
implementing x — y of order M . If these points are true external ones, they are
integrated over test functions of norm 1. Then thanks to the additional decreasing
function for x — y we gain a factor M~ which makes the graph convergent. But if
x and y are linked by a single line of scale j < i (as in Figure 4 (b)), instead of test
functions we have a propagator between x and y. This one behaves like (see (4.17)):

CI(x,y) ~MI M G=)?Hixny, 4.21)
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The integration over x — y instead of giving M ~2/ gives M ~2! thanks to the oscillation
v A (x — y). Then we have gained a good factor M ~2¢=7)_ But the oscillation in
the propagator x A y now gives x + y ~ M? instead of M?/ and the integration
over x + y cancels the preceding gain. The critical component of Figure 4 (a) is
logarithmically divergent.

This kind of argument can be repeated and refined for more general graphs to
prove that this problem appears only when the external points of the auxiliary broken
faces are linked only by a single lower line [21]. This phenomenon can be seen
as a mixing between scales. Indeed the power counting of a given subgraph now
depends on the graphs at lower scales. This was not the case in the commutative
realm. Fortunately this mixing does not prevent renormalisation. Note that whereas
the critical subgraphs are not renormalisable by a vertex-like counterterm, they are
regularised by the renormalisation of the two-point function at scale j. The proof of
this point relies heavily on the fact that there is only one line of lower scale.

Let us conclude this section by mentioning the flows of the critical models. One
very interesting feature of the non-commutative ®* model is the boundedness of
its flows and even the vanishing of its beta function for a special value of its bare
parameters [22], [23], [24]. Note that its commutative counterpart (the usual ¢* model
on R*) is asymptotically free in the infrared and has then an unbounded flow. It turns
out that the flow of the critical models are not regularized by the non-commutativity.
The one-loop computation of the beta functions of the non-commutative Gross—Neveu
model [43] shows that it is asymptotically free in the ultraviolet region as in the
commutative case.

4.4 Non-commutative hyperbolic polynomials

Since the Mehler kernel is quadratic it is possible to explicitly compute the non-
commutative analogues of topological or “Symanzik” polynomials.

In ordinary commutative field theory, Symanzik’s polynomials are obtained after
integration over internal position variables. The amplitude of an amputated graph G
with external momenta p is, up to a normalization, in space-time dimension D:

0 =V (p,2)/Ug (@)

A = 8( ) / —_—— e day). 4.22
a(p) dop | Uo (@)D 17[( 1) (4.22)
The first and second Symanzik polynomials Ug and Vi are

Us =3 []e (4.23a)

T I¢T
2
%:ZHW(ZpJ, (4.23b)
T> I¢T2 iEE(Tz)

where the first sum is over spanning trees 7 of G and the second sum is over two
trees T3, i.e. forests separating the graph in exactly two connected components £ (73)
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and F(T); the corresponding Euclidean invariant ( Y ieETy) p,~)2 is, by momentum

conservation, also equal to ()_;c (7, i)’

Since the Mehler kernel is still quadratic in position space it is possible to also in-
tegrate explicitly all positions to reduce Feynman amplitudes of e.g. non-commutative
¢2 purely to parametric formulas, but of course the analogs of Symanzik polynomials
are now hyperbolic polynomials which encode the richer information about ribbon
graphs. The reference for these polynomials is [19], which treats the ordinary ¢
case. In [42], these polynomials are also computed in the more complicated case of
critical models.

Defining the antisymmetric matrix o as

__[0O2 0 . . 0 —i
0—(0 02) with 02—(1. 0) 4.24)

the §—functions appearing in the vertex contribution can be rewritten as an integral
over some new variables py. We refer to these variables as to hypermomenta. Note
that one associates such a hypermomenta py to any vertex V via the relation

/
APy ip), (e} —x¥ +xY —x)
(Qn)*

_ de epvcf(x}/—xg-i-x;/—xf() )

) @n)d

S(x{ —x) +xy —x)) =
(4.25)

Consider a particular ribbon graph G. Specializing to dimension 4 and choosing
a particular root vertex V' of the graph, one can write the Feynman amplitude for G
in the condensed way

2
117

2
Ag = /n[ ” ] dag/dxdpe_gXGX (4.26)
¢

where f; = tanh “7‘, X summarizes all positions and hypermomenta and G is a
certain quadratic form. If we call x, and py; the external variables we can decompose
G according to an internal quadratic form @, an external one M and a coupling part
P so that

X=(xe pyp u v p), Gz(% g), 4.27)

Performing the Gaussian integration over all internal variables one obtains

|27 1 % (% ﬁ)[M—PQ_‘Pt]();;)
AG:[[ t ]dame . (4.28)
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This form allows to define the polynomials H Ug ; and H Vg 5, analogs of the Syman-
zik polynomials U and V' of the commutative case (see (4.22)). They are defined by

HV¢g (t.xe.pp)

Ap(ixel, ps) =K' / ool_[[doez(l—tf)z]HUG,l-,(z)‘ze‘ UG ® . (4.29)
0

They are polynomials in the set of variables #;, (£ = 1, ..., L), the hyperbolic tangent
of the half-angle of the parameters oy.
Using now (4.28) and (4.29) the polynomial H Ug ; writes

L
HU; = (det 0)% [ e. (4.30)
=1

The main results ([19]) are as follows.

* The polynomials H Ug,; and H Vg ;5 have a strong positivity property. Roughly
speaking they are sums of monomials with positive integer coefficients. This
positive integer property comes from the fact that each such coefficient is the
square of a Pfaffian with integer entries.

» Leading terms can be identified in a given “Hepp sector”, at least for orientable
graphs. A Hepp sector is a complete ordering of the ¢ parameters. These lead-
ing terms which can be shown strictly positive in H Ug ; correspond to super-
trees which are the disjoint union of a tree in the direct graph and a tree in the
dual graph. Hypertrees in a graph with n vertices and F faces have therefore
n 4+ F — 2 lines. (Any connected graph has hypertrees, and under reduction
of the hypertree, the graph becomes a hyperrosette.) Similarly one can identify
“super-two-trees” H Vg 5 which govern the leading behavior of H Vg ; in any
Hepp sector.

From the second property, one can deduce the exact power counting of any ori-
entable ribbon graph of the theory, just as in the matrix base.

Let us now borrow from [19] some examples of these hyperbolic polynomials. We
put s = (402)~L. For the bubble graph of Figure 7:

X
o 3 V2 y1

X1 X2 V3 Ya

Figure 7. The bubble graph.
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HUg, = (14457 (1 + o + 1712 + 1113),
HVg.y = t2[pa + 25(xa — x1)|* + 1162[2p% + (1 + 1651 (x1 — x4)%],  (4.31)
+ 17 p2 4 2s(x1 — x4)]2.
For the sunshine graph Figure 8:

HUg,y = [t1t2 + 113 + bt + (1113 + 11313 + 111513 (1 4 85 + 16s%)
(4.32)
+ 165 (15 + t713).

X1 Ya

w

Figure 8. The sunshine graph.

For the non-planar sunshine graph (see Figure 9) we have
HUg,y = [t1t2 + 113 + bt + (11213 + 11313 + 111515 (1 + 85 + 16s%) @)
R i e e e e d '

We note the improvement in the genus with respect to its planar counterparts.

x1 ya

'

X4 V3

Figure 9. The non-planar sunshine graph.
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For the broken bubble graph (see Figure 10) we have
HUgy = (1 +45%)(t1 + 12 + 1712 + 1113),
HVg» = 122[4S2(x1 +32)* + (p2 — 2s(x3 + y4))2] + 112[172 + 2s(x3 — y4)]2,
+112[ 85792 + 2(pz = 2530)7 + (1 + x3) + 1653 (1 = x3)? ]

+ t7t345% (x1 — y2)*.

X2 J1

X1 Ya

X4 Y3
Figure 10. The broken bubble graph.

Note that H Ug, is identical to the one of the bubble with only one broken face.
The power counting improvement comes from the broken face and can be seen only
in HVg y.

Finally, for the half-eye graph (see Figure 11), we start by defining

Agg = itz + titsts + titat + titst3tl. (4.34)

The H Ug,, polynomial with fixed hypermomentum corresponding to the vertex with

1 Y2 Y1
x4 3 V3 ya
3 4
zZD Z1
X1 X2
2 z3 Z4

Figure 11. The half-eye graph.
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two external legs is
HUG.y, = (A2a + A1a + Az + A1z + A12)(1 + 85% + 165%)
+ titatsta(8 + 1652 + 2565%) + 4111215 + 411121
+ 1652(t3 + 1317 + 1717 + 171315)
+ 64s* (111217 + t11227),

(4.35)

whereas with another fixed hypermomentum we get

HUgp, = (A2s + A1a + Azz + A13 + A1) (1 + 85 + 16s%)

+ titataty (4 + 3257 + 64s?) + 3252111513 + 325% 111517 (4.36)
+ 1652(t3 + 117 + 1517 + 171513).

Note that the leading terms are identical and the choice of the root perturbs only
the non-leading ones. Moreover note the presence of the t32 term. Its presence can
be understood by the fact that in the sector t;, t5, f4 > t3 the subgraph formed by the
lines 1, 2, 4 has two broken faces. This is the sign of a power counting improvement
due to the additional broken face in that sector. To exploit it, we have just to integrate
over the variables of line 3 in that sector, using the second polynomial H V- ,, for the
triangle subgraph G’ made of lines 1,2, 4.

In the critical case it is essential to introduce arrows upon the lines and to take

them into account. The corresponding analysis together with many examples are given
in [42].

4.5 Conclusion

Non-commutative QFT seemed initially to have non-renormalisable divergencies, due
to UV/IR mixing. Butfollowing the Grosse—Wulkenhaar breakthrough, there has been
recent rapid progress in our understanding of renormalisable QFT on Moyal spaces.
We can already propose a preliminary classification of these models into different
categories, according to the behavior of their propagators:

¢ Ordinary models at 0 < €2 < 1 such as ¢2 (which has non-orientable graphs) or
(¢¢)? models (which has none). Their propagator, roughly (p? + Q252+ A)~!
is LS covariant and has good decay both in matrix space (3.11)—(3.14) and direct
space (4.2). They have non-logarithmic mass divergencies and definitely require
“vulcanization” i.e. the 2 term.

¢ “Supermodels”, namely ordinary models but at 2 = 1 in which the propagator
is LS invariant. Their propagator is even better. In the matrix base it is diagonal,
e.g. of the form G,, , = (m+n+ A)~1, where 4 is a constant. The supermodels
seem generically ultraviolet fixed points of the ordinary models, at which non-
trivial Ward identities force the vanishing of the beta function. The flow of €2 to
the 2 = 1 fixed point is very fast (exponentially fast in RG steps).
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e “Critical models” such as orientable versions of LSZ or Gross—Neveu (and
presumably orientable gauge theories of various kind: Yang—Mills, Chern—
Simons...). They may have only logarithmic divergencies and apparently no
perturbative UV/IR mixing. However the vulcanized version still appears the
most generic framework for their treatment. The propagator is then roughly
(p? + Q2%2 +2Q% A p)~'. In matrix space this propagator shows definitely
a weaker decay (3.38) than for the ordinary models, because of the presence of
a non-trivial saddle point. In direct space the propagator no longer decays with
respect to the long variables, but only oscillates. Nevertheless the main lesson is
that in matrix space the weaker decay can still be used; and in x space the oscil-
lations can never be completely killed by the vertices oscillations. Hence these
models retain therefore essentially the power counting of the ordinary models,
up to some nasty details concerning the four-point subgraphs with two external
faces. Ultimately, thanks to a little conspiration in which the four-point sub-
graphs with two external faces are renormalised by the mass renormalisation, the
critical models remain renormalisable. This is the main message of [21], [38].

* “Hypercritical models” which are of the previous type but at 2 = 1. Their
propagator in the matrix base is diagonal and depends only on one index m (e.g.
always the left side of the ribbon). It is of the form G, , = (m + A)~!. In
x space the propagator oscillates in a way that often exactly compensates the
vertices oscillations. These models have definitely worse power counting than
in the ordinary case, with e.g. quadratically divergent four point-graphs (if sharp
cut-offs are used). Nevertheless Ward identities can presumably still be used to
show that they can still be renormalised. This probably requires a much larger
conspiration to generalize the Ward identities of the supermodels.

Notice that the status of non-orientable critical theories is not yet clarified.

Parametric representation can be derived in the non-commutative case. It implies
hyper-analogs of Symanzik polynomials which condense the information about the
rich topological structure of a ribbon graph. Using this representation, dimensional
regularization and dimensional renormalisation should extend to the non-commutative
framework.

Remark that trees, which are the building blocks of the Symanzik polynomials,
are also at the heart of (commutative) constructive theory, whose philosophy could be
roughly summarized as “You shall use trees®, but you shall not develop their loops
or else you shall diverge”. It is quite natural to conjecture that hypertrees, which are
the natural non-commutative objects intrinsic to a ribbon graph, should play a key
combinatoric role in the yet to develop non-commutative constructive field theory.

In conclusion we have barely started to scratch the world of renormalisable QFT on
non-commutative spaces. The little we see through the narrow window now open is ex-
tremely tantalizing. There exists renormalisable NCQFTs eg ¢* on [Rg, Gross—Neveu

8These trees may be either true trees of the graphs in the Fermionic case or trees associated to cluster or
Mayer expansions in the Bosonic case, but this distinction is not essential.
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on IR% and they seem to enjoy better properties than their commutative counterparts,
for instance they no longer have Landau ghosts! Non-commutative non-relativistic
field theories with a chemical potential seem the right formalism for a study ab initio of
condensed matter in presence of a magnetic field, and in particular of the quantum Hall
Effect. The correct scaling and RG theory of this effect presumably requires to build a
very singular theory (of the hypercritical type) because of the huge degeneracy of the
Landau levels. To understand this theory and the gauge theories on non-commutative
spaces seem the most obvious challenges ahead of us.
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Abstract. This article is an introduction to some aspects of Ecalle’s mould calculus, a powerful
combinatorial tool which yields surprisingly explicit formulas for the normalising series attached
to an analytic germ of singular vector field or of map. This is illustrated on the case of the
saddle-node, a two-dimensional vector field which is formally conjugate to Euler’s vector field
xz% + (x + y)%, and for which the formal normalisation is shown to be resurgent in 1/x.
Resurgence monomials adapted to alien calculus are also described as another application of
mould calculus.
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1 Introduction

Mould calculus was developed by J. Ecalle in relation with his resurgence theory
almost thirty years ago ([3], [6], [7]). The primary goal of this text is to give an
introduction to mould calculus, together with an exposition of the way it can be applied
to a specific geometric problem pertaining to the theory of dynamical systems: the
analytic classification of saddle-node singularities.

The treatment of this example was indicated in [4] in concise manner (see also [2]),
but I found it useful to provide a self-contained presentation of mould calculus and
detailed explanations for the saddle-node problem, in the same spirit as resurgence
theory and alien calculus were presented in [14] together with the example of the
analytic classification of tangent-to-identity transformations in complex dimension 1.

Basic facts from resurgence theory are also recalled in the course of the exposition,
with the hope that this text will serve to a broad readership. I also included a section on
the relation between the resurgent approach to the saddle-node problem and Martinet—
Ramis’s work [12].

The text consists of three parts.

A. Section 2 describes the problem of the normalisation of the saddle-node and
Section 3 outlines its treatment by the method of mould-comould expansions.

B. The second part has an “algebraic” flavour: it is devoted to a systematic exposi-
tion of some features of mould algebras (Sections 4 and 5) and mould-comould
expansions (Sections 6 and 7).

C. The third part is mainly concerned by the applications to resurgence theory of the
previous results (Sections 8—11 show the consequences for the problem of the
saddle-node and have an “analytic” flavour, Section 12 describes the construction
of resurgence monomials which allow one to check the freeness of the algebra
of alien derivations); other applications are also briefly alluded to in Section 13
(with a few words about arborification and multizetas).

All the ideas come from J. Ecalle’s articles and lectures. An effort has been made
to provide full details, which occasionally may have resulted in original definitions,
but they must be considered as auxiliary with respect to the overall theory. The details
of the resurgence proofs which are given in Sections 8 and 10 are original, at least I
did not see them in the literature previously.

A The saddle-node problem

2 The saddle-node and its formal normalisation
2.1. Let us consider a germ of complex analytic 2-dimensional vector field

3 d
X = x2a + A(x,y)g, A e Ci{x,y}, (2.1)
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for which we assume

024
A©.y) =y, 7—=—(0.0)=0. 2.2)
0xdy
Assumption (2.2) ensures that X is formally conjugate to the normal form
d d
Xo=x?2-+yo—. 23
° = o + ay 2.3)

We shall be interested in the formal transformations which conjugate X and Xj.

2.2. Thisis the simplest case from the point of view of formal classification of saddle-
node singularities of analytic differential equations.! Indeed, when a differential
equation B(x, y)dy — A(x, y) dx = 0 is singular at the origin (4(0, 0) = B(0,0) =0)
and its 1-jet has eigenvalues 0 and 1, it is always formally conjugate to one of the
normal forms x?*!1dy — (1 + Ax)ydx = 0(p € N*, 1 € C) or ydx = 0. What
we call saddle-node singularity corresponds to the first case, and the normal form X
corresponds to p = 1 and A = 0.

Moreover, a saddle-node singularity can always be analytically reduced to the form
xPTldy—A(x,y)dx = Owith A(0, y) = y (this result goes back to Dulac —see [12],
[13]), it is thus legitimate to consider vector fields of the form (2.1), which generate
the same foliations (we restrict ourselves to (p, A) = (1, 0) for the sake of simplicity).

The problem of the analytic classification of saddle-node singularities was solved
in [12]. The resurgent approach to this problem is indicated in [4] and [3, Vol. 3]
(see also [2]). The resurgent approach consists in analysing the divergence of the
normalising transformation through alien calculus.

2.3. Normalising transformation means a formal diffeomorphism 6 solution of the
conjugacy equation

X = 6. Xo. 2.4

Due to the shape of X, one can find a unique formal solution of the form

0(x.y) = (x.0(x.y). @x.y)=y+ Y @a(x)y". @n(x) € xCx]. (2.5)

n>0

The first step in the resurgent approach consists in proving that the formal series ¢,
are resurgent with respect to the variable z = —1/x. We shall prove this fact by using
Ecalle’s mould calculus (see Theorem 2 in Section 8 below).

The Euler series ¢o(x) = — >, ., (n—1)!x" appears in the case A(x, y) = x+y,
for which the solution of the conjugacy equation is simply 8(x, y) = (x, V4 @o (x)).

! A singular differential equation is essentially the same thing as a differential 1-form which vanishes at the
origin. It defines a singular foliation, the leaves of which can also be obtained by integrating a singular vector
field, but classifying singular foliations (or singular differential equations) is equivalent to classifying singular
vector fields up to time-change. See e.g. [13].
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2.4. Observe that 6(x, y) = (x, Y+ D ns0@n(X) y") is solution of the conjugacy
equation if and only if

P =ue + 3w G, #ul2) = ga(-1/2) €27 'Cz7"]. (26)

n>0
is solution of the differential equation
9,Y = A(—-1/z.Y) (2.7)

associated with the vector field X. (Indeed, the first component of the flow of X is
trivial and the second component is determined by solving (2.7); on the other hand,
the flow of Xy is trivial and, by plugging it into 8, one obtains the flow of X.)

The formal expansion Y (z,u) is called formal integral of the differential equa-
tion (2.7). One can obtain its components @,(z) (and, consequently, the formal
series ¢, (x) themselves) as solutions of ordinary differential equations, by expand-
ing (2.7) in powers of u:

do ~
= A= 1z 0). 8)
z
do, ~ ~ ~ ~
4+ 15a(2) = Dy A(= 1/2.50() 8 () + Ta(2). 29)
with ¥, inductively determined by @o, . . ., @n—1. Only the first equation is non-linear.

One can prove the resurgence of the @,’s by exploiting their property of being the
unique solutions in z~'C[[z ] of these equations and devising a perturbative scheme
to solve the first one,? but mould calculus is quite a different approach.

3 Mould-comould expansions for the saddle-node

3.1. The analytic vector fields X and X, can be viewed as derivations of the algebra
C{x, y}, but since we are interested in formal conjugacy, we now consider them
as derivations of C[[x, y]]. We shall first rephrase our problem as a problem about
operators of this algebra.’

The commutative algebra A = C[[x, y]] is also a local ring; as such, it is endowed
with a metrizable topology, in which the powers of the maximal ideal ! = { f €
Cl[x, ]l | f(0,0) = 0} form a system of neighbourhoods of 0, which we call Krull
topology or topology of the formal convergence and which is complete (as a uniform
structure).*

2See Section 2.1 of [14] for an illustration of this method on a non-linear difference equation.

3 Our algebras will be, unless otherwise specified, associative unital algebras over C (possibly non-
commutative). In this article, operator means endomorphism of the underlying vector space; thus an operator
of A = C[[x, y]] is an element of Endc (A). The space Endc (A) has natural structures of ring and of
A-module, which are compatible in the sense that f € A — f Id € Endc (A) is a ring homomorphism.
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Lemma 3.1. The set of all continuous algebra homomorphisms of C[[x, y]] coincides
with the set of all substitution operators, i.e. operators of the form f + f o6 with

0 M x M.

Proof. Any substitution operator is clearly a continuous algebra homomorphism of
C|[[x, y]]. Conversely, let ® be a continuous algebra homomorphism. The idea is that
® will be determined by its action on the two generators of the maximal ideal, and
setting § = (Ox, Oy) we can identify ® with the substitution operator ' — f o 6.
We just need to check that ®x and ®y both belong to the maximal ideal, which is
the case because, by continuity, (Bx)” = O(x") and (Oy)" = ©O(y") must tend
to 0 as n — oo; one can then write any f as a convergent — for the Krull topology
— series of monomials ) f, ,x™y™ and its image as the formally convergent series

Of = Z®(fm,nxmyn) = me,n(GX)m(GY)n- O

A formal invertible transformation thus amounts to a continuous automorphism of
C|[[x, y]]- Since the conjugacy equation (2.4) can be written

Xf =[Xo(fo®)]o07" feClx vl

if we work at the level of the substitution operator, we are left with the problem of
finding a continuous automorphism ® of C[[x, y]] such that ©(Xf) = Xo(®f) for
all f,i.e.

OX = X(0. (3.1)

3.2. The idea is to construct a solution to (3.1) from the “building blocks” of X. Let
us use the Taylor expansion

A ) =y+ Y anx)y"™. N={neZ|n=-1} 3.2)
neN
to write

d
X=Xo+ ) an(x)By, By=y""'—, (3.3)

dy

nenN

an(x) € xCi{x}, ap(x) € x*>C{x} (3.49)

(thus incorporating the information from (2.2)). The series in (3.3) must be interpreted
as a simply convergent series of operators of C[[x, y]] (the series Y _ a, B, f is formally
convergent for any f € Cl[x, y]]).

Let us introduce the differential operators

B@ =1d, Bw] ..... wr — Bwr T Bw1 (35)

4 This is also called the M-adic topology, or the (x, y)-adic topology. Beware that C[[x, y]] is a topological
algebra only if we put the discrete topology on C.
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for wy,...,w, € N. We shall look for an automorphism ® solution of (3.1) in the
form
0=, >, VU W)Ba,.. (3.6)
r>0 w,..., wrEN

with the convention that the only term with r = 0 is V9 By, with V? = 1, and with
coefficients V®1-®r(x) € xCJ[[x]] to be determined from the data {a,, n € N} in
such a way that

(i) the expression (3.6) is a formally convergent series of operators of C[[x, y]] and
defines an operator ® which is continuous for the Krull topology,
(i1) the operator ® is an algebra automorphism,
(iii) the operator ® satisfies the conjugacy equation (3.1).
In Ecalle’s terminology, the collection of operators {Bo,,..o, ) isatypical example
of comould; any collection of coefficients {V®1-®r} is a mould (here with values

in C[[x]], but other algebras may be used); a formally convergent series of the form (3.6)
is a mould-comould expansion, often abbreviated as

e = Z’V‘B.

(we shall clarify later what “formally convergent” means for such multiply-indexed
series of operators).

3.3. Letus indicate right now the formulas for the problem of the saddle-node (2.1):

Lemma 3.2. The equations
V=1,
2 d W1 5., OF W2 ,...,0F
xa—}—a)l—I—-‘-—{—a)r"V O = Ay, V2w, o €N (3T)

inductively determine a unique collection of formal series V®1»~®r e xC[[x]] for
r > 1. Moreover,
yeror e xIr21e[x]), (3.8)

where (s denotes, for any s € R, the least integer not smaller than s.

Proof. Let v denote the valuation in (E[[x] v cmx™) =min{m | ¢, #0} € N
for a non-zero formal series and v(0) =

Since 9 = x?2 dd increases valuation by at least one unit, d + u is invertible for any
1 € C* and the inverse operator

@+ =) nH=0) (3.9)
r=>0

(formally convergent series of operators) leaves xC[[x]] invariant. On the other hand,
we define 7' : x2C[[x]] — xC[[x]] by the formula 3¢ (x) = [; (:2¢(1))dt, so
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that v = 9~ !¢ is the unique solution in xC[[x]] of the equation dy = ¢ whenever
¢ € x*C[x].

For r = 1, equation (3.7) has a unique solution V*! in xC[[x]], because the right-
hand side is a,, , element of xC[[x]], and even of x>C[[x]] when w; = 0. By induction,
for r > 2, we get a right-hand side in x>C[[x]] and a unique solution V¥ in xC[[x]]
forw = (w1,...,0,) € N". Moreover, with the notation ‘@ = (wa,...,w,), we
have

0 ifwy+---+w =0and w; #0,

V(V) = a® +v(V®), witha® =
(V®) = Ve, w {1 ifwo, ++-+w, #0o0rw; =0.

Thus v(V?®) > card R?, with R® ={i € [l,r] |wi +---+ ®, # 0or w; = 0} for
r>1.

Let us check that card R® > [r/2]. This stems from the fact that if i & R?,
i > 2,theni —1 € R? (indeed, in that case w;—1; + --- + w, = w;_1), and that
R has at least one element, namely r. The inequality is thus true for r = 1 or 2;
by induction, if r > 3, then R® N [3,r] = K° with “@ = (w3, ..., ;) and either
2€ R?, or2¢ R? and 1 € R?, thus card R® > 1 4 card R'©. O

3.4. To give a definition of formally summable families of operators adapted to our
needs, we shall consider our operators as elements of a topological ring of a certain
kind and make use of the Cauchy criterium for summable families.

Definition 3.1. Given a ring € (possibly non-commutative), we call pseudovaluation
any map val: &€ — Z U {oo} satisfying, for any ®, @, 0, € &,

e val (®) = 00 iff ® = 0,
¢ val (®; — ©3) > min {Val (®1),val (0,) },
e val (010,) > val (01) + val (05),

The formula dy,(®1, ©;) = 2~ val©2=01) (hep defines a distance, for which & is a
topological ring. We call (&, val) a complete pseudovaluation ring if the distance dyy
is complete.

We use the word pseudovaluation rather than valuation because € is not assumed
to be an integral domain, and we dot impose equality in the third property. The
distance dy, is ultrametric, translation-invariant, and it satisfies dyy(0, ®10;) <
dval(ov ®1) dval(o» ®2)

Letusdenote by 1 the unit of €. Giving a pseudovaluation on € such thatval (1) = 0
is equivalent to giving a filtration (Es)s<z that is compatible with its ring structure (i.e.
a sequence if additive subgroups such that 1 € £, €541 C s and E5E5» C Eg44/ for
all §, 8’ € Z), exhaustive (| J €5 = €) and separated ([} €5 = {0}). Indeed, the order
function val associated with the filtration, defined by val (®) = sup{§ € Z | ©® € &5 },
is then a pseudovaluation; conversely, one canset £ = {©® € € | val (®) > § }.
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Definition 3.2. Let (&, val) be a complete pseudovaluation ring. Given a set I, a
family (®;);er in € is said to be formally summable if, for any § € Z, the set
{i € I | val(®;) < §} is finite (the support of the family is thus countable, if not /
itself).

One can then check that, for any exhaustion (/;)zen by finite sets of the support
of the family, the sequence ) _, 1, ©i is a Cauchy sequence for dvai, and that the limit
does not depend on the chosen exhaustion; the common limit is then denoted ) ;; ®;.
Observe that there must exist §« € Z such that val (®;) > §, foralli € I.

3.5. We apply this to operators of A = C[[x, y]] as follows. The Krull topology of A
can be defined with the help of the monomial valuation

va(f) = min{4m +n | frun 0} for f =) fruaxy" #0, v4(0) = 0.
Indeed, for any sequence ( f)ren of A,

fr — 0 & Z Jx formally convergent <= v4( fr) ——> oo.
k—o0 ke k—o0

In particular, (C[[x, y]], v4) is a complete pseudovaluation ring.

Suppose more generally that (A, v) is any complete pseudovaluation ring such
that A is also an algebra. Corresponding to the filtration A, = { f € A | v(f) > p},
p € Z, there is a filtration of End¢ (A):

€s ={0O € Endc(A) | ©(Ap) C Apys foreach p}, b€ Z.

Definition 3.3. Let§ € Z. An element ©® of Ej is said to be an “operator of valuation
> §”. We then define val, (©) € Z U {oo}, the “valuation of ®”, as the largest &g
such that ® has valuation > §g; this number is infinite only for ® = 0.

Denote by € the union | 5 over all § € Z: these are the operators of A “having
a valuation” (with respect to v), i.e.

€ = {© € Endc(A) | val, (©) = infrea oy {v(©f) — v(f)} > —o0}.

They clearly are continuous for the topology induced by v on A; they form a subalgebra
of the algebra of all continuous operators’ and (&, val, ) is a complete pseudovaluation
ring. For any formally summable family (®;);cy of sum ® in € and f € A, the family
(O; f)ies is summable in the topological ring A, with sum G f .

Lemma 3.3. With the notation of formula (3.5) and Lemma 3.2, the family
(VO @ B or )rs1, 01,....0reN 1S formally summable in the algebra of opera-
tors of C[[x, y]]| having a valuation with respect to v4. In particular the resulting

5 Not all continuous operators of .A belong to €: think of the operator of C[[y]] which maps y™ to y™/2

if m is even and to O if m is odd.
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operator © is continuous for the Krull topology. Similarly, the formula
v_a)l,...,a)r — (_l)rvwr,...,a}] (310)

gives rise to a formally summable family (V%" By, 0,)r>1,01,...0r €N-

Proof. Clearly v4(B, f) > v4(f) + n and, by induction,
Va(Boy,...on f) = va(f) + 01 + -+ .
As a consequence of (3.8),
va(VO " By wop f) = va(f) + o1+ -+ o +2r, w1,...,0r €N

Hence, with the above notations, each V®1-~®r B, isanelement & with valua-
tion > w; + - -+ + w, + 2r, and the same thing holds for each P“!""*" B, ..
The w;’s may be negative but they are always > —1, thusw; + -+ + o, +r > 0.
Therefore, for any § > 0, the condition w; + --- + w, + 2r < § implies r < § and
d(wi +1) =w; + -+ o, +r < §. Since this condition is fulfilled only a finite
number of times, the conclusion follows. O

3.6. Here is the key statement, the proof of which will be spread over Sections 4—7:

Theorem 1. The continuous operator ® = Y V*® B, defined by Lemmas 3.2 and 3.3
is an algebra automorphism of C[[x, y]| which satisfies the conjugacy equation (3.1).
The inverse operator is y_ 'V-° Ba.

Observe that ®x = Xx, thus ® is must be the substitution operator for a formal
transformation of the form 6(x,y) = (x,¢(x, y)), with ¢ = ®y, in accordance
with (2.5). An easy induction yields

Bwy — Igwywl-f—..‘-f—a)r-i—l’ @ E Nr’ r>1, (3.11)

with B = 1ifr =1, B = (01 + D@1 + w2+ D+ (01 + -+ or—1 + D) if
r > 2. We have B, = 0 whenever w; + --- + @, < —2 (since (3.11) holds a priori
in the fraction field C((y)) but B, y belongs to C[[y]]), hence

0(x.y) = (x,0(x.y)).
P =y + Y e = Y. PV (3.12)

n>0 r>1,weN”
w1 +-+or+1=n
(in the series giving ¢, , there are only finitely many terms for each r, (3.8) thus yields
its formal convergence in xC[[x]]).
Similarly, ®~1 = Y~ ¥* B, is the substitution operator of a formal transformation
(x,y)—~ (x, ¥ (x, y)), which is nothing but 6!, and

YY) =07y =y + ) Y0y, (3.13)

n>0
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where each coefficient can be represented as a formally convergent series ¥, =
Zw] +-+or+1=n ﬂw e
See Lemma 8.6 on p. 128 for formulas relating directly the ¢,’s and the ¥,’s.

Remark 3.1. The V®’s are generically divergent with at most Gevrey-1 growth of
the coefficients, as can be expected from formula (3.9); for instance, for w; # 0,
we get V1 (x) = Yo" (—x2 L)  a,, which is generically divergent because
the repeated differentiations are not compensated by the division by any factorial-like
expression. This divergence is easily studied through formal Borel transform with
respect to z = —1/x, which is the starting point of the resurgent analysis of the
saddle-node — see Section 8. We shall see in Section 9 why the V®’s can be called

“resurgence monomials”.

The proof of Theorem 1 will follow easily from the general notions introduced in
the next sections.

B The formalism of moulds

4 The algebra of moulds

4.1. In this section and the next three ones, we assume that we are given a non-empty
set 2 and a commutative C-algebra A, the unit of which is denoted 1. In the previous
section, the roles of €2 and A were played by N and C[[x]].

It is sometimes convenient to have a commutative semigroup structure on £2; then
we would rather take 2 = Z in the previous section and consider that the mould
{V®1@r Y was defined on Z but supported on N (i.e. we extend it by O whenever
one of the w;’s is < —2).

We consider €2 as an alphabet and denote by Q° the free monoid of words: a word
is any finite sequence of letters, @ = (w1,...,w,) With w1, ..., 0, € Q; its length
r = r(w) can be any non-negative integer. The only word of zero length is the empty
word, denoted @, which is the unit of concatenation, the monoid law (@, ) — .3
defined by

(a)lv-"7a)r)'(nl""7ns)Z(wl""va)r’nlv"'vns)

for non-empty words.

As previously alluded to, a mould on Q2 with values in A is nothing but a map
Q°® — A. Itis customary to denote the value of the mould on a word @ by affixing @
as an upper index to the symbol representing the mould, and to refer to the mould
itself by using e as upper index. Hence V*® is the mould, the value of which at @ is
denoted V®.

A mould with values in C is called a scalar mould.
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4.2. Being the set of all maps from a set to the ring A, the set of moulds M* (2, 4)
has a natural structure of A-module: addition and ring multiplication are defined
component-wise (forinstance, if u € A and M* € M*(Q2, A),themould N®* = uM*®
is defined by N® = uM® forall @ € 2°).

The ring structure of A together with the monoid structure of Q° also give rise to
a multiplication of moulds, thus defined:

1 2
P*=M*xN®: w—~P°= Y M N, (4.1)
0= lo2
with summation over the r(w) + 1 decompositions of @ into two words (including
! or ? = ). Mould multiplication is associative but not commutative (except if

Q2 has only one element). We get a ring structure on M*(€2, A), with unit

1 ifw =240,

., ® _
ol _{0 ifw # 0.

One can check that a mould M* is invertible if and only if M? is invertible in A (see
below).

One must in fact regard M®(€2, A) as an A-algebra, i.e. its module structure
and ring structure are compatible: £ € A — ul1® € M*(Q2, A) is indeed a ring
homomorphism, the image of which lies in the center of the ring of moulds. The
reader familiar with Bourbaki’s Elements of mathematics will have recognized in
M?* (€2, A) the large algebra (over A) of the monoid Q2° (Algebre, chap. 111, §2, n°10).
Other authors use the notation A ((Q2)) or A [[T®]] to denote this A-algebra, viewing
it as the completion of the free A -algebra over 2 for the pseudovaluation ord defined
below. The originality of moulds lies in the way they are used:

— the shuffling operation available in the free monoid 2° will lead us in Section 5 to
single out specific classes of moulds, enjoying certain symmetry or antisymmetry
properties of fundamental importance (and this is only a small amount of all the
structures used by Ecalle in wide-ranging contexts);

— we shall see in Sections 6 and 7 how to contract moulds into “comoulds” (and
this yields non-trivial results in the local study of analytic dynamical systems);

— the extra structure of commutative semigroup on €2 will allow us to define another
operation, the “composition” of moulds (see below).

There is a pseudovaluation ord: M®*(2, A) — N U {co}, which we call “order”:
we say that amould M ® has order > sif M® = 0 wheneverr(w) < s,andord (M *) is
the largest such s. This way, we geta complete pseudovaluation ring (M’ (Q.A4),0rd).
In fact, if A is an integral domain (as is the case of C[[x]]), then M* (€2, A) is an integral
domain and ord is a valuation.

4.3. Itiseasy toconstruct “mould derivations”, i.e. C-linear operators D of M*(€2, A)
such that D(M®* x N°*) = (DM*®) x N* + M* x DN°®.
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For instance, for any function ¢ : Q2 — A, the formula
0 ifw =49,
D,M® = o .
(p(@1) + -+ p(w))M® ifo = (01,...,0)

defines a mould derivation D,. With ¢ = 1, we get DM® = r(0)M®.
When €2 is a commutative semigroup (the operation of which is denoted additively),
we define the sum of a non-empty word as

]| =w1 + - +w, €Q, ®=(01,...,0,) € Q°.
Then, for any mould U *® such that U % — 0, the formula
VUOM(') = Z Uﬂ M“'”ﬂ”'}’ (42)
o=aBy, BF#0

defines a mould derivation Vye. The derivation D, is nothing but Vye with U® =
¢(w1) for® = (w1) and U® = 0 for r(w) # 1.
When Q2 C A, an important example is

VM® = |w||M®, (4.3)

obtained with ¢() = 5. On the other hand, every derivation d : A — A obviously
induces a mould derivation D, the action of which on any mould M ® is defined by

DM® =d(M?®), o cQ°. 4.4

Remark 4.1. With Q@ = N definedby (3.2)and A = C|[[x]], the mould V* determined
in Lemma 3.2 is the unique solution of the mould equation

(D+V)V* =J?xV*, (4.5)

such that V? = 1 and V* € xC[[x]] for @ # @, with D induced by d = x> and

Jo _ ey, ifw = (w1),
a 0 ifr(e)#1.
4.4. When 2 is a commutative semigroup, the composition of moulds is defined as
follows:
C*=M"oU*: 0 — C’=M"
© A0 CO = Z Mol o e! LU,

s>1,w!,... 0540
W= @S

(4.6)

with summation over all possible decompositions of @ into non-empty words (thus
1 <s < r(w) and the sum is finite). The map M* +— M *® o U* is clearly A -linear; it
is in fact an A4 -algebra homomorphism:

(M®oU®)x (N*oU®)=(M*xN®)oU"*
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(the verification of this distributivity property is left as an exercise).
Obviously, 1° o U® = 1° for any mould U*®. The identity mould

1% o 9 — {1 ?fr(co) =1,

0 ifr(w)#1
satisfies M® o I®* = M*® for any mould M*®. But [* o U®* = U® only if U? = 0 (a
requirement that we could have imposed when defining mould composition, since the
value of U? is ignored when computing M*® o U*®); in general, I*cU® = U*—-U? 1°.

Mould composition is associative® and not commutative. One can check that a
mould U*® admits an inverse for composition (a mould V* such that V*® o U® =
U®oV*® = 1% ifand only if U® is invertible in A whenever r(w) = 1 and U? = 0.
These moulds thus form a group under composition.

In the following, we do not always assume €2 to be a commutative semigroup and
mould composition is thus not always defined. However, observe that, in the absence
of semigroup structure, the definition of M ® o U ® makes sense for any mould M ® such
that M “ only depends on 7(w) and that most of the above properties can be adapted
to this particular situation.

4.5. As an elementary illustration, one can express the multiplicative inverse of a
mould M*® with u = M? invertible as

(M*)*CD = G*o M®,  with G = (=1)"@ @1,
Indeed, G* is nothing but the multiplicative inverse of p 1° 4+ /*® and
M® = p1*+ 1% M* = (p1* +1%) o M®,

whence the result follows immediately.

The above computation does not require any semigroup structure on 2. Besides,
one can also write (M *)*1 = Y oo (DS ST (M® — 1 1%)S (convergent series
for the topology of M*(£2, A) induced by ord).

4.6. We define elementary scalar moulds exp;, ¢t € C, and log® by the formulas

0 _ t"@
expy = ;o and

(_l)r(a))—l

log? =0 ifw =0, log? = @) ifw # 0.

®Hint: The computation of M® o (U® o V*) at @ involves all the decompositions @ = @'..@®

into non-empty words and then all the decompositions of each factor @’ as @! = aliall, 0?2 =
alttli a2 ... 05 =als—1T . als (where 1 <ij <ip <--- < iy =t, with each &/ non-empty); it
is equivalent to sum first over all the decompositions @ = o L... &’ and then to consider all manners of regrouping
adjacent factors (0t aes 0?1)a(a’1 T 1aus @072) s (is—1F 1. @), which yields the value of (M® o U®) o V'®

at .
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One can check that
expo = 1%, exp;, xexp;, = exp; 4., 1,12 €C,
1 1
(exp; —1%) o —log” = —log®o (exp; —1°) = I°, 1€ C”
(use for instance exp; = » (., %(1')” and log® = ) (-, %(1')”; mould

composition is well-defined here even if €2 is not a semigroup).
Now, consider on the one hand the Lie algebra

LU A)={U e M (Q,A) | U’ =0},

: . ° ° ° . ° . (47)
with bracketing [U®, V*] =U* xV* - V* x U®,
and on the other hand the subgroup
G*(Q,A)={M* eM*(Q,4)| M? =1} (4.8)

of the multiplicative group of invertible moulds.
Then, for each U*® € £°(Q2, A), (exp; o U®)sec is a one-parameter group inside
G*(2, A). Moreover, the map

E U8 (QA) > M =explolU® € G*(Q, A)

is a bijection for each t € C* (with reciprocal M* — % log® o U*), which allows us
to consider £°(€2, A) as the Lie algebra of G*(£2, A) in the sense that

[U*.ve] = j—t(E,(U') XV x E(U* V), 2.

Observe that mould composition is not necessary to define the map E; and its recip-
rocal: one can use the series

§ 1 —_1)s—1
Et(U.) _ Z %(U.)XS, Et—l(MO) — ; Z ( 13 (M. . lc)xs (4.9)

5>0 s>1

(they are formally convergent because ord (U*®) and ord (M * — 1°) > 1).

5 Alternality and symmetrality

5.1. Even if Q is not a semigroup, another operation available in Q° is shuffling:

given two non-empty words @! and w2, one says that a word ® = (w1, ...,®;)
belongs to their shuffling if one can write ! = (@g (1), - -+ Wg(e)) and w? =
(W (t+1)s - - - » Wa(r)) Witha permutation o suchthato (1) < --- <o({)ando({+1) <

. < o(r) (in other words, @ can be obtained by interdigitating the letters of
and those of w? while preserving their internal order in ! or @?). We denote by
sh (“’ 1‘:)0,2 ) the number of such permutations o, and we set sh (“’ 1&)0,2 ) = 0 if @ does
not belong to the shuffling of w! and w?.
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In case one of the words w !, @2, @ is empty, we extend the definition by sh ( Q’;’)"’ ) =
sh (‘"aﬂ)”) = 1, the value being 0 in the other cases.

Definition 5.1. A mould M* is said to be alternal if M? = 0 and, for any two

non-empty words @', 2,

1 2
Zsh(w "")M“’:O. (5.1)
(0]

weR®

It is said to be symmetral if M? = 1 and, for any two non-empty words @', 2,

1 2
3" sh (“’ (’0“’ )M“’ = M Me° (5.2)

weR®

Of course the above sums always have finite support. For instance, if @! = (w1)
and w2 = (w2, w3), the left-hand side in both previous formulas is M ®1:92:¢3 4
MwZawl s03 + MwZawB’a)] .

The motivation for this definition lies in formula (7.2) below. We shall see in
Section 7 the interpretation of alternality or symmetrality in terms of the operators
obtained by mould-comould expansions: alternal moulds will be related to the Lie
algebra of derivations, symmetral moulds to the group of automorphisms.

Alternal (resp. symmetral) moulds have to do with primitive (resp. group-like)
elements of a certain graded cocommutative Hopf algebra, at least when A is a field
— see the remark on Lemma 5.3 below.

An obvious example of alternal mould is /°, or any mould J* such that J® = 0
for r(w) # 1 (as is the case of J; defined by (4.6)). An elementary example of
symmetral mould is exp; for any ¢ € C; a non-trivial example is the mould V*
determined by Lemma 3.2, the symmetrality of which is the object of Proposition 5.5
below. The mould log® is not alternal (nor symmetral), but “alternel”; alternelity
and symmetrelity are two other types of symmetry introduced by Ecalle, parallel to
alternality and symmetrality, but we shall not be concerned with them in this text (see
however the end of Section 7).

The next paragraphs contain the proof of the following properties:

Proposition 5.1. Alternal moulds form a Lie subalgebra £3,. (2, A) of the Lie algebra

alt

L*(S2, A) defined by (4.7). Symmetral moulds form a subgroup G, (2, A) of the

multiplicative group G*(2, A) defined by (4.8). The map E, defined by (4.9) induces
a bijection from £3, (2, A) to G, (2, A) for eacht € C*.

sym

Proposition 5.2. Given a mould M*, we define a mould SM*® = M* by the formulas

M? =M% MO = (=1 MO r > 1, 0.0 €2, (5.3)
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Then S is an involution and an antihomomorphism of the A -algebra M*(R2, A), and

M® alternal = SM® =-M°®,
M*® symmetral = SM* = (M*)*CY (multiplicative inverse).

Proposition 5.3. If Q is a commutative semigroup and U* is alternal, then

M?*® alternal = M*®oU® alternal, (5.4)
M*® symmetral = M*® o U® symmetral. (5.5)

If moreover U® admits an inverse for composition (i.e. if U® has a multiplicative
inverse in A whenever r(w) = 1), then this inverse is alternal itself; thus alternal
invertible moulds form a subgroup of the group (for composition) of invertible moulds.

Proposition 5.4. If D is a mould derivation induced by a derivation of A, or of the
form Dy, with ¢: Q — A, or of the form V ye with J* alternal (with the assumption
that Q is a commutative semigroup in this last case), and if M ® is symmetral, then
(DM *®) x (M*)*CD and (M *)*V x (DM *®) are alternal.

5.2. The following definition will facilitate the proof of most of these properties and
enlighten the connection with derivations and algebra automorphisms to be discussed
in Section 7.

Definition 5.2. We call dimould’ any map M ** from Q° x Q°® to A4; its value on
(w,n) is denoted M ®-". The set of dimoulds is denoted M**(£2, A); when viewed
as the large algebra of the monoid 2°* x Q°, it is a non-commutative A4 -algebra.

Observe that, the monoid law on Q° x Q° being

'(D'l — (a)l,ﬂl), w.2 — (w2’n2) = wl.w2 — ((01-(02, nl.”Z)’

the finiteness of the number of decompositions of any w € Q* x Q* as w = wl.w?
allows us to consider this large algebra, in which the multiplication is defined by a
formula similar to (4.1). The unit of dimould multiplication is 1**: (w, ) +— 1 if
® = n = ¥ and 0 otherwise.

Lemma 5.1. The map t: M®* € M*(Q2,A) —> M** € M**(2, A) defined by

M*# = %" sh ("‘;0’3) M®, apeQ

weN®

is an A -algebra homomorphism.

7 Not to be confused with the bimoulds introduced by Ecalle in connection with multizeta values, which
correspond to the case where the set €2 itself is the cartesian product of two sets — see the end of Section 13.
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Proof. The map t is clearly A-linear and t(1°*) = 1*°. Let P* = M*® x N°*® and
P** = 7(P°*); since
P*f = 3" sh (y"‘{_fz) MY'NY’, e,
yl>y2€gc

the property P** = t(M*®) x t(N°®) follows from the identity

sh (}f‘l 52) = > sh (“1)’,1’3 1) sh (“2}’,2ﬂ 2) (5.6)

a=al.a2, ="

(the verification of which is left to the reader). O

As in the case of moulds, we can define the “order” of a dimould and get a
pseudovaluation ord: M®**(2,4) — N U {oco}: by definition ord (M **) > s if
M@ = (0 whenever r(w) + r(g) < s. We then get a complete pseudovaluation
ring (M“(Q, A), ord) and the homomorphism t is continuous since ord (7 (M *®)) >
ord (M*).

Definition 5.3. We call decomposable a dimould P** of the form P®7 = M® N7
(for all w,n € Q°), where M*® and N°*® are two moulds. We then use the notation
P** = M*Q N°.

One can check that the relation
(M? ® N}) x (M3 ® N3) = (M} x M3) ® (Nf x N3) (5.7)

holds in M**(£2, A), for any four moulds My, N, M5, N;.
With this notation for decomposable dimoulds, we can now rephrase Definition 5.1
with the help of the homomorphism 7 of Lemma 5.1:

Lemma 5.2. A mould M*® is alternal iff t(M®) = M°*®1°+1°® M*. Amould M*
is symmetral iff M? = 1 and t(M®) = M* ® M*.

Notice that the image of t is contained in the set of symmetric dimoulds, i.e. those
M ** such that M*%P = MP-* because of the obvious relation

sh (“(’dﬂ) = sh (ﬂc’o"‘) . a.fweQ. (5.8)

5.3. Remark on Definition 5.3. The tensor product is used here as a mere notation,
which is related to the tensor product of A-algebras as follows: there is a unique
A-linear map p: M*(Q2,A) @4 M* (2, A) — M**(2, A) such that p(M* ® N°*)
is the above dimould P*°*. The map p is an A-algebra homomorphism, according
to (5.7), however its injectivity is not obvious when A is not a field, and denoting
p(M*®* ® N°®) simply as M* ® N°, as in Definition 5.3, is thus an abuse of notation.
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In fact, if A is an integral domain, then the A-module M®(2, A) is torsion-free
(uM*® = 0 implies u = 0 or M* = 0) and Ker p coincides with the set T of all
torsion elements of M*®(2,4) ®4 M*(2, A). Indeed, for any £ € 7T, there is a
non-zero it € A suchthat u& = 0, thus up(§) = 0in M**(2, A), whence p(§) = 0.
Conversely, suppose § = Y '_; M® ® N € Ker p, where the moulds M * are not all
zero; without loss of generality we can suppose M,’ # 0 and choose w! € Q° such
that u, = M,?l # 0. Setting u; = Ml.“’1 for the other i’s, we get Y 7, u; N =0,
whence pu,& = 27;11 (MnM? — i M) ® NS, still with 1, & € Ker p. By induction
on 7, one gets a non-zero i € A such that u§ = 0.

Therefore, p is injective when A is a principal integral domain, as is the case of
C|[[x]], because any torsion-free A-module is then flat (Bourbaki, Algebre commuta-
tive, chap. 1, §2, n°4, Prop. 3), hence its tensor product with itself is also torsion-free
(by flatness, the injectivity of ¢: M* — uM?®, for u # 0, implies the injectivity of
pRId: £ — ué).

This is a fortiori the case when A is a field; this is used in the remark on Lemma 5.3
below.

5.4. Proof of Proposition 5.1. The set £3 (€2, A) of alternal moulds is clearly an
A -submodule of £°(€2, A). Given U*® and V'* in this set, the alternality of [U®, V'*]
is easily checked with the help of Lemma 5.1, formula (5.7) and Lemma 5.2.

Let M*® and N°® be symmetral. The symmetrality of M* x N*® follows from
Lemma 5.1, formula (5.7) and Lemma 5.2. Similarly, the multiplicative inverse M*
of M* satisfies T(M*®) x t(M*) = t(M*) x t(M*) = 7(1%) = 1**, by uniqueness
of the multiplicative inverse in M**(€2, A) it follows that t(M*) = M* ® M*® and
M?* is symmetral.

Now lett € C*. Suppose first U® € £3,(2, A). We check that M* = E;(U*®) is
symmetral by using the continuity of 7 and formula (4.9): ©(M*) = exp(a + b) with
a=tU*®1%*and b = 1* ® tU®, where the exponential series is well-defined in
M**(€2, A) because ord (a) , ord (b) > 0; since a xb = b x a, the standard properties
of the exponential series yield

T(M*®) = exp(a) x exp(b) = (exp(tU®) ® 1°) x (1° @ exp(tU*®)) = M* Q@ M°.

Conversely, supposing M® = 1°+N* € Gy (2, A), wecheckthatU® = E; 1 (M*®)
is alternal: by continuity, we can apply t termwise to the logarithm series in (4.9) and
write T(M®* —1°) = N°*Q1°*+ 1° Q@ N*+ N* Q@ N* = a + b + a x b, with
a=N*®1°and b = 1°* ® N°* commuting in M**(2, A), the conclusion then
follows from the identity

Z —(_lzs_l (@a+b+axb)y” = Z —(_TH a*’ + Z —(_lzs_l b*s

s=1 s>1 s>1
(which follows from the observation that, given ¢ € M**(2, A) with ord (¢c) > 0,
> #st is the only dimould £ of positive order such that exp(£) = 1** + ¢).
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5.5. Proof of Proposition 5.2. 1t is obvious that S is an involution and the identity
S(M®*x N°®) =SN*xSM*, M®* N®°eM* (2, A)

clearly follows from the Definition (4.1) of mould multiplication. Let us define an
A-linear map

E: M™ e M™(Q,A4) > P* = E(M**) e M*(Q, A)

by the formula

P = Y (-y Mm% weQ (5.9)
w=ouof
where @ = (w;,...,wy) fora = (w1,...,w;) withi > 1 and § = @. Thus

P? = M?P p@) — p%@) _ pp@n.d
p@r®) — prf(@re) _ pr@).(@2) 4 pp@2,0).0

and so on. The rest of Proposition 5.2 follows from

Lemma 5.3. For any two moulds M*®, N*®, one has

E(M®* ® N*) = (SM®) x N°, (5.10)
Eor(M*) =M"1°, (5.11)

with the homomorphism t of Lemma 5.1.

Indeed, if M ® is alternal, then
SM®*+M®*=(SM)X1°+1°xM* =EM*Q1°+1°QM®) =Eo0t(M®) =0,
and if M* is symmetral, then
(SM*)XM®*=EM*Q@M®*) =Eot(M®) =1°
and similarly M® x SM*® = 1° because SM * is clearly symmetral too.

Proof of Lemma 5.3. Formula (5.10) is obvious. Let M** = t(M*®) and P* =
E(M**). Clearly P? = M?? = MY Letw = (w1,...,w,) with r > 1: we must
show that P® = 0.

Using the notations o = (w1,...,w;) and ﬂi = (a),-ﬂ,...,w,) forO0<i <r
(with «® = B" = 0), we can write P® = Z;ZO(—I)iM&I " we then split the sum

M&i’ﬂi _ Zsh (&-ii'ﬂi )My
Yy
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according to the first letter of the mute variable: M a8 — i + R; with

Qi =Y sh(¥ B )M@ if1<i<r, Qo =0,
Yy

Ri= sh(&FB ) M@+ if1 <i<r—1, R, =0,
14

But,if 0 <i <r—1, Q;+1 = R;, whence

r r—1
P =3 (-1)Qi + Y (-1)'Qiy1 =0.
i=0

i=1

5.6. Remark on Lemma 5.3. Although this will not be used in the rest of the article,
it is worth noting here that the structure we have on M*(2, A) is very reminiscent
of that of a cocommutative Hopf algebra: the algebra structure is given by mould
multiplication (4.1), with its unit 1*; as for the cocommutative coalgebra structure, we
may think of the map &: M*® +— M? as of a counit and of the homomorphism t as of
a kind of coproduct (although its range is not exactly M*(Q2, A) ® 4 M*(22, A)); we
now may consider that the involution S: M*® > M*® behaves as an antipode.

Indeed, the identity® (M *)?* = ¢(M*)*? = M® canbe interpreted as a counit-
like property for € and the fact that any dimould in the image of p is symmetric
(consequence of (5.8)) as a cocommutativity-like property, in the sense that t (M *) =
> PP ®Q; implies Y e(P)QF = Y e(QN)PF = M*and Y. PP ®Q; = Y. 07 ®
P?. The analogue of coassociativity for 7 is obtained by considering the maps 7,
and t, which associate with any dimould M ** the “trimoulds” P*** = t,(M**)
and Q*** = 7,(M**®) defined by

PeBy — Z sh("‘;f’)M””’, o%BY — Z sh(ﬂ;l")M""”
ne® nee

and by observing’ that 7y ot = 7, o 7: when t(M*) = Y, P* ® QF with t(P) =
> A7, ® B and T(QF) = 3, Cp ® D7y, this yields

DA @B ®00 =) PPO®CY,® D],

ij ik
Finally, the compatibility of &, T and S is expressed through formulas (5.10)—(5.11)
(complemented by relations §'(M® ® N®) = M* x SN*®and §' o 7(M*) = M?1°
involving a map £’ defined by replacing (—1)"@ M%# with (—1)"® M*-8 in (5.9));

8derived from the relation sh (7,*) = sh (%,?) = 114 —a;}-

Proof: for a mould M*®, we have t; o t(M®*)%-8.Yy = ¥ sh(""g”)M“’ with sh(""f,’y) =
S psh(%8)sh("Y) coinciding with Y, sh(%,")sh(4;7), and therefore 7, o T(M®)*B:Y =
Yo sh (%87 )M as well.
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therefore

(M*)=) "PP®Q; = Y SP*x Q7 =M"1"=) P’ xSO;.

When A is a field, we get a true cocommutative Hopf algebra (graded by ord) by
considering H*(2, A) = t71(B) with B = M*(Q, 4) ® 4 M*(R2, A) (we can view
B as a subalgebra of M**(€2, A) according to the remark on Definition 5.3). Indeed,
in view of the above, it suffices essentially to check that M®* € H = H*(Q, A)
implies 7(M*®) € H ® 4 H (and not only t(M*) € B), so that the restriction of the
homomorphism t to H is a bona fide coproduct

ArH—>Heq4 H.

This can be done by choosing a minimal N such that 7(M*®) can be written as a
sum of N decomposable dimoulds: t(M*®) = ZlNzl P? ® Q7 then implies that the
Q7’s are linearly independent over A and the coassociativity property allows one to
show that each P lies in }{ (choose a basis of M*(£2, A), the first N vectors of
which are QF,..., Q%, and call §;,...,&n the first N covectors of the dual basis:
the coassociativity identity can be written  _ r(Pl-°)""ﬂ 0 ly => y Pl-"‘r(Q]'-)ﬂ ¥ thus
©(P?) = X, P} ® N, with Ni'?j =& (‘L'(Q;-)ﬂ’.), hence P® € H); similarly
each Q7 lies in (.

By definition, all the alternal and symmetral moulds belong to this Hopf algebra J(,
in which they appear respectively as primitive and group-like elements.

Finally, when A is only supposed to be an integral domain, M*® (2, A) can be
viewed as a subalgebra of M*(2, K), where K denotes the fraction field of A; the
A-valued alternal and symmetral moulds belong to the corresponding Hopf algebra
H* (2, K).

5.7. Proofof Proposition5.3. The structure of commutative semigroup on €2 allows us
to define a composition involving a dimould and a mould as follows: C** = M **oU*
if, for all ¢, B € Q2°,

c*B — ZM(nal||,...,||aS||),(||ﬂ‘||,...,||ﬂ’ bye' ...y« ys'...us",

with summation over all possible decompositions of & and § into non-empty words;
when « is the empty word, the convention is to replace (||e!|, ..., |le*|) by @ and
ve' ..y by 1, and similarly when f is the empty word.

One can check that M** o [®* = M®**and M**o (U®*cV?®) = (M**oU®)o V*
for any dimould M ** and any two moulds U*®, VV* (by the same argument as for the
associativity of mould composition).

Proposition 5.3 will follow from

Lemma 5.4. For any three moulds M*, N*,U®,
(M*Q@N*)oU*=(M*oU*)Q(N*oU®). (5.12)
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For any two moulds M*®,U®,

U*® alternal = t(M*oU®) =t(M®*)oU®. (5.13)

Proof. The identity (5.12) is an easy consequence of the definition of mould compo-
sition in Section 4. As for (5.13), let us suppose U ® alternal and let M ** = t(M*),
U** = t(U®), C** = t(M*oU®). Wehave C?? = M? = MPY as desired.
Suppose now « or f # @, then

coB — Z sh (ytlx.’..ys) M ey Dyt oy
s>1,p1,...,y5#0

Using the identity (which is an easy generalisation of (5.6))

sh (yf‘_’__ﬂys) - 3 sh (“1)’,1191) ...sh (“S}’,Sﬂs) . (514

a:al...us,ﬂ:ﬂl...ﬂs
with possibly empty factors a’, ﬂi, we get
coB — Z M e 1B el [+ 181D et 8! N L (5.15)

s>1,a=alena’,

ﬂ=ﬂ1 . ﬂS
with the convention |[[@|| = 0. Observe that this last summation involves only finitely
many nonzero terms because o/ = B’ = @ implies U8 =o.
If o or B is the empty word, since U?? = U?® = U® we obtain that the values
of C** and M** o U* at (&, ) coincide. If neither & nor B is empty, then we have

moreover U% ' £0 = ol or ,Bi = {, thus (5.15) can be rewritten (retaining
only non-empty factors)

“p _ sl I, B 18" D Y M@ U U UB L U
C*P =3 %" sh(Ualule’D.AB 1B D)YMOU* ... U U ... UF,

weR®

with the first summation over all possible decompositions of & and 8 into non-empty
words. We thus get the desired result. O

End of the proof of Proposition 5.3. We now suppose that U * is an alternal mould. If
M * is an alternal mould, then
TM*oU)=(M*Q1°+1°QM®*)oU*=(M*oU*)Q@1°+1°Q (M*oU"®)
by (5.12)—(5.13), while, for M ® symmetral,
TM®oU)=(M*Q@M*)oU®*=(M*cU*)Q@(M*oU®).

Finally, if moreover U* is invertible for composition and V* = (U*)°D, then
(V) =t(V*)o(U*oV®) = (t(V*)oU®) oV =1(V* U)oV =(I"®1°+
1*QI%)oVe=V*QR1°+1°Q V"
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5.8. Proof of Proposition 5.4. Let M *® be a symmetral mould. If D is induced by a
derivationd : A — A, then we can apply d to both sides of equation (5.2) and we get

1(DM®) = DM* Q@ M* + M* ® DM®. (5.16)
Let us show that the same relation holds when D = V je with J* alternal (this includes
thecase D = D). Weset C* = V¢ M *® and denote respectively by J**, M**, C**
the images of J*, M *, C* by the homomorphism 7. We first observe that C? = 0 and

C%0 = 0. Letw!, ®? € Q* with at least one of them non-empty. From the definition
of C*, we have

Cwl,wz — Z Sh((zib(:);f)Ma.”ﬂ”.y‘]ﬂ

a.B.y
B#0

= > > glpﬂ;ﬂ)Sh(y%jz)A4WGWWHﬂﬂﬂﬁrSh(ﬂ}ﬂz)Jﬂ

by virtue of (5.14) with s = 3. The summation over B leads to the appearance of

the factor JB' B By alternality of J*®, this factor vanishes if both B! and B2 are
non-empty, thus

co = 3 ai@ By R
ol=al.glpl,
B! #0
2
+ D (el |B7y)IF
w2=a2-ﬂ2-y2,
B>#0
with @y (!, b, y1:02) =3, , p2og2.y2 sh (@27 ) sh( ”15}'2 )M ®5*¥ and a sym-
metric definition for ®,. A moment of thought shows that
1 1,2
1 1. .2y o -b-}’ , @ ® _ ozl-b-yl,(x)2
Ql(a,b,y,w)—Zsh( © )M =M ,
(0]
with a symmetric formula for ®,, so that
ce' e’ _ Z MeBly.02 B Z Mo elBlr B,
®l=aB-y wZ=ap-y
whence formula (5.16) follows. B
Since the multiplicative inverse M* of M *® is known to be symmetral by Propo-

sition 5.1, we can multiply both sides of (5.16) by T(AZ *) and use Lemma 5.1 and
formula (5.7); this yields the symmetrality of DM*® x M*® and M* x DM *°.

5.9. Thereis akind of converse to Proposition 5.4, which is essential in the application
to the saddle-node; we state it in this context only:
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Proposition 5.5. Let Q@ = N asin (3.2) and A = C[[x]]. Then the mould V*® defined
by Lemma 3.2 is symmetral.

Proof. We must show that

VeyP = 3" sh (""yﬂ) VY, o« BeQl. (5.17)

yeQe*

Since V9 = 1, this is obviously true for & or § = . We now argue by induction
onr = r(a) + r(B). We thus suppose r > 1 and, without loss of generality, both
of & and B non-empty. With the notations d = xz(f—x, lee| = o1 + -+ + @ () and
1Bl = B1 + --- + Brs), we compute

A= (d + llall + B D sh (%F)v?
Y

=Y sh(BB)d + Iy DV = D> sh(%F)ay, V7.

y#0 y#0

using the notation ‘@ = (w2, ..., w;) for any non-empty @ = (w1, ..., ®s) and the
defining equation of V*®. Splitting the last summation according to the value of yq,
we get

A= Z:sh(“"s’ﬂ)ao”"\?‘s + Zsh (“’s‘ﬂ)aﬂlvs =g, V- VP L Vg VP
8 8

(using the induction hypothesis), hence
A=(d+lla)ve-VE+ V. (d + BI)VP = (d + el + IB(V*VF).

We conclude that both sides of (5.17) must coincide, because d + ||| + ||B] is
invertible if ||e|| + || 8] # O and both of them belong to xC[[x]], thus even if |e| +
IB]l = O the desired conclusion holds. O

6 General mould-comould expansions

6.1. We still assume that we are given a set 2 and a commutative C-algebra 4.
When € is the trivial one-element semigroup {0}, the algebra of A-valued moulds
on 2 is nothing but the algebra of formal series A [[T]], with its usual multiplication
and composition laws: the monoid of words is then isomorphic to N via the map r,
and one can identify a mould M* with the generating series 3", cqe M@T"@); it is
then easy to check that the above definitions of multiplication and composition boil
down to the usual ones.

In the case of a general set €2, the analogue of this is to identify a mould M *® with
the element ) M ®1>+»®r Ty, ---T,, of the completion of the free associative (non-
commutative) algebra generated by the symbols T, n € 2. When replacing the T),’s
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by elements B;, of an A -algebra, one gets what is called a mould-comould expansion;
we now define these objects in a context inspired by Section 3.

6.2. Suppose that (F, val) is a complete pseudovaluation ring, possibly non-commu-
tative, with unit denoted by Id, such that F is also an A -algebra. We thus have a ring
homomorphism p € A — pld € JF, the image of which lies in the center of F.

Definition 6.1. A comould on 2 with valuesin Fisanymap Bs: @ € Q* — B, € F
such that By = Id and

B,i.,2 = B,2B,1, o' 0?cQ". (6.1)

Such an object could even be called multiplicative comould to emphasize that
the map Bo: Q2° — ¥ is required to be a monoid homomorphism from Q° to the
multiplicative monoid underlying the opposite ring of F.

Observe that there is a one-to-one correspondence between comoulds and fami-
lies (By)yeq of I indexed by one-letter words: the formulas By = Id and B, =
By, -+ By, forw = (w1,...,w,) € Q° with r > 1 define a comould, which we call
the comould generated by (By)yeq, and all comoulds are obtained this way.

Suppose a comould B, is given. For any A-valued mould M*® on Q2 such that
the family (M ® By, )ewegqe is formally summable in F (in particular this family has
countable support —cf. Definition 3.2), we can consider the mould-comould expansion,
also called contraction of M *® into B,

ZM'B. = Z M®B, € 7.

we®

6.3. The example to keep in mind is related to Definition 3.3. Suppose that (A, v)
is any complete pseudovaluation ring such that A is a commutative A -algebra, the
unit of which is denoted by 1; thus A is identified to a subalgebra of A (for instance
(A,v) = (Cl[[x, y]], v4) and A = C[[x]]). Denote by & the subalgebra of End¢ (A)
consisting of operators having a valuation with respect to v, so that (&, val,) is a
complete pseudovaluation ring. Let

Faa={0c&|0Oandpuld commute forall u € 4 } = ENEndg(A). (6.2)

We get an A -algebra, which is a closed subset of € for the topology induced by val,,
thus (F 4,4, valy) is also a complete pseudovaluation ring; these are the A-linear
operators of A having a valuation with respect to v.

In practice, the B;’s which generate a comould are related to the homogeneous
components of an operator of A that one wishes to analyse. In Section 3 for instance,
the derivation X — Xy of A = C[[x, y]] was decomposed into a sum of multiples
of B, according to (3.3), where each term a,(x)B, is homogeneous of degree n
in the sense that it sends y"0C[[x]] in y"0*"C|[[x]] for every ng. Observe that the
commutation of the B,’s with the image of A = C|[[x]] in € reflects the fact that
the vector field X — X is “fibred” over the variable x; similarly, one can look for a
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solution ® of equation (3.1) in F 4,4 because the corresponding formal transformation
(x,y) > 0(x,y) is expected to be fibred likewise — cf. (2.5).

6.4. Returning to the general situation, we now show how, via mould-comould ex-
pansions, mould multiplication corresponds to multiplication in J

Proposition 6.1. Suppose that B, is an F-valued comould on Q and that M ® and N*
are A -valued moulds on Q2 such that the families (M® B,)pecqe and (N® By)ocqe
are formally summable. Then the mould P®* = M*® x N*® gives rise to a formally
summable family (P® By,)pcqe and

Y (M*xN*)B.= () N"B.)(D_ M"B.).

Proof. Letd, € Z suchthatvy(w) = val (M® B,) > 6« andva(w) = val (N B,,) >
O« for all @ € Q°. Then

P°By,= Y N B,M* B,
w=0lho?

(since A is a commutative algebra and its image in ¥ commutes with the B 2’s),
thus val (P® B,) > min{vi(®@!) + v12(0?) | ® = whw?} > 28, and, for any
§ € Z, the condition val (P® B,) < § implies that @ can be written as @ @2 with
v1(@!) < § — 84 and v (@?) < § — 84, hence they are only finitely many such @’s.

To compute Y P*®B,, we can suppose Q2 countable (replacing it, if necessary, by
the set of all letters appearing in the union of the supports of (M® B,,) and (N® B,,),
which is countable), choose an exhaustion of 2 by finite sets Qg, K > 0, and use
QKR — {weQ|r=rw) <R, w,...,0r € Qg }, K, R > 0, as an exhaustion
of Q°. The conclusion follows from the identity

( 3 N“’Bw)< 3 M“’Bw)— > P°B,
weRK.R weRK.R weRK.R
= Y NYB,M°B,.

wl,w2eQk.R
r@H+rw?)>R

where the right-hand side tends to 0 as K, R — o0, since its valuation is at least
min{ vy (@) + v2(0?) | @', w? € QER r(w!) + r(w?) > R} > vi(K, R) + 8.,
with

v« (K, R) = min{ min(v1 (@), v2(®)) | w € QXK r(w) > R/2} o ®

for any K (because, for any finite subset F of Q°, w ¢ F as soon as r(®) is large
enough). 0

6.5. Suppose €2 is a commutative semigroup. A motivation for the definition of mould
composition in Section 4 is



Mould expansions for the saddle-node and resurgence monomials 109

Proposition 6.2. Suppose that U* and M*® are moulds such that the families
(U®By)weae and

1 K 1 K
Oyt s = M@ llelye! pe'p s> el 0 Q"

.....

are formally summable."® Suppose moreover U? = 0, let
By= > = U“B,. neQ, (6.3)
WeR® st ||w|=n

and consider the comould B, generated by {B., n € Q}. Then the mould C* =
M?® o U* gives rise to a formally summable family (C® Bg,)epcqe and

D> (M*oU*)B.=> M°B..

Proof. Wehave C?By = M @Bé, since C? = MY. If ® and » are non-empty words
in Q°, withy = (91,...,70),

(0] i
C°By,= ) Oul,.ws: M"By = > Ot
s>1, @, 050 wl,. . 0% £0
0=0!mof o =01, |0 I=n0
The conclusion follows easily. 0

The idea is that, when indexation by n € €2 corresponds to a decomposition of
an element of J into homogeneous components, we use the mould U*® to go from
X =) ,caBytoY =3 o B, by contracting it into the comould B, associ-
ated with X; then we use M*® to go from Y to the contraction Z of M*® into the
comould B/ associated with Y. Mould composition thus reflects the composition of
these operations on elements of F, X — Y and Y — Z.

6.6. For example, suppose that (By)epeqe is formally summable. Then, in par-

ticular, (By)yeq is formally summable, and X = ) B, is “exponentiable”: for
any ¢ € C, the series exp(tX) = ) (-, %X ¥ is convergent; moreover, exp(tX) =

> exp} B.. On the other hand, Id +X has an “infinitesimal generator”: the series
Y =3y (_13‘3_1 X* is convergent and exp(Y) = Id +X; onehas Y = ) _log® B,.
Now, if U® € £%(Q, A) is such that (U®" ---U®" By1...00)so1.01...05eqe IS
formally summable, then in particular (U® By,)peqe is formally summable and X' =
> U*B. is exponentiable, with exp(tX") = ) (exp} o U*®)B, for any ¢ € C.
Similarly, if M* = 1* 4+ V* € G*(R2, A) with (V“’1 V@O B, 1...s) formally
summable, then Y M *® B, has infinitesimal generator ) _(log® o V'*)B,.

6.7. For the interpretation of the mould derivations Ve defined by (4.2), consider
a situation similar to that of Proposition 6.2, with a comould B,: Q2°* — F, a mould

10 Notice that the formal summability of the second family follows from the formal summability of the first
one when the valuation val on F only takes non-negative values.
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U*® € £°(Q2, A) such that (U® By, )pegqe is formally summable and, for each € ,
B,’7 € F still defined by (6.3). But instead of considering the comould B, generated
by (By),ie. B, = B;, --- B, forw = (w1,...,0,), set

B, = > ByBjB.. ©cQ°
w=afy,r(p)=1

ie. By=0and B;, = Y [_, Bu, -** B, Bl Bw_, -+ B, forr > 1 (beware that
B,: Q* — J is not a comould, since multiplicativity fails).

Then one can check the formal summability of ((Vys M “’)B(,,)w cqe forany mould
M *® such that the families (M® By,)peqe and (M IBIYUB By 6.,) 4 g,ycqe are for-
mally summable, with

> (VyeM*)B. =) M°B,.

If, moreover, there is an A -linear derivation D: F — J such that DB, = B,’7 for
each 1 € Q, then B, is nothing but DB, and the previous identity takes the form

Y (VysM*)B.=D() " M"B.).

6.8. For a given commutative algebra A, we now consider the case where
Qcz*, A=A[yi,...,yalls

forafixedn € N*.

Definition 6.2. Given n € Z" and ® € End4(A[[y1,...,yxs]]), we say that © is
homogeneous of degree n if @y™ € Ay™*7" for every m € N (with the usual
notation y™ = y{"' --- y;'" for monomials).

For example, any A € A" gives rise to an operator

D W (64)
1 yn
which is homogeneous of degree 0, since X y™ = (m, A)y™.

Suppose moreover that we are given a pseudovaluation val: A — Z U {oo} such
that (A, val) is complete and 33—1, e % are continuous, and consider I = F4 4
as defined by (6.2). We suppose 2 C Z”" because we are interested in F-valued
homogeneous comoulds, i.e. F-valued comoulds B, such that B, is homogeneous of
degree || = w1 + -+ + @, € Z" for every non-empty w € Q2°, and homogeneous
of degree 0 for @ = @; in fact, the multiplicativity property (6.1) will not be used for
what follows, the following proposition holds for any map Be: Q2°* — F provided it
is homogeneous as just defined.

In the case of a comould satisfying the multiplicativity property as required in
Definition 6.1, homogeneity is equivalent to the fact that each B, = B, n € €, is
homogeneous of degree .
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Proposition 6.3. Let A € A" and B be an F-valued homogeneous comould. Then,
for every A-valued mould M *® such that (M® By)weqe is formally summable,

[xx, ZM'B.] =Y (DyM*)B.. with ¢ =(-.1): @ — A. (6.5)

Thus, this mould derivation D, reflects the action of the derivation ady, of
End 4 (A).

Proof. We first check that, if ® € End4 (A[[y1,..., yx]]) is homogeneous of degree
n € Z", then
[Xx.©] = (n.1)06.

By A-linearity and continuity, it is sufficient to check that both operators act the
same way on a monomial y”. We have ®y™ = B,,y™" with a B,, € A, thus
X;0y™ = (m + 0, A)Bmy™ ™" = (m + n,1)Oy™ while OX; y™ = (m,1)Oy™,
hence [X,, ®]y™ = (n, A)®y™ as required.

It follows that

[X2. Bo] = (¢p(@1) + -+ + ¢(0r))Bo, @ = (v1,...,0,) € Q°.
Let N* = D,M*®. For any exhaustion of Q° by finite sets [, letting @ =

Y wer, M°By and ©) = > ., N®B,, we get [X;,0r] = ©). For every
f € A, we have O f = > N°®B.f on the one hand, while, by continuity
—00

of Xy, [Xa, O] f o [X1,>" M°B,] f on the other hand. O
—00

6.9. Notice that, in the above situation, any C-linear derivation d : A — A induces
a derivationd : A — A (definedby d )" amy™ =} (day)y™) and a mould deriva-
tion D (defined just before Remark 4.1). If d commutes with the B,, n € 2, one
easily gets

[d.> M*B.] =) (DM*")B.. (6.6)

On the other hand, D,M® = (|@||,A)M® if ¢ = (-, A). Thus D, = V whenn =1
and A = 1. This is the relevant situation for the saddle-node:

Corollary 6.1. Choose Q = N asin (3.2), A = C[[x]] and (A, val) = (A[[y]], v4),
F =T 4,4. Let B, denote the F-valued comould generated by B, = y’7+1§’—y. Let
(an)neq be as in (3.4) and

d d
Xo = ng +y5, X = Xo+ Zaan.

ne

Then the mould-comould contraction ® = Y V* B, € F, where V*® is determined by
Lemma 3.2, is solution of the conjugacy equation (3.1) ©X = X0 in Endc (A).

Proof. Itwas already observed that each B;, ishomogeneous of degree n and the formal
summability of (V® B, )weqe was checked in Lemma 3.3. Let d = xzdd—x A — A.
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The corresponding derivation of A is d = xzaa—x, which commutes with the B;’s.

On the other hand, with the notation of Proposition 6.3, Xo = d + Xy. Since
X — Xo = )_J;B, with the notation of Remark 4.1, equation (3.1) is equivalent
to [a’~ + X, ®] = O ) J;B.; plugging any formally convergent mould-comould
expansion ® = Y M°®B, into it, we find > (DM*® + VM *)B, for the left-hand
side by (6.5) and (6.6) while, according to Proposition 6.1, the right-hand side can be
written ) (J; x M*)B,, hence the conclusion follows from (4.5). 0

Remark 6.1. The symmetrality of the mould V* obtained in Proposition 5.5 shows
us that © is invertible, with inverse @1 = > ¥*B.. The proof of Theorem 1 will
thus be complete when we have checked that ® is an algebra automorphism; this will
follow from the results of next section on the contraction of symmetral moulds into a
comould generated by derivations.

7 Contraction into a cosymmetral comould

7.1. For the interpretation of alternality and symmetrality of moulds in terms of
the corresponding mould-comould expansions, we focus on the case where the co-
mould B, is generated by a family of A -linear derivations (Bj)yeq of a commutative
algebra A.

The main result of this section is Proposition 7.1 below, according to which, in this
case, the contraction of an alternal mould into Be gives rise to a derivation and the
contraction of a symmetral mould gives rise to an algebra automorphism.

7.2. We thus assume that (A, v) is a complete pseudovaluation ring such that A is
a commutative A4-algebra, and we define F = F 4 4 by (6.2). Since we shall be
interested in the way the elements of F act on products of elements of A, we consider
the left F-module Bil 4 of 4 -bilinear maps from A x A to A (with ring multiplication
(®,P) € FxBilgy — O o ® € Bily) and its filtration

Bs = { P € Bily |v(<I>(f,g)) >v(f)+v(g)+dforall f,ge A}, deZ.

By defining B = ( J5c7 Bs we get aleft F-submodule of Bil 4, for which the filtration

(Bs)sez is exhaustive, separated and compatible with the filtration of F induced

by val,: the subgroups F5 = {® € F | val, (®) > § } satisty FsBss C Bss for all

8,8 € Z. The corresponding distance on B is complete, by completeness of (A, v).
We now defineamapo: F — Bby ® € F+— 0(0) = P such that

®: (f.8) eAx A O(f.8) =0(fg) €A

This map is to be understood as a kind of coproduct. Observe that ¢ is F-linear, i.e.
0(00’) = O0c(O) (thus it boils down to 0 (®) = O o ¢(Id), and o (Id) is just the
multiplication of A) and continuous because o (Fs5) C Bg for each § € Z.
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Viewing J as an A-module, we also define an A -linear map
p:F=FR4F > B
by its action on decomposable elements:

p(O1 ® O2)(f.8) = (01 f)(O2g), fgeA

for any ©,, @, € J. (A remark parallel to the remark on Definition 5.3 applies: the
kernel of p is the torsion submodule of &, when A is an integral domain; if moreover
A is principal, then p is injective.) Notice that, for ®; € F5, and ©, € Fj,, one has
p(®1 ® ©3) € Bs, 4+5,, hence themap p: (01, O3) = p(O1 ® O2) from F x Fto B
is continuous.

Using the A -algebra structure of 35, we see that

0(®) = p(§). 0(@) = p(f') = 0(O0') = p(&&’) (7.1)
forany ®,0 € F, £, € F.

7.3. With the above notations, the set of all A-linear derivations of A having a valu-
ation is

Ley={0OecF|0(®) =pORxId+1dRRO)}
(it is a Lie algebra for the bracketing [0, ®,;] = ©;0, — ©,0;). Letting F*
denote the multiplicative group of invertible elements of F, we may also consider its

subgroup
Gy ={0ecF"|0(®)=pO©®06)}

the elements of which are A4 -linear algebra automorphisms of A.

Lemma 7.1. Assume that the generators By, n € Q, of an F-valued comould B, all
belong to 4. Then

1 2
o(Bo)= Y sh (“’ ¢ )p(Ba,l ® B,2), ®€Q°. (7.2)

w!l,w2eQ*
Such a comould is said to be cosymmetral.

Proof. Letw = (w1,...,w;) € 2°. We proceed by induction on r. Equation (7.2)
holds if r = 0, since o (Id) = p(Id ® Id), or r = 1 (by assumption); we thus suppose
r > 2. By (6.1), we can write B, = B, By, With ‘@ = (w3, ..., ;). Using the
induction hypothesis and (7.1), we get 0(By) = p(§) with

= Y sh (“;wﬂ) (By ® Bg)(Bo, ® 1d +1d ®B,,)
o,BeQ®

o,
= Z sh ( ‘wﬂ) (Byoj.a ® Bg + By @ By, .p).
o,feR®
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This coincides with Y, gcqe sh (%) B ® Bpg, since

a? ﬂ ‘a’ ﬂ a’ ‘ﬂ
Sh( © ) = Sh( ‘@ ) 1{a1=a)1} + Sh( ‘@ ) 1{ﬂ1=0)1}

(particular case of (5.6) with y! = w; and y? = ‘w). O

7.4. We are now ready to study the effect of alternality or symmetrality in this context.

Proposition 7.1. Suppose that B, is an F-valued cosymmetral comould and let M *® €
M* (2, A) be such that (M® Bg,)peqe is formally summable. Then:

— If M*® is alternal, then Y M*Bo € L.
— If M*® is symmetral, then Y M*Bq € G.

— More generally, denoting by M** the image of M*® by the homomorphism t
of Lemma 5.1 and assuming that the family (p(M‘”’ﬂ By ® Bp))

formally summable in B,

U(ZM'B.)= Y p(M*PBy ® Bp). (7.3)

(a,B)e2®*xQ2°®

(@.p)eqexqs

Proof. Let §« € Z such that v(w) = val, (M®B,) > 6« forall w € Q°®*and ® =
3" M*B.. We shall use the notation ®, g = M*# B, ® Bg for (a, B) € Q°* x Q°.
Lemma 5.2 yields

Dy p = lig—yM*By @ 1d +1(4—p Id@MP By

for M*® alternal and ® g = M* By ® MP Bg for M® symmetral. In both cases, the
set { (o, B) € Q°* x Q° | p(Py,g) ¢ Bs } is thus finite for any § € Z, in view of the
formal summability hypothesis, and the sum of the family (p(q)a,,g)) is respectively
p(O ®Id+1d®0) or p(® ® ®), by continuity of p. Therefore it is sufficient to
prove the third property (the invertibility of ® when M*® is symmetral is a simple
consequence of Proposition 6.1 and of the invertibility of M *).

We thus assume (p(CDa,,g)) formally summable in B. As in the proof of Proposi-
tion 6.1, we can suppose €2 countable and choose an exhaustion of Q° by finite sets
of the form Q%R Then, by virtue of the definition of r and of Lemma 7.1,

AK,R = Z p(@u,ﬁ)—a( Z Mwa>

(@,B)eQK RxQK.R weQK.R

(T - X )a(%f)mermaony

a,peQK R a,peQ®

weN® weQ KR
= > p(Pap)
a,BeQK-R

st.r(e)+r(B)>R
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(the last equality stems from the fact that, if @ € QX then sh (%#) # 0 implies
a, B € QKR). The formal summability of (o(®Pa,p)) yields Ax,g — 0as K, R —
00, which is the desired result since o is continuous. O

Remark 7.1. The proof of Theorem 1 is now complete: in view of the symmetrality
of V*® with @ = N and A = C[[x]] (Proposition 5.5) and the cosymmetrality of B,
defined by (3.5) with I = J 4 4, (A, val) = (C[[x, y]]. v4), Proposition 7.1 shows
that ® = > V*B, is an automorphism of A. As noticed in Remark 6.1, this was the
only thing which remained to be checked.

7.5. Another way of checking that the contraction of an alternal mould into a cosym-
metral comould B, is a derivation is to express it as a sum of iterated Lie brackets of
the derivations B; which generate the comould.

Forw = (w1,...,w;) € Q° withr > 2, let

Biw) = [Bo,: [Bo, [+ [Bwys Byl -+l
One can check that, for any alternal mould M ® and for any finite subset 2 s of Q,

1
> M°B, = . Z M®B,), r>2
weQ} weﬂ}

(identifying 27, with the sets of all words of length r the letters of which belong
to Q). The proof is left to the reader.

7.6. Let B, denote an J-valued comould. Suppose that (By)yeq is formally sum-
mable and consider Y =, .o By € J.

We have seen that, by definition, the comould is cosymmetral iff each By is a
derivation of A; then Y is itself a derivation. This is the situation when there is an
appropriate notion of homogeneity, as in Definition 6.2, and we expand an A-linear
derivation Y into a sum of homogeneous components, each B; being homogeneous
of degree 7.

Suppose now that the object to analyse is not a singular vector field, as in the case
of the saddle-node, but a local transformation; considering the associated substitution
operator, we are thus led to an automorphism of A, typically of the form ¢ = Id +7Y.
Then the homogeneous components B; of Y are no longer derivations; expanding

o(¢) = p(¢ ® ¢), we rather get

0(B) =p(By@1d+ Y By ® By +1d ®B,,). (7.4)
n’+n"=n

The comould B, they generate is then called cosymmetrel. A cosymmetrel co-
mould is characterized by identities similar to (7.2) but with the shuffling coefficients
sh (“’1‘:)‘*’2) replaced by new ones, denoted by ctsh (‘*’1‘;‘02 ) and called “contracting
shuffling coefficients”.
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Dually, using these new coefficients instead of the previous shuffling coefficients
in formulas (5.1) and (5.2), one gets the definition of alternel and symmetrel moulds,
which were only briefly alluded to at the beginning of Section 5.

The contraction of alternel or symmetrel moulds into cosymmetrel comoulds enjoy
properties parallel to those that we just described in the cosymmetral case. This allows
one to treat local vector fields and local discrete dynamical systems with completely
parallel formalisms.

C Resurgence, alien calculus and other applications

8 Resurgence of the normalising series

8.1. The purpose of this section is to use the mould-comould representation of the
formal normalisation of the saddle-node given by Theorem 1 to deduce “resurgent
properties”. We begin by a few reminders about Ecalle’s resurgence theory. We
follow the notations of [14].

— The formal Borel transform is the C-linear homomorphism

850 =Y e e T o 60 = Yensr € CIR

n>0 n>0

In the case of a convergent @, one gets a convergent series ¢ which defines an entire
function of exponential type. Namely, if ¢(x) = ¢(—1/x) € xC|[[x]] has radius of
convergence > p, then there exists K > 0 such that |¢p(x)| < K|x| for |x| < p and
this implies, by virtue of the Cauchy inequalities, that |c, | < Kp™, hence ¢ is entire
and

6@ < Ke Bl rec. 38.1)

We are particularly interested in the case where ¢(¢) € C{¢} without being necessarily
entire; this is equivalent to Gevrey-1 growth for the coefficients of ¢:

P(z) e z [z, g there are C, K > 0 such that |c,,| < KC"n! for all n
= By € C{¢}.

— The counterpart in C[[{]] of the multiplication (Cauchy product) of z “ICz71)
is called convolution and denoted by *, thus B(¢ - W) = B(§) * B(Y). Now, if
¢ = B(p) and 1// B(¥) belong to C{¢}, then § * 1// € C{¢} and this germ of
holomorphic function is determined by

R ¢
@ 9)(©0) = /0 $C)P(E —71) for [¢] small enough. (82)
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We have an algebra (C{¢}, *) without unit, isomorphic via B to (z"'C[[z!]];, ). By
adjunction of unit, we get an algebra isomorphism

B:Cllz7') = Csa C{}

(where § = 81 is a symbol for the unit of convolution). We can even take into account
the differential (f—z: its counterpart via B is : ¢ § + ¢(¢) — —L@(Q).

— Let us now consider all the rectifiable oriented paths of C which start from the
origin and then avoid Z, i.e. oriented paths represented by absolutely continuous
maps y: [0,1] — C \ Z* such that y(0) = 0 and y~!(0) is connected. We denote
by R(Z) the set of all homotopy classes [y] of such paths y and by = the map [y] €
R(Z) +— y(1) € C\ Z*; considering 7 as a covering map, we get a Riemann surface
structure on R(Z).

Observe that 77 (0) consists of a single point, the “origin” of R(Z); this is the only
difference between R(Z) and the universal cover of C \ Z. The space H (fR(Z)) of
all holomorphic functions of R(Z) can be identified with the space of all (¢) € C{¢}
which admit an analytic continuation along any representative of any element of R(Z)
(cf. [14], Definition 3 and Lemma 2).

Definition 8.1. We define the convolutive model of the algebra of resurgent functions
over Zas Rz = C§® H (TR(Z)). We define the formal model of the algebra of

resurgent functions over Z as Rz = 87! (IAQ 7).

It turns out that Rz is a subalgebra of the convolution algebra C § & C{(}, i.e. the
aforementioned property of analytic continuation is stable by convolution; the proof
of this fact relies on the notion of symmetrically contractile path (see for instance op.
cit., §1.3), which we shall not develop here. Therefore R 7 is a subalgebra of C[[z7]]
and B induces an algebra isomorphism R 7z —> R zZ.

— An obvious example of element of H (fR(Z )) is an entire function, or a meromorphic
function of C without poles outside Z*. Indeed, for such a function ¢, we can define
¢ € H(R(Z)) by $(¢) = ¢(m(¢)) for all £ € R(Z). We usually identify ¢ and ¢.
For example, if w; # 0, Remark 3.1 shows that yor (z) = Vi(=1/z) €
z71C[[z~!]] has formal Borel transform Ve ¢ = wa"l(—g)’&wl = a;)“ll_(?,
where d,, denotes the formal Borel transform of a,,, (—1/z), which is an entire func-

tion (since a,,, is convergent), thus Vo is meromorphic with at most one simple pole,
located at w;. On the other hand, 'VO(Z )= 0({ ) is entire.

We shall see that, for each non-empty word ®, the formal Borel transform of
V@ (~1/z) belongs to H(R(Z)), but this function is usually not meromorphic if
r(®) > 2. For instance, for @ = (w1, w,), one gets m(&wl * "9“’2) which is
multivalued in general (see formula (8.9) below for the general case).

— A formal series ¢(z) without constant term belongs to Rz iff its formal Borel
transform @(¢) converges to a germ of holomorphic function which extends analyt-
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ically to R(Z). In particular, the principal branch!'! of ¢ is holomorphic in sec-
tors which extend up to infinity. If it has at most exponential growth in a sector
{ € C |0 <argl < 60} (as is the case of V*1({) for instance), then one can
perform a Laplace transform and get a function

61600

7 (2) = /0 PO e AL, 6 < 6,.0,].

which is analytic for z belonging to a sectorial neighbourhood of infinity. This is
called Borel-Laplace summation (see e.g. [14], §1.1).

Since multiplication is turned into convolution by B and then turned again into
multiplication by the Laplace transform, and similarly w1th ~ which is transformed
into multiplication by —¢ by 8B, the Borel-Laplace process transforms the formal
solution of a differential equation like (2.8), (2.9) or (3.7) into an analytic solution of
the same equation.

8.2. The stability of R 7 under multiplication together with the previous computation
explains to some extent why we can expect the solutions of a non-linear problem like
the formal classification of the saddle-node to be resurgent. However, controlling
products in R 7 means controlling convolution products in R 7, and it is not so easy to
extract from the stability statement the quantitative information which would guarantee
the convergence in Rz of a method of majorant series for instance (see the discussion
at the end of the sketch of proof of Theorem 2 of [14]).

Thanks to the mould-comould expansion given in Section 3, we shall be able to
use much simpler arguments: the convolution product of an element of Rz with an
entire function belongs to Rz and efficient bounds are available in this particular case
of the stability statement (much easier than the general one — see Lemma 8.3 below).

Theorem 2. Consider the saddle-node problem, with hypotheses (2.1)—(2.2). Let
O(x,y) = (x, Y+ a0 9n(x) y") denote the formal transformation, the substitu-
tion operator of which is ® =Y V* B,, in accordance with Lemmas 3.2 and 3.3 and
Theorem 1. Let 7 (x,y) = (x, Y+ us0¥n (x)y”) denote the inverse transfor-
mation.

Then, for each n € N, the formal series $n(z) = @u(—1/2) and Pn(z) =
Yu(—1/z) belong to Rz, and the analytic continuation of the formal Borel trans-
Sforms @, (2), 1//},1 (&) € C{¢} satisfy the following:

(i) All the branches of the analytic continuation of ¢, are regular at the points of
n+N={nn+1,n+2,...}

(i1) All the branches of the analytic continuation of fﬂ\n are regular at the points of
—IN* = {—1,-2,-3...}, with the sole exception that the branches of oy may
have simple poles at —1.

' The principal branch is defined as the analytic continuation of @ in the maximal open subset of C which is
star-shaped with respect to 0; its domain is the cut plane obtained by removing the singular half-lines [1, +o00][
and ]—o00, —1], unless @ happens to be regular at 1 or —1.
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(iii) Givenany p € ]0, %[ and N € N*, there exist positive constants K, L, C which
depend only on p, N such that, for any (p, N,n — N*)-adapted infinite path y
issuing from the origin,

|32 (y(1))| < KL" ™" +VC forallt > 0andn € N, (8.3)
while, for any (p, N, N)-adapted infinite path y issuing from the origin,

[Vn(y())| < KL" €S forn =1, |(y(1) + 1)o(y(1))| < Ke€'  (8.4)
forallt > 0.

What we call (p, N, PT)-adapted infinite path, with PT = N or P~ = n — N*,
is defined below in Definition 8.2; see Figure 1 on p. 125. These are arc-length
parametrised paths y: [0, +00[ — C (i.e. y is absolutely continuous and |y (¢)| = 1
for almost every ¢) which start as rectilinear segments of length p issuing from the
origin and which then do not approach P* nor =X (p, N) at a distance < p, where
43 (p, N) denotes the sector of half-opening arcsin(p/N ) bisected by £ [N, +o0|.

In particular, inequalities (8.3)—(8.4) yield an exponential bound at infinity for the
principal branch of each ¢, or 1//},, along all the half-lines issuing from 0 except the
singular half-lines =+ [0, +o0[ (the half-line [0, +o0[ is not singular for @y and the
half-line — [0, 4+o0[ is not singular for any l,ﬁ\n withn > 1).

We recall that ® establishes a conjugacy between the saddle-node vector field X
and its normal form Xo, thus the formal series ¢, (z) are the components of a for-
mal integral Y (z, u), as described in (2.6)—(2.7). The resurgence statement contained
in Theorem 2 thus means that the formal solutions of the singular differential equa-
tions (2.8)—(2.9) may be divergent but that this divergence is of a very precise nature.
We shall briefly indicate in Section 10 how alien calculus allows one to take advantage
of this information to study the problem of analytic classification.

Remark 8.1. Theorem 2 also permits the obtention of analytic solutions of (2.8)—(2.9)
via Borel-Laplace summation. It is thus worth mentioning that one can get rid of the
dependence on n in the exponential which appears in (8.3), provided one restricts
oneself to paths which start from the origin and then do not approach at a distance < p
theset ZU X(p, N)U ( —3(p, N )), and which cross the cuts (the segments between
consecutive points of Z) at most N’ times. For instance, with N’ = 0, one obtains

0n(0)| < KL™ €N (8.5)

for the principal branch of @,, possibly with larger constants K, L, C but still inde-
pendent of n. For the other branches, which correspond to N’ > 1 and N > 2, one has
to resort to symmetrically contractile paths and the implied constants K, L, C depend
only on p, N, N'.

Therefore, when performing Laplace transform, inequalities (8.5) allow one to
get the same domain of analyticity for all the functions ¢;;"*(z) solutions of (2.8)—
(2.9) (a sectorial neighbourhood of infinity which depends only on C; see e.g. [14],
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§1.1), with explicit bounds which make it possible to study the domain of analyticity
of a sectorial formal integral Y™™ (z,u) = ue® + Y u" "¢ (z) or of analytic
normalising transformations ¢*"(x, y), ¥*"(x, y).

This will be used in Section 11.

The rest of this section is devoted to the proof of Theorem 2 and to the derivation
of inequalities (8.5).

83. Using Q = N = {n € Z | n > —1} as an alphabet, we know that the
C[[x]]-valued moulds V* and ¥* are symmetral and mutually inverse for mould mul-
tiplication. We recall that

With the notation ||@| = w; + --- + o, for any non-empty word @ € Q°, equa-
tion (3.11) can be written By,y = B y”"’”“, with the coefficients B, defined
at the end of Section 3. As was already observed, since ®y = > ¢, (x)y" and
O 1y = > ¥,(x)y" , the formal series we are interested in can be written as for-
mally convergent series in C[[x]]:

on=Y BoV’ Yn= Y. Bo¥. neN, (8.6)
loll=n—1 loll=n—1

with summation over all words @ of positive length subject to the condition || =
n — 1. In fact, not all of these words contribute in these series:

Lemma 8.1. For any non-empty ® = (wy, ...,w;) € Q°, using the notations
wi=w + o, O=w+-to, 1<i<r, (8.7)
we have
Bo 0 = |@|| > -1, d1,....00r_1 >0 and oy,..., o, < |@]|.

Proof. We have
Bo=1ifr=1, Bo =@+ D@2+ 1) (1 +1)ifr>2. (8.8)

The property B, # 0 = |@| > —1 was already observed at the end of Section 3,
as a consequence of B,y € C[[y]] (one can also argue directly from formula (8.8)).
Now suppose B, # 0and 1 <i <r — 1. The identity

,Bw = ,Bwl,...,a),' (0\3! + 1) (av)r—l + 1)

implies @; # —1 and Bwi....0; # 0, hence wy + --- 4+ w; > —1. Therefore w; >0

|||, while &1 = [|@]. O

and &;+1 = @ — &; <

8.4. We recall that the convergent series a,(x) were defined in (3.2) as Taylor coeffi-
cients with respect to y of the saddle-node vector field (2.1). We define @, (2), ¥, (2),



Mould expansions for the saddle-node and resurgence monomials 121

an(z), V2 (2), $2(2) from @, (x), ¥n(x), ap(x), YV (x), P°(x) by the change of
variable z = —1/x (foranyn € N, n € Q, w € Q°), and we denote by @, (), &n(é‘),
etc. the formal Borel transforms of these formal series.

In view of Lemma 3.2, the formal series 'V® are uniquely determined by the
equations V? = 1 and

d 8 - -
(& 4 pol) P =, To, e

for @ non-empty, with ‘@ denoting @ deprived from its first letter. Since 8 transforms
(;i—z into multiplication by —¢ and multiplication into convolution, we get V? = § and

Vo) = — Qo *V®), © #0,

o
&= [l
where the right-hand side belongs to C[[{]] even if ||@|| = 0, by the same argument
as in the proof of Lemma 3.2. It belongs in fact to C{(}, by induction on r(w), and

7 = 0t (g e (- (5 80) ) e

with the notation of (8.7). In view of the stability properties of H (ZR(Z)) (stability by
convolution with another element of A (IR(Z)), a fortiori with an entire function, or
by multiplication with a meromorphic function regular on C \ Z*), this implies that
the functions 'V® are resurgent, as announced in the introduction to this section. We
shall give more details on this later.

8.5. Here is a first consequence for the functions ¢, and \Z,,:

Lemma 8.2. For eachn € N,
Gn= D BV Uu= > PuP (8.10)
lol=n—1 lwll=n—1

with formally convergent series in C[[(]], and for each non-empty @ such that ||@| =
n—1,

BV =85 Aw -85 Ao b, PV = sy he, 8y, Aoy - 8y, Ao b,
(8.11)
with convolution operators
Ay Q> dy*x@, Ne
and multiplication operators
Sm:Qr> —FR0, Smi @ LG, meZ (8.12)

Proof. Formula (8.10) is a direct consequence of (8.6).
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In order to deal with ¥*, we pass from w = (w1,...,0r) t0 @ = (Wr,...,w1)
and this exchanges @; and cY),_iH, thus (8.9) implies

b () D)

Since &, = n — 1, multiplying by B, = (wy—1 + 1)--- (@1 + 1), we get the second
part of (8.11). The first part of this formula is obtained by multiplying (8.9) by Be
written in the form By = (1 — &1)(n — @2) -+ (n — &,) (indeed, n — &; = 1 and
n—o; =wi_1+ 1for2<i <r). O

8.6. The appearance of singularities in our problem is due to the multiplication op-
erators S@i or SX),-' In view of Lemma 8.1 and formulas (8.11)—(8.12), we are led to

introduce subspaces of H (fR(Z)) formed of functions with smaller sets of singular-
ities. We do this by considering Riemann surfaces R(P) slightly more general than
R(Z).

Let P denote a subset of Z. We define the Riemann surface R(?P) as the set of
all homotopy classes of rectifiable oriented paths which start from the origin and then
avoid P. The Riemann surface R(?P) and the universal cover of C \ P coincide if 0 & P;
there is a difference between them when O € P: there is no point which projects onto 0
in the second one, while the first one still has an “origin”.

The space H (fR (P)) of all holomorphic functions of R(P) can be identified with the
spaceof all ({) € C{{} which admitan analytic continuation along any representative
of any element of R(P). It can thus also be identified with the subspace of H (fR(Z))
consisting of those functions holomorphic in R(Z), the branches of which are regular
at each point of Z \ P.

We shall particularly be interested in two cases: P~ = n — N* and P* = N.
Indeed, our aim is to show that the functions @, belong to H (fR(n —N *)) foranyn € N
and that the functions &n belong to H (R(D\I)) for any n > 1, while (¢ + 1)1%(( ) €
H(R(N)).

One could prove (with the help of symmetrically contractile paths) that the spaces
H (fR(IN)), H (iR(—IN*)) or H (R(—IN)) are stable by convolution because the cor-
responding sets P are stable by addition, but beware that this is not the case of
H(R(n — N*))ifn > 2.

8.7. Aspreviously mentioned, foreachw # 0, B, V® and Beo P belong to H (R(Z))
by virtue of general stability properties. But formula (8.11) permits a more elementary
argument and more precise conclusions.
Indeed A, 6 = dg,, resp. Ay, 8 = de,, is an entire function, which vanishes at
the origin if w, = 0, resp. w; = 0. Thus
n—wy 4.  TESD. ‘Sg,leA)wlS = C;I_—Hglwl’ (8.13)

— Wy — w1

8py, Aw,§ = —
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is meromorphic on C and regular at the origin if w, # 0, resp. w; # 0, and entire if
w; = 0, resp. w; = 0. In fact,
br <n—1 = S; Ay b€ HRM-N*), &1>0 = Sy Ay 5 e H(RN)).

Therefore, one can apply r — 1 times the following

Lemma 8.3. Suppose that P C Z, § € H (R(P)) and b is entire. Then b x ¢ €
H (fR(‘P)). If furthermore § is a meromorphic function, the poles of which all belong
to P and with at most a simple pole at the origin, then E(Za\ x Q) € ﬁ(fR((P))
Consider a rectifiable oriented path with arc-length parametrisation y: [0, T] —
C, such that y(0) = 0 and y(t) € C\ P for 0 < t < T. Denoting the analytic
continuation of ¢ along y by the same symbol ¢, we suppose moreover that

B(y@)| < P0)e®', 0<1<T,
with a continuous function P and a constant C > 0, and that there is a continuous
monotonic non-decreasing function Q such that |b(¢)| < Q(|§’|) eCl8l forall ¢ € C.
Then, for all t € [0, T, the analytic continuation of b x @ at £ = y(t) satisfies
bxg@) = | bE—89EHde. |bx@(y®)] < P*0ne. (814
Ye
with y; denoting the restriction y|jo,;) and P x Q(t) = fé PO —t')dr.

Proof. The first statement and the first part of (8.14) are obtained by means of the
Cauchy theorem: if y; and y, are two representatives of the same element of R(P)

and £ = 7([y1]) = 7([y2]). then [, b( —§)@(§')d&" and [, b(§ — E)@ (&) d&’
coincide; one can check that the function thus defined on R(P) is holomorphic and
this is clearly an extension of b x ¢. Moreover b x ¢ vanishes at the origin, thus
Sbh*9) e I-AI(.‘R(‘P)) even if § has a simple pole at 0.

We thus have

b p(r(0) = fo By () — (NP )Pyt

For almost every ¢t' € [0,¢], |y (¢')| = 1 and |y(¢) — y(¢')] <t —t', whence |l§()/(t) -
y(t’))| < O(t—1") €@ by monotonicity of § > Q(£) ef. The conclusion follows.
O

In view of Lemma 8.1 and formula (8.11), the first part of Lemma 8.3 implies

Corollary 8.1. Letn € N and w be a non-empty word such that |@| = n — 1. Then
the function B, V® belongs to H (R(n — IN*)) and the function

{r (6= (1= 1)BaP ()
belongs to ﬁ(ﬂ{(l}\l))
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8.8. Our aim is now to exploit formula (8.11) and the quantitative information con-
tained in Lemma 8.3 to produce upper bounds for

1BV ()], tesp. [(—(n—1)BuoP? ()]

which will ensure the uniform convergence of the series (8.10) (up to the factor { —
(n — 1) for the second one) in any compact subset of R(n — N*), resp. R(N).
We first choose positive constants K, L, C such that

lan(0)] < KL"eKl, teC, neq. (8.15)

an(x)yﬂ‘f‘l — A(x,y) -y
X

one can find constants such that |a"T(x)| < KL" for |x| < C~! and use (8.1). We can
also assume, possibly at the price of increasing of K, that

lao(0)| < K|¢| €l ¢ ec, (8.16)

This is possible, since Y € C{x, y} by assumption, thus

since ag(x) € x2C{x}.

8.9. Next, we define exhaustions of R(n — N*), respectively of R(N), by subsets
Rp,n (n—IN*), respectively of R, v (N), in which we shall be able to derive appropriate
bounds for our functions. Let p € ]O, %[ and N € N*.

We denote by J.Q,,, ~ (n — N*) the subset of C obtained by removing the open discs
D(m, p) with radius p and integer centres m < n — 1, and removing also the points ¢
such that the segment [0, ¢] intersect the open disc D(—N, p) (i.e. the points which
are hidden by D(—N, p) to an observer located at the origin).

Similarly, we denote by f].lp’ ~ (IN) the subset of C obtained by removing the open
discs D(m, p) with radius p and integer centres m > 0, and removing also the points ¢
such that the segment [0, ¢] intersect the open disc D(N, p). Thus, with the notations
P~ =n—N*and P+ = N,

Roy (PF) = {£ € T | dist(£, P%) = p and dist(EN.[0,]) = p}
={{eC |dist({,P*ULZ(p,N)) > p},

with the notation ¥ introduced after the statement of Theorem 2; see Figure 1.
Now, for P = P*, consider the rectifiable oriented paths y which start at the origin

and either stay in the disc D(0, p), or leave it and then stay in R o,N (P). The homotopy
classes of such paths form a set R, x () which we can identify with a subset of R(P).

Definition 8.2. If the arc-length parametrisation of a rectifiable oriented path
y: [0, T] — C satisfies, for each ¢ € [0, T'],

0<t=<p = |y@®)|=t,

t>p = yt) e 3.2,;,1\1(3’),
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Figure 1. The set .’J.%pgN(‘.Pi) and the image of a (p, N, fPi)-adapted path.

then we say that the parametrised path y is (p, N, P)-adapted. We speak of infinite
(p, N, P)-adapted path if y is defined on [0, +o0].

One can characterize R, n (P) as follows: a point of R(P) belongs to R, n (P) iff
it can be represented by a (p, N, P)-adapted path.

Observe that the projection onto C of R,y (P) is 51,), ~(P) U D(0, p) (only for
P = —N*is D(0, p) contained in R, x (P)) and that R(P) = Up,N Ro,n (P).

8.10. We now show how to control the operators §,, and §,, uniformly in a set
Rp N (PE):

Lemma 8.4. Let n € N and S;,, 8, as in (8.12), and consider the meromorphic
functions Sy = Syl and 5,y = S 1.

Given p, N as above, there exist A > 0 which depends only on p, N and A, > 0
which depends only on p, N, n such that, for m € P \ {0},

iFP=n—N SO <An for £ € Row(P)U DO, p) (8.17)
ifP=N: Sm@©I <A for § € Ry n(P) U D(O. p) (8.17)

and
o)l < An. S0 <A, for { €T\ DO, p) (8.18)
00l < St 18001 = £ for £ € DIO.p), (5.19)

One can take A = (N + 1)p~ Y and A,, = (|n| + N)p~!

Proof. Letm € P\ {0} and £ € R, 5 (P) U D(0. p), thus | — m| > p.

Consider first the case P = N. If m > N, then [ —m| > 271 |m | by Thales theorem;
thus ﬁ < p~!and |§ | < Np~! for any m € N*. Therefore 1Sm(0)] =
|§+1| <A=(N+1p L Since A > p 1, S4(¢) = 1/¢ also satisfies the required
inequalities.
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When P = n — N*, one argues similarly except that the case N < m <n — 1
must be treated separately. 0

8.11. Combining the previous two lemmas, we get

Lemma 8.5. Let us fixn, p, N as above, K, L, C as in (8.15)—(8.16) and A, A, as in
Lemma 8.4. Suppose that P = n—N*or N, y: [0, T] — C s (p, N, P)-adapted and
¢ € H(R(P)) satisfies

P(y())| = P()e", 0<1<T,

with a continuous monotonic non-decreasing function P and a constant C > 0.
Assume m € P, with the restrictionm # 0 ifn = 0 and P = —IN*.
Then, for any n € €,

P=n—N" = Sy, € HRn—N*), P=N = §,4,0 € H(R(N)),
and, in the first case,

m#0or n=0 = |Su,@(y(1))| < AnKL"(1 % P)(t)e"’ (8.20)

m=0and n#0 = |SuA,@(y(t))| < AaKL"((6 + 1) P)(1)e“" (8.21)

forallt € [0,T], while in the second case the function §,,4,@ satisfies the same
inequalities with A replacing Ay,

Proof. We suppose P = n — N* and show the properties for §,, 4, only, the other
case being similar. Since Sy, 4,¢@ = Spu(dy * @), this function belongs to H (R(T))
by the first part of Lemma 8.3. In view of (8.15)—(8.16), the second part of this lemma
yields
| A @(y(1))| < KL"(1 % P)(t) e (8.22)
|A0@(y(1))] < K(I * P)(t)e“" (8.23)
forall¢ € [0, T], with I(¢) = ¢ (notice that the first inequality holds if n = 0 as well).

If m # 0, then (8.17) yields the desired inequality for | S, +4,@(y(1))|-

Suppose m = 0; thus n # 0 by assumption. We observe that, if ¢ > p, then
y(t) € RN (P) has modulus > p and (8.18) yields [So(y(1))| < An, whereas if
t < p,then |y(¢)| = |t| and (8.19) yields |So(y(t))| < MT".

Thus, if m = 0 and n = 0, then (8.22) yields the desired inequality when ¢ > p
and (8.23) yields |80A0$()/(t))| < Kp)tn%m eC? for t < p, which is sufficient
since 2P0 — L (4 p(r —¢')dr' < 1% P(t)and p < 1.

t
We conclude with the case where m = 0 and n # 0. Using (8.22), we obtain the

result when ¢t > p,since 1 *x P < P 4+ 1% P. Whent < p, we get |SOA,,¢()/(I))| <
KL"pkn%m e€?, which is sufficient since w = %fot P@'ydt' < P(r). O
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8.12. End of the proof of Theorem 2: case of @,,.

Letn € N. According to (8.10), the formal series @n can be written as the formally
convergent series ) |, =,—1 Bo V®. Let P = n—N*; according to Corollary 8.1 each

Beo Ve converges to a function of H (fR((P)), it is thus sufficient to check the uniform
convergence of the above series as a series of holomorphic functions in each compact
subset of R(P) and to give appropriate bounds. Let us fix p € ]0, %[, N € N* and
K,L,C, A, A, asin Lemma 8.5.

— We first show that, for any (p, NV, P)-adapted path y (infinite or not) and for any
o= (w1,...,0r) € Q" withr > 1and |w|| =n — 1, one has for all ¢

BV ()] < AuKY L' Pr(0) e, Py = (5 + 1) 72w 121721 (8.4

with the same notation as in (3.8) for [r/2] and |[r/2| = r — [r/2]. Observe that P,
is a polynomial with non-negative coefficients.

If o, = &, # 0, then (8.15) and (8.17) yield |Syy duw, (§)| < Ao KL €€ for all
¢ € R(P). The same inequality holds also if w, = 0 (use (8.15) and (8.18) if || > p,
and (8.16) and (8.19) if || < p). Therefore

184, 4w, (Y))| < LKL €', 120 (8.25)

(since |y(¢)| < t). Since Lemma 8.1 implies @1,...,®,—1 < n — 1, we can apply
r — 1 times Lemma 8.5 and get

1BoV (y())| < AnK)" L™ (8 + 1)*C 5 1%) (1) ", (8.26)

with ¢ = card{i € [1,r] | @; # 0 or w; = 0}. Buta > [r/2], as was shown
in Lemma 3.2, hence the polynomial expression in ¢ appearing in the right-hand side
of (8.26) canbe written (§+1)*—@ s [ *(@=[r/2D s 1 *[r/21 < (§4-1)*C=Tr/2Dy  ¥[r/21
which yields (8.24).

— We have
card{w € Q" | |lw||=n—1}=card{k e N" | |kl =n+r—1}
_ (" +2(r—1) < 2n+2(r—1)’
r—1 -
hence, foreach r > 1,

> 1BoV® (y(0)| < 22n KQLY"'AI71Py(1) e (8.27)

r(@)=r|o|=n-1
with A, = 44, K. But P,(z) = 871 P, = (1 + z~H)L/212=17/21 gjves rise to

$u(2) =Y AT P2 = 27 (1 + Ap(U 427 H) (1= A2 4+ 272) 7

r>1



128 David Sauzin

which is convergent (with non-negative coefficients), so ) .. | A1 P (t) = B, (1)
is convergent for all ¢. Therefore @, is the sum of a series of holomorphic functions
uniformly convergent in every compact subset of R, x (P) satisfying

0n(y(®))] < 24, KQL)" ' B, (1) e .

— We conclude by using inequalities of the form (8.1) to bound i)’&)n: one can check
that |z| > 4A2 implies |z®, (z)| < 2(2 + A,), hence
BB, (1) <22+ Ap)e*hit,

In view of the explicit dependence of A, on n indicated in Lemma 8.4, we easily get
inequalities of the form (8.3) (possibly with larger constants K, L, C).

8.13. End of the proof of Theorem 2: case of 1},,

We only indicate the inequalities that one obtains when adapting the previous
arguments to the case of ¥,,. Let P = N and

@) = (=0 =D, W@ = (£~ @ —1D)BoP(©).
The initial bound corresponding to (8.25) is |S$1&w1 (J/(t))} < AKL® ¢C*. This
yields
[We ()] = KAKYT'L" 0, (1) e, 0 = G+ 1 27w 1*12 4 (8.28)
after r — 2 applications of Lemma 8.5 (with an intermediary inequality analogous
to (8.26) but involving b = 1 4 card{i € [I,r —1] | w; #Oorw; =0} > |5+ 1]

instead of a). 5
Therefore |7 (y(1))| < 2K(Q2L)" ' BW(r) e, with

() =) A'870,(2) = T AHAZTY(1-A2E"14272) 7 A = 40K,
r>1

whence |1, (y())| < K1(2L)" €€1?, with suitable constants K, C independent of 7.
This is the desired conclusion when n = 0. When n > 1, we can pass from

to 1}\” since |y(t) — (n—1)| > p, with only one exception; namely, ifn = 1 and ¢ < p,

then we only have a bound for |¢ 1//;1(4‘ )| with ¢ = y(¢) € D(0, p), but in that case

the analyticity of y; at the origin of R(N) is sufficient since we know that its Taylor

series has no constant term.

8.14. Proof of inequalities (8.5). They will follow from a lemma which has its own
interest.

Lemma 8.6. For every n € N, the following identity holds in C[[x]]:
- (n+s—1
$n = Z = ( )‘ﬁm o Yngs (8.29)

s s—1
s>1,ny1,....ns>0

nit-tng=n+s—1
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where the right-hand side is a formally convergent series.

Proof. Thisis the consequence of the following version of Lagrange inversion formula:
If (¢, y) € C[[t, y]], then the formal transformation

(t.x,y) > (tx,y —xx(t,y))
has an inverse of the form (¢, x, y) — (¢, x,Y(t, x, y)) with Y € C[[z. x, y]] given by

S0 \s—1
Yox ) =y + 3 % (@) (x(2. )%). (8.30)
s>1

(Proof: The transformation is invertible, because its 1-jet is, and the inverse must be
of the form (t,x,H(t,x,y)) with Y(#,0,y) = y and 9,Y(¢,0,y) = 1. Itis thus
sufficient to check the formula

s 0 \s—1 s
axy(t’x’y)_(a) [(X(tvy(t’x’y))) 8y13(f»x,)’):|, 521
by induction on s, which is easy.)
Since ¥, (x) € xCl[x]], we can apply this with y(t,y) = >_, . xn(t)y" where

xn(x) = =¥ this way y — xx(x,¥) = ¥ + Y00 ¥n(x)y" = ¥(x,y), and
(8.30) yields

Px.Y) =y + Y ()" = X;(Sl!)( ) [(Z%(x)y)}

n>0 n>0

by specialization to ¢ = x, whence the result follows (one gets a formally convergent
series because ¥, (x) € xC[[x]]). O

As a consequence, we get

o =S (n+s—1 s
Yn = Z S ( s—1 )%1 ¥ Yy

s>1,ny1,....ns>0
ni+tng=n+s—1

a priori in C[[{]], but the right-hand side is also a series of holomorphic functions
and inequalities (8.4) will yield uniform convergence in every compact subset of the
principal sheet of R(Z).

Indeed, let p € ]0, %[ The domain considered in (8.5) consists of those { € C
such that the segment [0, £] does not meet the open discs D(—1, p) and D(1, p). All
the @n ’s are holomorphic in this domain D, (we had to delete the disc around —1 only
because of @0).

Since D, is star-shaped with respect to 0, the analytic continuation of the con-
volution product of any two functions ¢ and IZ holomorphic in D, is defined by
formula (8.2) regardless of the size of |{|. If moreover one has inequalities of the
form |§(¢)] < @(|¢))e ! and [y ()| < W(¢)eC¥l in Dy, then the inequality
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1§ % ¥ ()| < @ % w(|¢])e€ll holds in D,. Hence
N I(n+s—1 _
0 (D)] = > ;( ‘1 )KSL”“ 'My(|g)eCEl ¢ eD,,

s>1,n1,...,ns>0

ni+-+ng=n+s—1
with M () = 1*5(¢) = é:—;;, The conclusion follows since the right-hand side is

less than K (4L)" e(C+8KL)IEI,

9 The V“’s as resurgence monomials — introduction to alien
calculus

9.1. Resurgence theory means much more than Borel-Laplace summation. It incor-
porates a study of the role of the singularities which appear in the Borel plane (i.e. the
plane of the complex variable ), which can be performed through the so-called alien
calculus.

We shall now recall Ecalle’s definitions in a particular case which will suffice for
the saddle-node problem. We shall give less details than in the previous section; see
e.g. [14], §2.3 for more information (and op. cit., §3 for an outline of the general case
and more references). _

The reader will thus find in this section the definition of a subalgebra liﬁé;mp
of Rz, which is called the algebra of simple resurgent functions over Z, and of a
collection of operators A,,, m € Z*, which are derivations of IiE/S;mp called alien
derivations. Alien calculus consists in the proper use of these derivations.

We shall see that the formal series V®1:-@r belong to liﬁé;mp and study the effect
of the alien derivations on them.

9.2. Let @ be holomorphic in an open subset U of C and w € dU. We say that ¢ has
a simple singularity at w if there exist C € C and y(¢), reg(¢) € C{{} such that

¢ L ot —w)log(t — o) +regt — @) ©O.1)

@(f):m+2—m

for ¢ close enough to w. The residuum C and the variation ) are then determined
by ¢ (independently of the choice of the branch of the logarithm):

€ =27i Jim (¢~ 0)p(©).  FE) = Plo +8) ~Plo + LT,
1431%

where it is understood that considering @ + ¢ e~2™ means following the analytic

continuation of @ along the circular path ¢t € [0, 1] — @ + ¢ e~ (which is possible
when starting from w + ¢ € U provided |{| is small enough). In this situation let us
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use the notation
sing, p =C8+ )y € Cé @ C{L}.

We recall that Rz = C § @ ﬁ(R(Z)).

Definition 9.1. A simple resurgent function over Z is any ¢ §+¢e¢ R z such that all
branches of the holomorphic function ¢ € H (R(Z)) only have simple singularities
(necessarily located at points of Z). The space of simple resurgent functions over Z

simp

will be denoted RES .

It turns out that R/E\S;mp is stable by convolution: itis a subalgebra of Rz. This is
the convolutive model of the algebra of simple resurgent functions. The formal model

is defined as RESgl P — 1(RESmnp) which is a subalgebra of Rz.

9.3. For a simple resurgent function ¢ § + ¢ and a path y which starts from 0 and
then avoids Z, we shall denote by cont,, ¢ the analytic continuation of ¢ along y: this
function is analytic in a neighbourhood of the endpoint of y and admits itself an analytic
continuation along all the paths which avoid Z. If the endpoint of y is close to m (say
at a distance < %), then the singularity sing,, (cont, ¢) € C§ @ C{{} is well-defined
(notice that it depends on the branch under consideration, i.e. on y, and not only on m
and ). It is easy to see that sing,, (cont,, @) is itself a simple resurgent function; we
thus have, for y and m as above, a C-linear operator ¢ § 4+ ¢ — sing,, (cont, @) from

le\S;mp to itself.

Definition 9.2. Let m € Z*. If m > 1, we define an operator from R/E\S;mp to itself
by using 2”1 particular paths y:

Iqs! . ~
Ap(cd + @) = Z p;gg sing,,, (cont,, @) 9.2)
se{+,—ym—1 '

where p. and g = m — 1 — p. denote the numbers of signs ‘+’ and of signs ‘—’ in the
sequence ¢ = (&1,...,&m—1), and the oriented path y, connects 0 and m following
the segment ]0, m[ but circumventing the intermediary integer points k to the right
if g = + and to the left if g = —.

If m < —1, the C-linear operator A, is defined similarly, using the 21"/~ paths
ye which follow ]0, —|m|[ but circumvent the intermediary integer points —k to the
right if ez = + and to the leftif g = —

Proposition 9.1. For each m € Z%, the operator A, is a C-linear derivation
of RESS™.

(For the proof, see [3] or [14], §2.3; see also Lemma 9.2 and the comment on it below.)
simp

By conjugacy by the formal Borel transform 8, we get a derivation of RES ,
still denoted A, since there is no risk of confusion. The operator A, is called the
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simp

alien derivation of index m (either in the convolutive model RES or in the formal

simp

model RES ).
One can easily check from Definition 9.2 that
[0, Am] = mAy, inRESS™, [0, Ap] = mA,, in RESY™. (9.3)

where 0 denotes the natural derivation d—z of RESZ and 9 is the corresponding
simp

derivation ¢ § + @(¢) > —C@(¢) of RES .

9.4. We shall see that the operators A,, are independent in a strong sense (see The-
orem 8 below). This will rely on a study of the way the alien derivations act on the
resurgent functions V«1>-»@r,

In this article, for the sake of simplicity, we shall not introduce the larger commu-
tative algebras RES"™ and RES™™ of simple resurgent functions “over C”, i.e. with
simple singularities in the Borel plane which can be located anywhere. In these alge-
bras act alien derivations indexed by any non-zero complex number. One could easily
adapt the arguments that we are about to develop to the study of the alien derivations
Ay, w € C* in RES™ .

One can also define an even larger commutative algebra of resurgent functions,
without any restriction on the nature of the singularities to be encountered in the Borel
plane, on which act alien derivations A, indexed by points @ of the Riemann surface
of the logarithm, but there is no formal counterpart contained in C[[z7!]] (see e.g. [14],
§3, and the references therein).

9.5. We now check that the formal series V1@ are simple resurgent functions
and slightly extend at the same time their definition.

Lemma 9.1. Let A = RESSlmp and Q@ C Z. Assume that a = (4y)neq is a family
of entire functions; zf 0 e Q we assume furthermore that ao(0) = 0. Let a, =
B a, e z71Cz7'])

Then the equations Vﬂ V‘@ = 1 and, for @ € Q° non-empty,

d ~ - d ~ =
(d_ + ||w||)"V;" =dy V", (d— + ||w||)V(‘;’ = —dgy, Vo 9.4)

(with ‘@ denoting @ deprived from its first letter; ®’ denoting @ deprived from its last
letter and ||w || the sum of the letters of @) determine inductively two moulds 'V, "V-'
M* (2, A), which are symmetral and mutually inverse for mould multiplication.

Proof. A mere adaptation of Lemma 3.2 and Proposition 5.5 (in which the fact that
Q2 = N played no role) shows that V; and 'V, are well-defined by (9.4) as moulds
on Q with values in C[[z™']], with V¥, P¢ € z"1C[[z~"]] as soon as @ # @, that
they are related by the involution S of Proposition 5.2:

P =SV (9.5)
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and symmetral, hence mutually inverse. R
The formal Borel transforms are given by V@ 'Vg = § and, for w # @,

D _ 1 ~ V'w Hw _ 1 A ity
Vv, ©) Py (awi *V, )7 Vs ©) ¢ o] (a(l)r * Vg )’ (9.6)
where the right-hand sides belong to C[[{]] even if ||@|| = 0, by the same argument
as in the proof of Lemma 3.2, and in fact to C{{}, by induction on r ().
Since ||@ || always lies in Z, we can apply Lemma 8.3: we get V¥, V¢ < H (fR(Z))

for all @ # @ by induction on r (@), hence our moulds take their values in Rz.
We see that the singularities of "V“’ and V“’ are all simple singularities, because
of the following addendum to Lemma 8.3: w1th the hypotheses and notations of that

lemma, if moreover ¢ € R/E\S;mp, then b * @ vanishes at the origin and only has simple
singularities with vanishing residuum (this follows from the first formula in (8.14)),

hence s(b * Q) € RESQ'mp. O

Notice that, by iterating (9.6), one gets

2= 0y (o (g (e (o (g0 ) 0
~ 1 . 1 . 1
Yi=s (0, = (g_:,),_l (s ((;_wl"“’))))) ©8)

with the notation of (8.7). These are iterated integrals; for instance, the second formula
can be written

Pe©) =

Aoy (§ = Erm1)-
o<ty <<ty <t
o, (§r—1 = 8r2)  dwy (2 —81) do, (1)
$r—1 _Qv)r—l ZZ_CUZ 1 _0)1
and its analytic continuation along any parametrised path y which starts from 0

and then avoids Z is given by the same integral, but taken over all (r — 1)-tuples
({1, RN é‘r—l) = ()/(ll), cee V(tr—l)) witht; <--- < t,_1.

(9.9)

Ay gy

9.6. We are now ready to study the alien derivatives of the resurgent functions PP
and V2“7 (in the formal model as well as in the convolutive model, the difference
is immaterial here).

Proposition 9.2. Let @ C Z and a = (Gy)neq as in Lemma 9.1. For eachm € 7%,

denote by the same symbol A, the alien derivation of indexmon A = liEJS;mp and the
mould derivation it induces on M*(2, A) by (4.4). Then there exists a scalar-valued
alternal mould V,} (m) € M*(2, C) such that

AV =V x Veim), AP =—Vi(m)x V. (9.10)
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Moreover, if @ € Q° is non-empty,

@] #m = V;>(m)=0. 9.11)

Proof. Since "7‘; and S "D;; = ﬁ; are mutually inverse, we get

An Vo = Ve x Vo(m), AnVS = Fr(m) x V3
by defining the moulds 17; (m) and 17; (m) as

Veim) = Vo x AnVe, Fr(m) = ApP x V2,
but a priori all these moulds take their values in A. The operators Ay, and S clearly
commute, thus V?(m) = SV, (m). Proposition 5.4 shows that V7 (m) and V.7 (m) are
alternal; Proposition 5.2 then shows that they are opposite of one another: V- (m) =
=V (m). B

It only remains to be checked that V] (m) is scalar-valued and satisfies (9.11). This

will follow from the equation

O+ V —m)V*(m) =0, (9.12)

where 0 denotes the differential f—z as well as the mould derivation it induces by (4.4)
and V is the mould derivation (4.3).

Here is the proof of (9.12): '17‘; is defined on non-empty words by the first equation
in (9.4), which can be written

@+ V)V =T x V2, (9.13)

with fa' € M*(R2, A) defined exactly as in (4.6). Let us apply the derivation A, to
both sides of equation (9.13), using Ay, (3 + V) = (3 + V —m)A,, (consequence
of (9.3) and of [V, A,,] = 0) and A,,J; = 0 (consequence of the vanishing of A,
on entire functions):

04V —m)A, Vs =T x A,V
Writing Amﬁ(; as "9(; X V(; (m) and using the fact that d + V is a derivation, we get
(@ +V)V2) x V2 (m) + Ve x @+ V —m)V2(m) = T2 x Ve x V.2 (m),

whence "E; X (0+V —m) V; (m) = 0 by a further use of (9.13). Since 175’ = 1and
M*(£2, A) is an integral domain, this yields (9.12).

We conclude the proof by interpreting this relation in the convolutive model: we
already knew that Va@ (m) = 0; now, for any non-empty @, we have

BV (m) = V2 (m)§ + V2 (m)(©)
with V2 (m) € C and V. (m) € H (R(Z)) satistying

(loll =m)V2(m) =0, (=¢+ ] —m)V2(m) =0,
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whence V2 (m) = 0 for |w| # m and 17‘1‘" (m) = 0 for all @ (since both C and
H(R(Z)) C C{¢} are integral domains). O

9.7. Formulas (9.10), when evaluated in the convolutive model on w € 2°, read
ApV? = AV =0
for r(w) = 0, which is obvious since "Vﬂ V@ = 4. Forr(w) = 1, we get
Ap VO = —Ap PO = VO () §
and the explicit value of the coefficient is
wy =m = VP (m) = 2nid,u(m), o #Fm = V' (m)=0. (9.14)

This is a simple residuum computation for the meromorphic functions "\A?“” ) =

—PLI(L) = a‘”‘ (O (observe that the value of d,, at m and thus of V" (m) depend
transcendentally on the Taylor coefficients of a,, at the origin).
Forr = r(w) > 2, we get

r—1

AmVE = VEmM)S + Y Vgt (m) Vor--i,
i=1
r_l (9.15)

i=1

The number V° (m) thus appears as the residuum of a certain simple singularity,
which is a combination of the singularities at m of certain branches of '9“’ or "9“"
on the other hand, the fact that the variation of this singularity can be expressed as
a linear combination of the functions "V @i op Vw’+1 """"" is related to the very
origin of the name “resurgent functions”: the functions vg’ (¢) or V& (¢), which were
initially defined for ¢ close to the origin by (9.7)—(9.8), “resurrect” in the variation of
the singularities of their analytic continuations.

An even more striking instance of this “resurgence phenomenon” is the Bridge
Equation, to be discussed in the case of the saddle-node problem in Section 10 below.

9.8. The computation of the number V& (m) is not as easy when r(w) > 2 as in the
caser = 1.

First observe that the vanishing of V. (m) when |@| = &, = &, # m could be
obtained as a consequence of the analytic continuation ofAformulas (9.7)—(9.8) (for
instance, the singularities of the analytic continuation of V¢ can only be located at
1, ...,0r and, among them, only the one at @, can have a non-zero residuum — cf.
the argument at the end of the proof of Lemma 9.1).
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For |@|| = m, using the notations of Definition 9.2, one can write V (m) as a
combination of iterated integrals: (9.9) and (9.15) yield

1g.!
Vem) = —2xi Yy Lede! / iy (= Lr1)-
e

ee{+,—}imi=1 &
; (9.16)
) A, (gr—lv_ fr—z) Aw, (§2 : é‘l) Ao, ({vl) dfl .. 'dé'r—l’
Cr—1 — wr—1 fr—w2 {1 —w

where I'; consists of all (r — 1)-tuples (¢1,...,8—1) = ()/e(tl), cee, yg(tr_l)) with
t; <--+ < ty_1, for any parametrisation of the oriented path y, (which connects 0 and
m = ;). In fact, one can restrict oneself to the paths which follow the segment ]0, m|
circumventing the points of {&1,...,@,—1} N]0,m[ = {ky, ..., ks} to the right or to
the left, labelled by sequences ¢ € {+, —}*, with weights p.!g.!/(s + 1)!.

The formula gets simpler when @ C Z* and @, = z~! foreach n € Q, since each
dy is then the constant function with value 1:

lgs! dey - dén
loll =m = VEm) =—-27i Y Pe qf / i £yt -
se{+,—}Iml=1 |m|! re (&1 —@1) (&1 — dr_1)

In this last case, the numbers V,” (m) are connected with multiple logarithms. They are
studied under the name “canonical hyperlogarithmic mould” in [3], chap. 7, without
the restriction €2 C Z (which we imposed here only to avoid having to define the
larger algebra RES™™; also the condition 0 ¢ Q was imposed here only to simplify
the discussion).

Observe that V' (m) is always a primitive element of the graded cocommutative
Hopf algebra H*(€2, C) defined in Section 5 (this is just a rephrasing of the shuffle
relations encoded by the alternality of this scalar mould).

9.9. Formulas (9.10) can be iterated so as to express all the successive alien derivatives
of our resurgent functions V¥ or 'V&:

Ay A, V2 =V X V2(mg) X - x V2 (my),

~. j ; - 9.17)
Ay ==+ By Vo = (Z1)7Vg (mr) - x V7 (ms) x Vg,

fors > 1landmq,...,mg € Z*. B B

We can consider the collection of resurgent functions (V) eqe (or (V& )peqe) as
closed under alien derivation (i.e. all their alien derivatives can be expressed through
relations involving themselves and scalars); it was already closed under multiplication
(by symmetrality), and even under ordinary differentiation, in view of (9.4), if we admit
relations with coefficients in C{z !} (but, after all, convergent series can be considered
as “resurgent constants™: all alien derivations act trivially on them).

This is why the Vs are called “resurgent monomials”: they behave nicely under
elementary operations such as multiplication and alien derivations. In fact, in Sec-
tion 12 below, we shall deduce from them another family of resurgence monomials
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which behave even better under the action of alien derivations (but the price to pay is
that their ordinary derivatives are not as simple as (9.4)).

Notice that the operator A, - -+ A, measures a combination of singularities lo-
cated at m; + --- + mg. For instance, the fact that V" (img) x .-+ x V. (m ) vanishes
on any word @ such that |w| # m; + --- + ms (easy consequence of (9.11)) is
consistent with the vanishing of the residuum at any point # &, of any branch of '\A?“;’
(consequence of the analytic continuation of (9.7)).

9.10. LetQ C Z and a = (dp)yeq be a family of entire functions as in Lemma 9.1,
thus with @o(0) = 0if 0 € . We end this section by illustrating mould calculus to
derive quadratic shuffle relations for the numbers

Lo = 271i/ &wr(”w”_zr_l)awr_l(§;-7v1—§r72) awz(fzv—fl) aw1(€1) dey -+ der_s,
r+ Sr—1—Wr—1 H—w2  1—-w)

(9.18)
for w € Q° non-empty, where I't = Iy withe = (+,...,4) € {+,—}"I"1 for
m = ||| (notation of (9.16); if r = 1, then Lg" = 27idy, (w1)). This includes the
case of the multiple logarithms

d¢y ---dg,—
Lw:2ﬂi[ VZI ;rlv ,
r+ (&1 — 1) (§r—1 — ©r-1)
with @1, ...,0, € Q2 C Z* (obtained when a,(¢) = 1).12

It is convenient to use here the auxiliary operators A} of le\S;mp defined by the
formulas A(J)r = Id and, form € Z*,

(9.19)

Alt(c8+ @) = sing, (cont, + @), (9.20)
where y+ = y, with e = (+, ..., +) € {4+, —}I"I=1. Thus
— : At D
Lg = coefficient of § in Ay, V7. (9.21)

We shall consider L as the value at @ of a scalar mould L3; we set L? = 1, so
that (9.21) still holds when @ = @.

Proposition 9.3. The numbers L® satisfy the shuffle relations

1 2
!, ®2\ LY LY ifle'll- e =0,
dosh(T T )L =
0 if not,

we®

for any non-empty ©', w* € Q°. Equivalently, the scalar moulds L}, , defined by

Ly = lgel=0 Ly, Lg_ = lge)<oLly (9.22)
(for any w € Q2°, with the convention ||@| = 0) are symmetral.
2We recall that @1 = 01,02 = @1 + @2, ...,0r—1 = 01+ +wr_1 (thus L® depends on @, only

through T't which connects the origin and P r)-



138 David Sauzin

This can be rephrased by saying that L | and Lj _ are group-like elements of the
graded cocommutative Hopf algebra fH'(Q C) defined in Section 5.

The rest of this section is devoted to the proof of Proposition 9.3. We begin by a
few facts about the operators A,ﬁ; these are not derivations, as the alien derivations
A, but they are related to them and satisfy modified Leibniz rules analogous to (7.4):

Lemma 9.2. The operators A}, defined in (9.20) are related to the alien deriva-
tions (9.2) by the following relations: for any m € Z%,

s— l
A= LA Ay =Y EAS A (9.23)
with both sums taken overall s > 1 andm,,...,my € Z* ofthe same sign as m such

that my + -+ + ms = m (these are thus finite sums). Moreover, for any ¥1, X2 €
R/E\S;mp andm € Z,
ALFi*22) =D A4 Tix A 7 (9.24)

with summation over all my,my € Z of the same sign as m (but possibly vanishing)
such that my + m, = m.

Let us denote by the same symbols the operators of liES;mp obtained from the A}t’s
by conjugacy by the formal Borel transform 8, as we did for the A,,’s. If we consider

the algebras RESZ "P[le~%]) and RESglmp [[e#]], formula (9.23) can be written

Z e ™AL = exp ( Z e_mZAm), Z e ™AL = exp ( Z e_mZAm).

m=>0 m>0 m=<0 m<0
(9.25)

We do not give the proof of this lemma here; see e.g. [14], Lemmas 4 and 5 (the
coefficients pglg.!/|m|! in Definition 9.2 were chosen exactly so that (9.23) hold; the
standard properties of the logarithm and exponential series then show that (9.24) and
Proposition 9.1 are equivalent; it is in fact easy to check first (9.24) by deforming the
contour of integration in the integral giving ¥ * ¥2, and then to deduce Proposition 9.1).

Lemma 9.3. For any m € Z*, define a scalar mould L}, (m) by the formula

Ly(m) =Y SV (my) x - x V2 (my),

with summation over all s > 1 andmy, ..., mg € Z* of the same sign as m such that
my + -+ + mg = m. Define also L;,(0) = 1°. Then, for everym € Z,

i) ALV = La(m) x V3,

(i) t(Ly(m)) = Y L3 (m1) ® LY (m2), with summation over all my, m» € Z of the
same sign as m such that my + my = m,

(iii) m = |@|| = L&(m) =LY m # |w|| = L&(m) =0 (foranyw € Q°,
with the convention ||@| = 0).
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Proof. The first property follows from (9.17) and (9.23). For the second, we write the
symmetrality of 'V} and V] as identities in M**(£2, R/E\S;mp :

(P =PV, (V)=VeV,,
the operator A} induces operators acting on moulds and dimoulds which clearly
satisfy A)f o (V%) = t(A}} V) and relation (9.24) implies

TAETD = Y AL PR eAL P
m=mi+my
m;m>0
whence the result follows since r(L;(m)) = 7(A} '9;) X r('iA)a‘ ) by the homomor-
phism property of t applied to (i).

The second part of the third property is obvious whenm = 0 and follows from (9.11)
when m # 0, because ||@| 7# my + --- + mg implies that V" (m) x --- x V. (my)
vanishes on @ (evenif @ = @). The first part of the third property follows from (9.21),
since property (i) yields

r—1
ALVE = LE(m)§ + Y L1 (m) g T

i=1

ifr =r(@)>1and A} P2 = LI(m)S if 0 = 0. O

Proof of Proposition 9.3. We have L? = 1. Let 0!, 0% € Q°® be non-empty. Prop-
erty (ii) with m = ||@!| + ||@?| yields

1,2
3" sh (“’ c’o“’ ) Lém)= > L& (m)L® (my).
we® m=mi+my
m;m=>0
According to Property (iii), the left-hand side is r(L;)"’l"”2 (because any nonzero
terminithas ||@|| = m). Among the [m| + 1 terms of the right-hand side, at most one
may be nonzero: if ||| and ||@?|| have the same sign, then the term corresponding to
my = ||| is L“;’1 Lf‘l’z while all the others vanish; but in the opposite case, this term
does not belong to the summation and one gets 0 as right-hand side. This is the desired
shuffle relation; we leave it to the reader to interpret it in terms of symmetrality for
the moulds L}, ;. by distinguishing the four possible cases: [l@']| - [|@?|| > 0 or <0,

and |@!]| + ||@?| > 0or < 0. O

In fact, we can write

Ly =Y Lam)y=exp(=Vsy)., Vey=Y V2(m) 9.26)
m=>0 m>0
Ly =Y Lym)y=exp(=Vy_). Vo_=Y Vi(m). (9.27)

m<0 m<0
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with well-defined alternal moulds V7 (and using exp as a short-hand for E; -
see (4.9)), since Lemma 9.3 (iii) and property (9.11) imply that, when evaluated on a
given word @, these formulas involve only finitely many terms; one could thus have
invoked Proposition 5.1 to deduce the symmetrality of L}, ..

10 The Bridge Equation for the saddle-node

In this section, returning to the saddle-node problem, we shall explain why the for-
mal series @, (z) = @n(—1/z) and 1’/;,1 (z) = Yu(—1/z2) of Theorem 2, which were
proved to belong to Rz, are in fact simple resurgent functions. Moreover, we shall
express their alien derivatives in terms of themselves and of the numbers V7 (m) of
Proposition 9.2.

10.1. We recall the hypotheses and the notations for the saddle-node:
0 d
X =x?—+ A(x,y)—
Xt HAGLY) 3y

with A(x,y) = y + 2 cqan(X)y" ! € C{x,y}, where Q = {n e Z | n = —1},
ay(z) = ay(=1/z) € z71C{z" Y} and Gp(z) € z72C{z 71}

We also recall that n € Q +— B, = y"*! g)—y gives rise to a comould B, such that
B,y = ,Bwy”‘*’”H, where the numbers S, @ € Q°, satisfy Lemma 8.1 (we define
Bg = 1 and ||| = 0). We seta = (Bdp)yeq, so as to be able to make use of the
constants V.2 (m), (m,w) € Z* x Q°* defined in Proposition 9.2 and more explicitly
by formulas (9.14) and (9.16). Later in this section we shall prove
Proposition 10.1. The family of complex numbers (,8,,, Ve (m)) is sum-
mable for eachm € Z*. Let

Cn= Y. BuVP(m). meZ* (10.1)

weQS, |w]=m

Then Cy, = 0form < —2.

weR®, |w|=m

We call Ecalle’s invariants of X the complex numbers C_1,Cy,Ca,...,Cpy, ...
because of their role in the Bridge Equation (Theorem 3 below) and in the classification
problem (Theorem 5 and Section 11 below).

The formal transformations 6(x, y) = (x,¢(x, y)) and 671 (x, y) = (x, ¥ (x,y))
which conjugate X to its normal form Xy = ngj—x + y{f—y were constructed in the
first part of this article through mould-comould expansions for the corresponding
substitution operators ® and ©®~!. Passing to the resurgence variable z = —1/x, we



Mould expansions for the saddle-node and resurgence monomials 141

set

Py =0(=1/z.y) =y + D _ gul2)y".
n>0

V() =¥/ =y + Y Un(2)y",

n=>0

where the coefficients @, (z) and ¥, (z) are known to belong to the algebra Rz of
resurgent functions, by Theorem 2. We also introduce the substitution operator

O: fz.y) > [(2.8(z.y)) (10.2)

(a priori defined in C[[z™!, y]]). Later in this section, we shall prove

Theorem 3. The formal series ¢, (z) and 1;,, (2) are simple resurgent functions, thus
@(z,y) and Y (z, y) belong in fact to RES5" [[y]]. ‘
Moreover, for any m € Z*, the formal series ofliE/S;mp 1l

Am@ = Z(Amﬁn)y"’ Am& = Z(Amﬁn)yn

n>0 n>0

are given by the formulas

9 - -
A = cmy’”“g, AT = —Cn"™*Y, m e Z*. (10.3)

10.2. The two equations in (10.3) are equivalent forms of the so-called Bridge Equa-
tion, here expressed in A[[y]] with A = R_E/SSZlmp. On the one hand, the left-hand
sides represent the action of the alien derivation A,, of A [[y]] (we denote by the same
symbol the alien derivation A,, of A and the operator it induces in A[[y]] by act-
ing separately on each coefficient). On the other hand, both right-hand sides can be

expressed with the help of the ordinary differential operator

0
C(m) = Cpy™ Tt —,

dy
yielding
Am@ = C(m)§ = C(m)Oy. (10.4)
Ap¥ = —07'C(m)y. (10.5)

See the end of this section for more symmetric formulations of the Bridge Equation,
which involve only the operators ® or @~ and A,, for the left-hand sides, and C(m)
for the right-hand sides.

The name “Bridge Equation” refers to the link thus established between alien
and ordinary differential calculus when dealing with the solutions ¢ and 1; of our
formal normalisation problem (or with the operator ® solution of the conjugacy equa-
tion (3.1)).
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This is a very general phenomenon, in which one sees the advantage of mea-
suring the singularities in the Borel plane though derivations: we are dealing with
the solutions of non-linear equations (e.g. (0 + yaa—y)a(z, y) = A(—=1/z,¢(z,y)) in
C[[z™, y]), and their alien derivatives must satisfy equations corresponding to the
linearisation of these equations; its is thus natural that these alien derivatives can be
expressed in terms of the ordinary derivatives of the solutions.

The above argument could be used to derive the form of equation (10.3)13, howevgr,
in the proof below, we prefer to use the explicit mould representations involving V*
and V* so as to obtain formulas (10.1) for the coefficients C,,.

10.3. Theorem 3 could also have been formulated in terms of the formal integral
defined by (2.6): Y (z,u) = @(z,ue?) € RESSlmp[[u e”]] and

—, meZ",
where Am = e ™A, is the dotted alien derivation of index m, which already
appeared in formula (9.25).

10.4. The Bridge Equations (10.3) are a compact writing of infinitely many “resur-
gence equations” for the series A, @, or A, ¥, obtained by expanding them in powers
of y.

For instance, setting

10.6
o ifn#1, (106)

sothat §(z,y) = Y _,5 ®,(z)y", we get

~ 1+¢; ifn=1,
<I>,,={ ?1

~ (n—=m)Cp®p_m if—-1<m<n-—1,
AmcI)n = .
0 ifm<-2orm > n.
Thus
* Ap@o = 0form # —1, while A_;1¢g = C_1(1 + ¢1);

® Am‘;l = 0form 75 —1, while A—I(Zl = 2C_1(52;

13 Compare the linear equations Ldy @ = 0 and (L —m — 1) A, @ = 0 where

o = - _ . 9
L=Xo+A(z,y), Alz,y)=1-0,A(-1/z,0(z,y)), Xo=3+y5-

The second equation follows from (9.3) for the computation of A, (3 + yaa—y)('ﬁ(z, y), and from the rela-
tion A A(—1/2,9(z,)) = (0yA(=1/2z,%(z,¥)))Am@(z, ) deduced from Proposition 10.2 below
(indeed, A(—l/z,y) € C{z71,y} C A{y}). Since 3,% = 1+ O(z~1L,y) is invertible, we can set
% = (0y®) 1 A,;;@; the above linear equations imply that X x is annihilated by X 0 — (m + 1), thus proportional
to ™1 there exists ¢, € C such that Ay, @ = ¢ y™ By(b'(z y).

The relation Am1// = —cm 1//’”+1 follows by the alien chain rule: y = (p(z w(z y)) 0! @ implies
(Am®)(z,¥) + dy9(z, ¥) A% = 0 by Proposition 10.2 below (using & € A{y}).
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e Apm@> =0form ¢ {—1,1}, while A_;¢, = 3C_1@3 and A1@r = C1(1 + ¢1);
e Apm@s =0form ¢ {—1,1,2}, while...

Similarly, with
~ 1+ ifn =1,
g, -1t
Yn ifn #£1,
we have Z(Am‘fﬁn)y" = —Cm( > U, y")mH, which means that A, ¥,, = 0 for all
n e Nwhenm < -2,
—C_; ifn =0,

AU, =
v { 0 ifn#0

and Ay, U, = —Cpy )T @y, Wy, . foranyn € Nandm > 1.

In particular, C,, is the constant term in A, @p,+1 Or in —A,, Jmﬂ.

10.5.  Proof of Proposition 10.1 and Theorem 3. We have a Fréchet space structure
on H (R(Z)), with seminorms || . || indexed by the compact subsets of R(Z):

19lx = max [P, ¢ € H(R@). K €X.

We thus naturally get Fréchet space structures on Rz = C § @ H (R(Z)), by defining
lle 8 + @l = max (|c]. | #]lx). and on Rz = 87'Rz, with || 7|k = | B|x for
I=c+¢€Rz. ‘

The space A = I@S;mp of simple resurgent functions is a closed subspace of Rz
and the A, are continuous operators. Indeed, the map ¢ +— sing,,(cont, @) is con-
tinuous on A = R/E\S;mp because the variation can be expressed as a difference of
branches and the residuum as a Cauchy integral. _ 5 5

Consider now the formal series V¥ (z) = VZ(z), V9 (z) = V9(z) € A, and
their formal Borel transforms, which belong to A. The end of the proof of Theorem 2
shows that (Be V?)peqs, wl|=n—1 a0d (B V) weqe, |w|=n—1 are summable families
of A foreachn ¢ N; indeed, for any compact subset K of R(Z), there exist p, N
and L such that any point of K is the endpoint of a (p, N,n — N*)-adapted path of
length < L and also the endpoint of a (p, N, N)-adapted path of length < L, and one
can use (8.24), (8.27) and (8.28). Hence the sums @n and &n of these families belong

to A. Equivalently, the formal series @, and v, appear as sums of summable families
of A:

On = Z BoV® and ¥, = Z BoP® inAd,
weR®, |w|=n—1 weR®, |w|=n—1

they are thus simple resurgent functions themselves. To end the proof of Theorem 3,
we thus only have to study the alien derivatives A, @, and A, ¥y,.
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10.6. End of the proof of Proposition 10.1. Let m € Z*. In view of Lemma 8.1, we
can suppose m > —1. By continuity of Ay, (Bw AmP?)weqs, |o|=m 1S @ summable
family of A, of sum A,, 1Zm+1. In particular, the family obtained by extracting the
constant terms is summable, but the constant term in A, ¥ is =V (m) by (9.10).
Hence we get the summability of

Cn= Y BuVP(m) inC,

lwll=m
which is the constant term in —A,, 1;,,,4_1. O

10.7. As vector spaces, C[[y]] and A[[y]] can be identified with CN and AN and are
thus also Fréchet spaces if we put the product topology on them.
As an intermediary step in the proof of Theorem 3, let us show

Lemma 10.1. Letm € Z* and
d
C(m) = Cpy™ 1 —.
dy
Then, for each ng € N, the families ("g”"Bwy”O)wego and (VE (m)Bey"0)weqe are
summable in A[[y]], of sums @~1y™0 and C(m)y™o.

Proof. Our aim is to show that ('\;“’ B,)wegqe and (V2 (m)B,)weqe are pointwise
summable families of operators of A[[y]]; in view of the above, since B,y =
Boy lel+1 we can already evaluate these operators on y and write

Y VemBoy= Y. VEmBey=Cuy™ inCyll (10.7)

weR® weQ’, |o|=m

(the first identity stems from (9.11)) and
Y BBy =y+ > Un(2)y"=0""y inA[yl

weR® n>0

Although similar to formula (3.13), the last equation is stronger in that it gives the
sum of a summable family of A[[y]] rather than of a formally summable family
of Cllz~", y]I-
When evaluating the operators By, on y"°, we get coefficients B ,, which gen-
eralise the B, ’s:
B,y" = Igw’noyno-i-llwll

with Bgny = 1, Blw)mo = 105 Bong = No(no + @1)(ng + @2) -+ (no + wy—1) for
r > 2. Notice that By 4, #0 = |@| = —no.

A suitable modification of the proof of Theorem 2 shows that the families
(ﬂw,no Vw)meg-, lw|l=m are summable in A for all m > —ng (replace the functions

Sm(C) = ?Tt; of Lemma 8.2 by "é:’;‘), for which the bounds are only slightly worse

than in Lemma 8.4).
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This yields the first part of the lemma, since we can now write

S By = 3 (Y Bame )y =87 Ay

weN® m=—ng weQ’,|w|=m

By continuity of A,,, we also get the summability of (B, », Am”@"’)weg., loll=min A,
hence of the family (=B ,no Vs (1)) weqe, |lo||=m Obtained by extracting the constant
terms. Let

Cm,no = Z ﬂw,novaw(m) in C.

weQ’, |o|=m

Thus (V* (m) B, y"*)wegqe is summable in A [[y]], with sum Cy, o y™0 ™.

Let QKR (k, R € N*) denote an exhaustion of Q°® by finite sets as in the proof
of Proposition 6.1. We conclude by showing that Cp, 5, y"0*™ = C(m)y"°. This
follows from that fact that the operators

CoRmy= Y Ve(m)B,
weQk.R

are all derivations of C[[y]] because of the alternality of V7 (m) (the Leibniz rule is
easily checked with the help of the cosymmetrality of B,), thus their pointwise limit
is also a derivation, which cannot be anything but €(m) by virtue of (10.7). O

10.8. End of the proof of Theorem 3. In A[[y]], the families (V® By y)weae and
(P® B, y)weqe are summable, of sums

§z.y)= > V°()Buy. V(z.y)= Y ¥ (2)Bauy. (10.8)
weN® weQ®
The derivation of A[[y]] induced by A,, is clearly continuous; applying A,, to both
sides of the first equation in (10.8) and using (6.1) and (9.10), we find

~ ~ ~ 1 2
Am@ =) (AmV®)Boy = Y V* V2 (m)B,2B,1y

® ol,02
=Y Ve (m)B,-6y = em)p
w2

(with the help of Lemma 10.1 for the last identities). Similarly,

AT =Y (AmP)Boy = — > V2 )%’ BB,y
(0]

o!l,w?
==Y B BCmy = =67 Gy ) = —Cu@ )" O
w2

10.9. Operator form of the Bridge Equation. As announced after the statement of
Theorem 3, the Bridge Equation can be given a form which involves the operators ®
or ®~! in a more symmetric way. This will require a further construction.
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Proposition 10.2. Let A = RESSlmp The set

A{y} = {ano Fa()y" € A[[Y]] | forall K € K there exist ¢, A > 0
such that || f|x < cA” for all n}

is a subalgebra of A[[y]], which contains §(z, y) and ¥ (z, y) and which is invariant
by all the alien derivations Ay,. Moreover, the substitution operators ® and ©7!
leave A{y} invariant and the opemtors they induce on A{y} satisfy the “alien chain
rule”

Am@f = (:'jAmf + (éayf)Amaa Am@_lf = é_lAmf + (@_layf)Am‘Z-

Idea of the proof. The fact that &, ¥ € A{y} follows easily from (8.3)~(8.4). The
other statements require symmetrically contractile paths, first to control the seminorm
| . |[x of a product of simple resurgent functions (4 is in fact a Fréchet algebra), and
then to study 97 f (z, ¢o(2)) which appears in the substitution of ¢ inside a series with
resurgent coefficients:

g I - TR BV
fz.8) = f(z.80)+ydy f(z.50) D1 +y2<3yf(z,<po)d>z+58§f(z,fpo)<1>f)+
with the notation (10.6). See [14] (e.g. §2.3, formula (41)). O

Theorem 4. We have the following identities in Endc (A{y}):
[Am, O] = Cm)O, [Am,O7']=-6""C(m), (10.9)
forallm € Z*.

Proof. We must prove that @A Ol —A, = —C(m).

The operators © and O~! are mutually inverse A -linear automorphisms of A =
A{y} and C(m) is an A-linear derivation. The operator A, is a derivation, it is not
A-linear, but D = @A 0! — Ay, is an A-linear derivation; indeed, if u(z) € A
and f(z,y) € A, then

D(uf) = OAm(LO™ f) — Am(f)
= O(udn®7 [ + An)®7' f) = (1A f + (Ami) f)
= uOALO f + (Ami) f — thm f — (Amp) f = uDYf.

It is thus sufficient to check that the operator D + C(m) vanishes on y (being a
continuous A -linear derivation of A, Lt will have to vaniih everywhere).

But, in view of (10.5), Dy = OA,¥ = —Cpn(Oy)"t! = —C,,ymH!
required. O

10.10. The Bridge Equation and the problem of analytic classification. We now ex-
plain why the coefficients C,, implied in the Bridge Equation are “analytic invariants”
of the vector field X .
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Suppose we are given two saddle-node vector fields, X; and X5, of the form (2.1)
and satisfying (2.2). Both of them are formally conjugate to the normal form Xj,
hence they are mutually formally conjugate. Namely, we have formal substitution
automorphisms ®; (or ®;, when using the variable z instead of x) conjugating X;
with Xy, fori = 1, 2, hence

0X; = X,0, 0 =0,'0,.
The operator ® is the substitution operator associated with

0: (x.y) > (x.0(x.y). @(x,y) =0y = @(x. V2(x,y)).

which is the unique formal transformation of the form (2.5) such that X; = 6, X>.
One can check that, when passing to the variable z, one gets as a consequence of
Proposition 10.2 and Theorem 4:

® € Endc(A{y}), [Am.B] = 05'(Ci(m)—Ca(m))®:, m e Z*,

where C;(m) = Cj ymJrl 9_ s the derivation appearing in the right-hand side of the
Bridge Equations (10.9) for X;.

If X7 and X, are holomorphically conjugate, then the unique formal conjugacy 6
is given by a convergent series 9(x, y), thus all the alien derivatives of ¢ vanish and
C1(m) = Cy(m) for all m. We thus have proved half of

Theorem S. Two saddle-node vector fields of the form (2.1) and satisfying (2.2) are
analytically conjugate if and only if their Bridge Equations (10.3) share the same
collection of coefficients (Cy)mez*.

According to this theorem, the numbers C,, thus constitute a complete system of
analytic invariants for a saddle-node vector field.

To complete the proof of Theorem 5, one needs to show the reverse implication, i.e.
that the identities €1 (m) = €,(m) imply the convergence of @1 (x, ¥2(x, y)). This
will follow from the results of next section, according to which the coefficients C,,
are related to another complete system of analytic invariants, which admits a more
geometric description.

10.11. We end this section with a look at simple cases of the general theory.

“Euler equation” corresponds to A(x, y) = x + y, as mentioned in Section 2. We
may call Euler-like equations those which correspond to the case in which a, = 0
for n > 1, thus A(x, y) = a—1(x) + (1 + ao(x))y. For them, the formal integral is
explicit.

Setdy(z) = ap(—1/z) € z72C{z "} and G_ 1(2) =a_1(—1/z) € z71C{z7 '} as
usual. Let oz(z) be the unique series such that 0,0 = dgand @ € z~'C{z~!}. Setalso
B=i_1e®ecz'C{z"'}and B = BB (which is an entire function of exponential
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type). One finds

Y(Z,M) — @O(Z) 4 MeZ+a(Z), 9’50 — _e& Q(B_l (é. s ﬂ(é‘) )
¢+1
Correspondingly, ¢(x, y) = ®g(x) + P1(x)y with ®g(x) = @o(—1/x) generically
divergent and ®; (x) = e¥1/*) convergent.
One has C,, = 0 for every m € Z \ {—1}, but

C_i =e ¥A_15o = —27i B(—1).

10.12. Another particular case, much less trivial, is that of Riccati equations (see [4],
[3, Vol. 2] or [1] for the resurgent approach, or [12]): when a; # 0 and a, = 0 for
n > 2,hence A(x,y) = a—1(x) + (1 + ao(x))y + a1 (x)y?, one can check that the
formal integral has a linear fractional dependence upon the parameter u:

Po(z) +ue”y(z)
1+ ue?¥(2)Poo(2)’

where @9, @0 and —1 + ¥ belong to z 'C[[z7']]; @o and 1/@s can be found as
the unique solutions of the differential equation (2.7) in the fraction field C(z™1)).
Correspondingly, the normalising series ¢(x, y) and ¥ (x, y) have a linear fractional
dependence upon y.

In the Riccati case, only C_; and C; may be nonzero. Indeed,

Y(Z,u) =

Ao #0 = m=—1, ApPoo #0 = m=1, Au¥x#0 = m==+1.

10.13. We may call “canonical Riccati equations” the equations corresponding to a
function A of the form A(x,y) = y + ﬁB_x + -1 B, xy?, with B_, B, € C.

2mi
Thus, for them, the differential equation (2.7) reads
~ ~ 1 ~
3,Y =Y — ——(B_+ B, Y?).
2mwiz

A direct mould computation based on (10.1) is given in [3], Vol. 2, pp. 476480,
yielding
C_1 = B_O'(B_B+), Cl = —B+O'(B_B+),

with o (b) = bl% sin # See [12] (or [1]) for a computation by another method.

11 Relation with Martinet-Ramis’s invariants

In this section, we continue to investigate the consequences of the resurgence of the
solution of the conjugacy equation for a saddle-node X. We shall now connect the
“alien computations” of the previous section with Martinet—-Ramis’s solution of the
problem of analytic classification [12], completing at the same time the proof of
Theorem 5.
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This will be done by comparing sectorial solutions of the conjugacy problem ob-
tained by Borel-Laplace summation on the one hand, and by deriving geometric
consequences of the Bridge Equation through exponentiation and summation on the
other hand (this amounts to a resurgent description of the “Stokes phenomenon” for
the differential equation (2.7)).

11.1. Let us call Martinet—Ramis’s invariants of X the numbers £_1,&1,&;,... de-
fined in terms of Ecalle’s invariants by the formulas
£, =—-C_,, (11.1)
(=1’
En=_ Y i Cmy - oy m = 1, (11.2)
r>1 my,....mp>1

my+-+mpr=m
where, as usual, B, = land B,,..n, = (M1 + D(my +may+1)---(my +--- +
myp—q) forr > 2.
Observe that they are obtained by integrating backwards the vector fields

d 4 0
Co=C(-1)=Coig, Cy= Do Cm) =) Cuu” P
m>0 m>0

_ua
Indeed, the time-(—1) maps of C_ and C are

Wi E () = Ut b, u E@) =ud Y Gt (113)
m>0

(as can be checked by viewing —C as an elementary mould-comould expansion on
the alphabet N*; the reason for changing the variable y into u will appear later).'*
These numbers can also be defined directly from the iterated integrals L& of (9.18):

Proposition 11.1. The family (B, L?)
and

: : *
0eQ® ||w|=m S summable in Cforeachm € Z

Em = Z ,Ba) LZ)’
weR®, |w|=m

with the convention &y, = 0 for m < —2.

Idea of the proof. The relations £+ (u) = ), cqoe Ly L Bou (where Lj , is defined
by (9.22)) formally follow from the formula Lj , = exp ( -V; :I:) and Lemma 10.1,
according to which (Va‘f  Bw)wege is a pointwise summable family of operators
of A[[u]] with sum Cx. The summability can be justified by the same kind of ar-
guments as in the proof of Proposition 10.1 and Theorem 3. O

11.2. The formulas (11.1)—(11.2) can be inverted so as to express the Cp,’s in terms
of the &,,’s. Theorem 5 is thus equivalent to the fact that the &,,’s constitute themselves

14 Thus one always has £ (#) = u — C—1, and in the Riccati case as at the end of the previous section
4 (u) = ﬁ
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a complete system of analytic invariants for the saddle-node classification problem.
We shall now prove this fact directly.

In fact, we shall obtain more: the pair (§_, £4) is a complete system of analytic
invariants and &1 is necessarily convergent. Thus, not all collections of numbers
(Cim)mef—13un+ can appear as analytic invariants, only those for which the corre-
sponding &,,’s admit geometric bounds |&,,| < K™ for m > 1 (hence they have to
satisfy Gevrey bounds themselves: |Cy,| < K{"m! form > 1).

This information will follow from the geometric interpretation of £1.. Martinet and
Ramis have also showed that any collection (§,;)me(—13un* subject to the previous
growth constraint can be obtained as a system of analytic invariants for some saddle-
node vector field, but we shall not consider this question here.

11.3. Let us consider the saddle-node vector field X and its normal form X in the
variable z = —1/x instead of x:

X = g—z +A(—1/z,y)aa—y, Xo = (,?—Z +yaay
For e € 10, w/2[ and R > 0, we set
D' (R, 8)—{Z€C|——+8<argz<——8 |z| = R},
DR, e)={zeC|-3Z te<argz < Z—& |zl = R},
which are “sectorial neighbourhoods of infinity” in the z-plane (corresponding to

certain sectorial neighbourhoods of the origin in the x-plane). Their intersection has
two connected components:

D_(R, 8)—{ZEG:|”—|—8<argz<——8 |zZ] > R} C {Nez <0},
Di(R.e)={zeC|-F+e=<argz<F —e |z] >R} C{Nez>0}.

Theorem 6. Let ¢ € |0, w/2[. Then there exist R, p > 0 such that:

(i) By Borel-Laplace summation, the formal series §,(z) give rise to functions
Pn’ (2), resp. Pi°¥(z), which are analytic in D"P(R, ¢), resp. D'V(R, ¢), such
that the formulas

PP ) =Y+ Y FPEY". FUCE =y + Y )"
n>0 n>0

define two functions @ and @' analytic in D"P(R, ) x {|y| < p}, resp.
D'Y(R, &) x {|y| < p}, and each of the transformations

0%z, y) = (2.8 »), 0 y) = (2.8, )

is injective in its domain and establishes there a conjugacy between the normal
form Xy and the saddle-node vector field X .
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(ii) The series &1 of (11.3) has positive radius of convergence and the upper and
lower normalisations are connected by the formulas

’é’up(z, y) — glow(z’ S—(y e—Z)ez) — §IOW(Z’ y+ S—lez)
forz € D_(R,¢) and |y| < p, whereas

0 (z.7) = 0P(z. 64 (ye ) ef) = B0 (z.y + E1y°e " + Gy e )
forz € D1 (R,¢e) and |y| < p.
(iii) The pair (§—,&4) is a complete system of analytic invariants for X.

As already mentioned, Theorem 6 contains Theorem 5. The rest of this section is
devoted to the proof of Theorem 6.

Remark 11.1. For the Borel-Laplace sums of the formal integral, this yields
Y"(z,u) = Y1°W(Z,§_(u)) if z € D_(R,e) and Y'V(z,u) = Y“p(z,é_,.(u)) if
yARS @+(R,8).

11.4. In view of inequalities (8.4)—(8.5), the principal branches of the Borel trans-
forms ¢, (¢) and {ﬁ\n (¢) admit exponential bounds of the form K L” ¢€ !¢l in the sectors
{teCli<argf<nm—5}and{{e€C|nm+ 5 <arg{ <2m — 5}. Using the
directions of the first sector for instance, we can define analytic functions by gluing
the Laplace transforms corresponding to various directions

61000 CiGOO

~low _ ~ —-z¢ 7 low _ > -z
7o () = /0 GO e e, PIv() = /0 Tu(©) e e,

with 6 € [§, 7 — £]. If we take R large enough, then the union of the half-planes
{Re(zel?) > C } contains D% (R, ¢) and the functions

(’/‘)’IOW(Z’y) =y+ Z(ZLOW(Z)yn’ 1ZIOW(Z,y) =y + Z J#)W(Z)yn

n>0 n>0

are analytic for z € D"V(R,¢) and |y| < passoonas p < 1/L.

The standard properties of Borel-Laplace summation ensure that the relations
v = 3G0G ) = (8G ) and Xodz,y) = A(— 1/2.§(. ) yield
similar relations for $'°% and fﬁ’low, possibly in smaller domains (because 3% (z, y)—y
and ¥'°¥(z, y) — y can be made uniformly small by increasing R and diminishing p).
Hence the transformations

(2.y) = (2.8 ). @y (2.9 )

(or rather the sectorial germs they represent) are mutually inverse and establish a
conjugacy between Xoand X.

We define similarly $"P(z, y) and ¥"P(z, y) with the desired properties, by means
of Laplace transforms in directions belonging to [7 + 5, 27 — 5]. This yields the first
statement in Theorem 6.
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11.5. We now have at our disposal two sectorial normalisations

0 (z.3) P (2, §E ), 8 2y e (2,87, ),

which are defined in different but overlapping domains, and which admit the same
asymptotic expansion with respect to z (when one first expands in powers of y).
If we consider (5"1’)_1 o % or (51"‘”)_1 o 6 in one of the two components of
DY(R,g) N D™(R, ), we thus get a transformation of the form

(z.y) ¥ (2. x(z, ) (11.4)

which conjugates the normal form X, with itself, to which one can apply the following:

Lemma 11.1. Let D be a domain in C. Suppose that the transformation (z,y) +>
(Z, x(z, y)) is analytic and injective for z € D and |y| < p, and that it conjugates X
with itself. Then there exists £(u) € C{u} such that

x(z,y) =E(ye %)e’. (11.5)

Such transformations are called sectorial isotropies of the normal form.

Proof. By assumption y = fox. Since y = foy, this implies that %){(2, y) is a first

1 Ew)

integral of Xo. Thus 7o X(z,u€?) is independent of z and can be written ==, where

obviously &(u) € C{u}. O

When y(z, y) comes from (gup)_1 o f'v or (51""“)_1 o 9", we have a further
piece of information: in the Taylor expansion y(z,y) —y = >, Xxn(2)y", each
component x,(z) admits the null series as asymptotic expansion in D+ (R, ¢) (the
transformation (11.4) is asymptotic to the identity because 6 and 6% share the
same asymptotic expansion). This has different implications according to whether the
domain O is D_(R, €) or D1 (R, ¢).

Indeed, if we expand £(u) —u =) ., au", we get

10(2) =ape®, x1(2) =1, y2(2) =one?, y3(z) =aze 2, ...

hence

D=D_(R,e)C{Nez<0} = a, =0 forn #0,
D=Dy(R,e) C{Nez>0} = ap=0ao; =0.

The upshot is that there exist g € C and £(u) = u + au? + azu® + ... € C{u}
such that

(@) o §(z.y) = (z.y + aoe?). z e D_(R.¢),
(6" 08z, y) = (2,7 + myPeF +azyieF 4--1), z € Dy(R,e).



Mould expansions for the saddle-node and resurgence monomials 153

11.6. Itis elementary to check that the pair of sectorial isotropies

((gbw)—l ° 6" |D_(R.e)* (gup)—l © §IO\TD+(R,8))

is a complete system of analytic invariants for X: suppose indeed that two saddle-
node vector fields X; and X, are given and that we wish to know whether the unique
formal transformation 6 of the form (2.5) which conjugate them is convergent, then
B3P o (6:°) ™" and B o (%)™ are two sectorial conjugacies between X and X5
defined in different but overlapping domains and admitting 6 as asymptotic expansion
(up to the change x = —1/z); they coincide and define an analytic conjugacy iff
(5;0‘”)_1 o 5;13 = (é}ow)_l o gfp in both components of the intersection of the domains.

11.7. Therefore, it only remains to be checked that ¢y = &; and &€ = &,. This
will follow from the interpretation of the operators A;f as components of the “Stokes
automorphism”. For this part, the reader may consult the end of §2.4 in [14].
Suppose that a simple resurgent functions ¢ 8 + ¢ € R/E\S;mp has the following
property: the functions 7, defined by A} (¢ 8 + @) = ym 8 + Jm and @ itself have at
most exponential growth in each non-horizontal directions, so that one can consider

i0
the Laplace transforms £93(z) = o o) e 2 deor £ qm(z) for 6 € e, w — ¢]

or 0 € | + ¢, 2w — ¢[, which are analytic in sectorial neighbourhoods of infinity of
the form D'°Y(R, ) or DP(R,¢). Let & < 0 < §’, with 6 and #’ both close to 0;
by deforming a contour of integration, one deduces from the definition (9.20) that, for
any M € N*and o € 10, 1],

M
c+2%0@) =c+ 270G + Y e (ym + £V Fm(2) + O(lem M)

m=1

in the sectorial neighbourhood of infinity obtained by imposing that both Ne(z eie)
and Ne(z e?") be large enough, which is contained in the right half-plane { fiez > 0}.

Letus denote thisby: £%(c §+¢) ~ 3.~ e LY At (c54+@)in{NRez >0}
Similarly, if 6 < 7= < 6’ with 6 and 6’ both close to 7, one gets £(c 8 + @) ~
<o € LY At (c 8 + @) in the left half-plane {fez < 0}.

We can even write £ ~ £% o > m>0 A; in {Rez > 0} and £ ~ £ o

> m<0 A; in {Rez < 0}, if we define properly A:n_ in the convolutive model.
See [14]: A:; = T, o0 Ai, with a shift operator , R/E\S;HIP — T (R/E\S;mp), the
target space being the set of simple resurgent functions “based at m” (instead of being

based at the origin). On the other hand, we can rephrase (9.25) as ) AJF =

m=>0 m
exp(Z:m>0 Am)’wz:mSO A; = eXP(Zm<0 Am)
Apply this to Y (z,u) (or, rather, to each of its components): when 6 and 6’
are close to 0, we have £9Y = Y and £9Y = Y% in D+ (R, ¢e), hence, in
view of the Bridge Equation, Y ~ (£% o exp €)Y, which yields Y (z,u) ~
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Y'%(z, (E1) 7' () in Dy (R, ¢). Similarly, Y'(z,u) ~ ¥ (z, (62)""()) in the
domain D_(R, €). When interpreting these relations componentwise with respect to u
and modulo O(|e*™M*9)2|) in D, (R, ¢) with arbitrarily large M, we get the desired
relations between @ (z, y) = Y"(z, ye %) and §'¥(z, y) = Y'%(z, ye~?).

12 The resurgence monomials U2 ’s and the freeness
of alien derivations

12.1. Thefirst goal of this section is to construct families of simple resurgent functions
which form closed systems for multiplication and alien derivations in the following
sense:

Definition 12.1. We call A-friendly monomials the members of any family of simple
resurgent functions (U1 " );>0, o, ,....0-ez*, sSuch that on the one hand

UL2@r  ifr > 1and w; = m,

Amﬂw“”wrz
0 if not,

(12.1)

for every m € Z*, and on the other hand U? = 1 and

wat = 3w (%f) e wpe@

weN®

i.e., when viewed as a mould, U* e M*(Z*, Iiﬁé;mp) is symmetral.

_ L Ecalle calls A-friendly such resurgent functions by contrast with the functions
V2 @r which can be termed “d-friendly monomials” because of (9.4) (using 9 as
short-hand for ;—Z).

As a matter of fact, A-friendly monomials will be defined with the help of the
moulds V3, V> of Section 9 and mould composition, but we first need to enlarge
slightly the definition of mould composition.

12.2. We thus begin with a kind of addendum to Sections 4 and 5. Assume that A4
is a commutative C-algebra, the unit of which is denoted 1, and €2 is a commutative
monoid, the operation of which is denoted additively. We still use the notations
loll = w1 + -+ + wr and [|0]| = 0.

Let us call restricted moulds the elements of M*(Q*, A), where Q* = Q \ {0}.

— simp

The example we have in mind is 2 = Z and A = C or RES,

Definition 12.2. We call licit mould any restricted mould U * such that
w]| =0 = U® =0

for any @ € (2*)°®. The set of licit moulds will be denoted M,

lic

(Q*, A).
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The set M} (2%, A) is clearly an A-submodule of M*®(22*, A), but not an A-
subalgebra. Notice that U® € M} (*, A) implies U? = 0.
We now define the composition of a restricted mould and a licit mould as follows:

(M*,U®) e M*(Q*, A) xM;.(R*,A) > C*=M*oU®* e M* (2", 4),
with C? = M? and, for w # 9,

o — 3 oo rot | et
s>, 0=’
l@!,.... 0% 170

The map M® — M*® o U* is clearly A-linear; we leave it to the reader'” to check that
it is an A -algebra homomorphism, that

U, V* e MP(Q*, A) = U®oV*® e M (2%, A),
and that
M® e M*(Q*,A)and U, V* € M (2", A) = (M*U®)oV*® = M®o(U*V"®).
The restricted identity mould is

1 ifr(w) =1,

I):we Q") > IP = 0 ifr(@)# 1

It is a licit mould, which satisfies M*® o I} = M*® for any restricted mould M* and
I; o U® = U* for any licit mould U*®. One can check that a licit mould U *® admits a
licit inverse for composition iff U? is invertible in A whenever r (@) = 1.

A proposition analogous to Proposition 5.3 holds. In particular, alternal invertible
licit moulds form a subgroup of the composition group of invertible licit moulds'® and
the composition with an alternal licit mould preserves symmetrality and alternality.
This will be used in the next paragraph.

12.3. Wenow take 2 = Z and A = RESglmp Assume that a = (dy)pez* is any
family of entire functions such that a,(n) 75 0 for each n € Z*. We still use the
notations @, = B~ 'a, € z7'C[z7'Jand J® = &, if ® = (1), 0 if not. We recall
that, according to Section 9, the equation

@+ V)P =P xJ? (12.2)

15 The verification of most of the properties indicated in this paragraph can be simplified by observing that
the canonical restriction map p: M® (2, A) — M*(Q*, A) is an A -algebra homomorphism which satisfies
o(M®oU®) = p(M*®)op(U*®) for any two moulds M ® and U ® such that p(U ®) is licit and which preserves
alternality and symmetrality.

16 This can be checked by means of the restriction homomorphism of the previous footnote: if U ® is licit and
U® is invertible whenever r (@) = 1, thenany U € M* (2, A) such that p(U$) = U*® and Uéo) = lisan
invertible mould, the composition inverse of which has a restriction V'® which satisfies U® o V® = V®oU® =
I2; if moreover U ® is alternal, then one can choose U(; alternal (take Ug> = 0 whenever r (@) > 2 and one
of the letters of @ is 0), thus its inverse and the restriction of its inverse are alternal.
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defines a symmetral mould '\:1; € M*(2*, A), and that, for each m € Z*, we have
an alternal scalar mould ¥’ (m) = —V,?(m) € M*(Q*, C) which satisfies

Am VS = V2 (m) x V3, (12.3)

e m) #0 = o] =m. (12.4)

Moreover K™ (n) = 2rxi an(n).

Theorem 7. The formula V' =), 7+ V4 (m) defines an alternal scalar licit mould,
which admits a composition inverse UJ. The formula

U = B2 o UL € M*(Q*,RES)™ (12.5)
defines a family of A-friendly monomials ‘&'g’
Proof. In view of (12.4), the definition of ¥, makes sense and its alternality fol-
lows from the alternality of each W, (mm). This mould is clearly licit, and K =
2miay,(n) # 0, hence its invertibility.

The general properties of the composition of a restricted mould and a licit mould
ensure that (12.5) defines a symmetral mould. Its alien derivatives are easily computed
since U} is a scalar mould:

ApUS = (ApP2) o UL = (K (m) x P2) o Us = 12 x U,

with I, = ¥ (m) o U (the last identity follows from the A4 -algebra homomorphism
property of post-composition with U). The conclusion follows from the fact that

I? =1 ifw = (m), 0 ifnot. (12.6)

This formula can be checked by introducing the map p,,: M°®* € M*(Q*, A) —
My e M*(2*, A) defined by M2 = M if |@| = m, 0 if not, and observing that
pm(M® o U®) = pp(M*®) o U* for any licit mould U*®; thus I, = pp(V5’) o U =
om(12). O

Remark 12.1. An analogous computation yields
O+ V)US =—-UL x K*

with a licit alternal mould K* € M*(Z*, C[[z"'])) defined by K® = U2 @)y if
@]l # 0.

124. Let Ag =Idand A, = Ay, -+ Ay, form = (my,....,m;) € (Z*)*® non-
empty. As an application of the existence of A-friendly monomials, we now show

Theorem 8. Let A = RESSZimp. The family (Am)mez+)s is free in the A-module
Endc A.

Observe that the free A -module generated by the A , s is asubring of Endc A4 (because
the A,,’s are derivations).
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Proof. We must show that there is no non-trivial polynomial relation between the alien
derivations A,,. Consider a non-commutative polynomial with coefficients in 4,

P = Z P°A,. T finite subset of (Z*)®,
weTF

and assume that not all the coefficients are zero; we shall prove that P # 0.
We may suppose F # @and ¢ # Oforeachw € F. Choosem = (my,...,m;) €
F with minimal length; then, for any family of A-friendly monomials U°®, we find

pPum™ = @mi--mr £ () as a consequence of
- ﬂn if = N . ith € Z* .,
Ay -+ B, U = po = m it € ED g )
0 ifnot. 0

12.5. Let us call resurgence constant any ¢ € R_E/SSZ'mp such that A,,¢ = 0 for any
m € Z*. This is equivalent to saying that 8¢ = ¢ § + ¢(¢) with ¢ € C and ¢ entire
(in particular every convergent series $(z) € C{z~!} is a resurgence constant, but the
converse is not true since we did not require the Borel transform to be of exponential

type: the entire function ¢ might have order > 1).

Resurgence constants form a subalgebra Py of RESSImP.

Pr0p0s1t10n 12.1. Let ‘U’ and ‘u be two moulds in M’(Q* RESZ ") and suppose
that ‘L(I is a family of A-friendly monomials. Then ‘u; is a family of A-friendly
monomials iff if there exists a symmetral mould M*® € M*(Z*,Py) such that

U = US x M*. (12.8)
Thus all the families of A-friendly monomials can be deduced from one of them.

Proof. LetM*® = (ﬂ;)_l x ﬂ; e M*(Q*, R_E/S%mp). This mould is symmetral iff ﬂ;
is symmetral. Let m € Z*. We have Amﬂ; =1, x ﬂ; with the mould /; defined
by (12.6). The Leibniz rule applied to (12.8) yields A, UG = I8 x U+ U x A M.
Thus ‘L{‘ satisfies (12 1) for all m iff u‘ x A M*® = 0 for all m, which is equivalent
to M® € P, since ‘U' admits a multiplicative inverse. O

12.6. We call resurgence polynomial any ¢ € liEJS;mp such that A , @ = 0 for all but
simp

finitely many @ € (Z*)®. Resurgence polynomials form a subalgebra P of RES
(which contains Py).

Proposition 12.2. Let U be any family of A-friendly monomials and ¢ be any simple
resurgent function. Then @ is a resurgence polynomial iff ¢ can be written as

Q= Z U®Gw, T finite subset of (Z*)*, (12.9)

weTF
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with @ € f'f’o for every @ € F. Moreover, such a representation of a resurgence
polynomial is unique and the formula &€ = > SU*A, (with S defined by (5.3),

thus S ‘M' is the multiplicative inverse of U*) defines an algebra homomorphism
&P fPO such that

b0 =EALD., e (Z7).

Proof. In view of (12.7), formula (12.9) defines a resurgence polynomial whenever
the @, s are resurgence constants. _

The formula & = Y~ SU* A, makes sense as an operator P — R-E/SSZHHP since the
sum is locally finite; an easy adaptation of the arguments of Section 7 shows that &
is an algebra homomorphism because U°® is symmetral and Ao can be viewed as a
cosymmetral comould (the Az,’s which generate it are derivations of iP)

Let us check that E(fP) C Po. Let ¢ € P and m € Z*; we can write A,, =
> I, A, with the notation (12.6). A computation analogous to the proof of Proposi-
tion 6.1, but taking into account the fact that A,, does not commute with the multipli-
cation by (S U)®, shows that

Am€P =Y ((SUxIy) + AnSU*)AG

Since A, U* = I x U* and S is an anti-homomorphism such that ST% = —I* and
SAm = AmS, we have Ay, SU® = —SU x 13, hence Ay EF = 0.

We conclude by considering ¢ € P and setting @, = EAq@ for every word
o € (Z*)* (but only ﬁmtely many words may yield a nonzero result). We have

Pa = zﬂ(su VBA 4.7, thus 3, UGy = > @.p) UX(SU*)PA,. g@, and the
identity U® x SU* = 1° implies Y U%Go = . O

13 Other applications of mould calculus

13.1. In this last section, we wish to indicate how mould calculus can be applied
to another classical normal form problem: the linearisation of a vector field with
non-resonant spectrum.

Let A = C[[y1, ..., yu]] with n € N*, and consider a vector field with diagonal
linear part:

X = Za(y) coa) =hyi+ Y agpy”
i=1 keN”, |k|>2

(with standard notations for the multi-indices: y* = ylfl y,lf” and |k| = k1 +---+
knifk = (k1,...,kn)).
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The first problem consists in finding a formal transformation which conjugates X

and its linear part
Xlin Z A'lyl
i=1
This linear part is thus considered as a natural candidate to be a normal form; it is
determined by the spectrum A = (A1,...,4,). In fact X' = X, with the nota-
tion (6.4).
It is not always possible to find a formal conjugacy between X and X'", because

elementary calculations let appear rational functions of the spectrum, the denominators
of which are of the form

(m,A) =mAy + -+ mudy (13.1)

with certain multi-indices m € Z". Let us make the following strong non-resonance
assumption:
(m,A) £0 foreverym € Z" \ {0}. (13.2)

We shall now indicate how to construct a formal conjugacy via mould-comould ex-
pansions under this assumption.

13.2. We are in the framework of Section 6 with A = C. Let us use the standard
monomial valuation on A, defined by v(y¥) = |k|. We shall manipulate operators
of A having a valuation with respect to v; they form a subspace J of End¢ A which
was denoted F 4 4 in (6.2).

We first decompose X as a sum of homogeneous components, in the sense of
Definition 6.2: X" is homogeneous of degree 0 and we can write

le Z Z alky

i=1keZ"
thus extending the definition of the a; x’s:

aix #0 = k e N" and |k| > 2.

Using the canonical basis (ey, ..., e,) of Z", we can write
" 0
—X"™= 3" Bu. Bn=) dimte " Viz— (13.3)
mezZn"n i=1 ayi

Observe that each B, is homogeneous of degree m € Z" and that

Bn#0 = me N,

N={meZ" | m+e € N" forsomei and |m| > 1}.
We thus view N as an alphabet and consider

B@ = Ida Bm1 ..... my — er "'Bm1
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as a comould on N with values in F. For instance, X — X' I*B.. The
inequalities xXm =3
val, (Bml,..‘,mr) > |m1 44 mr|

show that, for any scalar mould M* € M®*(N,C), the family (M™ By)mewe is
formally summable in F (indeed, for any § € Z, val, (M™1" B, ...) < 3§
implies r < |my| + -+ + |m,| < 6 and there are only finitely many n € N such that
Inl < 6).

13.3. According to the general strategy of mould-comould expansions, we now look
for a formal conjugacy 6 between X and X in through its substitution automorphism ©,
which should satisfy X = ©®~1X'"@. This conjugacy equation can be rewritten

I:Xlin’ @] =0 (X _ Xlin) .

Propositions 6.1 and 6.3 show that, given any M* € M*(N,C), ® = Y M°B, is
solution as soon as
D,M® =1°xM*, (13.4)

with DyM™ = (||m||,A)M™ form € N°.
Assumption (13.2) allows us to find a unique solution of equation (13.4) such that
MY = 1; it is inductively determined by

1

Mty — my,....my

([mll, ) ’

hence
1 1 1

m
M (mi+--+mp, A) My + -+ +mp, A)  (my, 1) (13.5)
The symmetrality of this solution can be obtained by mimicking the proof of Propo-
sition 5.5.
Since B, is cosymmetral, we thus have an automorphism ® = ) M *® B,; since ®
is continuous for the Krull topology, 8 = (61, ..., 6,) with 6; = ©y; yields a formal
tangent-to-identity transformation which conjugates X and X",

13.4. Aswasalluded to at the end of Section 7, the formalism of moulds can be equally
applied to the normalisation of discrete dynamical systems. A problem parallel to the
previous one is the linearisation of a formal transformation with multiplicatively non-
resonant spectrum.

Suppose indeed that f = (f1,..., fu) is a n-tuple of formal series of A without
constant terms, with diagonal linear part f": (yi,...,yn) = (L1y1,.... Luyn).
Conjugating f and f'" is equivalent to finding a continuous automorphism ® which
conjugates the corresponding substitution automorphisms: F = @71 Fli"@,

This is possible under the following strong multiplicative non-resonance assump-
tion on the spectrum £ = ({1, ...,4,):

" —1#£0 foreverym e Z" \ {0}. (13.6)
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An explicit solution is obtained by expanding F (F'"™)~! in homogeneous components

F = (Id+ 3 Bm)F““,

menN

where the homogeneous operators By, are no longer derivations; instead, they satisfy
the modified Leibniz rule (7.4) and generate a cosymmetrel comould B,. Correspond-
ingly, the scalar mould

1

MO — 1 mm— 13.
) (gmit-tme _ 1)(gm2t-tme — 1), (gmr — 1) (137

is symmetrel and ® = ) M*®B, is the desired automorphism (see [7]), whence a
formal tangent-to-identity transformation & which conjugates f and f'in.

13.5. In both previous problems, it is a classical result that a formal linearising trans-
formation 6 exists under a weaker non-resonance assumption: namely, it is sufficient
that (13.2) or (13.6) hold with Z" \ {0} replaced by N \ {0}. Unfortunately, this
is not clear on the mould-comould expansion, since under this weaker assumption
the formula (13.5) or (13.7) may involve a zero divisor, thus the mould M*® is not
well-defined.

J. Ecalle has invented a technique called arborification which solves this problem
and which goes far beyond: arborification also allows to recover the Bruno—Riissmann
theorem, according to which the formal linearisation 6 is convergent whenever the
vector field X or the transformation f is convergent and the spectrum A or £ satisfies
the so-called Bruno condition (a Diophantine condition which states that the divisors
(m, A) or £ — 1 do not approach zero “abnormally well”).

The point is that, even when X or f is convergent and the spectrum is Diophan-
tine, it is hard to check that 6; (y) is convergent because it is represented as the sum
of a formally summable family (M™ B, yi)mews in C[[y1, ..., y»]], but the family
(IM™Bmyi |)me,N° may fail to be summable in C for any y € C" \ {0}. However,
arborification provides a systematic way of reorganizing the terms of the sum: 6;(y)
then appears as the sum of a summable family indexed by “arborescent sequences”
rather than words. The reader is referred to [5], [6], [11], and also to the recent
article [10].

13.6. There is another context, seemingly very different, in which J. Ecalle has used
mould calculus with great efficiency. The multizeta values

1
C(81,82,...,8;) = Z TR a——

n1>ny>->nyp>0 My fy ==y

naturally present themselves as a scalar mould on N*; in fact,

EGsrensr) = Zelst o)
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with
(81, s sr) e2mi(nier+-+nrer)
Ze\S1s vy 57 ) — Z - —
n 11 e nr’
ny>->n;>0
forsy,...,sr € N* ¢1,...,& € Q/Z (with a suitable convention to handle possible

divergences). The mould Ze® is the central object; it turns out that it is symmetrel. Tt
is called a bimould because the letters of the alphabet are naturally given as members
of a product space, here N* x (Q/Z); this makes it possible to define new operations
and structures. This is the starting point of a whole theory, aimed at describing the
algebraic structures underlying the relations between multizeta values.

There is a related mould on {0} U exp(27iQ), defined by

ap,n0y — (1o d;l"'dzi
Wt = 1) [ /0<;]<...<;e<1 @ ) (@)

where the o;’s are either 0 or roots of unity and £ is the number of 0’s among them.
With a suitable extension of this definition when vy = 0 or &y = 1 (in which case
the above integral is divergent), one gets a symmetral mould, which is related to the
multiple logarithms L*® defined by (9.19) (themselves closely related to the moulds V;
and V;} with a, = 1 for every 7):

Wa[!] yeensOlp L (_l)e—eoLal SO =0 4.0 —Op—1,1—0tp
2mi
(at least when «; € {—1,0, 1}, if not the definition of L*® must be extended).
The relation between Ze® and Wa® is

E1s -5 EF O[Sr_l]’m’é\l ,O[Slfl]

Ze(S], ey Sr) — Wagr, s

with é\j = eZHi(sl_}_..._{_sj)'

The reader is referred to [8] or [9].
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Galois theory, motives and transcendental numbers
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Abstract. From its early beginnings up to nowadays, algebraic number theory has evolved in
symbiosis with Galois theory: indeed, one could hold that it consists in the very study of the
absolute Galois group of the field of rational numbers.

Nothing like that can be said of transcendental number theory. Nevertheless, could one not
associate conjugates and a Galois group to transcendental numbers such as 7? Beyond, can
one not envision an appropriate Galois theory in the field of transcendental number theory? In
which role?

The aim of this text is to indicate what Grothendieck’s theory of motives has to say, at least
conjecturally, on these questions.

1 The basic question

Let o be an algebraic complex number. This means that « is a root of a non-zero
polynomial p with rational coefficients. One may assume that p is of minimal degree,
say n; this ensures that p has no multiple roots. Its complex roots are called the
conjugates of «.

The polynomial expressions with rational coefficients in the conjugates of o form
a field (the splitting field of p), also called the Galois closure of Q[«]. We denote it
by Q[a]ga and view it as a subring of C.

The Galois group of a (or p) is the group of automorphism of the ring Q[o]ga1.
We denote it by G,.

Two fundamental facts of Galois theory are:

(1) Gg identifies with a subgroup of the permutation group of the conjugates of «,
and permutes transitively these conjugates,

(2) the elements in Q[o]yq fixed by G4 are in Q.

In this paper, we address the following

Basic question. Is there anything analogous for (some) transcendental numbers?

*This work was partially supported by ANR Galois.
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2 A naive approach

2.1 The case of

Let us try the following naive idea: 7 being transcendental, one can expect its “con-
jugates” to be in infinite number; this suggests to look for a formal power series with
rational coefficients as a substitute for the minimal polynomial. There is an obvious

choice at hand: )
X sin x
[T (1-2) == caml.
nw by
nez\o0

which suggests in turn that the non-zero integral multiple of 7 are conjugate to 7.
On the other hand, if one insists to have a Galois group which permutes transitively
the conjugates, one is forced to include all non-zero rational multiple of 7 as well.
Whence a tentative answer:

set of conjugates of m: Q*.7,

Galois closure: Q[7]ga = Q[r].

Galois group of 7: G, = Q*,

Note that G acts transitively on Q*.7 and @[n]ga’{ = Q.

2.2 The case of elliptic periods

Let us consider a period « attached to an elliptic curve E defined over Q (it is an old
theorem of Schneider that « is transcendental). To fix ideas, let E be given in affine
form by the Weierstrass equation

y2=4x>—gx — g3, £2.83€Q,

y

be the period lattice. Then o € L, E(C) = C/L and

g2 =060 Z w4, g3 = 140 Z w~°.

(DeL\O weL\O

and let

Following the same path as for 7, let us consider the product [ [,¢ o (1— %), or rather
its convergent version, which is precisely the Weierstrass sigma function divided by x:

welL\0

This suggests that elements w € L \ 0 are conjugate to «. Again, if one insists to have
a Galois group which permutes transitively the conjugates, one is forced to include all
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non-zero elements of Lg := Quw; & Qw,. Whence a tentative answer:

set of conjugates of : Lg \ 0,
Galois closure: Q[o]ga = Qlw1, wy].

Let us turn to the Galois group G. It should be a group of automorphism of the
algebra Q[o]g. and permute transitively the elements of Lg \ 0. Here, one has to
distinguish two cases:

(1) The general case: End Ec = Z. In this case, it is conjectured that w; and w,
are algebraically independent, so that Q[a]g. is a polynomial algebra in two
variables. For G, to act transitively on Lg \ 0, one must have

Galois group of «: Gy = Aut Lg = GL,(Q).

Note that, conversely, for Aut Lg = GL,(Q) to act on Q[«]g, the latter must
be a polynomial algebra in two variables.

(2) The CM case: End Ec is an order in an imaginary quadratic field K. In this case,
w2/wy € K, sothat K™ acts naturally on Q[o]4a. In fact, transcendental number
theory shows that the algebraicity of w,/w; is the only relation in Q[ct]ga1, and
one derives that Spec Q [«]gq is a torsor under the normalizer Nk in Aut Lg of
a Cartan subgroup isomorphic to K* (viewed as a 2-dimensional torus over Q).
Thus in the CM case, one is led to set

Galois group of a: G4 = Ng.

Note that in both cases G4 acts transitively on Lq \ 0 and ®[a]§fﬁ‘ =Q.

2.3 Generalization?

The following elementary result, due to Hurwitz', seems encouraging at first:

For any a € C, there exists p € Q[[x]] \ 0 which defines an entire function of
exponential growth, and vanishes at «.

However, it turns out that there are uncountably many such series p! In fact, such
a series can be found which vanishes not only at o, but also at any other fixed number
B, so that there is no hope to define conjugates in this way in general! Therefore, this
naive approach leads to a dead-end.

Nevertheless, we shall argue in the sequel that the tentative answers found for &
and elliptic periods are the right ones, albeit for different reasons. More generally,
the aim of this text is to promote the idea, introduced in [3, 23.5], that periods should
have well-defined conjugates and a Galois group which permutes them transitively.

las I learned from R. Perez-Marco.
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3 Periods and motives

3.1 Periods

In this paper, we use the term “periods” in the same sense as in [8]. Namely, an
effective period is a complex number whose real and imaginary part are absolutely
convergent multiple integrals
[ @
X

where ¥ is a domain in R” defined by polynomial equations and inequations with
rational coefficients, and €2 is a rational differential form with rational coefficients.

One can show that effective periods are nothing but (convergent) integrals of (top
degree) differential forms @ on smooth algebraic varieties X defined over Q (or @,
this amounts to the same), integrated over relative chains 0 € Hgm x (X, D) (D being
a divisor in X, which may be chosen with normal crossings).?

It is clear that effective periods form a countable sub-Q-algebra of C which con-
tains 7r. One obtains the algebra of periods from it by inverting 2.

We shall see a number of examples of periods in the sequel. We refer to [8] for many
more concrete examples. For instance, the values at algebraic numbers of generalized
hypergeometric series , Fj, 1 with rational parameters are periods.

Periods also frequently appear in connection with Feynman integrals: work by
Belkale and Brosnan [5], Bogner and Weinzierl [6] shows that Feynman amplitudes
I (D) with rational parameters can be written as a product of a Gamma-factor and a
meromorphic function H (D) such that the coefficients of its Taylor expansion at any
even integer D are periods.

On the other hand, using complexity theory, Yoshinaga has given examples of
complex numbers which are not (effective) periods.?

3.2 Betti and De Rham cohomologies

If X*° is a smooth manifold, rational combinations of cycles give rise, by duality, to
Betti (= singular) cohomology Hg (X °°) with rational coefficients, whereas smooth
complex differential forms give rise to De Rham cohomology Hpgr(X°°). By De
Rham’s theorem, integration of forms along cycles then gives rise to an isomorphism

HDR(XOO) = HB(XOO) ®q C.

This extends to the relative case (i.e. to relative cohomology H (X, D)).
When X is a smooth algebraic variety over a subfield k of C, there is a more
algebraic version of this isomorphism, using the notion of algebraic De Rham coho-

2An important point, implicit in [8] and proven in [5], is that it is equivalent to consider convergent integrals
of differential forms with poles along D, or integrals of differential forms without poles. See also [3, chap. 7,
chap. 23] or [4, §1] for more precisions on periods.

3This answers a question in [8].
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mology Hpr(X): if X is affine, this is just the cohomology of the De Rham complex
of algebraic differential forms on X (defined over k). This is a finite-dimensional
k-vector space, and a deep theorem of Grothendieck says that integration gives rise to
an isomorphism

wy : Hpr(X) ®x C = Hp(X) ®q C.

A similarisomorphism wy, p exists inrelative conomology. Inthe specialcasek = Q,
we see that periods are nothing but entries of the matrix of wy, p with respect to some
basis of the Q-vector space Hpr(X) (resp. Hg(X)). This is why wy or wy p is often
called the period isomorphism.

3.3 Motives

A conceptual framework for the study of periods is provided by the theory of motives.
There exist several, more or less conjectural4, versions of this framework, and the
choice will not matter here. For more detail, we refer to [3].

Motives are intermediate between algebraic varieties and their linear invariants
(cohomology): they are of algebro-geometric nature on one hand, but they are sup-
posed to play the role of a universal cohomology for algebraic varieties and thus to
enjoy the same formalism on the other hand.

Here, we restrict our attention to algebraic varieties defined over Q. Let us denote
by Var(Q) their category, and by SmProj(Q) the full subcategory of smooth projective
varieties over Q.

One expects the existence of an abelian category MM = MM(Q)q of mixed
motives (over Q, with rational coefficients), and of a functor

h: Var(Q) - MM

which plays the role of universal cohomology. The morphisms in MM should be
related to algebraic correspondences. In particular, the full subcategory NM of MM
consisting of semisimple objects® has a simple description in terms of enumerative
projective geometry: up to inessential technical modifications (idempotent comple-
tion, and inversion of the reduced motive Q(—1) of the projective line®), its objects
are smooth projective varieties over Q, its morphisms are given by algebraic corre-
spondences up to numerical equivalence’. The restriction of / to SmProj(Q) takes
values in NM.

In addition, the cartesian product on Var(Q) corresponds via % to a certain tensor
product ® on MM, which makes MM into a tannakian category®.

“4depending on the chosen version... In any case, the solution to our basic question in the case of period will
rely on a transcendence conjecture of Grothendieck, which lies beyond foundational questions about motives.

Sthe so-called pure or numerical motives.

Swhich corresponds to inverting 277 at the level of periods.

7Jannsen has proven that this category is indeed semisimple.

8which means, heuristically, that it has the same formal properties as the category of representations of a
group.
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The cohomologies Hpr and Hy factor through £, giving rise to two ®-functors
HDR7 HB: MM — VCCQ

with values in the category of finite-dimensional Q-vector spaces. Moreover, cor-
responding to the period isomorphism, one has an isomorphism of the complexified
®-functors (with values in Vecc):

w: Hhr ® C =~ Hg ® C.
In other words, there is a isomorphism in Vecc
@y Hor(M) ® C = Hg(M) ® C

®-functorial in the motive M. The entries of a matrix of @y, with respect to some
basis of the Q-vector space Hpr(M ) (resp. Hp(M)) are the periods of M.

3.4 Motivic Galois groups

Here comes the first fruit of this construction. Let (M ) be the tannakian subcategory
of MM generated by a motive M : its objets are given by algebraic constructions on
M (sums, subquotients, duals, tensor products).

One defines the motivic Galois group of M to be the group-scheme

Gt (M) := Aut® Hg ()

of automorphisms of the restriction of the ®-functor Hg to (M).

This is a linear algebraic group over Q: in heuristic terms, Gpyo (M) is just the
Zariski-closed subgroup of GL(Hg(M)) consisting of matrices which preserve mo-
tivic relations in the algebraic constructions on Hg(M).

If M = h(X) for some X € SmProj(Q), it has the following concrete description:
by Kiinneth formula and Poincaré duality, algebraic constructions on Hg(M) can be
interpreted (up to Tate twists) as cohomology spaces for powers of X, and cohomol-
ogy classes of algebraic cycles as certain mixed tensors on Hg(M). The motivic
Galois group of X (or of M) is the closed subgroup of GL(Hg(X)) which fixes all
cohomology classes of algebraic cycles on powers of X (interpreted as tensors).

3.5 Period torsors

Similarly, one can consider both Hpgr and Hg, and define the period torsor of M to
be the scheme
Puot(M) := Isom® (Hpr (a1, Hp|(ar)) € Var(Q)

of isomorphisms of the restrictions of the ®-functors Hpg and Hg to (M ). This is a
torsor under G, (M), and it has a canonical complex point:

wym € Pnoa(M)(C).
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3.6 Examples

(1) Let F/Q be a finite Galois extension contained in C, and take M = h(Spec F).
Then G (M) is Gal(F/Q) viewed as a constant group-scheme over Q,
Puot(M) = Spec F and wys € Ppo(M)(C) = Hom(F, C) is the canonical
element.

(2) Let P be a projective space of dimension n, and M = h(P). Then M decom-
poses as

@ Py W (P) = QD
i=0

where Q(—1) is the so-called Lefschetz motive. Then Gyo (M) = Ppot(M) =
Gy, (the multiplicative group), and was € Puot(M)(C) = C* is 27 (the period
of Q(—1)).

(3) Let E be an elliptic curve over Q. Then M = h(FE) is an exterior algebra
i=2 2
N\ '(E) =& W(E). W (E)= /\ h'(E) = Q(-1).
i=0

In the general (non CM) case, Guot(M) = GL(Hg (E)) = GLyq. In the CM
case, there are non-trivial algebraic cycles on powers of E, and Gpo (M) is the
normalizer of a Cartan subgroup of GL(H3 (E)) (cf. 2.2).

4 Grothendieck’s period conjecture

4.1 Statement

Recall that for any motive M, the period torsor Py, (M) is endowed with a canonical
complex point
wy: Spec C — P (M).

Conjecture (Grothendieck). This is a generic point, i.e. the image of wy is the
generic point of Pyo(M). Equivalently, the smallest algebraic subvariety of Ppo (M)
defined over Q and containing @ is Py (M) itself.

In more heuristic terms, this means that any polynomial relations with rational
coefficients between periods should be of motivic origin (the relations of motivic
origin being precisely those which define P, (M)).

If M = h(X) for some X € SmProj(Q), the conjecture has the following con-
crete reformulation (it is stated in this way in [9]): by Kiinneth formula and Poincaré
duality, cohomology classes of algebraic cycles can be viewed as certain mixed ten-
sors on Hpr(X) and on Hg(X) respectively, which are compatible under wps. This
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gives rise to polynomial relations with rational coefficients between periods of X.
Grothendieck’s conjecture for X states that these relations generate the ideal of poly-
nomial relations with rational coefficients between periods of X .

Here is a quantitative reformulation of the conjecture. Recall that the transcendence
degree of a Q-algebra is the maximal number of algebraically independent elements,
or equivalently, the dimension of its spectrum. Grothendieck’s period conjecture for
a motive M is equivalent to the conjunction of the following conditions:

o Poot(M) is connected (but not necessarily geometrically connected)’,
¢ tr.deg. Q[periods(M)] = dim G (M).

(this is clear if one remarks that tr. deg. Q[periods(M)] is the dimension of the
Q-Zariski closure of wys in Py (M)).

4.2 Examples

Let us examine this conjecture in the three examples of 3.6. In the case M = Spec F'
(ordinary Galois theory), it is trivially true. For the motive of a projective space, it
amounts to the transcendence of .

For the motive of an elliptic curve over Q (or @), it is known that the period torsor
is connected, and the conjecture amounts to

tr. deg. Q[periods(M)] = 2 in the CM case (which is Chudnovsky’s theorem),
tr. deg. Q[periods(M )] = 4 in the general case (which is open)!?.

4.3 Evidence

... 1s meager: apart from these examples, there is a general result by G. Wiistholz,
which says that linear relations with coefficients in Q between periods of 1-motives
(motives associated to varieties of dimension < 1) are of motivic origin'' — and that
is essentially all one knows in the present state of transcendental number theory (cf.
[10] for more detail).

The limitation to linear relations comes from the fact that the proof relies on some
kind of analytic uniformization of 1-motives, and no substitute for uniformization
is available for tensor products of 1-motives. On the other hand, in the function-
field analogous world of Drinfeld modules and Anderson’s #-motives, there is a large
class — stable under ® — of objects which are uniformizable. This allows to obtain
much stronger results in the direction of a function-field analog of Grothendieck’s
period conjecture, cf. e.g. [1].

9This condition would follow from standard Galois theory if, as it is expected, any motive with finite motivic
Galois group comes from a finite extension of Q.

100nly the inequality > 2 is known.

The standard way of stating the result is to say that linear relations with coefficients in @ between periods
of commutative algebraic groups over Q come from endomorphisms.
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Another heuristic justification comes from the parallel with other famous motivic
conjecture such as the Hodge and Tate conjectures. Indeed, let 7 be the tannakian
category whose objets consist in triples (V, W, @), where V, W € Vecq and @ is an
isomorphism Vg = Wg. One has a ®-functor, the period realization:

MM — T : M +— (Hpr(M), Hg(M), wp)

and Grothendieck’s conjecture implies that this functor is fully faithful'?>. This is
similar to the Hodge conjecture which, in Grothendieck’s motivic formulation, asserts
that the Hodge realization which maps to any mixed motive M over C the space
Hg (M) endowed with its Hodge structure is fully faithful. The principle is the same:
the realization, which is a rather plain linear structure, should nevertheless “capture”
the algebro-geometric entity.

4.4 Kontsevich’s viewpoint

By definition, periods are convergent integrals [5 €2 of a certain type. They can be
transformed by algebraic changes of variable, or using additivity of the integral, or
using Stokes formula.

Kontsevich has conjectured that any polynomial relation with rational coefficients
between periods can be obtained by way of these elementary operations from calculus
(cf: [8]). Using ideas of Nori and the expected equivalence of various motivic settings,
it can be shown that this conjecture is actually equivalent to Grothendieck’s conjecture
(cf. [3, chap. 23]).

5 Galois theory of periods

5.1 Setting

We come back to our basic question, in the case of periods.

Let « be a period. There exists a motive M € MM such that @ € Q[periods(M)].
Let us assume Grothendieck’s period conjecture for M. Then Q[periods(M)] co-
incides with the algebra Q[ Pyt (M )] of functions on Ppe(M). Since Py (M) is a
torsor under G, (M ), the group of rational points G, (M )(Q) acts on Q[ Pyt (M)],
hence on Q[periods(M)].

One may now define the conjugates of o to be the elements of the orbit
Gmot (M) (Q).«. It follows from Grothendieck’s conjecture that this does not depend
on M.

The Galois closure Q[o]ga of Q[o] is the subalgebra Q[Gmo(M)(R).«x] of
Q[periods(M)].

2This is a weaker statement: for the tannakian category generated by a non-CM elliptic curve, it can be
proven, whereas Grothendieck’s conjecture itself is not known.
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The Galois group of « is the smallest quotient G4 of Gy (M )(Q) which acts
effectively on Q[a]g,. Note that G acts transitively on the set of its conjugates and

@[a]g‘f‘ = Q@ (since Q[periods(M)]Cm M@ = Q).

Let us illustrate these definitions with a few examples.

5.2 Algebraic numbers

If @ is an algebraic number, it follows from example 3.6 (1) that one recovers the usual
notions of Galois theory.

5.3 The number

It follows from example 3.6 (2) that one recovers the tentative answers of 2.1.

5.4 Elliptic periods

It follows from example 3.6 (3) that one recovers'? the tentative answers of 2.2.

5.5 Special values of T’

The special values of Euler’s Gamma function at rationals g ¢ —NN are close to

be periods: I‘(g)q is a period of an abelian variety with complex multiplication by
some cyclotomic field, and conversely, any period of such an abelian variety can
be expressed as a polynomial in special values of I' at rationals'*. Grothendieck’s
conjecture for these abelian varieties amounts to say that any polynomial relation
with rational coefficients between such numbers comes from the functional equations
of I' (Lang—Rohrlich conjecture). The structure of the corresponding motivic Galois
groups is known (their connected parts are tori with explicit character groups), and it
is possible in principle to describe the conjugates of I‘(g).

5.6 Logarithms

Leta = logg withg € Q\{—1, 0, 1}. Thisis a period of a so-called Kummer 1-motive
M. Grothendieck’s conjecture for M would imply that & and 7 are algebraically
independent. If so, the conjugates of « are o + ri, r € Q and G, is a semi-direct
product of Q> by Q.

1311 the non-CM case, one has to assume Grothendieck’s conjecture for E, or at least that @] and wy are
algebraically independent.
4by work of Shimura, Gross, Deligne, Anderson and others, cf. e.g. [3, chap. 24].
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5.7 Zeta values

Let s be an odd integer > 1. Then « := {(s) = >_n~* is a period of a so-called
mixed Tate motive over Z (an extension of the unit motive by Q(s) = Q(1)®).
Grothendieck’s conjecture for this type of motives would imply that 7 and {(3),
£(5),. .. are algebraically independent, that the conjugates of £ (s) are {(s) + r(mwi)®,
r € Q, and that G4 is a semi-direct product of Q* by Q (cf. [3, chap. 25]).

5.8 Multiple zeta values

More generally, multiple zeta values

(=3 nm™

n1>..>ng

occur as periods of mixed Tate motives over Z (cf. e.g. [7] and [3, chap. 25]). Let us
set

= Y Qi 30=Q 3i=0

S1t...+sp=s

Numerous relations between these periods have been discovered since Euler’s
times. For instance, ) 35 is a Q-subalgebra of R.

It is conjectured that the motivic Galois group corresponding to ) 3 is an exten-
sion of Q* by a prounipotent group whose Lie algebra, graded by the Q*-action, is
free with one generator in each odd degree s > 1. In any case, this group controls the
relations between multiple zeta values, and using it, A. Goncharov and T. Terasoma
have independently shown, unconditionally, that

dimg 35 < ds

where d; are the Taylor coefficients of (1 — x? — x3)71.

On the other hand, it is expected that multiple zeta values are exactly the periods
of mixed Tate motives over Z (Goncharov—Manin’s conjecture). This combined with
Grothendieck’s period conjecture for these motives is equivalent to the conjecture that
the sum ) 3; is direct (Hoffman’s conjecture) and that dimgq 35 = d for any s
(Zagier’s conjecture).

Remarks. 1) The Galois theory of periods which we have outlined heavily relies upon
Grothendieck’s deep transcendence conjecture. However, one may hope that it could
be useful for transcendental number theory: for instance, when trying to prove that a
period « is transcendental, the a priori knowledge of its conjugates might be useful
for the construction of auxiliary functions and other usual tools.

2) This is no relative version of this Galois theory, and only a partial Galois corre-
spondence (between certain normal subgroups of Galois groups, and certain Galois-
closed subalgebras of periods). Still, some twelve years ago, I proposed a generalized
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period conjecture for periods of motives defined over non-algebraic fields, which con-
tains both Grothendieck’s conjecture and Schanuel’s conjecture, cf. [3, chap. 23].

6 Relationship with differential Galois theory

Let us consider a smooth algebraic family f: X — S. The variation of algebraic
De Rham cohomology of the fibers X is controlled by a linear differential equation
(Picard—Fuchs, or Gauss—Manin). More precisely, the periods wg of the fibers are
multivalued analytic solutions of this differential equation.

The standard example, already known to Gauss, is the family of elliptic curves
y2 = x(x — 1)(x — s), whose periods are solutions of the hypergeometric differential
equation with parameters ( % % 1) in the variable s.

Multivalued analytic solutions linear differential equations are subject to differen-
tial Galois theory: together with their derivatives, they generate the function algebra
of a torsor under the corresponding differential Galois group. This is in particular the
case for the functions wy.

Assume that f is defined over Q (or Q). Then for algebraic values o of the
parameter, the periods wg of X, should be subject to a Galois theory related to motivic
Galois theory, as outlined above.

Question. What about the relation between these two types of Galois theory, with
respect to the specialization s — o?

We shall sketch the answer in case f is smooth projective (in that case, it is indeed
possible to prove an unconditional result, cf. [2, §5]).

Let £4i (s) denote the algebra of the differential Galois group of the Gauss—Manin
connection attached to f, pointed at s. In fact, this connection is fuchsian, so that
Lair (s) is just the Lie algebra of the complex Zariski closure of the monodromy group
pointed at s in this case (Schlesinger’s theorem). By Hodge—Deligne theory, it follows
that when s varies, (£4i¢(s)) form a local system of semisimple Lie algebras on S.

Let £mot(s) denote the Lie algebra of the (complexified) motivic Galois group
of X;. Since X is smooth projective, this is a reductive Lie algebra (whose dimension
may vary with ).

Then there is a local system (£(s)) of reductive Lie subalgebras of End Hg(X;) ®
C such that:

a) forany s € S, Lqit(s) is a Lie ideal of £(s),

b) foranys € S, £mot(8) is a Lie subalgebra of £(s),

) for any s outside some meager space of S(C), Lmot(s) = L(s),

d) there are infinitely many o € S(Q) for which e (0) = £(0).

In the above example (family of elliptic curves), Lqir(s) = sl, £(s) = gl,, and
Lmot(0) = £(0) except in the CM case.
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Abstract. We describe various combinatorial aspects of the Birkhoff-Connes—Kreimer factor-
ization in perturbative renormalization. The analog of Bogoliubov’s preparation map on the
Lie algebra of Feynman graphs is identified with the pre-Lie Magnus expansion. Our results
apply to any connected filtered Hopf algebra, based on the pro-nilpotency of the Lie algebra of
infinitesimal characters.

1 Introduction

The recursive nature of the process of renormalization in perturbative quantum field
theory (with respect to the loop number of Feynman diagrams considered) has been
settled long ago by N. N. Bogoliubov and O. S. Parasiuk [3], [26], [49]. However, its
mathematical structure has become much more transparent since the seminal discovery
of a Hopf algebra structure on Feynman diagrams by D. Kreimer [28] and subsequent
work by A. Connes and Kreimer [7], [8], [9].

We present here a concise survey of several recent works on algebro-combinatorial
aspects of the process of perturbative renormalization, in particular Bogoliubov’s re-
cursion respectively Connes—Kreimer’s Birkhoff decomposition. The natural math-
ematical setting for such studies is provided by connected filtered Hopf algebras.
Indeed, this leads, with the connectedness property being the very key to a recursive
approach, to abstract versions of the counterterm character in general Rota—Baxter
and dendriform algebras. Our approach allows us to understand the recursive nature
of renormalization on the level of the pro-nilpotent Lie algebra of Feynman graphs. It
turns out that the Baker—Campbell-Hausdorff recursion respectively the pre-Lie Mag-
nus expansion provide the Lie algebraic analog of Bogoliubov’s preparation map for
Feynman graphs. We finish this survey by giving a short account of a natural matrix
setting for perturbative renormalization which is well-suited for low-order explicit
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computations. Moreover, it allows for the transparent realization of the aforemen-
tioned abstract findings.

Let us briefly outline the organization of this survey. In the next section we review
the essential notions from Hopf algebra theory. This section finishes with an abstract
review on Connes—Kreimer’s Birkhoff decomposition of Feynman rules in terms of
Bogoliubov’s preparation map. Section 2.6 contains an approach to Connes—Kreimer’s
Birkhoff decomposition based on a recursion defined in terms of the Baker—Campbell—
Hausdorff formula. In Section 3 we analyze Bogoliubov’s recursion from the point of
view of Rota—Baxter algebras. These algebras provide the natural tools to understand
Connes—Kreimer’s finding of a factorization solved by Bogoliubov’s formula. As it
turns out, Loday’s dendriform algebras serve as an abstract algebraic frame for one of
the main aspects, i.e., iteration of Rota—Baxter maps and a particular interplay between
an associative and a pre-Lie product induced by the Rota—Baxter structure. We finish
Section 3 by dwelling on aspects related to renormalization theory. Finally, we briefly
mention a non-Hopfian approach to Connes—Kreimer’s finding in terms of triangular
matrices providing a simple and straightforward setting for renormalization.

2 A summary of Birkhoff-Connes—Kreimer factorization

We introduce the crucial property of connectedness for bialgebras. The main interest
resides in the possibility to implement recursive procedures in connected bialgebras,
the induction taking place with respect to a filtration (e.g. the coradical filtration) or
a grading. An important example of these techniques is the recursive construction of
the antipode, which then “comes for free”, showing that any connected bialgebra is
in fact a connected Hopf algebra. The recursive nature of Bogoliubov’s formula in
the BPHZ [3], [26], [49] approach to perturbative renormalization ultimately comes
from the connectedness of the underlying Hopf algebra respectively the corresponding
pro-nilpotency of the Lie algebra of infinitesimal characters.

For details on bialgebras and Hopf algebras we refer the reader to the standard
references, e.g. [46]. The use of bialgebras and Hopf algebras in combinatorics can
at least be traced back to the seminal work of Joni and Rota [27].

2.1 Connected graded bialgebras

Let k be a field with characteristic zero. A graded Hopf algebra on k is a graded

k-vector space
#= @

n>0

endowed with a product m: # ® #H — H, a coproduct A: H — H @ J, a unit
u:k — J,aco-unit e: # — k and an antipode S: H — H fulfilling the usual
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axioms of a Hopf algebra [46], and such that

m(Hp & Hy) C Hprg.

A C P Iy @ Hy,
p+q=n
S(H,) C .

If we do not ask for the existence of an antipode S on J we get the definition of a
graded bialgebra. In a graded bialgebra # we shall consider the increasing filtration

n
H" =P Hp.
p=0
Suppose moreover that # is connected, i.e., Ky is one-dimensional. Then we have

Kere = @an

n>1

Proposition 2.1. For any x € #", n > 1, we can write

Ax=x®1+1®x+Ax, Axce @ Hp ® Hy.

p+q=n.
p7#0,97#0

The map A is coassociative on Kere and Ay = (I®1 @ A)(I®2® A)...A
sends H" into (F"K)®k+1,

Proof. Thanks to connectedness we clearly can write

Ax =a(x®1) + b(1® x) + Ax,

with a, b € k and Ax € Kere ® Kere. The co-unit property then tells us that, with
k ® J and K ® k canonically identified with J¢,

x=(E®I1)(Ax)=bx, x=UQ®¢)(Ax)=ax,
hence a = b = 1. We shall use the following two variants of Sweedler’s notation:
Ax=2x1®x2, szZx’@x”,
(x) (x)

the second being relevant only for x € Kere. If x is homogeneous of degree n we
can suppose that the components x1, x5, x’, and x” in the expressions above are
homogeneous as well, and we have then |x{| + |x2| = n and |x'| + |x”| = n. We
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easily compute
ARDAX) =xR3101+13x®1-101®«x

—|—Zx/®x”®1+x’®1®x”+1®x’®x”
x)

+(A® I)A(x)
and
TRMAX) =xR1R01+10x1+1®1® x
+Y XX ®1+xX91x" +19x' ®x”
(x)
+ (I ® NA(x),

hence the co-associativity of A comes from the one of A. Finally it is easily seen by
induction on k that for any x € " we can write

Aex) =) xV @ @x®FD,
X

with |x(/)| > 1. The grading imposes

k+1
Z |x(])| =n,
ji=1
so the maximum possible for any degree [x)|is n — k. O

2.2 Connected filtered bialgebras

A filtered Hopf algebra on k is a k-vector space together with an increasing Z -
indexed filtration

HOcH coocHr e, YA =K,

endowed with a product m: # ® H — J, a coproduct A: # — H ® H, a unit
u:k — J,aco-unit e: # — k and an antipode S: H — H fulfilling the usual
axioms of a Hopf algebra, and such that

m(HP @ 1) C Jer+a, A" C Y HP@HY, and S(H") C H".
p+q=n

If we do not ask for the existence of an antipode S on # we get the definition of a
filtered bialgebra. For any x € K we set

|x| := min{n € N, x € H"}.
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Any graded bialgebra or Hopf algebra is obviously filtered by the canonical filtration
associated to the grading
n
=D .
i=0

and in that case, if x is an homogeneous element, x is of degree n if and only if | x| = n.
We say that the filtered bialgebra # is connected if #° is one-dimensional. There
is an analogue of Proposition 2.1 in the connected filtered case, the proof of which is
very similar:

Proposition 2.2. For any x € #", n > 1, we can write

Ax=x®1+1®x+ Ax, Axe Z HP @ 9.

pt+qg=
p#0, q#O

The map A is coassociative on Kere and Ay = (I®*1 @ A)(I®* 2@ A)...A
sends J" into (F"K)®k+1,

The coradical filtration endows any pointed Hopf algebra # with a structure of
filtered Hopf algebra (S. Montgomery, [37], Lemma 1.1). If # is moreover irreducible
(i.e., if the image of k under the unit map u is the unique one-dimensional simple
subcoalgebra of #) this filtered Hopf algebra is moreover connected.

2.3 The convolution product

An important result is that any connected filtered bialgebra is indeed a filtered Hopf
algebra, in the sense that the antipode comes for free. We give a proof of this fact as
well as a recursive formula for the antipode with the help of the convolution product:
let # be a (connected filtered) bialgebra, and let 4 be any k-algebra (which will be
called the target algebra). The convolution product on the space £(J, 4) of linear
maps from J to # is given by

oY) = male ® YIAE) = 3 o) ¥ (x2).
(%)

Proposition 2.3. The map e = uy4 o ¢, given by e(1) = 14 and e(x) = 0 for any
x € Kereg, is a unit for the convolution product. Moreover the set G(A) := {p €
E(H, A), (1) = 14} endowed with the convolution product is a group.

Proof. The first statement is straightforward. To prove the second let us consider the
formal series

eI =(e—(e—9)T ) =D (e~ @)™ ().

m=>0
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Using (e — ¢)(1) = 0 we have immediately (e — ¢)*™ (1) = 0, and for any x € Kere
(€ =) (x) = Mpn1(¢p ® - ® ) By (x).
5,_/
n times

When x € #7? this expression vanishes then for n > p + 1. The formal series ends
up then with a finite number of terms for any x, which proves the result. O

Corollary 2.4. Any connected filtered bialgebra ¥ is a filtered Hopf algebra. The
antipode is defined by

S(x) =Y (woe—1)"(x). 2.1)

m>0
It is given by S(1) = 1 and recursively by any of the two formulas for x € Kere:

S(x) =—x— Z S(x"Hx" and S(x) = —x — Zx’S(x”).
() (x)

Proof. The antipode, when it exists, is the inverse of the identity for the convolution
product on L(H, #). One just needs then to apply Proposition 2.3 with A = H.
The two recursive formulas follow directly from the two equalities

m(S ® INA(x) =0=m( ® S)A(x),
fulfilled by any x € Kere. O

Let g(+) be the subspace of £ (H, #A) formed by the elements « such that (1) = 0.
It is clearly a subalgebra of £ (H, #4) for the convolution product. We have

G(A) = e + g(A). 2.2)
From now on we shall suppose that the ground field k is of characteristic zero. For
any x € #", the exponential
Ot*k ( x)
k!

exp*(@)(x) = )

k>0
is a finite sum (ending up at k = n). Itis a bijection from g(-4) onto G (). Its inverse
is given by
log*(e + a)(x) = Z ﬂa*k(x)
k>1 k

This sum again ends up at k = n for any x € H". Let us introduce a decreasing
filtration on £ = L(H, A):

L"i={a e L, | pnr = 0}

Clearly £° = £ and £! = g(+). We define the valuation val ¢ of an element ¢ of
£ as the biggest integer k such that ¢ is in £*. We shall consider in the sequel the
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ultrametric distance on £ induced by the filtration
d(p,y) = 2710V, 2.3)
Forany o, 8 € g(A) let[a, Bl =a *x B — B *a.
Proposition 2.5. We have the inclusion
LP x L1 C cggp-i—q ,

and moreover the metric space £ endowed with the distance defined by (2.3) is com-
plete.

Proof. Take any x € #7191 and any o € £? and B € £9. We have

(@*B)x) = > a(x)B(x2).
(x)

Recall that we denote by |x| the minimal n such that x € #". Since |x1| + |x2| =
|x| < p+q—1,either |x;| < p—1or|xz| <g—1,sothe expression vanishes. Now
if (¥,) is a Cauchy sequence in £ it is immediate to see that this sequence is locally
stationary, i.e., for any x € H there exists N(x) € N such that ¥, (x) = ¥y (x)(x)
for any n > N(x). Then the limit of (v,,) exists and is clearly defined by

V(x) = YN (x). O

As a corollary the Lie algebra £! = q(+) is pro-nilpotent, in the sense that it is
the projective limit of the Lie algebras g(+4)/£", which are nilpotent.

2.4 Characters and infinitesimal characters

Let J¢ be a connected filtered Hopf algebra over k, and let 4 be a commutative k-
algebra. We shall consider unital algebra morphisms from #¢ to the target algebra
A, which we shall call slightly abusively characters. We recover of course the usual
notion of character when the algebra + is the ground field k. The notion of character
involves only the algebra structure of . On the other hand the convolution product
on L(H, A) involves only the coalgebra structure on . Let us consider now the full
Hopf algebra structure on J¢ and see what happens to characters with the convolution
product.

Proposition 2.6. Let # be a connected filtered Hopf algebra over k, and let A be a
commutative k-algebra. Then the characters from J to A form a group G1(A) under
the convolution product, and for any ¢ € G1(A) the inverse is given by

*—1

¢ =¢oS.

We call infinitesimal characters with values in the algebra 4 those elements o of
£ (H, A) such that

a(xy) = e(x)a(y) +a(x)e(y).
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Proposition 2.7. Let G1(A) (resp. q1(A)) be the set of characters of K with values
in A (resp. the set of infinitesimal characters of K with values in A). Then G1(A) is
a subgroup of G, the exponential restricts to a bijection from g1 (A) onto G1(A), and
g1(A) is a Lie subalgebra of g(A).

Proof. Part of these results is a reformulation of Proposition 2.6 and some points are
straightforward. The only non-trivial point concerns g;(+4) and G(#4). Take two
infinitesimal characters o and 8 with values in 4 and compute:

(@*B)(xy) = Y a(x1y1)B(x2y2)
(€167

= Z (a(x1)e(y1) + e(xpa(y1)).(B(x2)e(y2) + e(x2)a(y2))
x)(»)

= (@ x p)()e(y) + a()B(y) + B()a(y) + e(x)(a * B)(y).

Using the commutativity of 4 we immediately get

[, Bl(xy) = [, Bl(x)e(y) + e(x)[e. BI()),
which shows that g; () is a Lie algebra. Now for & € g;(+4) we have

o (xy) =) (Z)“*k(x)a*("_k)(y),

k=0

as is easily seen by induction on n. A straightforward computation then yields

exp”(@)(xy) = exp”(a)(x) exp™(a)(y). O

2.5 Renormalization in connected filtered Hopf algebras

We describe in this section the renormalization a la Connes—Kreimer ([28], [7], [8]) in
the abstract context of connected filtered Hopf algebras: the objects to be renormalised
are characters with values in a commutative unital target algebra +A endowed with a
renormalization scheme, i.e., a splitting A4 = A_ @ 44 into two subalgebras with
1 € A4. An important example is given by the minimal subtraction (MS) scheme on
the algebra 4 of meromorphic functions of one variable z, where 4 is the algebra of
meromorphic functions which are holomorphic at z = 0, and where A_ = z7!C[z7]
stands for the “polar parts”. Any #A-valued character ¢ admits a unique Birkhoff
decomposition

-1

o=@ * g,
where ¢ is an 4 -valued character, and where ¢_(Kere) C A_. In the MS scheme
case described just above, the renormalised character is the scalar-valued character

given by the evaluation of ¢4 at z = 0 (whereas the evaluation of ¢ at z = 0 does not
necessarily make sense).
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Theorem 2.8 (Factorization of the group G(+)). (1) Let # be a connected filtered
Hopfalgebra. Let A be a commutative unital algebra with a renormalization scheme,
and let w: A — A be the projection onto A— parallel to A . Let G(A) be the group
of those ¢ € L(H,A) such that p(1) = 14 endowed with the convolution product.
Any ¢ € G(A) admits a unique Birkhoff decomposition

o =9 xpy, (2.4)

where ¢_ sends 1 to 14 and Ker ¢ into A_, and where ¢ sends H into Ay. The
maps ¢— and @ are given on Ker ¢ by the following recursive formulas

o-() = =7 (p() + Y - (e (x"),
(x)
0+ = (I =) (900 + D - (o (x)).
(%)
where I is the identity map.

(2) If ¢ is a character;, the components ¢— and ¢ occurring in the Birkhoff de-
composition of ¢ are characters as well.

Proof. The proof goes along the same lines as the proof of Theorem 4 of [8]: for the
first assertion it is immediate from the definition of 7 that ¢_ sends Ker ¢ into A_,
and that ¢4 sends Kere into 4. It only remains to check equality g4 = ¢_ * ¢,
which is an easy computation

0+() = (I =) (900 + D - (o (x)).
(x)
=) + o () + Y_ o ()e(x")
(x)
= (p- *x @)(x).

The proof of assertion (2) can be carried out exactly as in [8] and relies on the following
Rota—Baxter relation in A:

n(a)w(b) = m(n(a)b + an(b)) — m(ab), (2.5)

which is easily verified by decomposing a and b into their +4 1 -parts. We will derive
below a more conceptual proof. O

Remark 2.9. Define the Bogoliubov preparation map as the map B: G(A) —
E(H, A) given by
B(p) = ¢-x(p—e), (2.6)

such that for any x € Ker & we have

B)(x) = 0(x) + Y o-(x)p(x").
(x)
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The components of ¢ in the Birkhoff decomposition read
p-=e—moB(p), ¢y =e+ (U —m)oB(p). 2.7)

On Ker ¢ they reduce to —m o B(¢p), (I — ) o B(gp), respectively. Plugging equation
(2.6) inside (2.7) and setting @ := e — ¢ we get the following expression for ¢_:

p-=e+ Plp-*xa)
=e+ P+ P(Pl@)xa)+--+ P(P(... P(a) k) -+ k) + -+ (2.8)

\—.,_/
and for ¢+ we find
gy =e—Plp_xa)
=e— P(ps * B) 29)
=e—P(B)+ P(P(B)*B)—--+ (=1)"P(P(...P(B)*B)--- %) + -
%/_/

with  := ¢! sxa = ¢! — e, and where P and P are projections on £ (¥, A)

defined by P(a) = (I — ) o and P(e) = 7 o, respectively.

2.6 The Baker—Campbell-Hausdorff recursion

Let £ be any complete filtered Lie algebra. Thus &£ has a decreasing filtration (£,) of
Lie subalgebras such that [£,,, £1] € £m+nand £ = lim £/ L, (i.e., £ is complete

with respect to the topology induced by the filtration). Let A be the completion of the
enveloping algebra U (L) for the decreasing filtration naturally coming from that of
&£. The functions

X n
exp: A7 — 1+ Ay, exp(a) = Z Z—',
n=0 "

(—a)"

n

o0
log: 1+ A4, — A1, 10g(1+a)=—z
n=1

are well-defined and are the inverse of each other. The Baker—Campbell-Hausdorff
(BCH) formula writes for any x, y € £ [41], [48] as follows:

exp(x) exp(y) = exp(C(x.y)) = exp(x + y + BCH(x, y)),

where BCH(x, y) is an element of &£, given by a Lie series the first few terms of
which are

BCH(x, ) = 571+ o, el 4+ 5. bvxl] = e D el + -+
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Now let P: £ — £ be any linear map preserving the filtration of &£. We define P to
be Idg —P. Fora € &£y, define y(a) = lim, o0 x(n)(a) where y(»(a) is given by
the B(H-recursion

X)) == a,
X+ (@) = a —BCH(P(x(my(@)). (Idg —P)(xm)(a))).

and where the limit is taken with respect to the topology given by the filtration. Then
the map y: £1 — &£ satisfies

x(a) = a —BCH(P(x(a)), P(x(a))). (2.11)

This map appeared in [13], [12], where more details can be found, see also [35], [36].
The following proposition ([16], [35]) gives further properties of the map y.

(2.10)

Proposition 2.10. For any linear map P : £ — &£ preserving the filtration of L there
exists a (usually non-linear) unique map x : £1 — £y suchthat (y—1dg)(£;) C £o;
foranyi > 1, and such that, with P := Idg — P we have

a=C(P(x@), P(x()) foralae Z;. (2.12)
This map is bijective, and its inverse is given by
x"'(a) = C(P(a), P(a)) = a + BCH(P(a), P(a)). (2.13)

Proof. Equation (2.12) can be rewritten as
x(@) = Fa(x(a)),
with F,: £, — £ defined by
F4(b) = a — BCH(P(b), P(b)).

This map Fy, is a contraction with respect to the metric associated with the filtration:
indeed if b, ¢ € £1 with ¢ € £,,, we have

Fu(b + &) — F4(b) = BCH(P(b), P(b)) —BCH(P(b + &), P(b + ¢)).

The right-hand side is a sum of iterated commutators in each of which ¢ does appear
at least once. So it belongs to £,1. So the sequence F(b) converges in £ to a
unique fixed point y(a) for F,.

Let us remark that for any a € £;, then, by a straightforward induction argument,
Xmy(a) € £; for any n, so y(a) € &£; by taking the limit. Then the difference
x(a)—a = BCH(P(x(a)), P(x(a))) clearly belongs to £2;. Now consider the map
¥ £, — £ defined by ¥ (a) = C(P(a), P(a)). Itis clear from the definition of
x thaty o y = Idg,. Then y is injective and ¥ is surjective. The injectivity of ¥ will
be an immediate consequence of the following lemma.

Lemma 2.11. The map  increases the ultrametric distance given by the filtration.
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Proof. For any x,y € £, the distance d(x, y) is given by 27" where n = sup{k €
N, x — y € £ }. We have then to prove that Y (x) — ¥ (y) ¢ £,+1. But:

¥ (x) — ¥ (y) = x — y + BCH(P(x), P(x)) —BCH(P(y). P(»))
=x—y + (BCH(P(x), ﬁ(x))
—BCH(P(x) — P(x — y), P(x) — P(x — »))).

The rightmost term inside the large brackets clearly belongsto £,+1. Asx—y ¢ £,41
by hypothesis, this proves the claim. O

The map ¥ is then a bijection, so y is also bijective, which proves Proposition 2.10.
O

Corollary 2.12. For any a € L1 we have the following equality taking place in
14+ A C A: _
exp(a) = exp(P(x(a))) exp(P (x(a))). (2.14)

Putting (2.8) and (2.14) together we get for any o« € &£ the following non-
commutative Spitzer identity:
e+P(@)+--+P(P(... P(a)*a) ---*a)+--- = exp[—P(x(log(e—w)))]. (2.15)

———
n times

This identity is valid for any filtration-preserving Rota—Baxter operator P in acomplete
filtered Lie algebra (see Section 3). For a detailed treatment of these aspects, see [13],
[12], [16], [22].

Remark 2.13. Using (2.14) the reader should have no problem in verifying that the
Baker—Campbell-Hausdorff recursion (2.11) can also be written more compactly:

x(a)=a+ BCH(—P()((a)), a). (2.16)

2.7 Application to perturbative renormalization I

Suppose now that £ = L(H, A) (with the setup and notations of paragraph 2.5), and
that the operator P is now the projection defined by P(a) = m o a. It is clear that
Corollary 2.12 applies in this setting and that the first factor on the right-hand side of
(2.14) is an element of G1(+4), the group of #A-valued characters of #, which sends
Ker ¢ into +_, and that the second factor is an element of G; which sends J¢ into
A4+. Going back to Theorem 2.8 and using uniqueness of the decomposition (2.4)
we then see that (2.14) in fact is the Birkhoff-Connes—Kreimer decomposition of the
element exp*(a) in G;. Indeed, starting with the infinitesimal character a in the Lie
algebra g; (+#4) equation (2.14) gives the Birkhoff—-Connes—Kreimer decomposition of
@ = exp*(a) in the group G () of A-valued characters of J#, i.e.,

¢- = exp*(~P(1(@)) and @i = exp™(P(x(a))) suchthaty = ¢=" * s,
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thus proving the second assertion in Theorem 2.8.

Therefore, we may say that the Baker—Campbell-Hausdorff recursion (2.16) en-
codes the process of renormalization on the level of the Lie algebra g; (+4) of infinites-
imal characters. Indeed, for a € g;(+4), determined by the Feynman rules character
@ = exp*(a), we calculate the element b(a) := y(a) in g1(A), i.e., the Lie algebra
analog of Bogoliubov’s preparation map (2.6), such that

a = C(P(b(@)). P(b(a))) = C(P(x(@)). P(1()) (2.17)

gives rise to (2.14). By construction, P(b(a)) and P (b(a)) take values in A=, re-
spectively. Hence, the decomposition (2.17) of a € g;(+4) is the Lie algebra analog
of the Birkhoff—-Connes—Kreimer decomposition of ¢ = exp*(a).

Comparing Corollary 2.12 and Theorem 2.8 the reader may wonder upon the
role played by the Rota—Baxter relation (2.5) for the projector P. In the following
section we will show that it is this identity that allows to write the exponential ¢_ =
exp* (—P()((a))) as a recursion, that is, o_ = e — P(B(¢)), where B(¢) = ¢_ *
(¢ — e). Equivalently, this amounts to the fact that the group G () factorizes into
two subgroups G (+) and GIJF(A), such that ¢4 € GfE(A).

3 Rota-Baxter and dendriform algebras

We are interested in abstract versions of identities (2.8) and (2.15) fulfilled by the
counterterm character ¢_. The general algebraic context is given by Rota—Baxter
(associative) algebras of weight 6, which are themselves dendriform algebras. We
first briefly recall the definition of Rota—Baxter (RB) algebra and its most important
properties. For more details we refer the reader to the classical papers [1], [2], [5],
[42], [43], as well as for instance to the references [15], [16].

Let A be an associative not necessarily unital nor commutative algebra with R €
End(A). The product of @ and b in A is written a - b or simply ab when no confusion
can arise. We call a tuple (A4, R) a Rota—Baxter algebra of weight 6 € k if R satisfies
the Rota—Baxter relation

R(x)R(y) = R(R(x)y + xR(y) + 0xy). (3.1)

Note that the operator P of paragraph 2.5 is an idempotent Rota—Baxter operator. Its
weight is thus 8 = —1. Changing Rto R’ := uR, u € k, givesrise to a RB algebra of
weight 8’ := 16, so that a change in the 6 parameter can always be achieved, at least
as long as weight non-zero RB algebras are considered. The definition generalizes to
other types of algebras than associative algebras: for example one may want to consider
RB Lie or pre-Lie algebra structures. Further below we will encounter examples of
such structures.

Letusrecall some classical examples of RB algebras. First, consider the integration
by parts rule for the Riemann integral map. Let A := C(R) be the ring of real
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continuous functions with pointwise product. The indefinite Riemann integral can be
seen as a linear map on A:

I:A— A, I(f)(x):= /xf(t)dt. 3.2)
0
Then, integration by parts for the Riemann integral can be written compactly as
I(H(D)I(@)(x) = T(I(f)g)(x) + I(f1(8))(x). (3.3)

dually to the classical Leibniz rule for derivations. Hence, we found our first example
of a weight zero Rota—Baxter map. Correspondingly, on a suitable class of functions,
we define the following Riemann summation operators:

[x/6] [x/6]+1
Ro(f)(x):= ) 0f(nf) and Ry(f)(x):= Y 0f(f).  (34)
n=1 n=1

We observe readily that

[x/6] [x/6]
( b3 07 n0))( > 0g(m0))
. [x/60] [x/0 [x/0]
S Y+ D )eR (nh)gmo)
n>m=1 m>n=1 m=n=1
[x/0] 3.5
_ 292(Zf (k6) )g(me) G2
m=1
[x/6] n [x/60]

+y 92(2 ))f(ne) — 3" 62 f(n6)g(n6)
n=1 n=1

= Ro(Ro(f)g)(x) + Ro(fRa(g))(x) + ORo(f8)(x).

Similarly for the map Ry, except that the diagonal, counted twice, must be subtracted
instead of added. Hence, the Riemann summation maps Rg and Ré satisfy the weight
0 and the weight —0 Rota—Baxter relation, respectively.

Proposition 3.1. Let (A, R) be a Rota-Baxter algebra. The map R =—-0id4—Ris
a Rota—Baxter map of weight 0 on A. The images of R and R, A+ C A, respectively
are subalgebras in A.

We omit the proof since it follows directly from the Rota—Baxter relation. A Rota—
Baxter ideal of a Rota—Baxter algebra (A, R) is an ideal / C A such that R(/) C .
The Rota—Baxter relation extends naturally to the Lie algebra L4 corresponding
to A:
[R(). RY)] = R([R(x). y] + [x. R()]) + OR([x. ¥]).

making (L4, R) into a Rota—Baxter Lie algebra of weight 6.
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Proposition 3.2. The vector space underlying A equipped with the product
x *g y 1= R(x)y + xR(y) + Oxy (3.6)

is again a Rota—Baxter algebra of weight 8 with Rota—Baxter map R. We denote it by
(Ag, R) and call it double Rota—Baxter algebra. The Rota—Baxter map R becomes a
(not necessarily unital even if A is unital) algebra homomorphism from the algebra
Ag to A.

Let us remark that for the corresponding Lie algebra L 4 we find the new Lie bracket
(compare with [44])

[x. ¥]g := [R(x), y] + [x. R(y)] + 6[x. y].
One sees immediately that x xg y = —G_I(R(x)R(y) — ﬁ(x)ﬁ(y)), and
R(a*gb) = R(@)R(b) and R(a *¢b) = —R(a)R(b). (3.7)

The result in Proposition 3.2 is best understood in the dendriform setting which
we introduce now. A dendriform algebra [30] over a field k is a k-vector space A
endowed with two bilinear operations < and > subject to the three axioms below:

(a<b)<c=a=<(b=*c),
(a>b)y<c=a>((b=<c)),
a>(b>c)=(axb)>c,

where a x b stands fora < b + a > b. These axioms easily yield associativity for the
law *. The bilinear operations > and <1 defined by

a>b:=a>b—-—b<a, a<b:=a<b-b>a (3.8)
are left pre-Lie and right pre-Lie, respectively, which means that we have

@a@b)pc—abr>c)y=bra)>c—br (arc), (3.9)
(a<b)<dc—a<a(bdc)y=(a<c)<tb—a<(c<b). (3.10)

The associative operation * and the pre-Lie operations >, <1 all define the same Lie
bracket:

[a,bl:=axb—bxa=a>b—-br>a=a<b—>b<<a. (3.11)

Proposition 3.3 ([11]). Any Rota—Baxter algebra gives rise to two dendriform algebra
structures given by

a <b:=aR(b) + 6ab = —aR(b), a>b:= R(a)b, (3.12)
a <'b:=aR(b), a >'b:= R(a)b + Hab = —R(a)b.
(3.13)

The associated associative product * is given for both structures by a * b =
aR(b) + R(a)b + Bab and thus coincides with the double Rota—Baxter product (3.6).
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Remark 3.4 ([11]). In fact, by splitting again the binary operation < (or alterna-

tively >"), any Rota—Baxter algebra is tri-dendriform [32], in the sense that the Rota—

Baxter structure yields three binary operations <, ¢ and > subject to axioms refin-

ing the axioms of dendriform algebras. The three binary operations are defined by

a<b=aR(b),aob=0abanda > b = R(a)b. Choosing to put the operation ¢

to the < or > side gives rise to the two dendriform structures above.

Let A = A & k.1 be our dendriform algebra augmented by a unit 1:

a<l:=a=1>a, 1<a:=0=:a>1, (3.14)

implying a x 1 = 1% a = a. Note that 1 x 1 = 1, but that 1 < 1 and 1 > 1 are not
defined [41], [6]. We recursively define the following set of elements of A[¢] for a
fixed x € A:

w(x) =w®(x) =1,
w?(x) = x < (wg’_l)(x)),
w® (x) 1= (w(f_l)(x)) >~ X.

We also define the following set of iterated left and right pre-Lie products (3.8). For
n>01letay,...,a, € A:

D (ay,. .. an) = (... (a1 > az2) > az) - > ap—1) > ay (3.15)

r™(ay, ... ay) = a; < (a2 < (a3 <+ (an—1 < an))...). (3.16)
For a fixed single element a € A we can write more compactly for n > 0:

() (g) = (K(")(a)) >a and r®*tV() =4a < (r(”)(a)), 3.17)

and LM (a) := a =: rV(a). We have the following theorem [23], [17].

Theorem 3.5. We have

w(ﬂ)(a) — Z e(ll)(a) P EEEE 3 e(lk)(a)

g i1 +etig=n il(il +12)(ll +.+lk)
i,eees i >0

and
(ix) K ek (1)

TIPS S LT
i1+tip=n ll(ll "I_ 12)...(11 —|— coe _|_ lk)
i1 i >0

These identities nicely show how the dendriform pre-Lie and associative products
fit together. This will become even more evident in the following.
We are interested in the solutions X and Y in A[¢] of the following two equations:

X=14ta<X, Y=1-Y >ta. (3.18)
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Formal solutions to (3.18) are given by
X = Zt"wg’)(a) resp. Y = Z(—t)"w(f)(a).
n>0 n>0

Let us introduce the following operators in A, where a is any element of A:

L.la](b) :=a <b, Ls[a](b) :=a > b,
R.[a](b) :=b <a, R.[a](b):=b>a,
Lglal(b) :=a < b, Lylal(b) :=ar>b,
Ralal(h) :=b < a, Rylal(h) :=br a.

We have recently obtained the following pre-Lie Magnus expansion [19]:

Theorem 3.6. Let Q' := Q'(ta), a € A, be the element of tA[t] such that X =
exp*(Q) andY = exp*(—Q’), where X and Y are the solutions of the two equations
(3.18), respectively. This element obeys the following recursive equation:

R4[€']
1 —exp(—R<[€]

Bm m
Q' (ta) = )(m) = Z(—l)mqu[m (ta), (3.19)
m=>0 '
or, alternatively,
L [Q]
exp(L[27]) — 1

Bm nm
Q' (ta) = (tay=>Y_ L[] (ta), (3.20)

m=>0

where the Bj’s are the Bernoulli numbers.

Recall that the Bernoulli numbers are defined via the generating series

B 1 1 1
;: E _mzmzl__z+_22__z4+...’
exp(z) — 1 m! 2 12 720
m=>0

and observe that By;,43 = 0, m > 0.

Suppose that the dendriform structure of A comes from a unital Rota—Baxter alge-
bra of weight 6. The unit (which we denote by 1) has nothing to do with the artificially
added unit 1 of the underlying dendriform algebra. We extend the Rota—Baxter algebra
structure to A by setting

R(1):=1, E(l) :=—1 and 1.x =x.1=0foranyx € A.

This is consistent with the axioms (3.14) which in particular yield 1 > x = R(1)x

and x <1 = —xR (1), in coherence with the dendriform axioms. Using (3.12) the
pre-Lie products (3.8) write as follows:
agb=a>b—b~<a= R(a)b+bR(a) = [R(a),b] — Oba (3.21)

a<gb=a~<b—b>a=—aR(b)— R(b)a =[a, R(b)] + ab.  (3.22)
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Introduce the weight 6 € k pre-Lie Magnus type recursion, Q0 := Qp(ta) €
tA[t], where the Rota—Baxter operator R is naturally extended to A[t] by k[t]-
linearity:

Bm /! 1m
Qpta)= > — Lo [R]" (1a). (3.23)

m=>0

First, we observe that the weight zero case, 8 = 0, is fully coherent with the origin
of Magnus’ work [33].

Corollary 3.7. The limit 6 — 0 of the pre-Lie Magnus type recursion (3.23) reduces
to the classical Magnus expansion:

Qyta) =y m—ad%’&,)(ta) (3.24)

m>0

Here, as usual, ads(g) := fg — gf := [/, g]. This follows immediately from
(3.21),1.e.,a >¢o b = [R(a), b]. Recall that Magnus in [33] considers solutions of
the classical initial value problem

%fb(s) = U(s)D(s), DO) =1, (3.25)

in a non-commutative context, i.e., W and & are supposed to be linear operators
depending on areal variable . Here, 1 denotes the identity operator. Magnus obtained
a differential equation for the linear operator Q(W)(s) depending on W(s), and with
Q(W¥)(0) = 0, such that

)

5 (QP)(s))"

n!

Y(s) = exp(Q¥)(s)) = exp ( /0 QW) (u) du)

n>0

leading to the recursively defined classical Magnus expansion:

QW) (s) =t / () du + / Z adg()tq,)(u)(t\lf(u)) du, (3.26)
n>0
where we introduced the parameter ¢ for later use. The expansion (3.24) coincides with
(3.26) if the underlying weight zero Rota—Baxter algebra is the one mentioned above,
that is, the ring of real continuous functions C(R) with pointwise product and the
indefinite Riemann integral as weight zero Rota—Baxter map. Sometimes, Magnus’
expansion (3.26) is also called continuous Baker—Campbell-Hausdorff formula, e.g.
see [25], [38], [47].
Using (3.7), Theorem 3.6 implies for a fixed element a € A the following corollary
which can be interpreted as the non-commutative Spitzer identity.

Corollary 3.8. Let (A, R) be a Rota—Baxter algebra of weight 8. The elements
X 1= —R(X) = exp(— R(Q’ (ta))) and ¥ := R(Y) = exp(— R(Q)(ta))) in A[t]
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solve the equations

X =1—tR@X) resp. ¥ =1—tR(Ya). (3.27)
Moreover, these recursions lead to the following theorem due to Atkinson [1].

Theorem 3.9. Let (A, R) be a Rota—Baxter algebra of weight 6. The recursions (3.27)
have the factorization property
Y(1—ta®)X =1 or (1—ta) =Y 'X7L
Proof. Here, 1 is the algebra unit in A. The proof of this statement reduces to a simple
algebraic exercise. Recall that R = —6 id4 — R; then
YX = (1-tR(Ya))(1 —tR(aX))

=1—tR@aX)—tR(Ya) + t>R(Ya)R(aX)

=1-tR((1-tR(Ya))aX) —tR(Ya(l —tR@X))) = 1 +10YaX.
Uniqueness of the factorization follows when R is idempotent. O

Without problems the reader verifies the next corollary.
Corollary 3.10. The elements X1 = exp(ﬁ(Q’e(m))) and Y71 = R(Y) =
exp(R((ta))) in A[t] solve the equations
X 1'=14tRYa) resp. Y™'=1+tR(@aX). (3.28)

Hence, defining the application B (a) := Ya we may state the two key equations:
Y =1-tR(B(a)) and X' =1+1R(B(a)).

Corollary 3.8 immediately results in the following lemma.

Lemma 3.11. 3 .
B(ta) = Yta = exp*® (Qy(ta)) — 1. (3.29)

Proof. Indeed, using simple algebra we see that

exp™? (Qp(ta)) — 1 = Z —(Q/G(m))

n=1

0o

n=1
fele) 9_1
n=0

= —exp(R(Q)(ta))) + exp(—ﬁ(Qg(ta)))

n!

9—1

— ((R(25(ta))" = (=1)" (R(25(ta))")
(

/ n = (_1)n9—1 D / n
o R((ta)) +Zn—!(R(S29(ta))
n=0
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= exp(R(Q}(ta))) (1 + exp(—R(Q} (ta))) exp(—ﬁ(Q;(Za))))

= exp(R(Q}(ta)))ta = tYa. O

Let us take a closer look at Atkinson’s theorem. In the light of Corollary 3.8
we find by using the exponential solutions X := —R(X) = exp(—R(R¢(ta))) and
Y := R(Y) = exp(—R(R9¢(ta))) in A[t] to the recursions (3.27) that

1 — 0ta = exp(—0ag) = exp(R(Q(ta))) exp(R(Q(ta))) (3.30)
with ag 1= ag(ra) := —4 log(1 — Ota).

When 6 = 0 we see immediately that R = —R and the above factorization of
the algebra unit becomes very evident. Instead, let us keep 8 # 0, but assume the
underlying Rota—Baxter algebra to be commutative. Recall that a >¢9 b = —0ba.
Hence, we see that

B
Qpa)= > m_”"(—esz;)”’m,

m=>0

which, using the generating series for the Bernoulli numbers, is solved by Q’e (ta) =
—6~11og(1 — Ota). Hence, in the commutative setting we find

1—0ta = exp(R(—Q_1 log(1 — 0ta))) exp(ﬁ(—e_l log(1 — Qta))),

which is in full accordance with the classical result due to Spitzer [45]. In fact,
Baxter [2] showed for commutative Rota—Baxter algebras (A, R) of weight 0 the

identity
rpt™ -
exp(z n):l—kgamt

n>0 m>0

in A[t], where r,, := R(0""'a"),a; = r; = R(a), and

Al Am
. it Ty .
am = E 2% . gL ] —R(R(R(...R(a)a)...a)a).

(A] a"'akm)

m times

The sum goes over all integer m-tuples (A1, ...,A), A; > 0 for which 1A; +--- +
mA, = m. The non-commutative generalization of this formulation of Spitzer’s iden-
tity follows from Theorem 3.5 together with Proposition 3.3. Indeed, with ' (ta) =
D0 1", (a) we find

exp (= 20 RE@i") = 14 32 R @)0)”

n>0 m>0
exp (- Zoz‘é(sz’(n))t") =1+ 30 R @™

corresponding to the recursions

X =1— R(Xa) resp. Y =1— R(@aY).
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Again, but more concretely, in the non-commutative case we see how both, the double
Rota—Baxter product (3.6) and the pre-Lie product (3.21) fit together in the algebraic
structure of weight 6 Rota—Baxter algebras.

3.1 Weight § BCH-recursion vs. pre-Lie Magnus expansion

In the light of Corollary 2.12 and Atkinson’s Theorem, it seems to be natural to
compare the weight 6 pre-Lie Magnus expansion with the Baker—Campbell-Hausdorff
recursion (2.16).

For this, we first introduce the weight 6§ Baker—Campbell-Hausdorff recursion
following simply from a linear filtration preserving map P, such that —6idgq = P +
(—6idg — P), 0 € k. Hence

1
xe(@)=a—2 BCH(—P(ys(a)). —0a), (3.31)
giving rise to the factorization

exp(—fa) = exp(P (Xg(a))) exp(ﬁ()(g(a))). (3.32)

Now, let us assume that P is a filtration preserving Rota—Baxter map. Then Corol-
lary 2.12 and Theorem 3.9, respectively equation (3.30) imply the equality

log(1 — 6t
2 1) = rotea) = o — 2 D), (333
From (3.33) we get for any o € tA[A],
1-— —6
x60(@9) = %(—exg( O‘))- (3.34)

3.2 Application to perturbative renormalization II

We return to paragraph 2.7 where we analysed Connes—Kreimer’s factorization from
the point of view of the Baker—Campbell-Hausdorff recursion (2.16). Recall that the
projector 7 (respectively its lift to £ = £(H, +A), denoted by P) is a weight minus
one Rota—Baxter map. Hence the Birkhoff-Connes—Kreimer factorization naturally
fits into the context of Rota—Baxter algebra, in particular with respect to Atkinson’s
factorization theorem respectively the non-commutative Spitzer identity. Hence, it
follows ultimately that the group G;(+) decomposes as a set into the product of two
subgroups:

G1(A) = GT (A) * G (A),
where

Gi (A) = exp™(P(4)) and G (4) = exp”(P(4)).
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Now, using (3.34) we see that the counterterm character ¢_ in the decomposition

¢ =exp*(a) = ¢_" * @y

writes as
¢— = exp* (=P (R, (exp*(a) — e))).

where exp*(a) — e = ¢ — e already appeared in the context of (2.8) respectively
(2.9), see also Proposition 2.7. Using Lemma 3.11, Bogoliubov’s preparation map
B(¢) := ¢— * (¢ — e) finds its exponential form

B(p) = exp* 1 (Q_, (¢ — ¢))—e,

such that the non-commutative Spitzer identity implies Bogoliubov’s recursion for ¢_.
Moreover, Corollary 3.10 tells immediately the equation for ¢. Here, *_; stands
for the Rota—Baxter double product in the weight minus one Rota—Baxter algebra
(L(FH,A), P).

Recall our characterization of the Baker—Campbell-Hausdorff recursion (2.16) as
the analog of Bogoliubov’s preparation map on the Lie algebra g (+4) of infinitesimal
characters. Now, by recalling Proposition 2.7 we may identify the weight minus one
pre-Lie Magnus expansion Q' ; as the analog of Bogoliubov’s preparation map. More
precisely, first remember that g(+4) contains g1 (+) as a Lie subalgebra. Hence, let
@ € G1(A) C G(A), ie., ¢ = e + (p — e), where obviously a := ¢ — e € g(A).
Then

Bm /I ym
Q@)=Y — e [9L]"(@) (3.35)
m>0

maps a € g(+4) — g1(s4), such that B(¢) = exp™-! (Q/_1(<p — e)) — e and

o- = exp* (P (L (9 —e))) and ¢+ = exp*(P(QL(p —e)))

solve

p-=e—P(p_x(p—e)) and @i =e+ P(p-*(p—e)),

respectively.

We remark here that this purely Lie algebraic approach to renormalization is an
extension of earlier work [17] and will be further explored in the near future. Let us
mention that the results in [17] rely on both, the properties of the Dynkin idempotent
and on properties of Hopf algebras encapsulated in the notion of associated descent
algebras. Similarly, in [22], see also [18], we use free Lie algebra theory, i.e., Lie
idempotents to achieve a closed form for the Bogoliubov recursion.

3.3 Non-commutative Bohnenblust—Spitzer formulas

Let n be a positive integer, and let O P, be the set of ordered partitions of {1, ...,n},
i.e., sequences (71, ...,wx) of disjoint subsets (blocks) whose union is {1,...,n}.



The combinatorics of Bogoliubov’s recursion in renormalization 201

We denote by (93’]; the set of ordered partitions of {1,...,n} with k blocks. Let us
introduce for any 7 € (9:7’§ the coefficient

1
w(r) = .
Il (1] + |2 .. (| 4[] + - + |7k])
Theorem 3.12. Letay, ..., a, be elements in a dendriform algebra A. For any subset

E={j1,....Jmrof {1,...,n} let {(E) € A be defined by
UE) = Z Z(m)(ajgl,_..,aj(,m).

o€Sm
We have
Z (---(ag, > agy) > +++dg,_,) > g, = Z Z w(m)l(my) * -+ * L(my).
o€Sy, k>1 ne@?/,‘;

See [22] where this identity is settled in the Rota—Baxter setting, see also [18].
The proof in the dendriform context is entirely similar. Another expression for the
left-hand side can be obtained [23]: For any permutation o € S, we define the element
Ts(ay,...,ay) as follows: define first the subset E, C {1,...,n} by k € E; if and
only if ox 41 > o for any j < k. We write E; in the increasing order:

l<ki<--<kp,<n—-1
Then we set
To(ay,...,ay) = €(k‘)(a(Il ... .,agkl) K ook E(”_k”)(agkarl, ..., dg,). (3.36)

There are p + 1 packets separated by p stars in the right-hand side of the expression
(3.36) above, and the parentheses are set to the left inside each packet. Following [29]
it is convenient to write a permutation by putting a vertical bar after each element of
Es. For example for the permutation ¢ = (3261457) inside S7 we have E, = {2, 6}.
Putting the vertical bars

o = (32]6145]7),

we see that the corresponding element in A will then be
Ts(ai,...,a7) = 5(2)(03,612) * 5(4)(%,611,04,05) * E(l)(a7)
= (a3 > aj) * (((dé > ap) > 614) > (15) *a7.

Theorem 3.13. Foranyay,...,a, inthe dendriform algebra A the following identity
holds:

Y (g, > agy) =) = ag, = Y Tolar.....an). (3.37)

o€eSy, o€eSy,

A g-analog of this identity has been recently proved by J.-C. Novelli and J.-Y. Thi-
bon [39].
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4 As simple as it gets: a matrix calculus for renormalization

We shortly introduce a matrix setting for renormalization, associated with any left co-
ideal of the Hopf algebra. Although we will not detail this point, let us mention that
this matrix approach is particularly well-suited for the study of the renormalization
group and the beta-function for local characters in connected graded Hopf algebras
with values into meromorphic functions [9]. See [21] as well as [20], [14] for a detailed
account and applications.

4.1 The matrix representation

In this section we introduce the matrix representation of £(#, #) associated with a
left coideal, following [21]. Let J¢ be a connected filtered Hopf algebra over the field
k, let A be any commutative unital k-algebra, and let (éC(J(’ , A), *) be the algebra of
k-linear maps from # to + endowed with the convolution product. Let J be any left
coideal of J (i.e., a vector subspace of & such that A(J) C H ® J).

We fix a basis X = (x;);es of the left coideal J. Furthermore we suppose that
this basis is denumerable (hence indexed by / = N or I = {1,...,m}) and filtration
ordered, i.e., such thatif i < j and x; € ", then x; € H".

Definition 4.1. The coproduct matrix in the basis X is the |/| x |/ | matrix M with
entries in J defined by

A(x;) = ZMU ® x;.
jel

The coproduct matrix is lower-triangular with diagonal terms equal to 1 ([21]
Lemma 1). Now define W;: £(H, A) — Endy (A ® J) by

W Lf1x) =Y f(My) ® xi. (4.1)

In other words, the matrix of W[ f] is given by f(M) := (f(Mi/))i,jeI‘ It is shown
in [14] and also [21] that the map W; defined above is an algebra homomorphism. Its
transpose does not depend on the choice of the basis. The Lie algebra of +-valued
infinitesimal characters (resp. the group of #A-valued characters) is mapped by W ; into
the Lie subalgebra of strictly lower-triangular matrices (resp. into the group of lower
triangular matrices with — #-algebra units — 1’s on the diagonal).

The coproduct matrix M with entries in # can be seen as the image of the identity
map under ¥y : £(H, H) — Endgp(H ® J), i.e.

W, d)(x;) = Y 1d(M;)) ® x;. (4.2)

1
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We have W, [S] = M ™!, where S is the antipode. The matrix L = log M is the
matrix of normal coordinates. For any +A-valued character ¢ we have

log W, [p] = ¢(L).

4.2 The matrix form of Connes—Kreimer’s Birkhoff decomposition

Suppose that the commutative target space algebra 4 in £(H, ) splits into two
subalgebras

where the unit 14 belongs to 4. Let us denote by 7w: A — A_ the projection
onto #_ parallel to 4, which is a weight —1 Rota—Baxter map. The algebra M :=
Mf” (+A) of lower-triangular |7 | x | I |-matrices with coefficients in # is filtered by the

subalgebras M’ = {X € M, X; = 0if k < [ 4 i}. The filtration is finite, hence
complete.
We define a Rota—Baxter map R on W [£(H, A)] C ,Mle” () by extending the

Rota—Baxter map 7 on + entrywise, i.e., for the matrix v = (7;;) € Mf”(a‘\»), define

R(‘L’) = (JT(‘L','j)). (4'4)

The algebra M is then a complete filtered Rota—Baxter algebra. Let us denote
W;lp] := ¢ for short. As ¢ — ¢ is a morphism of complete filtered Rota—Baxter
algebras we immediately get the matrix Birkhoff-Connes—Kreimer decomposition:

G=7"'5.

In other words, the map W respects the Birkhoff decomposition, i.e., o+ = p+. We
immediately see that ¢_ and (ﬁjrl are unique solutions of the following equations:

- =1-R(¢- (§ - 1)), (4.5)

¢7' =1-R(@-1 o), (4.6)
respectively. Moreover, after some simple algebra using the matrix factorization @ =
o

o+@ ' =) =9 —P1 =—0-(¢ -1

we immediately get the recursion for ¢4 [21]

¢+ =1-R(@+ @' - D). 4.7)
and hence we see that

9+ =1+R(p- (@ -1). (4.8)
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The matrix entries of $_ and @' can be calculated without recursions using o := @
from the equations [20]:

=
(@-)ij = _E(Uij)_z Z (_1)k+1”(77("'”(Uill)olllz)"'olk—lj)

k=2 i>l] >"'>lk71 >j

@i = -7 hij)

-y > DM ERFERCL AT D) - (0 D),

k=2 i>l{>>l_1>]

where 7 := id 4 — 7. The matrix entries of ¢ follow from the first formula, i.e., the
one for the entries in ¢_, by replacing & by —7. We may therefore define the matrix

Blpl:=¢- (@ —1) (4.9)

such that

¢-=1-R(Blg]) and @4 =1+R(B[y]). (4.10)

In fact, equations (4.8) and (4.6) may be called Bogoliubov’s matrix formulae for the
counter term and renormalized Feynman rules matrix, ¢_, ¢4, respectively. Equa-
tion (4.9) is the matrix form of Bogoliubov’s preparation map (2.6), e.g. see [6]:

Blg] := W [B(p)] = Wy [p- * (¢ —e)]. (4.11)

Remark 4.2. We may apply the result from Subsection 2.6 to the above matrix repre-
sentation of g4 respectively G 4. We have shown the existence of a unique non-linear
map x on g4 which allows to write the characters ¢ and ¢4 as exponentials. In the
matrix picture we hence find for Ze a4 and @ = exp(Z ) e Ga:

¢ = exp (R(x(2))) exp (R(x(2)))- (4.12)

The matrices ¢— := exp ( R()((Z))) and @ <p+ 1= exp ( — ﬁ()((?))) are in 6; and
@;, respectively, and solve Bogoliubov’s matrix formulae in (4.10).
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Abstract. The Connes—Kreimer Hopf algebra of rooted trees, its dual, and the Foissy Hopf
algebra of planar rooted trees are related to each other and to the well-known Hopf algebras of
symmetric and quasi-symmetric functions via a pair of commutative diagrams. We show how
this point of view can simplify computations in the Connes—Kreimer Hopf algebra and its dual,
particularly for combinatorial Dyson—Schwinger equations.

1 Introduction

Hopf algebra techniques were introduced into the study of renormalization in quantum
field theory by Connes and Kreimer [6]. The Hopf algebra defined by Connes and
Kreimer (in its undecorated form), denoted here by #k, is the free commutative
algebra on the rooted trees, with a coproduct that can be described in terms of “cuts”
of rooted trees (see §4 below). The Hopf algebra #k is the graded dual of another
Hopf algebra (which we call k7), studied earlier by Grossman and Larson [13], whose
elements are rooted trees with a noncommutative multiplication.

A noncommutative version of Jg, denoted here by #r, was introduced by Foissy
[7]: unlike Hk, it is self-dual. As shown by Holtkamp [15], #F is isomorphic to the
Hopf algebra k[Y] of planar binary trees defined by Loday and Ronco [16]. Foissy
[8] showed # F isomorphic to the “photon” Hopf algebra #? defined by Brouder and
Frabetti [3, 4] in connection with renormalization. Here we define a Hopf algebra
kP, based on planar rooted trees in the same way k7 is based on rooted trees, which
is isomorphic to # = . Our main purpose is to show how calculations in g
and k7 can be simplified by “lifting” them to Hr =~ k.

After establishing a result on duality of graded connected Hopf algebras in §2,
we briefly introduce in §3 some Hopf algebras familiar in combinatorics: the Hopf
algebras Sym of symmetric functions, QSym of quasi-symmetric functions [11], and
NSym of noncommutative symmetric functions [10]. Then we discuss, in parallel
fashion, the Hopf algebras k7 and #g in §4, and kP and HF in §5. In §6 we relate
all these Hopf algebras by a pair of commutative diagrams, which we then apply to
some calculations. First (in §6.1) we discuss families of elements of k7 that parallel
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some familiar symmetric functions, and show how symmetric-function identities can
be used to obtain results for rooted trees. Then in §6.2 we exhibit explicit solutions of
some combinatorial Dyson—Schwinger equations in #x, and show that these solutions
generate sub-Hopf-algebras of #k. Similar results on Dyson—Schwinger equations
were obtained by Bergbauer and Kreimer [1] using different methods.

2 Graded connected Hopf algebras

Let + be a unital algebra (associative but not necessarily commutative) over a field k
of characteristic 0. We assume 4 is graded, i.e.,

AzEBAn

n>0
with A, A, C Ant+m. Necessarily 1 € Ag: we shall assume that A is connected,
that is, Ay = k1.
A coalgebra structure on # consists of linear functions ¢: A — k (counit) and

A: A —> AR A (coproduct), suchthate sends 1 € #Agto 1 € k and all positive-degree
elements of # to 0, and A respects the grading. These functions must satisfy

(idy ® )A = (e ®idy)A = idy . 2.1)

We also assume that A is coassociative, in the sense that A(A ® id4) = A(id4 QA).
For +4 to be a Hopf algebra, A must be a homomorphism of graded algebras.
Writing the comultiplication applied to u € # as

Au) = Zu/ ®u”, (2.2)

we note that condition (2.1) requires that it have the form

U1+ Z W u' +13®u.

u’],|u”]>0

IfA(u) =u®1+1Q u,then u is primitive.
A Hopf algebra + has an antipode S : 4 — , which is an antiautomorphism of
4 with the properties that S(1) = 1 and

ZS(u’)u” = Zu'S(u”) =0

for any u of positive degree, where u’, u” are given by (2.2). Hence S(u) = —u if
u is primitive. If +4 is either commutative or cocommutative (i.e., TA = A, where
T(a®b) =b®a),then S? = id4.

All the Hopf algebras we consider are locally finite, i.e., #Ay is finite-dimensional
for all k. Tt follows that the (graded) dual A* of 4 is also a Hopf algebra, with
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multiplication A* and coproduct ;* (where p: A ® A — 4 is the product on #4).
The Hopf algebra »+4 is cocommutative if and only if A* is commutative.

By an inner product on a graded connected Hopf algebra #, we mean a non-
degenerate symmetric linear function (-,-): A4 ® A — k such that (a,b) = 0 for
homogeneous a, b € A of different degrees. The following result gives a criterion to
establish when two Hopf algebras + and 8 are dual (i.e., A* = B).

Theorem 2.1. Let A, B be graded connected locally finite Hopf algebras over k which
admit inner products (-,-) 4 and (-,-) g respectively. Then A and B are dual Hopf
algebras provided there is a degree-preserving linear map ¢ : A — B such that, for
allay,as,as € A,

(@) (a1,a2)4 = (¢(a1), ¢(a2)) 8;

(b) (a1az,a3)4 = (#(a1) ® p(az), A(p(az)))s;

(©) (a1 ® az, A(az))a = (¢(a1)¢(az), ¢(a3)) s
Proof. Define a linear function y: 8 — A* by (x(b),a) = (b, $(a))s. Injectivity

follows from nondegeneracy of the inner products, and since 4 and B are locally
finite it follows that y is a bijection. It remains to show y a homomorphism, i.e.,

(x(A(D)),a1 ® az) = (x(b),a1ay) forallb € Banday,a; € A (2.3)
and
(x(b1b2),a) = (x(b1) ® x(ba), A(a)) forallb;,b, € Bandaec A  (2.4)
For (2.3), we have
(x(A(D)), a1 ® az) = (A(b). ¢(a1) ® ¢(a2)) 8
= (¢ (b), a1a2) 4
= (b.¢(a1a2)) 8
= (x(b),a1az).
For (2.4), we have
(x(b1b2),a) = (bibz. ¢(a)) g
= (7' (b)) ® ¢7'(h2), A@)) 4
=Y (@7 (b1).d) 4@ (b2).a") 4

= (b1.¢(@)) s (b2, $(d") 3
=Y (x(b1).d){(x(b2).a")

= (x(b1) ® x(b2), A(a)). a
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We note that it follows from this result that a graded connected locally finite Hopf
algebra # is self-dual provided it admits an inner product (-, -) such that
(a1 ® az, A(az)) = (a1a2,a3)

for all ay, a»,as € A.

3 Symmetric and quasi-symmetric functions

Let B be the subalgebra of the formal power series ring k[¢1, 2, ... ] consisting of
those formal power series of bounded degree, where each #; has degree 1. An element
f € B is called a symmetric function if the coefficients in f of the monomials

g2k oand n'n? .k (3.1)
agree for any sequence of distinct positive integers n1, 72, ..., ng: anelement f € B

is called a quasi-symmetric function if the coefficients in f of the monomials (3.1)
agree for any strictly increasing sequence n; < np < --- < ny of positive integers.
The sets of symmetric and quasi-symmetric functions are denoted Sym and QSym
respectively: both are subalgebras of B, and evidently Sym C QSym.

As a vector space, QSym is generated by the monomial quasi-symmetric functions
M7, which are indexed by compositions (finite sequences) of positive integers: for
I =(y,...,0),

Mp= Y itk
ni<ny<-<ng
If we forget order in a composition, we get a partition: a vector-space basis for Sym
is given by the monomial symmetric functions

m) = Z M;j,
(=2
where ¢ is the function from compositions to partitions that forgets order. For example,
ma1,1 =M@, + Mazn) + Ma,,2)-
It is well known that Sym, as an algebra, is freely generated by several sets of
symmetric functions (see, e.g., [17]):

(1) The elementary symmetric functions ey = mx (where 1*¥ means 1 repeated k
times);

(2) The complete symmetric functions

thZ’WZZMI;

[Al=k [I|=k

(3) The power-sum symmetric functions py = my.
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There is a duality between the e; and the /iy, reflected in the (graded) identity
(1+€1+€2+'*')(1—h1+h2—"')=1 (32)

There is also a well-known Hopf algebra structure on Sym [9]. This structure can
be defined by making the elementary symmetric functions divided powers, i.e.,

Aer) = Z e Qe;.
i+j=k

Equivalently, the /; are required to be divided powers, or the p; primitives. For this
Hopf algebra structure,

Ama) = Y mu@m,, (3.3)
A=uUv

where the sum is over all pairs (u, v) such that w U v = A as multisets. For example,
A(ma1,1) is
1®@ma11+m @may +my@mui+mig @mo+mp1 @mp+mp11 Q1.

The Hopf algebra Sym is commutative and cocommutative, so its antipode S is an

algebra isomorphism with S? = id. In fact, as follows from (3.2), S(e;) = (=1)"h;.

To see that Sym is self-dual, note that it admits an inner product (-, -) such that
(hp,my) =83

for all partitions A,  (where h; means hj hy, ... for A = A1, A,,...) [17, §L4].
Then by equation (3.3),

(huhv, m/l) = (h,u ® hy, A(ml)) = SMUV,/X

so Sym is self-dual by Theorem 2.1.
To give QSym the structure of a graded connected Hopf algebra, one defines a
coproduct A by

k
A(M(plﬂspk)) = ZM(plsypj) ® M(pj+1’>pk)
j=0

This coproduct extends that on Sym, but it is no longer cocommutative: for example,
AMpa) =1@ Moy +Mra® Mp )+ Mp 1y @ My + M1y ® 1.
The antipode of QSym is given by [5, Prop. 3.4]
S(Mp) = ("D 3" My,
J=<I

where < is the refinement order on compositions and I is the reverse of 1.
Since QSym is commutative but not cocommutative, it cannot be self-dual: in
fact, its dual is the Hopf algebra NSym of noncommutative symmetric functions in



214 Michael E. Hoffman

the sense of Gelfand ef al. [10]. As an algebra NSym is the noncommutative poly-
nomial algebra k(Eq, E5,...), with E; in degree i, and the Hopf algebra structure
is determined by declaring the E; divided powers. There is an abelianization homo-
morphism 7: NSym — Sym sending E; to the elementary symmetric function e;:
its dual t*: Sym — QSym is the inclusion Sym C QSym.

4 Hopf algebras of rooted trees

A rooted tree is a partially ordered set with a unique maximal element such that, for
any element v, the set of elements exceeding v in the partial order forms a chain.
We call the elements of a rooted tree vertices, the maximal element the root, and the
minimal elements leaves. If a vertex v covers w in the partial order, we call v the
parent of w and w a child of v. We visualize a rooted tree as a directed graph with
an edge from each vertex to each of its children: the root (uniquely) has no incoming
edges, and leaves have no outgoing edges. Let 7 be the set of rooted trees, and

To={eT:|t|l=n+1}

the set of rooted trees with n 4 1 vertices. There is a graded vector space

kT =Pk
n>0
with the set of rooted trees as basis.

Each rooted tree ¢ has a symmetry group Symmy(¢), the group of automorphisms
of ¢ as a poset (or directed graph). This group can be explicitly described as follows.
For each vertex v of a rooted tree ¢, let £, be the rooted tree consisting of v and its
descendants (with the partial order inherited from ¢). If the set of children of v is
C(v) = {v1,...,vx}, let SG(¢,v) be the group of permutations of C(v) generated
by those that exchange v; with v; when #,; and #,,; are isomorphic rooted trees. Then

Symm(t) = l_[ SG(t,v).
vertices v of ¢
By a forest we mean a monomial in rooted trees, with the rooted trees thought of
as commuting with each other. There is an algebra of forests, which is just the sym-
metric algebra S(kJ") over k7 : the multiplication can be thought of as juxtaposition
of forests. For any forest ¢, ..., there is a rooted tree By (#1¢,...1;) given by
attaching a new root vertex to each of the roots of 1, 15, . . ., f%, e.g.,

(e 1)=4)
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Also, let By send 1 € S°(kT) (thought of as the empty forest) to ® € Tg. If we grade
S(kT) by

tr. .l = [0 f + -+l
where |z] is the number of vertices of the rooted tree ¢, then By : S(kT) — kT is an
isomorphism of graded vector spaces.

There is a product o on k7 defined by Grossman and Larson [13]. Given rooted
trees t and ¢/, let ¢t = Bi(t1t2...t,) and |¢/| = m. Then ¢ o ¢’ is the sum of the
m™ rooted trees obtained by attaching each of the #; to a vertex of ¢t': if 1 = e, set
t ot’ = t'. For example,

Al :/I\+z/\ +/K

AN NPYA

This noncommutative product makes k7 a graded algebra with two-sided unit e.
There is a coproduct A on k7 defined by A(e) = @ ® e and

ABr(nna..i)) = Y Bi(()® By(t())), (4.1)
TUJ={1,2,...k}

while

where t1, ..., t are rooted trees, the sum is over all disjoint pairs (/, J) of subsets of
{1,2,...,k}suchthat ] UJ = {1,2,...,k}, and #(I) means the product of ¢; for
i € I (with the convention By (¢(d)) = e). As is proved in [13], the vector space kT
with product o and coproduct A is a graded connected Hopf algebra.

The Connes—Kreimer Hopf algebra #k is generated as a commutative algebra by
the rooted trees. As a graded algebra, #k is S(kT") with the grading discussed above.
The coproduct on Hk can be described recursively by setting A(1) = 1 ® 1 and

A) =t ® 1 + (i[d®B4)A(B_(1)), 4.2)

for rooted trees ¢, where B_ is the inverse of By and it is assumed that A acts
multiplicatively on products of rooted trees.
Alternatively, A can be described on rooted trees ¢ by the formula

A =t®1+ > P1)®RO. (4.3)

admissible cuts ¢
Here a cut of a rooted tree ¢ is a subset of the edges of ¢, and a cut ¢ is admissible if
any path from the root to a leaf meets ¢ at most once. If all the edges in ¢ are removed
from ¢, then ¢ falls apart into smaller rooted trees: R°(¢) is the component containing
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the original root, and P€(¢) is the forest consisting of the rest of the components. We
then extend A to forests by assuming it acts multiplicatively.

There is also a nice formula for the antipode of #x in terms of cuts: for a rooted
tree 7,

S@)y=— Y (=DFIPDR ). (4.4)
all cuts ¢
where the sum is over all cuts ¢, and |c| is the number of edges in ¢. Equation (4.4)
can be proved by induction on |¢].

It follows from equation (4.3) that the “ladders” £; (where ¢; is the unbranched
tree with i vertices) are divided powers. Thus, there is a Hopf algebra homomorphism
¢: Sym — Jk sending e; to ;.

We note that, for a forest u# and rooted tree ¢, the rooted tree ¢’ can only appear in
B4 (u) ot if there is an admissible cut ¢ of ¢’ such that

P(ty=u and R°(t) =1t. 4.5)
Generalizing the definition of [14, §4], we define
n(u,t;t") = the number of times ¢" appears in B (u) ot
and

m(u,t;t") = the number of distinct admissible cuts ¢ for which (4.5) holds.

Lemma 4.1. For u,t,t' as above,

n(u,t;1")| Symm(t')| = m(u,1;1")| Symm(B (u))|| Symm(7)].

Proof. This is a slight extension of the proof of [14, Prop. 4.3]. First, let u =
$152 ..., for rooted trees s;: then

n
Symm(By (u)) = P x [ [ Symm(s)),
i=1
where P is the group that permutes those s; that are isomorphic. Suppose (4.5) holds:
let Fix(c, t’) be the subgroup of Symm(z’) that holds all the edges of ¢ and everything
“below” them pointwise fixed, and Q the subgroup of P that permutes identical parts
of u that are attached to the same vertex in #’. Then m(u, t;¢’) is the cardinality of the
orbit of ¢ under Symm(z’), which is

n
Symm(z")/ Fix(c,t") x 1_[ Symm(s;) x Q,
i=1
and so
| Symm(¢")|

) = e IO Ty | Symm(sn)]
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On the other hand, if we think of attaching the parts of u to the rooted tree 7, we see

that
|P|| Symm(7)|

| Q| Fix(c, )]

and the conclusion follows. O

n(u,t;t') =

Using the lemma, we can prove that the Hopf algebras #x and kT are dual to
each other: for a somewhat different proof, see [14, Prop. 4.4].

Theorem 4.2. The Hopf algebra kT is the graded dual of Hk.

Proof. First note that there is an inner product on k7~ defined by

(1) = {|Symm(l)| ift! =1,

) (4.6)
0 otherwise.

This inner product extends to S(kT) = Hg via (u,v) = (B4+(u), B+(v)) (since
Symm(B4(¢)) = Symm(?), this definition is consistent). So if we use Theorem 2.1
with ¢ = B, hypothesis (a) of the theorem is satisfied. Hypothesis (b) follows easily
from definitions, so it remains to prove

(u @ v, A(w)) = (B4+(u) o B+ (v), B4 (w)) (4.7)

for monomials u, v, and w of Hg. Writingt; = By (u),t, = B+ (v)andts = By (w),
equation (4.7) is

(B-(11) ® B_(12), A(B—(13))) = (t1 o 12, 13),
which in turn, by using equation (4.2), is
(u®t, Alt3) — 13 ® 1) = (t1 o 12, 13). (4.3)

Both sides of equation (4.8) are nonzero if and only if there is an admissible cut ¢ of
t3 such that
Pc(l::,) =u and Rc(t::,) =15,

in which case it is
m(u, t2;t3)| Symm(z1)|| Symm(zz)| = n(u, t2; t3)| Symm(z3)],

1.e., the lemma above. ]

S Hopf algebras of planar rooted trees

In parallel to the preceding section, we define & to be the graded poset of planar
rooted trees, and k& the corresponding graded vector space. A planar rooted tree is
a particular realization of a rooted tree in the plane, so we consider
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N

as distinct planar rooted trees. The tensor algebra T (k /) can be regarded as the algebra
of ordered forests of planar rooted trees, and there is a linear map By : T(kP) — kP
that makes a planar rooted tree out of an ordered forest of planar rooted trees by
attaching a new root vertex. With the same conventions about grading as in the
previous section, B4 is an isomorphism of graded vector spaces.

Planar rooted trees with 7 non-root vertices correspond to balanced bracket ar-
rangements (BBAs) of weight , i.e., arrangements of the symbols { and ) such that

(1) the symbol ( and the symbol ) each occur n times, and

(2) reading left to right, the count of (’s never falls behind the count of )’s.

For example, the five BBAs of weight 3, to wit

(on. (O0) O, {0, and  ()()(),

correspond respectively to

A /} {\d AN

in 3. Note that the empty BBA corresponds to the 1-vertex tree o. This representation
is similar to that of Holtkamp [15], but differs in that our BBAs are not necessarily
irreducible (see the next paragraph): to go from Holtkamp’s representation to ours,
remove the outermost pair of brackets. It is well known that the number of BBAs of
weight n is the nth Catalan number

1 2
Cp = (”)
n+1\n

We call a BBA ¢ irreducible if ¢ = {c¢’) for some BBA ¢’. If a BBA is not
irreducible, it can be written as a juxtaposition cj ¢ . . . ¢ of irreducible BBAs, which
we call the components of ¢. The components of a BBA correspond to the branches
of the root in the associated planar rooted tree.

We define a product on k & via the representation in terms of BBAs. If the planar
rooted trees T and T’ are represented by BBAs ¢ and ¢’ respectively, let ¢1ca ... cx
be the components of ¢. Then T o T' is the sum of planar rooted trees corresponding
to the asymmetric shuffle product of ¢ with ¢/, i.e., the sum of the BBAs obtained
by shuffling the symbols c¢ic; . .. ¢x into the BBA ¢’. For example, if ¢ = ¢1¢p and
¢’ = () then the asymmetric shuffle product ¢ L ¢’ is

c1c2() + c1{c2) + c1{)ca + {c1c2) + {c1)ca + ()crca.
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If ¢c; = ¢ = (), this reduces to

00 L () =3000+O00) + (DO +(O0),

AL

On the other hand, shuffling a single component ¢ into (){) gives

c(() +()() + () + () + ()()c,

which for ¢ = () reduces to

(0 Lo 00 =3000+ 0 + )

I o/\=s/l\+/}+{\

Now we make kP a coalgebra by defining a coproduct A on BBAs by

and hence

Thus

k
Ac) = ch...ci ® Cit1---Ck,

where ¢ = cq¢; ... ¢k is the decomposition of ¢ into irreducible components.

Theorem 5.1. The product o and coproduct A make kP a graded connected Hopf
algebra.

Proof. There are two main items to check: the associativity of o, and the multiplicativ-
ity of A. We use the representation of planar rooted trees by BBAs as outlined above.
For BBAs a and b, each term of a L b has components that are either components
of a, or components of b into which some components of a may be inserted: and the
order of the components among those of @ and among those of b is preserved. Thus
each component of a term of (¢ LU b) L ¢ is a component of a, a component of b
into which some components of a may be inserted, or a component of ¢ into which
components of a and components of b (possibly including some components of @)
may be inserted: and the order of components among those of a, b, and c is preserved.
But terms of @ L (b L ¢) can be described the same way.

For multiplicativity, let a, b be BBAs, with decomposition into components a =
ai...apand b = by ...by. Then each term ¢’ ® ¢” of A(a L b) comes from the
term

(al...ai L bl...b,')®(a,'+1...an Ly bj.H...bm)
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of A(a) L A(b), where i, j are the largest integers such that the components a; and
b; respectively occur in ¢’. O

The Foissy Hopf algebra #r is defined as follows. As an algebra, it is the tensor
algebra T (k$). The coalgebra structure can be defined by the same equation (4.3) as
for Hg, except that rooted trees are replaced by planar rooted trees, and the forests
are ordered. (We remark that there is a natural order on the vertices of a planar rooted
tree, which means that for a cut ¢ of a planar rooted tree 7" the forest P¢(T) has a
natural ordering.)

Alternatively, the coalgebra structure on JF can be defined by

A(F)= Y (F-F)®F'
F'CF
where the sum is over all rooted subforests F’ of F: if F = T1 T, ... Ty, then arooted
subforest F' of F is aforest T T, ... T, such that each T/ is either a subtree of 7; that
contains the root, or empty. For such F and F’,set F — F' = F\F, ... F,, where
F = Pe(T;) if T/ # @ and R°(T;) = T},
T; if 7/ = 0.
The equation (4.4) for the antipode in #x almost works in # F, but must be slightly

modified. For a planar rooted tree 7T,

S(Ty=- > (=DlPe(T)RY(D),
allcuts c of T
where F denotes the reverse of the ordered forest F (cf. [7, Théoréme 44]). Note that
S is an antiautomorphism of the noncommutative algebra #r, and S? # id.

Theorem 5.2. The Hopf algebra (kP , o, A) is dual to the Foissy Hopf algebra H .

Proof. As in the preceding section, this boils down to the identity
(u ®v, A(w)) = (B+(u) ° B4 (v), By (w)),

where now the inner product is defined by (7, T’) = 87,77. The proof is essentially
the same as that for Theorem 4.2 above, but much easier since there are no symmetry
groups to complicate things: for planar rooted trees T, T’ and an ordered forest F of
planar rooted trees, (B4 (F) o T, T’) is both the multiplicity of 7" in B4 (F) o T and
the number of cuts of 7’ with P¢(T’') = F and R°(T") = T. O

Theorem 5.3. Hr is self-dual.

Proof. This follows from the existence of an inner product (-,-) r on H g with
(F1F2, F3)F = (F1 ® F2, A(F3))F

for ordered forests Fy, F,, F3. Such an inner product is constructed in [7, §6]. O
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6 Lifting to the Foissy Hopf algebra

The “ladder” trees £; can be thought of as planar rooted trees, and since they are
divided powers in #F there is a Hopf algebra homomorphism ®: NSym — Hp
sending E; to ;. In fact, there is a commutative diagram of Hopf algebras

P

NSym HF
] o
Sym Hi

where the map p: Hr — JHg sends each planar rooted tree to the corresponding
rooted tree, and forgets order in products. In the commutative diagram dual to (6.1),
1.€.,

QSym <2 4o
‘L’*T o* (6.2)
Sym kT

*

the maps can be described explicitly as follows. As noted earlier, t* is the inclusion.
For a partition A = A1, A5, ..., Ag, let
t) = B+(ZA1£)»2 .. .Z,{k) eT.

Then for rooted trees ¢,

| Symm(¢y)|m, if t = ¢, for some partition A;

¢*(t) = { (6.3)

0 otherwise.

Of course
| Symm(¢y)| = mq(A)!ma(A)! ...,

where m; (1) is the multiplicity of i in A. The formula “upstairs” is simpler: if for a
composition I = (i1, iz, ...,I;) we define the planar rooted tree

T = B+(€i1£i2 .. -Zik) e P,

then
My, if T = Ty for some composition /;

O*(T) = {

0, otherwise.

For a rooted tree ¢,

pr(0) = Symm(r)| Y T.

Tep~1(r)
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6.1 Some particular families of rooted trees

Itis often easier to establish properties of rooted trees by working “upstairs” in diagram
(6.2) rather than directly. For example, the elements

t
= - kT
@ =2 symm()] ©

teTn
are most easily understood by considering their images
prcn) = Y T €k
TeP,

In this way it can be seen easily that the «, form a set of divided powers, and that
¢*(kn) = hy. Recalling the identity (3.2) in Sym, define elements ¢, of k7 induc-
tively by

En =K10En—1 —K208na 4+ (=1)"ky, 9 =e. (6.4)

Proposition 6.1. The elements ¢, satisfy
(@) en = (=1)"S(kn),
(b) ¢*(8n) = en:

(c) nle, = tin, where 1" is a string of n ones.

Proof. Part (a) follows from equation (6.4), and then part (b) follows by applying ¢*.
To prove part (c), recall from Theorem 4.2 that

(x(). F) = (t. B+.(F)).

where (-, ) is the inner product given by (4.6). Hence y(ky) is the linear functional
on JH that sends every forest of degree n to 1 (and all other forests to 0). If F is a
forest of weight n, it follows from equation (4.4) that y () is zero on any forest S(F)
except

F — 00 :---0

on which it is (—1)". Hence
Bilewe) -
| Symm(Bi (o e---0))] n!

S(kn) = (=1)"

Zhao [18] defines a homomorphism NSym — k7 sending E, to &,; in view
of the preceding result, it sends the noncommutative analogue (—1)"S(E,) of the
nth complete symmetric function to k,. There are several distinct analogues of the
power-sum symmetric functions in NSym (see [10]): their images in k7 under Zhao’s
homomorphism are described in [18, Theorem 4.6].

If we define an operator t: kT — kT by 9t(t) = £, o ¢, then

N@y= > n@i

[t/1=lz]+k
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for some coefficients n(¢;t"). Apply ¢* to get

efp* @)=Y n@:te*(@). (6.5)
[t'|=|t|+k
Two special cases of this equation are of some interest. First, let k = 1: then

n(t;t'") = n(e,t;t') as defined in §4 and equation (6.5) implies
e (i)=Y, (et (1)
lwl=[Al+1

for all partitions A. Hence, using (6.3) and Lemma 4.1,

| Symm(z,,)]|

n(e,t;t,) = coefficient of m, in eym,.
| Symm(#)|

m(e,i311,) =
Second, suppose ¢ = o. Then equation (6.5) is

eF =3 n(ei)e* (1),
[Al=k
which, compared with
k
e’f = Z (A)mx’
[Al=k

gives a formula for n(e; t,) (cf. equation (1) of [2]):
1 A
n(e:ty) = —( )
| Symm(zp)| \ A

6.2 Combinatorial Dyson—-Schwinger equations

We now illustrate the use of the map p in diagram (6.1) to solve the combinatorial
Dyson—Schwinger equation

X =1+ B (X?), (6.6)
where X is a formal sum of elements
X=1+X1—|-)C2+"' (67)

of Hx, with x; of degree i, and p is a real number. If we write X=x1+x34--,
equation (6.6) is

X = B.((1+ X)?) = By (1+ (’;)X+ (;’)X%r.-.),

where

(p) _plp=D...(p—k+1
k) k! ’
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- ({1 n (’f)x ; (’2’);22 +})

where {-},, means degree-n part. Consider (6.6) as an equation in #: if

Then

1+ X1+ Xo+--=1+X

is its solution, then X; = B4+ (1) = e, and

Xn+1 =By ((T){X}n + (;’){(X)z}n + )

forn > 1. Thus

X,,H:Z(i)m( 3 X,,l...Xnk), 6.8)

k<n ni+-+ng=n

where the inner sum is over length-k compositions of 7. We claim that equation (6.8)
has the solution

X, = Y GCyTT. (6.9)

TePp—

where Cp(T') is defined as follows. For a vertex v of a planar rooted tree 7', let ¢(v)
be the number of children of v. Let V' (T') be the set of vertices of T with c(v) # 0:

then
M= T] (c(l;)). (6.10)

veV (T)

For example,

To see that (6.9) really does solve equation (6.8), we use induction on n. Suppose
equation (6.9) holds through dimension 7, and consider the coefficient of 7" in X4
for T € #,. Now T has a unique expression as B4 (717> ...Ty), where T1 T, ... Ty
is an ordered forest of planar rooted trees such that

ITi| + T2 + - + |Ti| = n.

From equation (6.8), we see that the only contribution to the coefficient of T’ can come
from X, Xpn, ... Xp,, for ngy = |Ty|. By the induction hypothesis, the coefficient of
T coming from equation (6.8) is

(’lz) Co(T1)Cp(T2) ... Cp(Ty) -

but this is evidently C,(T').
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Now equation (6.10) makes sense for rooted trees ¢, and indeed for any planar
rooted tree 7 we have C,(T) = C,(p(T)). Projecting X to X via p gives the
following result.

Theorem 6.2. The solution (6.7) of the combinatorial Dyson—Schwinger equation
(6.6) in Hx is

Xy = Z e(t)Cp(t)t,

t€7;1—1

where e(t) is the number of planar rooted trees T such that p(T) = t.

To compare our result with that of [1, Lemma 4], note that

1
e(l) = m 1_[ C(U)!,

ev(t)
so the coefficient in x, of a rooted tree ¢ is

1 1
' = To 1 - DY - .
|SYmm(t)|vel;[() ()(c(v)) |SYmm(t)|vEI&I(t)p(p D (p =) +1)

The subalgebra of Fx generated by the x, is in fact a sub-Hopf-algebra of #x.
This follows from our final result, which gives an explicit formula for A(x,) in terms
of the x;.

Theorem 6.3. For the homogeneous parts x, of the solution (6.7) of the combinatorial
Dyson—Schwinger equation in #g,

n
An) = %0 @ 1+ ) qualxi,x2,...) ® X, (6.11)
k=1

where qn n = 1 and

k(p—1 N\ @G j R
g (X1, X2, ) = ) (.(p : )t )W—Jr)xilxlf...
=n—k

i1+iy+--- ilix! ...
s 1 2 112
for1 <k <n.

Proof. We again work in #F and project down to Fx via p. Equation (6.11) will
follow from

n
AXp) =Xy @1+ ) Onic(X1. Xa....) ® X, (6.12)
k=1

where 0, , = 1 and

On (X1, X2,...) Z Z (k(p—l)+1)anu.an

| tt+ng=n—k q
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for 1 <k < n. To prove equation (6.12), we use the equation (4.3) for the coproduct
in JF. Fix positive integers k < n and consider those terms in A(X},) that contribute
to the term

Cp(T))Ty ... Cp(T) T, ® Cp(THT' in X7 X1y -~ Xj7,) ® Xk (6.13)

for particular planar rooted trees 77, ..., Ty, T’ such that |T’| = k and [T | + --- +
|T4| = n — k. They correspond to pairs (7, c), where T is a planar rooted tree of
degree n and c is a cut of 7" such that

PS(T)=T\Ty...T, and RS(T)=T".

Then T is obtained by attaching 77, T3, ..., Ty (in order) to the vertices of T'. Letn;
be the number of the T attached to the ith vertex of 7”: then

(. 20) 00
Cp(T) ﬁ ci +n; :ﬁ n

Cp(T1) ... Cp(TCp(1) ~ 1 (p) 1 (ci +m)’
&

Ci
where ¢; is the number of children of the i th vertex of 7".
Now if we consider all the ways of attaching 77, ..., T to the vertices of T’ so
that n; of them are attached to the ith vertex of 7", there are

H(lq )

i=1

(6.14)

different configurations: they will generally be distinct as planar rooted trees, but the
ratio (6.14) comes out the same. Thus, the sum of (6.14) over all the ways of doing
the attachments is

k
P—Ci)
n1+'§lq=qil:[1 ( i

which by the generalized Vandermonde convolution (see [12, p. 248]) equals

(kp—cl—---—ck) _ (kp—(k—l))
q - q

since the tree 7" has a total of k — 1 edges. But this means that the sum of contributions
from terms of A(X},) to the coefficient of (6.13) is

(k(p — 1)+ 1) .
, .
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Abstract. The study of solutions of differential equations (analytic or formal) can often be
reduced to a conjugacy problem, namely the conjugation of a given equation to a much simpler
one, using identity-tangent diffeomorphisms.

On one hand, following Ecalle’s work (with a different terminology), such diffeomorphisms
are given by characters on a given Hopf algebra (here a shuffle Hopf algebra). On the other
hand, for some equations, the obstacles in the formal conjugacy are reflected in the fact that the
associated characters appear to be ill-defined.

The analogy with the need for a renormalization scheme (dimensional regularization, Birk-
hoff decomposition) in quantum field theory becomes obvious for such equations and deliver a
wide range of toy models. We discuss here the case of a simple class of differential equations
where a renormalization scheme yields meaningful results.

1 Introduction

Let us start by giving a very simple example of a differential equation that already
contains all the ingredients relevant to renormalization.

1.1 A toy model for some differential equations

Let us consider the equation
(Ea,a) xl_daxy = ayz’

where d € N and ¢ € C. Considering the right-hand side of this equation as a
perturbation of the case @ = 0, we deal with the following conjugacy problem (Pqy 4):
Does there exist a formal identity-tangent diffeomorphism

Dy a(x.2) = (X, ¢0a,d(X.2)) @aa(x.2) € 2+ 2°C[x. 2] (1.1)
such that, if z is a solution of
(Eo.q)  x'"%9cz =0, (1.2)

then y = ¢4.4(x, z) is a solution of (E,, 4)? Note that, in the sequel, we will always
deal with diffeomorphisms that leave the x-coordinate unchanged (as ®, 4 (x, z)) so
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we will focus on their nontrivial part: identity-tangent diffeomorphisms of the second
variable whose coefficients depend on the first coordinate (as ¢q,q).
It is quite obvious to check that here

4
Pad(X,2) = ———— (1.3)

l—a’sz
is a very natural solution which, unfortunately, is ill-defined for d = 0 and, in this
singular case, we are led to introduce the logarithm of x so that a good candidate for

the conjugacy is
z
Pa0(X,2) = ————
1 —azlogx
which is no more a formal series in x and z but is connected to the regular case (d > 1)
in the following way:

1. Theequation (E, 4) canbe solved forany d € Z*, assuming that the conjugating
map @, g has coefficients in C[x¢], and even ford € R*, assuming that we work
with “ramified” powers of x.

. .. n n .
2. When d is close to zero, writing x¢ = Y >0 d lr‘:? ~, the coefficients of ¢y 4

appear as Laurent series in d.

3. One can then perform a Birkhoff decomposition of @y 4: &y 4 = fb: i°9, 4
with

@Zd(x,z) = (x, Q,  (x,2) = (x, ) (1.4)

1 —akz

l_a(xdd—_l)z)’ P

4. Since @, , conjugates (Eo,q) to itself, @O’:d also conjugates (Eo ) to (Eq,q)
and when d goes to 0,

z
lim &% (x, :(—) 1.5

dlino "’d(x ?) o 1 —azlogx (15
conjugates (Eo,0) to (Eq,0)-

As we shall see now, this phenomenon can be generalized.

1.2 A generalization

Let b(x,y) € y?C[x,y] and d € N. We will work on the following problem of
formal conjugacy: does there exist a formal identity tangent diffeomorphism ¢(x, y)
in y, with coefficients in 2[ = C[x] such that, if y is a solution of

(Epa) — x'"8xy = b(x,p), (1.6)
then z = ¢(x, y) is a solution of

(Eoq) x99,z =0. (1.7)
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As we shall see in Section 3, the answer is yes if d > 1, but rather than computing
directly the coefficients of such a diffeomorphism, we will make an extensive use
of Ecalle’s mould—comould expansions (see [6]). As we shall see in Section 2, the
computation of such a diffeomorphism reduces to the computation of a character in a
shuffle Hopf algebra.

In the case d = 0, this character happens to be ill-defined but the “dimensional
regularization” suggested by the previous example gives us the final ingredient in order
to perform a renormalization scheme that follows the same algebraic ideas developed
in [2].

In order to introduce this scheme, let us first remark that computing an identity-
tangent diffeomorphism is the same as computing a character in the Faa di Bruno Hopf
algebra (see [7]).

1.3 Identity-tangent diffeomorphisms and character in the Faa di
Bruno Hopf algebra

Letus consider the group of formal identity-tangent diffeomorphisms in one variable y,
whose coefficients are in a commutative C-algebra :

Ga = {f()) =y + 2,1 o' € ADV]}
with the product iu: Gy x Gy — Gy given by

pn(f.g)=fog.
For n > 0, the functionals on Gy defined by
1
an(f) = ——— @ 1)0) = fr. an: Gy — A

(n+ 1)!
are called the Faa di Bruno coordinates on the group Gg and, ap = 1 being the unit,
they generate a graded unital commutative algebra

Heag = Clay,...,an,...] (gr(a,) =n).

Moreover, the action of these functionals on a product in Gy defines a coproduct on
Hrqgp that turns to be a graded connected Hopf algebra (see [7] for details). Forn > 0,
the coproduct is defined by

ap o p=mo A(an), (1.3)
where m is the usual multiplication in 2I, and the antipode reads

S oa, = ay orec,

where rec(p) = ¢! is the composition inverse of ¢.

Note that we can forget that the Faa di Bruno coordinates are functionals and then
the Hopf algebra structure H#pgp does not depend on the algebra 2. Once we have
such a Hopf algebra #, one can define the group of characters on # with values in
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a commutative unital algebra 2, that is to say algebra morphisms from # to 2 and
C(H,N) with the product

exY =mo(p@yY)oA forallp,yy € €(H, ). (1.9)

This group is obviously isomorphic to Gy so that computing some identity-tangent
diffeomorphism means computing a character on the Faa di Bruno Hopf algebra and
some renormalization scheme, if needed, can be used as in quantum field theory.

1.4 The renormalization scheme

We will now describe at an abstract level (assuming that the reader is familiar with
graded Hopf algebras) what could be called arenormalization scheme in a Hopf algebra
and, at each step, we will translate our first problem in terms of this scheme. Let us
consider a mathematical problem (P) with the following properties:

Dimension parameter. The problem depends on a parameter d € N (or d € Z or
else...) that can be called the dimension: (P) = (Py).

In the former conjugacy problem, d is obviously defined.

Hopf background. In the course of computing a solution to the problem (Py),
it appears that, using for example some perturbative expansions in some parameters
other than d, we have to compute coefficients, with values in a commutative algebra 2,
indexed by a linear basis of a graded Hopf algebra J#¢ with product m and coproduct A
(see Section 4 for an example of such a Hopf algebra). Moreover, if such coefficients
exists, they define an element of the group of characters on # with values in 2
(C(H. ).

In the former problem, one looks for a formal identity-tangent diffeomorphism
@q,q 1n the variable z, that is to say a character on the Faa di Bruno Hopf algebra of
coordinates of identity-tangent diffeomorphisms with values in 2l = C[x].

Ill-defined character. Unfortunately, this character is ill-defined for some singular
value dy of the dimension parameter.

In our example, this happens for d = 0.

Dimensional regularization. Working eventually in some extension ‘8 of the algebra
A, there is a way to generalize our problem to complex values of d = dg + ¢ such that
if ¢ # 0, one can compute a character ¥, with values in B[e][¢!] (Laurent series
with coefficients in B). Moreover, this gives the attempted character if dy + & = d is
not a singular value of the parameter.

In our case, we have introduce a ramified power x° = exp(¢logx) such that we
can define an equation (E, ) and its associated character has its values in B[e][e™],
with B = C[x,log x]. The character v, corresponds to the diffeomorphism ¢ ..

Birkhoff decomposition. As B[¢][¢~!] is a Rota—Baxter algebra (see [5], [4]) with
respect to the decomposition B[e][e~!] = e 1B[e!] & B[], there exists unique
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Birkhoff decomposition of our character ¥, = ¥ * ¥ (or, depending of its perti-
nence in the problem, Y. = ¥, * ¥;"). And now ¥;” = lim,_.o ¥." is the renormal-
ized value at d = d,, for the given Hopf algebra and dimensional regularization.

In our first example, the Birkhoff-decomposition of the character is expressed on
diffeomorphisms by &4, = CD;F, ¢ © P, . and, thanks to the choice of the Hopf algebra
and of the dimensional regularization, the renormalized character wg’ is a solution to

the problem for the singular dimension d = 0. For details on renormalization and
Hopf algebras, see [2], [3], [7].

1.5 Contents

In Section 2, we explain how conjugating diffeomorphisms for the equation (Ep 4)
can be computed in a very algebraic way, using Ecalle’s mould—comould expansions.
This gives the attempted result for d > 1 in Section 3.

In the case d = 0, we show how the previous computations yield an ill-defined
character of a shuffle Hopf algebra. Using a quite natural dimensional regularization,
this character can be renormalized (see Section 4).

We give then in Section 5, an interesting interpretation of the renormalized character
for our conjugacy problem.

2 Mould-comould expansions and conjugacy of differential
equations
Let us go back to the study of the equation
(Eva)  x'"%0xy = b(x,y), 2.1

where b(x,y) € y2C[x,y] and d € N. To compute the diffeomorphism (in the
variable y) ¢ such that z = ¢(x, y) is a solution of

(Eoq) x799,z=0 (2.2)

we could try to compute its coefficients and thus, work in the Faa di Bruno Hopf
algebra. As we shall see now, these computations are simpler and explicit when
working with mould—comould expansions.

2.1 Diffeomorphisms and substitutions automorphisms

We are looking for identity-tangent diffeomorphisms

¢ € Gy = {p(x,y) €y + YA
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Such a diffeomorphism defines a substitution automorphism on [ y]:

Fo(f) = fog forall f € ALy],

such that Fy,(fg) = Fy(f)Fy(g). Conversely, if F is an endomorphisms on 2[y]
such that F(y) = ¢(x,y) € Gy and

F(fg) = F(f)F(g) forall f,g e Aly],

then F = F, (see [6]).
Moreover, using Taylor expansions, if ¢(y) =y + >, ¢n y"t1 € Gy, then

1
Fp=1d+) Y —n ey TS S (2.3)

s>1n;>1""

is a differential operator.

We will now look for substitutions automorphisms (rather than diffeomorphisms)
that can be computed using elementary differential operators associated to the equation
(Ep,q), that is to say mould—comould expansions.

2.2 Mould—comould expansions for the conjugacy problem

If y is a solution of the equation (E}j 4), then for any power series f(y),

0 (f(1)) = X @x) () = b, y) () = b(x, )8y f()

This suggests to consider the right-hand term of the equation (£ 4) as a derivation.
Using the expansion in x, we get

x99,y = Zx”bn(y) = Zx"[Bn.y,
n>0 n
where

B, = bn()’)ay,

so that the data in b(x, y) are encoded in the derivations B,. It seems reasonable
to think that the conjugating diffeomorphism (or rather its associated substitution
automorphism) can be expressed with the help of these operators. To do so, let

N ={0}U{n=q,...,n5), s>1, n; € N}
and
B, =By, ...Bs, (Bg=1d). 2.4)

Now that we have a set of differential operators, which is called a cosymmetral comould
in Ecalle’s work (see [6]), this suggest that the attempted conjugating map ¢(x, y),
or rather its associated substitution automorphism, may be expressed with the help of
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this “comould”:

Fo=1d+) Y M""B, ..B,, =) M"'B,=) M°B.,

s>1ny,....,ns€N nenN

where M? = 1 (for identity-tangent diffeomorphism), F,(y) = ¢(x,y) and the
collection of coefficients M ®, which is called a mould, has its values in 2 = C[x]. In
order to manipulate such mould—comould expansions, we will now give some classical
results on moulds.

2.3 Reminder on moulds

For details see [6].

Definition 1. A mould M*® on N with values in a commutative algebra N is a map
from N to A. Such a mould M*® is symmetral if M? = 1 and

M" MY = > M" foralln'.n® e W,
nesh(nl,n?)

where the sum is over all the possible shuffling of the sequences n' and n*. A mould
M*® is alternal if M? = 0 and

Z M" =0 foralln',n* e N.

nesh(nl,n2)

Provided that the series makes sense, to any mould M ® one can associate a differ-
ential operator

M = Z Mn[Bn = ZM.[B..
neN
For example,
b(x.y)dy = x"B, =Y I"By=» I°B..
n nenN
where 1? = 0 and

Jrens _ x™ ifs =1,
0 otherwise,

defines an alternal mould.
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If M*® and N°* are two moulds, then

M. N :( > M"‘[B,,l).( 3 N”Z[B,,z)

nleN n2eN

= > M" N"B,B,
nl,n2

=Y MY N"Bau  (see (24))
nl,n?
-2 w ),
n p2pl=p
-2 (X W e,
n plp2=p
where the sum is over pairs (n', n?) whose concatenation gives n. These formulas
define a product on moulds:

Proposition 1. For any moulds M* and N°*, their product P®* = M*® x N° is defined
by
P'= Y M"N" foralineN.

nln2=n

Moreover the set of symmetral moulds, is a group whose unit 1° is given by 19 = 1
and 1" = 0 otherwise. The inverse N°® of a given symmetral mould M® is given by
N? =1 and

an,...,n.y — (_l)sMns,...,nl .

Of course, specialists of Hopf algebras can already smell the flavor of a shuffle
Hopf algebra here and we will see the connection in Section 4.

Symmetral moulds play a central role in the search of conjugating diffeomorphisms
since

Proposition 2. If M* is a symmetral mould, then its associated mould—comould
expansion M is a substitution automorphism corresponding to the diffeomorphism
m(x,y) = M.y. Moreover if M*® and N°® are two symmetral moulds corresponding
to diffeomorphisms m and n, then the mould P®* = M*® x N*® corresponds to the
diffeomorphism m o n.

For the first part of this proposition, see [6]. For the second part,

mon(x,y) =N.M.y = ZP'[B.y = P.y.

With this short reminder on moulds, we are now ready to deal with the equation (£ 4)
when everything works, that is to say when d € N*.
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3 The cased € N*

Suppose that z = ¢(x, y) conjugates the equation
(Epa)  x'"%0ry = b(x.,y)

to x'49,z=0. One expects that the associated substitution automorphism can be
written as a mould—comould expansion

e(x.y) =Y ViBey = Vg.y,
where V7 is a symmetral mould. The equation yields
x99,z = x170(x, y)

=> x40, (V;B.y)

=Y (T VBey + D V(x4 0x(Bay))

= (1 V)Bay + D Vi (x40, ) (0yBay)
= ("0 V)Bay + > Vib(x. y)(0yBay)

= Y@ oV By + (X 178) (X Vi)

=D (0 V)Bay + Y (Vg x I")Bay
= 0.

This suggest to look for a symmetral mould V7 such that Vd‘Zj =1 and
X179,V = Ve xI°. (3.1)

Of course the conjugacy of x! =49,z = 0to (Ep 4) is given by the inverse of ¢, which
is given by the inverse of V7, namely U}, that satisfies the equation

X179, Uy = 1° x Uy, (3.2)
A straightforward computation shows that one can make the following choice:

Proposition 3. For d > 1, the moulds defined for (ny,...,ns) € N by

xH1tetns +sd

Unl,...,ns — n: — . - ,
d G b3t GoDd) . Gagd) Ci=nmittn)
_l)sxn1+~~+nx+sd
ans-"9nS — ( . — :
d (i1 + d)(ip +2d) ... (15 + 5d) (i = my et m)

are symmetral and solutions of the previous equations. Moreover the substitution
automorphism defined by U (resp. V1) conjugates (Eo,q) to (Ep,q) (resp. (Ep.q) to
(Eo,d))-
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Unfortunately, if d = 0, the mould Vd° is ill-defined (for example if n; = 0). This
really looks like the situation that occurs in quantum field theory and calls for some
renormalization. We will now describe a renormalization scheme at d = 0.

4 Renormalization in a shuffle Hopf algebra

In order to use a renormalization scheme, we will first give the quite obvious Hopf
algebra settings related to such symmetral moulds. We will then describe a very
natural dimensional regularization and perform the renormalization in the “mould”
terminology.

4.1 The shuffle Hopf algebra sh 4

Once again, let
N ={0}U{n=ny,...,n5), s>1, n; € N}.
It
lny,....ng) =5 (@) =0), [(1,....n9)| =n1+---+ns (9] =0),

then the linear span of N is a graded (for the graduation ||.|| + /(.)) vector space with
finite dimensional graded components. This space sh s turns to be a Hopf algebra
with the following definitions. The product is as follows:

e (J is the unit.
e For n' and n? in N, the product m: shy ® shy — shy is defined by
m(n' @ n?) = Z n,
nesh(n!,n?)
where the sum is over all the possible shuffling of the tuples n' and n?.
For example
m((n1) ® (n2,n3)) = (n1,n2,n3) + (n2,n1,n3) + (n2,n3,n1).

With this product, shy is a graded commutative algebra and it remains to define the
coproduct A: shy — shy ® shy:

s AD=0®4.

e Forne W,
A(n) = Z n! ® n?,

n=n'n2

where the sum is over the pairs (r!, n?) whose concatenation gives n.
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For example,
A(ny,na,n3)=m1,n2,n3)@0+(n1,n2)@(n3)+(1n1)R(n2,n3)+0R (n1,n2,n3).

With these product and coproduct, shy is a very classical graded connected Hopf
algebra whose antipode is given by

Smy,...,n5) = (=1)*ng,...,n1).

For details on Hopf algebras and shuffle Hopf algebras, see [1].

When one deals with Hopf algebras, one can define characters and it is now obvious
that symmetral moulds and characters are strongly connected: If 2 is a commutative
unital algebra then characters (algebra morphisms) on sh  with values in 2 form a
group for the product

exY =mo(p®yY)oA forall g,y € €(shy,A).

This group is isomorphic to Ecalle’s group of symmetral moulds with values in 2
since a symmetral mould can be identified to the image of the basis N by a character.
Now we are ready to express a renormalization scheme on some examples.

4.2 Divergences for the moulds (or characters) U; and Vd'

In our case A = C[x] and, as quoted before, our “characters” U and V] are unfor-
tunately ill-defined when d = 0. When looking at V7, if for (ny,...,n5) € N,

D(ny,...,ng) =max{0 <i <s;forall1 < j <i, nn; =0},
from the physicists point of view the following holds:
— if D(ny,....ng) =0, V""" has no divergence at d = 0,

— if D(ny,....ng) =1, V""" has an overall divergence but no subdivergence
atd =0,
— if D(ny,...,ng) > 1, V""" has an overall divergence and D(ny, ..., ng)—1

subdivergences at d = 0.

Now the formula for V7 suggest that we could define a dimensional regularization by
using the same formula for d = ¢ € C*. The price to pay is to consider now that

n

&
xszzﬁlog”x

n>0" "
so that, for e € C* close to zero, the mould V,* has its values in A = B[e][¢~!] where
B = C[x,logx]. Using the usual Birkhoff decomposition in terms of moulds, we
get
Theorem 1. There exists a unique pair of moulds (C;, R}) such that

RE=CSx V!,
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where C? (counterterms) is symmetral with values in A_ = e 'B[e7!] and R?
(regularized) is symmetral with values in AL = B[e]. Moreover
1 i 0
Nl,efls yny =--—-=ns =1y,
Cllrs = 3 gles .
0 otherwise.

For a proof see Section 6. We have now a renormalization scheme for our problem
but, as in quantum field theory, this would be useless if it had no meaning for our
equations. It is indeed meaningful as we shall see now.

S Interpretation of the renormalized mould R?

5.1 Ramified conjugacy

On one hand, the ill-definedness of V7 at d = 0 suggest that the equations
xdxy = b(x,y)
cannot be formally (with diffeomorphisms in C[x, y]) conjugated to the equation
x0xz = 0.

On the other hand, we chose a quite natural dimensional regularization for our mould
V7 since for e € C*, we still have the equation

X1V =V x I
but now as R} = C;? x V;? and C;? does not depend on x,
X179 Ry = x1700,(CS x V)

=C? x (x'7°0, V")

=-C>xV>xI*®

=—R; xI°.
The mould R (as V") defines a diffeomorphism that also conjugates the equation

X178y = b(x.y)

to x1 7?9,z = 0. The mould R is regular at ¢ = 0, with a price to pay: it contains

monomials in x and log x. When ¢ goes to 0, we get:

Theorem 2. There exists a “ramified” identity tangent diffeomorphism ¢(x,y) €
y + y2C[x,log x, y] that conjugates xdxy = b(x,y) to xdxz = 0.

The need for logarithms, as well as the ill-definedness of a “formal” conjugating
diffeomorphism, suggest that, in the case d = 0, some part of the right-hand term of
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the equation xd,y = b(x, y) cannot be canceled by formal conjugacy: there should
remain some formal “invariants®. The next natural question becomes: If one cannot
formally conjugate to xd,z = 0, what is the simplest equation to which one can
conjugate ?

The following section gives a partial answer to this.

5.2 The logarithmic-alogarithmic factorization of R and its
interpretation

As it shall be proved in Section 6, we have

Theorem 3. The symmetral mould Rg admits the following factorization:
Ry =L*xS°,
where
1. L* is a purely logarithmic symmetral mould defined for (ny,...,ns) € N by
(=1°

s .
L eelts — 5! logx ifny =---=n; =0,

0 otherwise;

2. S*®is a symmetral mould with values in C[x]].

We have then
X0x Ry = x0,(L®* x S°)

= L° X (x0,S°®) + (x0,L*) x S*°

=—RgxI*®

=—L°*xS*x1I°®
and if —L°® x A®* = x0,L*, then

x0,S®+S*xI®=A"xS".
A straightforward computation shows that the mould A°® is alternal (4? = 0) and for
(ny,...,n5) €N,
s {1 ifs=1andn; =0,
0 otherwise,
so that
> A*Bay = b(0,y).

But now, if ¢"" is the formal diffeomorphism associated to S°® and z = ¢""(x, y)
with
xdxy = b(x,y),
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then, as in the computations for V7,
x0xz = xx@"" (X, y)
= xd( Y 5°Bay)
=) (x0xS* 4+ S° x I*)Bay
= Z(A’ x S*)Bey
= (Y- s°B.) (D 4%B.y)

= b(0, 9" (x,y))
= b(0,2).

Until 5(0, y) = 0, the previous results suggests that the equation xd,y = b(x, y)
cannot be formally conjugated to xd,z = 0 but, at least, it is formally conjugated to
a “normal” equation

x0xz = b(0,z) = by(z2).

Moreover, it is easy to check that the only way to conjugate xd,z = bo(z) toxdxz =0
is to use a diffeomorphism in C[log x, z], that corresponds to the mould L® in the
factorization of Rg.

6 Proofs

It remains to prove that R} = C; x V,* with

1 .
C"lwwns _ m lfl’ll = =ny :O,
4 !
0 otherwise,
and Ry = L® x §° with
1S
Ln1’~-~,ns ( ') logsx if}’ll ==y =0,
= s!
0 otherwise.

Let us suppose that C. is defined as above. Since it is symmetral, with values in
A_ = e 1B[e 1], itis clear that R? is symmetral and it remains to prove that R? has
its values in 4, = B[e]. Let 0% be the sequence with k zeros. Any non empty
sequence in J can be written nk = (O(k),nl, e Ng) = (O(k)n) withk > 0,5 >0
andn = (nq,...,ny) is such that

n=0 or n#@ but ny #0.
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It is clear now that

k
0®n e o 0©n 1 0 n
Be 7 =GV = J.Zzo =)k e

Let us consider first the case n = @, k > 1,

k
0ok 1 o)
R =2 (k — j)lek—J Ve

Jj=0

o 2": 1 (=1)ix/e
B ek = (k=)

j!
1 (1=xn)\F
k! & '

It is clear that, after expansion (in ¢), this coefficient belongs to 44 and

0k (—log x)¥ e o 0
R e T (AT )

with ) = 0for j > 1.
Let us suppose now that n = (nq,...,ns) is non empty and n; # 0. If p; =
ni + --- + n;, then, after expansion in the variable ¢, for j > 0
0n _ (= 1)/ Fsymittnstls+ie
° Jlel(pr+ (G +1De)...(ps + (j +9)e)

(_1)j+sx||'l|| Al (_1)||l||—10 .
- el Ii+1 51 Uog x)foylomts(f),
J:€ =0 lo'py .. DS
<t<s

where ||n|| =ni+--+nsl = (lo,,,,,ls), ||l|| = [0 4. +ls and ylo,...,ls(j) —
(s + oG + DA .. (j + 5)'s. We have

0©n e 05
R, =(C; xV?})
k

1 0
— i VO n
J;)(k—j)!ek—f ‘
k — k i .
_ (—=1)Sx =l gl (—1)lli=lo (logx)l" Z (—=1)7 ylorols ()
o T = k=)

Oo<t=<s
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In order to prove that Rg(k)” is in #, it is sufficient to check that, for ||I|| = [y +
e+l <k(k=1),

k .
01() ,,,,, Is (k) — Z &Vlo ,,,, ls (.]) = O
2= )1

Lettg,...,t; be s + 1 variables, then

s

ylo "(J) I Do+ ()
fj(l‘o, i) = Z T ZOO.. ths = oG+ NOFGHDI++(+5)ts

1 =0
0<t=<s
We have
910,...,15 k
2 Tyl
O<t=<s
k .
—1)/
— Z &ej(to-l-'"-i-ts)eﬂoH] +2tp+ st
(k= !
=0
— l(l _ eto+“'+ts)kest0+t]+2t2+"-+sts
k! '

It becomes clear that, in this series, if lo + - -+ + I < k, then §/0--ls (k) = 0 and this
proves that Rg(k)" is regular in &.
In the series defining R%“’", the value of Rg(k)” is then given by

H=lo
oon _ N\ (= 1)/ +s xlnl =1l -
R Z (k — )| | Z 1,011 +1(10gx)" ’ ()
D! =0 lo'py ...p
<t<s
lo+~+Ils=k

s ] (=DiHi—ho lo loms
=D > ol pl ! pls+1(10gx) 070" (k)
14>0 P1 ... Ps

0o<t<s

lo++Ts=k

k A k+s . |nl
= Z Lo(k_j) Z —(_1) * gk—Jsl15ensls (k)
: I1+1 Iy+1 :
j=0 120 D1 - Ps
1<t<s

N+tils=Jj

To prove the second factorization, it remains to prove that

(—Dk k—jilysls
Z I+ l.y+19 PR (k)

1;>0 P1 . Ps
l<t=<s

N+-+ils=Jj
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does notdependonk > j. Iflp =k —j >0and/; 4+ ---+ [y = j, then
Hk—j,ll,...,ls(k) — 010,[1,...,15(10 + ll 4t ls)

glo+-+s
= l—l_(gk(ZOa cees [s))lt()="'=ts=0
oty ... 0t
but, because of the valuation of g (o, ..., ), itis clear that if [y + --- + [y = k,
I el _ +-t i 1 +"'+ls
ek_./’lla"'als (k) _ 8IO+ +1 ((1 e’o t ) 0 )
Is e |
a0 ... oty (lo+ -+ 1) ot —0
= (-~
This proves that S*® is well-defined and that, if n # @ and ny # 0,
(k) 1
AR TEE A S S—
) g
14=0 P11+1...ps‘+1
ll-‘:sisl;=k

if pj = ny+---+n;. Of course, as Ry and L*® are symmetral, it automatically ensures
that S*® is symmetral.

7 Conclusion

Our results illustrate, in a simple situation, the interactions between Ecalle’s work and
Hopf algebras and renormalization. The same ideas can be adapted to a wide range
of problems of conjugacy of local objects (formal or analytic differential equations,
vector fields, difference equations, diffeomorphisms ...). See [6] for details.

At the formal level, one tries to conjugate such objects to a more simple one, for
instance their linear part. For differential equations and vector fields, the attempted
conjugating map is given by a character on some shuffle Hopf algebra and, when
such obstructions as resonance occur, this leads to a ill-defined character. As in our
example, some renormalization scheme can be applied and gives interesting results
on the existence of “normal forms” and “ramified” conjugating maps. The same
holds for difference equations and diffeomorphisms except that the conjugating map
is associated to a character on a quasishuffle Hopf algebra (see [6], [8]), that is to say
a “symmetrel” mould. In the case of difference equations, such characters are closely
related to multizeta values.

In addition to the difficulties of such formal problems, one can also look at the
analytic case, that is to say analytic conjugacy of analytic objects. In this case, two
new difficulties arise and interacts with renormalization.

1. Mould—comould expansions are not well suited for analytics estimates since
many terms contribute to a same monomial in the power series of the conjugating
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map. In many cases, a solution can be found in Ecalle’s work: arborification-
coarborification. Roughly speaking, the mould—comould expansion can be reor-
ganized as a series of operators indexed by trees. This often gives better estimates
that lead to analyticity and points out a new interaction between Ecalle’work and
Hopf algebras since such “tree” expansion are closely related to characters on
the Connes—Kreimer Hopf algebra of (eventually decorated) trees.

The second difficulty comes from the fact that, even after arborification-coar-
borification, the attempted conjugating map may remain formal but with some
Gevrey estimates on the coefficients. One can then obtain “sectorial” analytic
diffeomorphisms, using the usual tools of resummation, and this gives rise to a
wide range of mathematical problems on the interactions between renormaliza-
tion and resummation.
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Abstract. In this article I review the connections between Feynman integrals and multiple
polylogarithms. After an introductory section on loop integrals I discuss the Mellin—Barnes
transformation and shuffle algebras. In a subsequent section multiple polylogarithms are intro-
duced. Finally, I discuss how certain Feynman integrals evaluate to multiple polylogarithms.

1 Introduction

In this talk I will discuss techniques for the computation of loop integrals, which occur
in perturbative calculations in quantum field theory. Particle physics has become a
field where precision measurements have become possible. Of course, the increase in
experimental precision has to be matched with more accurate calculations from the
theoretical side. This is the “raison d’étre” for loop calculations: A higher accuracy is
reached by including more terms in the perturbative expansion. The complexity of a
calculation increases obviously with the number of loops, but also with the number of
external particles or the number of non-zero internal masses associated to propagators.
To give an idea of the state of the art, specific quantities which are just pure numbers
have been computed up to an impressive fourth or third order. Examples are the
calculation of the 4-loop contribution to the QCD S-function [1], the calculation of the
anomalous magnetic moment of the electron up to three loops [2], and the calculation
of the ratio of the total cross section for hadron production to the total cross section for
the production of a u™ 0™ pair in electron-positron annihilation to order O (oz;?’) [3].
Quantities which depend on a single variable are known at the best to the third order.
Outstanding examples are the computation of the three-loop Altarelli—Parisi splitting
functions [4], [5] or the calculation of the two-loop amplitudes for the most interesting
2 — 2 processes [6]-[16]. For the calculation of these amplitudes, the knowledge of
certain highly non-trivial two-loop integrals has been essential [17], [18], [19]. The
complexity of a two-loop computation increases, if the result depends on more than
one variable. An example for a two-loop calculation whose result depends on two
variables is the computation of the two-loop amplitudes for eTe™ — 3 jets [20], [21],
[22]. Butin general, if more than one variable is involved, we have to content ourselves
with next-to-leading order calculations. An example for the state of the art is here the
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computation of the electro-weak corrections to the process e e~ — 4 fermions [23],
[24].

From a mathematical point of view loop calculations reveal interesting algebraic
structures. Multiple polylogarithms play an important role to express the results of
loop calculations. The mathematical aspects will be discussed in this talk. Addi-
tional material related to loop calculations can found in the reviews [25]—[28] and the
book [29].

This paper is organised as follows: In the next section I review basic facts about
Feynman integrals. Section 3 is devoted to the Mellin—Barnes transformation. In
Section 4 algebraic structures like shuffle algebras are introduced. Section 5 deals
with multiple polylogarithms. Section 6 combines the various aspects and shows,
how certain Feynman integrals evaluate to multiple polylogarithms. Finally, Section 7
contains a summary.

2 Feynman integrals

To set the scene let us consider a scalar Feynman graph G. Figure 1 shows an example.
In this example there are three external lines and six internal lines. The momenta
flowing in or out through the external lines are labelled p;, p, and p3 and can be taken
as fixed vectors. They are constrained by momentum conservation: If all momenta
are taken to flow outwards, momentum conservation requires that

p1+p2+p3=0. 2.1

At each vertex of a graph we have again momentum conservation: The sum of all
momenta flowing into the vertex equals the sum of all momenta flowing out of the
vertex. A graph, where the external momenta determine uniquely all internal momenta
is called a tree graph. It can be shown that such a graph does not contain any closed
circuit.

Figure 1. An example of a two-loop Feynman graph with three external legs.

In contrast, graphs which do contain one or more closed circuits are called loop
graphs. If we have to specify besides the external momenta in addition / internal
momenta in order to determine uniquely all internal momenta we say that the graph
contains / loops. In this sense, a tree graph is a graph with zero loops and the graph



Feynman integrals and multiple polylogarithms 249

in Figure 1 contains two loops. Let us agree that we label the / additional internal
momenta by k; to kj.

Feynman rules allow us to translate a Feynman graph into a mathematical formula.
For a scalar graph we have substitute for each internal line j a propagator

i

qj?—mjz-—{—i(?‘

(2.2)

Here, g; is the momentum flowing through line j. It is a linear combination of the
external momenta p and the loop momenta k:

q; = q;(p,k). (2.3)

m; is the mass of the particle of line j. The propagator would have a pole for
p; = mj, or phrased differently E; = +,/p7 4+ m?. When integrating over E, the
integration contour has to be deformed to avoid these two poles. Causality dictates
into which directions the contour has to be deformed. The pole on the negative real
axis is avoided by escaping into the lower complex half-plane, the pole at the positive
real axis is avoided by a deformation into the upper complex half-plane. Feynman
invented the trick to add a small imaginary part i§ to the denominator, which keeps
track of the directions into which the contour has to be deformed. In the following the
i 6-term is omitted in order to keep the notation compact.

The Feynman rules tell us also to integrate for each loop over the loop momentum:

d*k,

a0 (2.4)

However, there is a complication: If we proceed naively and write down for each
loop an integral over four-dimensional Minkowski space, we end up with ill-defined
integrals, since these integrals may contain ultraviolet or infrared divergences! There-
fore the first step is to make these integrals well-defined by introducing a regulator.
There are several possibilities how this can be done, but the method of dimensional
regularisation [30], [31], [32] has almost become a standard, as the calculations in
this regularisation scheme turn out to be the simplest. Within dimensional regular-
isation one replaces the four-dimensional integral over the loop momentum by an
D-dimensional integral, where D is now an additional parameter, which can be a
non-integer or even a complex number. We consider the result of the integration as a
function of D and we are interested in the behaviour of this function as D approaches 4.
It is common practice to parameterise the deviation of D from 4 by

D =4-—2¢. (2.5)

The divergences in loop integrals will manifest themselves in poles in 1/e. In an
I-loop integral ultraviolet divergences will lead to poles 1/¢! at the worst, whereas
infrared divergences can lead to poles up to 1/£2/. We will also encounter integrals,
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where the dimension is shifted by units of two. In these cases we often write
D =2m — 2¢, (2.6)

where m is an integer, and we are again interested in the Laurent series in ¢.

Let us now consider a generic scalar /-loop integral /g in D = 2m — 2¢ dimen-
sions with n propagators, corresponding to a graph G. Let us further make a slight
generalisation: For each internal line j the corresponding propagator in the integrand
can be raised to a power v;. Therefore the integral will depend also on the numbers
Vi,..., V. We define the Feynman integral by

dPk, ” 1
Ig = (e u*®) /|| ) 2.7
G l]t2 ( q] +m2)vj ( )

The momenta g; of the propagators are linear combinations of the external momenta
and the loop momenta. Inequation (2.7) there are some overall factors, which I inserted
for convenience: 1 is an arbitrary mass scale and the factor ;?¢ ensures that the mass
dimension of equation (2.7) is an integer. The factor e®¥Z avoids a proliferation of
Euler’s constant

n

yg = lim (Zl,—ln n) = 0.5772156649... (2.8)

n—>oo
=1/

in the final result. The integral measure is now d 2k /(i w °/?) instead of d Pk / (27) P,
and each propagator is multiplied by i. The small imaginary parts i § in the propagators
are not written explicitly.

How to perform the D-dimensional loop integrals ? The first step is to convert the
products of propagators into a sum. This can be done with the Feynman parameter
technique. In its full generality it is also applicable to cases, where each factor in the
denominator is raised to some power v. The formula reads:

1 I'(v) i (120 x) -
v = d ! N T V= Vi. (29)
1 11ro )0/ lj )(Z ~i%i i) 2

i=1

Applied to equation (2.7) we have

n n

D oxiPi =) xi(—q} +m}). (2.10)

i=1 i=1
One can now use translational invariance of the D-dimensional loop integrals and
shift each loop momentum k, to complete the square, such that the integrand depends
only on k2. Then all D-dimensional loop integrals can be performed. As the integrals
over the Feynman parameters still remain, this allows us to treat the D-dimensional
loop integrals for Feynman parameter integrals. One arrives at the following Feynman
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parameter integral [33]:

Uv— (I+1)D/2

1
IG — (€8VE/L28)I F(l:l_—ll)/z) <l_[ dx Vj 1)5(1 _le W
[ITQ) o J= i=1
j=1

(2.11)
The functions U and ¥ depend on the Feynman parameters. If one expresses

Zx]( q} +m?) ZZk M,k +sz 0,—J, (2.12)

Jj= r=1s=1

where M is al x [ matrix with scalar entries and Q is a [-vector with fourvectors as
entries, one obtains

U =det(M), F =det(M)(—J + O0M~1Q). (2.13)

Alternatively, the functions U and ¥ can be derived from the topology of the corre-
sponding Feynman graph G. Cutting / lines of a given connected /-loop graph such
that it becomes a connected tree graph T defines a chord €(T, G) as being the set of
lines not belonging to this tree. The Feynman parameters associated with each chord
define a monomial of degree /. The set of all such trees (or 1-trees) is denoted by
71. The 1-trees T € 77 define U as being the sum over all monomials corresponding
to the chords €(T, G). Cutting one more line of a 1-tree leads to two disconnected
trees (71, T»), or a 2-tree. T3 is the set of all such pairs. The corresponding chords
define monomials of degree [ + 1. Each 2-tree of a graph corresponds to a cut defined
by cutting the lines which connected the two now disconnected trees in the original
graph. The square of the sum of momenta through the cut lines of one of the two
disconnected trees 77 or T, defines a Lorentz invariant

3 pj)z. (2.14)

JE€E(T,G)

The function ¥y is the sum over all such monomials times minus the corresponding
invariant. The function ¥ is then given by ¥y plus an additional piece involving the
internal masses ;. In summary, the functions U and ¥ are obtained from the graph

as follows:
U= Z[ 1_[ xj],

TeTy jee(T,G)

o= 3 [ I w]esm.
; (2.15)
(Ty,T2)eT> j€€(T1,G)
n

F = 'Vo—l-‘Llejsz-.

Jj=1
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In general, U is a positive semi-definite function. Its vanishing is related to the UV
sub-divergences of the graph. Overall UV divergences, if present, will always be
contained in the prefactor I'(v — /D/2). In the Euclidean region, ¥ is also a positive
semi-definite function of the Feynman parameters x;.

As an example we consider the graph in Figure 1. For simplicity we assume that
all internal propagators are massless. Then the functions U and ¥ read:

U = X15X23 + X15X46 + X23X46.

F = (x1Xx3X4 + X5X2X6 + X1X5X2346) (—P%) (2.16)
+ (X6X3X5 + X4X1X2 + X4X6X1235) (‘P%) '

+ (X2X4X5 + X3X1X6 + X2X3X1456) (—P3) -

Here we used the notation that x;; _, = x; + x; + -+ 4+ X,.

Finally let us remark, that in equation (2.7) we restricted ourselves to scalar inte-
grals, where the numerator of the integrand is independent of the loop momentum. A
priori more complicated cases, where the loop momentum appears in the numerator
might occur. However, there is a general reduction algorithm, which reduces these ten-
sor integrals to scalar integrals [34], [35]. The price we have to pay is that these scalar
integrals involve higher powers of the propagators and/or have shifted dimensions.
Therefore we considered in equation (2.6) shifted dimensions and in equation (2.7)
arbitrary powers of the propagators. In conclusion, the integrals of the form as in
equation (2.7) are the most general loop integrals we have to solve.

3 The Mellin-Barnes transformation

In Section 2 we saw that the Feynman parameter integrals depend on two graph
polynomials U and ¥, which are homogeneous functions of the Feynman parameters.
In this section we will continue the discussion how these integrals can be performed
and exchanged against a (multiple) sum over residues. The case, where the two
polynomials are absent is particular simple:

1

z b1 z I Ty
/(]]:[1 dx; x} )5(1 —l;xi) - F(v1]+--~+vn)' 3.1)

0

With the help of the Mellin—Barnes transformation we now reduce the general case to
equation (3.1). The Mellin—Barnes transformation reads

ioo ioo
_ 1 1
(A1+A2+.+An) C‘= F(C)W / dUl / do—n—l (32)
—ioo —ioo

X [(=01)...T(=0on—1)T(01 + -+ 0p_1 +¢) AT .. AT A O T Onm17C,

o n—1
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Each contour is such that the poles of I'(—0o) are to the right and the poles of I' (o + ¢)
are to the left. This transformation can be used to convert the sum of monomials of the
polynomials U and ¥ into a product, such that all Feynman parameter integrals are
of the form of equation (3.1). As this transformation converts sums into products it is
the “inverse” of Feynman parametrisation. Equation (3.2) is derived from the theory
of Mellin transformations: Let &(x) be a function which is bounded by a power law
forx - O0and x — o0, e.g.

|h(x)| < Kx™°° forx — 0,

33
|h(x)| < K'x°t for x — oo. (3-3)
Then the Mellin transform is defined for c9 < Reo < c¢; by
oo
hy(o) = /dx h(x) x° L. (3.4)
0
The inverse Mellin transform is given by
y+ioco
1
h(x) = — / do hpy (o) x7°. (3.5)
2mi
y—ioo

The integration contour is parallel to the imaginary axis and ¢y < Rey < c;. As an
example for the Mellin transform we consider the function

c

X

with Mellin transform Aps(0) = ['(—0)T'(0 + ¢)/T'(c). For Re(—c) < Rey < 0
we have

y+ioo r r
¥ / do TEDTOFO o 3.7)
(1 + x)°¢ F(c)
y ioco
From equation (3.7) one obtains with x = B/A the Mellin—Barnes formula
y+ioco
I'(—o)l
(A+ B)™ = / do LEDTO T 4o po—e (3.8)
I'(c)
y—ioo

Equation (3.2) is then obtained by repeated use of equation (3.8).
With the help of equation (3.1) and equation (3.2) we may exchange the Feynman
parameter integrals against multiple contour integrals. A single contour integral is of
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the form

y+ioco

1 / dJI‘(o 4+ay)...I'(c+am) T(—=0 +by)...T'(—0 + by) o
F'o+c)...I'(0+¢cp) I'(—o +dy)...T'(—0 +dy)

y—i0o
(3.9)
If max (Re(—ay), ...,Re(—a;)) < min (Re(by),. .., Re(by)) the contour can be cho-
sen as a straight line parallel to the imaginary axis with

max (Re(—ay),...,Re(—a;)) < Re y < min (Re(by),...,Re(by)), (3.10)

otherwise the contour is indented, such that the residues of I' (o +ay), ..., ['(0 + am)
are to the right of the contour, whereas the residues of I'(—o + b1), ..., ['(—o + by,)
are to the left of the contour. We further set

a=m-+n—p-—g¢q,
p=m—-n-p+gq

m n 14 q
A =Re(Zaj +ij —ch—zdj)—%(m'F”_P_Q)-
j=1 j=1 Jj=1 Jj=1

Then the integral equation (3.9) converges absolutely for « > 0 [36] and defines an
analytic function in

(3.11)

) bid
larg x| < min (n,aa) . (3.12)

The integral equation (3.9) is most conveniently evaluated with the help of the residuum
theorem by closing the contour to the left or to the right. Therefore we need to know
under which conditions the semi-circle at infinity used to close the contour gives a
vanishing contribution. This is obviously the case for |x| < 1 if we close the contour
to the left, and for |x| > 1, if we close the contour to the right. The case |x| = 1
deserves some special attention. One can show that in the case 8 = 0 the semi-circle
gives a vanishing contribution, provided

A< —1. (3.13)

To sum up all residues which lie inside the contour it is useful to know the residues of
the Gamma function:

res(I'(c +a),0 = —a—n) = (_1')71’
(_”1-),, (3.14)
res (['(—o +a),0c =a+n)=— 0

In general, one obtains (multiple) sum over residues. In particular simple cases the
contour integrals can be performed in closed form with the help of two lemmas of
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Barnes. Barnes first lemma states that

ﬁ / doT(@a+ao)'(b+o0)(c—0)(d—-o0)
ieo (3.15)
_Tla+al@+d)I'(b+c)l'(b+4d)

- Ta+b+c+d)

if none of the poles of I (a+0') ' (b+0) coincides with the ones from I' (c—0)I"(d —0).
Barnes second lemma reads

9

o
2mi Fra+b+c+d+e+o
s ( ) (3.16)

_Tla+dTd+d)(c+d)l'(a+e)l(b+e)l(c+e)
C Ta+b+d+e)Ta+c+d+e)[(b+c+d+e)’
Although the Mellin—Barnes transformation has been known for a long time, the

method has seen a revival in applications in recent years [37], [38], [39], [17], [18],
[19], [40]-[49].

o 1 D@+ +0)(c + ) (d — o)l (e — 0)

4 Shuffle algebras

Before we continue the discussion of loop integrals, it is useful to discuss first shuffle
algebras and generalisations thereof from an algebraic viewpoint. Consider a set of
letters A. The set A is called the alphabet. A word is an ordered sequence of letters:

w=1Illy...l. “4.1)

The word of length zero is denoted by e. Let K be a field and consider the vector
space of words over K. A shuffle algebra A on the vector space of words is defined
by
(hly. ) - 1) = Y lolo) - loe)- (4.2)
shuffles O
where the sum runs over all permutations o, which preserve the relative order of
1,2,...,kand of k + 1,...,r. The name “shuffle algebra” is related to the analogy
of shuffling cards: If a deck of cards is split into two parts and then shuffled, the
relative order within the two individual parts is conserved. The empty word e is the
unit in this algebra:
e-w=w-e=w. 4.3)

A recursive definition of the shuffle product is given by

(hlz...l) - (regr - 1r)

“4.4)
=Lz b)) egr - D)+ ler (il D) - Ukt -2 1))
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It is well known fact that the shuffle algebra is actually a (non-cocommutative) Hopf
algebra [50]. In this context let us briefly review the definitions of a coalgebra, a
bialgebra and a Hopf algebra, which are closely related: First note that the unit in an
algebra can be viewed as a map from K to A and that the multiplication can be viewed
as a map from the tensor product A ® A to A (e.g. one takes two elements from A,
multiplies them and gets one element out).

A coalgebra has instead of multiplication and unit the dual structures: a comultipli-
cation A and a counit e. The counitis a map from A4 to K, whereas comultiplication is a
map from A to A ® A. Note that comultiplication and counit go in the reverse direction
compared to multiplication and unit. We will always assume that the comultiplication
is coassociative. The general form of the coproduct is

Aa)=) a’ ®a?, 4.5)
i

where a,.(l) denotes an element of A appearing in the first slot of A ® A and al.(z)
correspondingly denotes an element of A appearing in the second slot. Sweedler’s
notation [51] consists in dropping the dummy index i and the summation symbol:

Ala) = a® ® a?® (4.6)

The sum is implicitly understood. This is similar to Einstein’s summation convention,
except that the dummy summation index i is also dropped. The superscripts () and
@ indicate that a sum is involved.

A bialgebra is an algebra and a coalgebra at the same time, such that the two struc-
tures are compatible with each other. Using Sweedler’s notation, the compatibility
between the multiplication and comultiplication is expressed as

Aa-b) = (aV-2W) ® (a@-b@). 4.7)

A Hopf algebra is a bialgebra with an additional map from A to A, called the
antipode S, which fulfils

a®.5@®)=5@a").a® =0 fora #e. (4.8)

With this background at hand we can now state the coproduct, the counit and the
antipode for the shuffle algebra: The counit e is given by:

ele)=1, e(lilr...ln)=0. 4.9)
The coproduct A is given by:

k
Al ) =) (g1 ) ® (... 1) (4.10)
Jj=0

The antipode S is given by:
S(hiy...Iy) = (=D)* Lle_y ... 1. (4.11)



Feynman integrals and multiple polylogarithms 257

The shuffle algebra is generated by the Lyndon words. If one introduces a lexicographic
ordering on the letters of the alphabet A, a Lyndon word is defined by the property

w<v (4.12)

for any sub-words u and v such that w = uv.

An important example for a shuffle algebra are iterated integrals. Let [a, D] be a
segment of the real line and fi, f>, ...functions on this interval. Let us define the
following iterated integrals:

b 1 tx—1
Ifi fore.o fiianb) = / Altdn / F)dts ... [ fdn (@.13)

For fixed a and b we have a shuffle algebra:
I(f1: far s fisa b) - I (figas- - fria,b)
= Z I(fo'(l), fU(z)"“’fU(r);a,b), (414)

shuffles 0

where the sum runs over all permutations o, which preserve the relative order of
1,2,...,kandof k +1,...,r. The proof is sketched in Figure 2. The two outermost
integrations are recursively replaced by integrations over the upper and lower triangle.

153 15} 5]

n 141 h

Figure 2. Sketch of the proof for the shuffle product of two iterated integrals. The integral over
the square is replaced by two integrals over the upper and lower triangle.

We now consider generalisations of shuffle algebras. Assume that for the set of
letters we have an additional operation

(.,.);A®RA— A,
I ® I = (11, 12),

which is commutative and associative. Then we can define a new product of words
recursively through

(hly.. D) * Ugr - L) =L (oo B) % (lggr - )]
+lerr [l D) * (kg - 1)) (4.16)
+ (U e ) (2o D) * (g2 - 1))

(4.15)
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This product is a generalisation of the shuffle product and differs from the recursive
definition of the shuffle product in equation (4.4) through the extra term in the last line.
This modified product is known under the names quasi-shuffle product [52], mixable
shuffle product [53] or stuffle product [54]. Quasi-shuffle algebras are Hopf algebras.
Comultiplication and counit are defined as for the shuffle algebras. The counit e is
given by

ee)=1, e(lilr...I)=0. (4.17)
The coproduct A is given by:

k
Ahly...l) =Y (1. k) ® (L. 1;). (4.18)

j=0

The antipode S is recursively defined through

k—1
Shly...l)y=—hly.. k=Y S (.. le) = (... 1) (4.19)
=1

An example for a quasi-shuffle algebra are nested sums. Let n, and np be integers
with n, < np and let f1, f2, ...be functions defined on the integers. We consider the
following nested sums:

np i1—1 ix—1—1
SU1s foros fisnanp) = D fili) Y falia)- Y fulin)  (420)

For fixed n, and np we have a quasi-shuffle algebra:

S(fls f2"" 7fk;”a,nb) * S(fk—f-lv---’fr;”a,”b) (421)

= Y fG) S(fareoos fiinais = 1) % S(fixt - frina,iv — 1)

i1=ngq

+ > feUD) SU for s fiinan j1 = 1) % S(fixan - fring, j1 = 1)

J1=nqa

+ 3 AOS) S fiinari = 1) 5 S(fesas s frinai —1)

i=ng

Note that the product of two letters corresponds to the point-wise product of the two
functions:

(fir [))(n) = fi(n) f; (n). (4.22)

The proof that nested sums obey the quasi-shuffle algebra is sketched in Figure 3. The
outermost sums of the nested sums on the L.h.s of (4.21) are split into the three regions
indicated in Figure 3.
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Figure 3. Sketch of the proof for the quasi-shuffle product of nested sums. The sum over the
square is replaced by the sum over the three regions on the r.h.s.

S Multiple polylogarithms

In the previous section we have seen that iterated integrals form a shuffle algebra, while
nested sums form a quasi-shuffle algebra. In this context multiple polylogarithms form
an interesting class of functions. They have a representation as iterated integrals as
well as nested sums. Therefore multiple polylogarithms form a shuffle algebra as well
as a quasi-shuffle algebra. The two algebra structures are independent. Let us start
with the representation as nested sums. The multiple polylogarithms are defined by
xi 1 xlick

lel,...,mk(xlv---’xk) = § TR T
1 15

(5.1)

i1>ip>..>i>0

The multiple polylogarithms are generalisations of the classical polylogarithms Li, (x)
[55], whose most prominent examples are

>, xi1 >, xi1
Lij(x) = ) =— =—In(1—x), Lix(x)= ) =, (5.2)
—~ I = 4
i1=1 i1=1
as well as Nielsen’s generalised polylogarithms [56]
Sn,p(x) =Lin+1,1,...,1(xv17-"71)7 (53)
——
p—1
and the harmonic polylogarithms [57]
Hupy,..jm (x) = Limy,m (X, 1,00, 1), (5.4
~——
k—1

Multiple polylogarithms have been studied extensively in the literature by physicists
[57]-[70] and mathematicians [54] and [71]-[81].

In addition, multiple polylogarithms have an integral representation. To discuss the
integral representation it is convenient to introduce for zx # 0 the following functions

13 fg—1

y
dty dty dty
G(z1,...,2k;y) = . 5.5
@ 2 ) /f1—21/f2—22 /tk—Zk )
0 0

0
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In this definition one variable is redundant due to the following scaling relation:

G(z1,. 2k y) = G(xz1, ..., X2k XY) (5.6)
If one further defines
g(z:y) = 5 iz, (5.7)
then one has
dd—yG(zl, ces 2k y) = 8213 )G (22, ..., 2R3 V) (5.8)
and
¥y
G(z1,22,..., 2k} y) = /dl g(z1;1)G(za, ..., zk; ). (5.9)

One can slightly enlarge the set and define G(0, . .., 0; y) with k zeros for z; to zx to
be

1
GO.....0:y) =  (In k. (5.10)
This permits us to allow trailing zeros in the sequence (z1, . . ., Zx ) by defining the func-

tion G with trailing zeros via (5.9) and (5.10). To relate the multiple polylogarithms
to the functions G it is convenient to introduce the following short-hand notation:

Gy (21,0 2k y) = G(0,...,0,21, ..., Zk—1,0...,0, 2 y) (5.11)
~—— ——
mp—1 myg—1
Here, all z; for j =1, ..., k are assumed to be non-zero. One then finds
. 1 1 1
lel,...,mk(xl,- C X)) = (_l)kal,...,mk (_’ seees ;1) . (5.12)
X1 X1X2 X1 ... Xk

The inverse formula reads

. y Z Zk—
Gy (211252 Y) = (=D)F Lip, s (—, L 1). (5.13)
Z1 Zz Zk

Equation (5.12) together with (5.11) and (5.5) defines an integral representation for the
multiple polylogarithms. To make this more explicit I first introduce some notation
for iterated integrals

A A tn %)

dt dt dt dt,_ dt
/ oo =/ n / n1 x-‘-x/ L (5.14)
I —ap r—a; Ih—an ) Ih—1—an—1 h—a
0 0 0

0

and the short hand notation:

A A
dt ™ odt dt dt dt

/ at /_ T (5.15)
t t ‘—a

0 0

mtlmes
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The integral representation for Liy,, .. m, (X1, ..., Xk ) reads then

1
_ dt \"~ ! dr
Limg o 100 = CF [ ()
0 ! (5.16)

(dt )”‘2‘1 dt (dl )’”k‘l dt
t t—b, t t—by’

where the b;’s are related to the x;’s

1
hj= ———. (5.17)

X1X2 ... Xj

Up to now we treated multiple polylogarithms from an algebraic point of view.
Equally important are the analytical properties, which are needed for an efficient
numerical evaluation. As an example I first discuss the numerical evaluation of the
dilogarithm [82]:

n

Lis(x) = —/drln(lt—_” =3 (5.18)
0

n2
n=1

The power series expansion can be evaluated numerically, provided |x| < 1. Using

the functional equations

1 2 1

Lix(x) = —Liz(—) - — — = (In(-x))?,
6 2

X 5 (5.19)

Lir(x) = —Lis(1 — x) + % —In(x) In(1 — x).

any argument of the dilogarithm can be mapped into the region |x| < 1 and —1 <
Re(x) < 1/2. The numerical computation can be accelerated by using an expansion
in [—In(1 — x)] and the Bernoulli numbers B;:

o0

Liz(x) =Y G ffl)! (—In(1 — x))' !, (5.20)
i=0

The generalisation to multiple polylogarithms proceeds along the same lines [67]:
Using the integral representation

Gm1 ..... mip (21722""7Zk;y) (5'21)

y
/(dt )ml—l dt (dt )mz—l dt (dt )mk—l dt
= — O — 0 ...l —o
t t—zy \ t t—2zp t I —2Zg
0
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one transforms all arguments into a region, where one has a converging power series
expansion:

oo (e.¢] 1

GM1,...,mk(Zl9'--’Zk;y) = Z Z

n=1  j=1 (jl +o

e () e (2)
X =) ...—= = .
(2 + -+ jr)" \z (Ji)™e \ zg

The multiple polylogarithms satisfy the Holder convolution [54]. For z; # 1 and
zy # O this identity reads

—)jl (5.22)

e

G(z1,...,zw: 1) (5.23)
- : 1 1
= Z(—l)/G(l —zil—zj_q,...,l—z;1— —) G(zj+1,...,zw;—).
= p p

The Holder convolution can be used to accelerate the convergence for the series rep-
resentation of the multiple polylogarithms.

6 Laurent expansion of Feynman integrals

Let us return to the question on how to compute Feynman integrals. In Section 3 we
saw how to obtain from the Mellin—Barnes transformation (multiple) sums by closing
the integration contours and summing up the residues. As a simple example let us
consider that the sum of residues is equal to

o0

Z F'G+a+1e)l G+ az + the) L
TG+ DTG +az + tz¢)

(6.1)

i=

Here a;, a; and a3 are assumed to be integers. Up to prefactors the expression in
equation (6.1) is a hyper-geometric function , F;. We are interested in the Laurent
expansion of this expression in the small parameter . The basic formula for the
expansion of Gamma functions reads

Fn+e)=TA+e)T)[1+eZi(n—1)+&Zi1(n—1)

3 1 (6.2)
+eZinim—-0D)+---+¢ Zi1.1(n—=1)],
where Zp,, | ....m, (n) are Euler—Zagier sums defined by
1 1
Zml,.,.,mk (n) = Z Ty g (6.3)

1 Lk

n>i|>ip>...>ix>0
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This motivates the following definition of a special form of nested sums, called Z-
sums:
i ik
X X
Z(M;my, .o Mg X1,y XE) = Z —;11%1( 6.4)
n>i1>ip>..>ix >0 lk
k is called the depth of the Z-sum and w = m; + --- + my is called the weight. If
the sums go to infinity (n = oco) the Z-sums are multiple polylogarithms:

Z(oosmy,...,Mg;X1, ..., Xk) = Limy . my (X1,..., Xk). (6.5)
For x; = -+ = xx = 1 the definition reduces to the Euler—Zagier sums [83], [84]:
Znimy,....mi; 1, 000 1) = Zy, o (). (6.6)
Forn = oo and x; = --- = x; = 1 the sum is a multiple ¢-value [54]:
Z(oosmy,...,mp; 1, .00 1) = Cmy g (6.7)

The usefulness of the Z-sums lies in the fact, that they interpolate between multiple
polylogarithms and Euler—Zagier sums. The Z-sums form a quasi-shuffle algebra.

Using I'(x 4+ 1) = xI'(x), partial fractioning and an adjustment of the summation
index one can transform equation (6.1) into terms of the form

i I +.t18).F(i + tr¢) x_ 68
= F@ra + tse) im
where m is an integer. Now using equation (6.2) one obtains
O4+et1Z1i—1)+--- ) +etZ7G—=1)+---) X'
r - 6.9
( +8)Z A+et3Z:Gi—1)+--+) im ©9)

i=1

Inverting the power series in the denominator and truncating in € one obtains in each
order in ¢ terms of the form

S i
X . . .
D i Zmimic = D Z (= D) Z gy (0 = 1) (6.10)

i=1

Using the quasi-shuffle product for Z-sums the three Euler—Zagier sums can be re-
duced to single Euler—Zagier sums and one finally arrives at terms of the form

Ooxi
D T (= 1), (6.11)

i=1

which are special cases of multiple polylogarithms, called harmonic polylogarithms
Hymy,...m; (x). This completes the algorithm for the expansion in & for sums of the
form as in equation (6.1).
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The Hopf algebra of Z-sums has additional structures if we allow expressions of
the form

X

nmo

Z(n;my,...,ME; X1, ..., Xk), (6.12)

e.g. Z-sums multiplied by a letter. Then the following convolution product

n—1 yn—i

SN L zi-1) A Zh—i—1;..) (6.13)
= jm (n—1i)m

can again be expressed in terms of expressions of the form (6.12). In addition there is
a conjugation, e.g. sums of the form

i

—Z('z) (—1) ;C—mZ(i;...) (6.14)
i=1

can also be reduced to terms of the form (6.12). The name conjugation stems from
the following fact: To any function f(n) of an integer variable n one can define a
conjugated function C o f(n) as the following sum

¢ s =2 (1) s 6.15)

i=1
Then conjugation satisfies the following two properties:
Col=1,
CoCo f(n) = f(n).

Finally there is the combination of conjugation and convolution, e.g. sums of the form

(6.16)

o R yni
— -1 =Z@G;...) ————Zn—i;... 6.17
(7)o i G e iy 1)
can also be reduced to terms of the form (6.12). These properties can be used to expand
more complicated transcendental functions like

(o ol e}

D3 L@ +a) TG+a)T(+b1)

S Ti+d) " Tli+a)T(+b) 6.18)
LG+b)lGi+j+c) TGE+j+cem)

TG AT+ +c) T TG+ )

J

or

i+ \TG+a) TG+a)T(+b)
;;( J )I’(i+a/1)”'F(i+a}€)F(J'+b/1)m 6.19)
PGABITG+j+e) TG+j+em) 5 |

TG +b)TG+j+c) TGi+j+cp
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Examples for functions of this type are the first and second Appell function F; and
F,. Note that in these examples there are always as many Gamma functions in the
numerator as in the denominator. We assume that all a,, a),, b,, b}, ¢, and c,, are of
the form “integer + const - &”.

The first type can be generalised to the form “rational number 4 const - €7, if the
Gamma functions always occur in ratios of the form

I'(n—{—a—g—}—bs)
F(n+c—7+de)

(6.20)

where the same rational number p/g occurs in the numerator and in the denominator
[66]. In this case we have to replace equation (6.2) by

Fr(1l—2+4+¢r'(n+1-2
F(n+1—£+s)= (1=g+e) (p ) (6.21)
RSN E e !
Xexp(— p3 (rs) ];8 2 ~n,k,rq)),
which introduces the g-th roots of unity
i
ry =exp ( nqlp) . (6.22)

In summary these techniques allow a systematic procedure for the computation of
Feynman integrals, if certain conditions are met. These conditions require that factors
of Gamma functions are balanced like in equation (6.18) or equation (6.19) [63], [66].
The algebraic properties of nested sums and iterated integrals discussed here are well-
suited for an implementation into a computer algebra system and several packages for
these manipulations exist [58], [85], [86], [87], [88].

7 Conclusions

In this article I discussed the mathematical structures underlying the computation of
Feynman loop integrals. One encounters iterated structures as nested sums or iterated
integrals, which form a Hopf algebra with a shuffle or quasi-shuffle product. Of
particular importance are multiple polylogarithms. The algebraic properties of these
functions are very rich: They form at the same time a shuffle algebra as well as
a quasi-shuffle algebra. Based on these algebraic structures I discussed algorithms
which evaluate Feynman integrals to multiple polylogarithms.
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