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Abstract. We use the methods of [1] to show that the planar part of the
renormalized perturbation theory for ¢j}-euclidean field theory is Borel-
summable on the asymptotically free side of the theory. The Borel sum can
therefore be taken as a rigorous definition of the N—oco limit of a massive
N x N matrix model with a + trge* interaction, hence with “wrong sign” of g.
Our construction is relevant for a solution of the ultra-violet problem for
planar QCD. We also propose a program for studying the structure of the
“renormalons” singularities within the planar world.

I. Introduction

The standard problem in constructive field theory is to prove the existence of
“models” which represent realistic interacting fields. Ultimately it should give a
rigorous mathematical construction of the models which are used in the
description of modern particle physics, namely the gauge theories. So far
constructive field theory has not been able to provide the construction of any
interacting model in 4 dimensions of space-time. To construct the 4-dimensional
theories requires in our opinion a complete analysis of their relationship to
renormalized perturbation theory. This does not mean that we do not believe in
the existence of “non perturbative” effects in 4-dimensional gauge theories. There
is good heuristic evidence for the existence of such effects. However we think that it
is unlikely that a rigorous construction of these theories in the continuum can be
obtained before the perturbative phenomena have been investigated in detail and
brought under rigorous control.

Itis known in particular that in 4-dimensional renormalizable field theories the
renormalization deeply modifies the behavior of Feynman amplitudes. Some
individual amplitudes become so large that alone they seem to dominate the large
order behavior of perturbation theory. We think that this phenomenon, which has
been analyzed in various heuristic ways [2-6], should be rigorously understood
and controlled. A first step in this direction was accomplished in [1], where the
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necessary methods were developed to evaluate systematically and rigorously the
size of the renormalization effects. To go further one would like to have rigorous
information on the existence, the position and the analytic structure of the
singularities that these large renormalization effects may induce, and to which we
give the generic name of “renormalons” after [4]. We regard the present paper as a
step in this direction. Using the methods of [1] we provide a rigorous perturbative
construction of planar 4-dimensional massive asymptotically free field theories at
weak coupling by proving the Borel summability of their perturbative expansion®.
Since it is very likely that the renormalon singularities are responsible for the
divergence of this expansion, the fact that we are able to prove its Borel
summability is an indication that these singularities might be controlled by
perturbative methods. In fact we propose to see the planar world as a laboratory to
study in detail the heuristic results about both infra-red and ultra-violet
renormalons. We explain this proposal in more detail in Sect. IV.

Before we describe further our results let us emphasize what makes them truly
different from other results on Borel summability of perturbative expansions in
quantum mechanics or quantum field theory [12-16]. Let us consider the standard
Euclidean scalar field with a + go* interaction in dimension d of space time. In the
rest of this paper we adopt the unusual but useful convention that this +ge*
interaction is in the Lagrangian, hence it corresponds to the “wrong” negative sign
of ¢* in the Hamiltonian. The renormalized perturbation expansion in the
coupling constant for a Schwinger function S can be written as:

S= 2 g"a,, L.1)
n=1
a,= Y IE, (L2)
G/n(G)=n

which means that the n'® order of the perturbative expansion, a,, is the sum over all
graphs with n vertices of the corresponding renormalized Feynman amplitudes I&.
However, one cannot take directly (I.1) as a rigorous definition of S because the
radius of convergence in g of the right-hand side of (I.1) should be 0 [17] [proofs of
this statement have been obtained only for superrenormalizable interactions:
P(¢), [18] and ¢% [19]]. Nevertheless in the superrenormalizable case a
connection does exist between the two members of Eq. (I.1); it has been proved
that the left-hand side is quite generally the Borel sum of the right-hand side
[12-15]. We would like to emphasize that in all these cases Borel summability is
obtained a posteriori; by this we mean that one gives first a rigorous definition of
the Schwinger functions S in (L.1), generally as the moments of a probability
measure on S'(RY) (functional integral formalism). Then one verifies that the S
defined in this way satisfy, as functions of g, the hypotheses of one of the standard
theorems on Borel summability [20-22]. It is not a completely perturbative proof
since it uses the independent definition of S via the functional integral. Therefore
the question naturally arises: can perturbative field theory be a fully constructive
method, in non-trivial, interesting cases? In particular, if there does not seem to be

1 For a discussion of the relationship of our work to the similar program of ’t Hooft [7-10], we
refer to [11]; we notice simply here that both methods and perspectives are quite different
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any good definition of S via functional integrals but if one suspects the series in the
right-hand side of (I.1) to be Borel summable, is it possible to prove it and to take
the Borel sum of the right-hand side of (I.1) as the rigorous definition of S?

The naive answer to this question would probably be: no. By purely
perturbative methods, the Borel transform of the perturbative expansion has been
proved to exist near the origin in the Borel plane in rather general cases like ¢* in
any dimension where it is renormalizable [1, 23]; but this has been accomplished
via absolute upper bounds on Feynman amplitudes. To prove Borel summability
for nontrivial divergent series made of complicated Feynman amplitudes seems to
require such an extremely delicate control of all sorts of cancellations between
pieces of the expansion with different signs that it looks almost desperate.
Therefore it may be a surprise that as a consequence of this paper at least a
partial “yes” can be answered to the above question. What will be shown in the
next sections is that if one restricts the summation in (I.2) to planar graphs the
right-hand side of (I.1) is a Borel summable power series in dimension 4 and for
g >0 (asymptotically free case). This result is obtained by a purely perturbative
method in which one only looks carefully at the Feynman amplitudes, cuts them
into a lot of pieces, and does carefully controlled partial (Borel) resummations of
some of these pieces.

We understand that the restriction to planar graphs is an enormous
simplification which trims most of the graphs in the original expansion;
nevertheless because of the presence of “renormalons” in the planar expansion we
expect the series we have Borel-summed to be fully nontrivial ones with O-radius of
convergence (see Sect. IV); moreover the restriction to planarity is not arbitrarys; it
is motivated by the desire to construct rigorously the large N limit of, say, QCD
with gauge group SU(N). Although the method presented in this paper is not yet
able to provide this construction, which involves a control of infrared (or strong
coupling) problems too, we think it represents a solution of the ultraviolet problem
for planar QCD, and gives some hopes for a complete construction, including
massless particles. We would like also to emphasize that large sections of this paper
apply to the non-planar case as well; only convergence theorems in Appendix B
fail because of the large number of non-planar graphs. This seems an encouraging
remark for the study of finite component models with our methods.

The organization of this paper is as follows: in Sect. II we define the model
which will be constructed; we also review briefly the recent results on planar
models and the motivations to study them. For completeness we recall some of the
notions introduced in [ 1] which are crucial for the rest of the paper. In Sect. I1I we
state our main theorem. We explain how to rewrite the planar expansion in terms
of “dressed amplitudes.” using the technique of the Appendix in [24]. Also we
underline the main unexpected difficulty we met; to bound some special regions of
integration in some dressed amplitudes requires a particularly delicate analysis. In
Sect. IV we discuss several open problems and possible extensions of our work.

We include a brief discussion of present ideas about the “renormalon”
singularities. Finally Appendices A-C are devoted to technical proofs;
Appendix A deals with the process of “dressing” in the amplitudes (some earlier
examples of this kind of ideas can be found in [19, 24]); Appendices B and C
establish the various bounds necessary for the proof of Theorems II1.2 and I11.3;
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they depend heavily on [1]. The reader unfamiliar with the technicalities of [1]
might be mostly interested by this introduction, the first part of Sect. Il and
Sects. III and IV.

II. The Planar Model

11.1. Motivations

The usual perturbative expansion does not describe correctly the long distance
dynamics of non-abelian gauge field theories. It is therefore extremely interesting
to develop other approximation schemes for these theories. The most promising
ones are the lattice regularization of gauge theories and the 1/N expansion.
However it seems that rigorous studies of the continuum limit of lattice theories
rely always on some sorts of correlation inequalities (recent works in this area,
[25-287 do not escape this rule); most of these correlation inequalities have been
only proved for simple spin systems with one or two components, and every
attempt to generalize them beyond that range has failed. Therefore the 1/N
expansion scheme might be the best proposal to construct rigorously nonabelian
gauge theories in the continuum. The interest for this scheme has been triggered by
"t Hooft’s paper [29], which showed that the first term in the approximation, the
large N limit of quantum field theories with a SO(N), SU(N) or U(N) global or
local symmetry, is given in perturbation theory by the sum of all the planar
amplitudes. Subsequent important works include the study of closed equations for
the Wilson loops [30, 317, and recently the discovery of the reduction of space-time
degrees of freedom which occur in these theories [32-35]. The subject is therefore
in vigorous development although up to date there is still no complete
construction of what one would like to call for short “planar QCD.”

Our construction of the (Borel) sum of the planar diagrams will be done only
for a globally symmetric massive model with an asymptotically free interaction;
however the method is sufficiently general to be considered also a solution of the
ultra-violet problem for general theories of the same kind, including asymptoti-
cally free gauge theories (with an infra-red regulator like a finite box with periodic
boundary conditions). Therefore we think our work is complementary to the one
of Eguchi, Kawai and followers, in which the space-time reduction appears like a
solution of the infra-red (infinite volume) problem.

Before giving technical definitions useful for the rest of the paper let us discuss
at an elementary level why the planar asymptotically free massive models are the
best candidates for a completely perturbative construction in 4 dimensions. The
first observation is that in ordinary theories the number of graphs at a given order
n grows at least like n!. The singularities that this kind of behavior induces will be
called “instanton” singularities to distinguish them from the “renormalons.” In
ordinary ¢* theories they presumably prevent the theory from being Borel
summable for g>0 (“wrong” sign of the coupling constant in our convention).
With the usual sign of the coupling constant (g <0), the theory is Borel summable
in dimensions 1,2, 3 [12-147; but this result has never been proved by an analysis
staying at the level of Feynman amplitudes and exhibiting the large cancellations
which occur between them for g <0. Such an analysis seems an extremely difficult
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task because one does not see well graph by graph “where the instanton
singularities are”; they are a mean statistical effect. In particular it seems unlikely
that one can perform this analysis before one controls completely easier problems
such as proving by perturbative methods the Lipatov formulae [36, 37] in full
detail and for all superrenormalizable dimensions (note that progress has recently
been made in this direction [38], which might therefore not be hopeless). If one
does not want to deal with instanton singularities and large numbers of graphs,
one is quite naturally lead to the planar theories. They are the most interesting for
physics in which the number of graphs at order n grows only like an exponential of
n [39, 40]. In superrenormalizable dimensions, since any Feynman amplitude of
order n is bounded by a uniform exponential of n [23], it follows immediately that
the sum of the planar expansion can be performed at small coupling and is an
analytic function of this coupling near the origin®. Physically what happened to
the instanton singularity in the limit of large number of components is that its
action goes to infinity; this stabilizes an otherwise unstable vacuum for the theory
with “wrong” sign of ¢@*, by preventing tunneling effects to occur with a finite
probability.

What makes life more interesting in the 4-dimensional case is that “ultra-
violet” singularities almost surely prevent the direct summability of the planar
diagrams. We are mostly interested in asymptotically free field theories. It was
argued in [4-6] that in this case ultra-violet renormalons should not prevent Borel
summability. Since we do not want from the beginning to attack the hard problem
of long-distance behavior in gauge theories, we are lead to try first the perturbative
construction of asymptotically free massive planar models.

I1.2. The Model

Let us consider a U(N) massive Hermitian matrix field ¢ in 4-dimensional
Euclidean space-time with a +trge* interaction; the connected Schwinger
functions for this field are the moments of the following formal measure:

du(p)=Z " exp [ d*x Tr{—%(0,0)* —3m*¢* +go*} [1do(x).  (IL1)

In (I1.1) one should understand ¢ as (¢ - ¢*) etc. Also (IL.1) does not make sense
without renormalization. Since our theory is massive, we can fix the renormaliz-
ation scheme to be the same BPHZ scheme of “subtractions at 0 external
momenta” which was used in [1]; it is the most natural for this model. Then after
suitable rescaling (g—g/N) the perturbative expansion in g of any U(N) invariant
Schwinger function is dominated as N—oo by the planar diagrams [29].

For a Schwinger function with e external momenta there is also a factor
N(1/N)*2, which means that formally the large N limit of this model is a
generalized free field with a complicated two-point function given by the sum of all

2 This result has perhaps not received enough attention; it would be interesting from a
mathematical point of view to explore which axioms of axiomatic field theory survive in the planar
limit, and in which weak sense they can perhaps be still considered as field theories; this
investigation could be done most easily in the superrenormalizable case where one has such a
cheap construction of the Schwinger functions as simple sums of convergent series
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planar graphs with two external momenta [41]. It would be nice to analyze
rigorously this point in further detail, but in any case our construction will not
depend on it.

We introduce now some notations for the perturbative expansion, the
Feynman amplitudes in o representation and the renormalization. In fact in the
rest of this section we will mostly recall some definitions and some material already
contained in [1] which are essential for the rest of the paper.

The connected one-particle irreducible planar Schwinger functions with e
external arguments are given by the (for the moment still formal) power expansion
ing:

e © n
soo=o( £n) 59

> ailo), w2)

where p=(py, ..., p,) is a set of external Euclidean momenta, and a; is the sum of all
renormalized Feynman amplitudes associated to 1-P-I planar Feynman graphs
with » internal vertices and e external legs. These graphs have exactly 4 lines
attached at each vertex. Up to Appendix B, a “graph” will mean a “labeled graph,”
for which the internal vertices are numbered; this allows a precise discussion of the
symmetry factors associated to them and explains the presence of an n/ in (IL.2).

I1.3. Graph Theory and Feynman Amplitudes

The following notations are used for any graph G:
n(G) is the number of (internal) vertices of G
I(G) is the number of internal lines of G,
¢(G) is the number of external lines of G,
L(G) is the number of independent loops of G,
¢(G) is the number of connected components of G.

w(G)=l(G)—2L(G)<—e(G) 2 if c(G)=1> is the superficial degree of

2
convergence of G.

We define subgraphs of G which, asin [1], are sets of internal lines of G with the
corresponding attached vertices and extend the definitions of n, [, e, L, ¢, » to them
in the obvious way. The sign C will always mean strict inclusion; for non-strict
inclusion, we use C. By convention an empty sum will always be 0 and an empty
product 1. We also fix the mass m? to be simply 1 in the rest of the paper; it will not
be of much concern to us. Since we consider only expansions for truncated
Schwinger functions with e>2, and since we chose to subtract the graphs at 0
external momenta, there will be no vacuum (e=0) graphs or subgraphs in our
problem, nor graphs containing tadpoles (subgraphs with only one external
vertex) [1].

The bare Feynman amplitude I; attached to the graph G is defined in the
a-parametric representation by the following (possibly divergent) integral:

e} 0

4
I4(p)= (f) (j; IT de; exp(— i; oci) Zs(p, ). (IL.3)

i=1
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The a-parametric (or Schwinger) representation (I1.3) has a parameter o attached
to each internal line i=1, ...,/ of G; the integrand Z is defined by:

_ exp[— V(@ 0)/Ug(®)]

Zgp,o)= (U@ , (IL.4)
Ug()= % lg % (IL5)
Volp, o) = ; (IJT cxi) (4773 p,,>2 , (IL6)

where U; and ¥V are the standard Symanzik polynomials: S runs over the
spanning trees (or “one-trees”) of G, T over the “two-trees” (spanning trees minus
one line) which separate the external lines of G into two non-empty sets, one of
which is E;. We introduce also the following short notation for the measure in
o-parametric space:

du(o;)=exp ( — i oc,-) IL[ do; . (IL7)
i=1 i=1

11.4. Renormalization

The subgraphs with e=2 (“bipeds”) and e=4 (“quadrupeds™) are superficially
divergent and have to be subtracted in (IL.3). Following [1] and the earlier
references [42, 43], we perform the necessary subtractions via an operator acting
directly on the integrand Z; of the a-parametric representation:

92:%7;,,; TgEFEIg(—tF), (IL8)

where the sum is performed over all closed divergent forests, including the empty
one, and t; is the Taylor subtraction associated to the subgraph F. The
renormalized amplitude associated to G is then defined as:

1

@ o 1
I%(p)= (j) (I) 1 do; exp <— i; oci> RZ4(p, o). (IL9)

For a precise definition of closed divergent subgraphs and forests, and Taylor
operators t; we refer to [1]; we recall that Taylor operators subtract once for a
“quadruped” and twice for a “biped,” which is quadratically divergent; that a
forest is a set of subgraphs which do not overlap, i.e. they are two by two either
disjoint or satisfying an inclusion relation of one into the other; that the definition
of closed divergent forests is chosen so that all subgraphs in such a forest are
superficially divergent and “one-line irreducible” and that “tadpole graphs” do not
appear when one reduces one graph in such a forest by the forest. This notion of
“reduction” is explained in [1], but let us give again its definition.

For any & and F compatible with , i.e. such that FU{F} is again a forest, we
define:

W (F)={F'/F' e §; F'CF; no F” exists with F"CF"CF}, (I1.10)
AgF) = U F= U F. (IL.11)

F' e Ug(F) F'e§,F'CF
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Note that Az(F) may be empty or disconnected and generally does not belong to §,
except if there is exactly one element in g(F). Similarly we define Bg(F), the
smallest subgraph in & which strictly includes F. If there is no such subgraph we
put Bg(F)=G. If FCF’, the reduced graph F'/F is defined by reducing to a single
vertex in F’ every connected component of F. The reduction of a subgraph F
compatible with a forest § by this forest is defined as F/§ = F/Ax(F).

In the rest of the paper the word “forest” will always mean “closed divergent
forest”; unless otherwise indicated it is assumed that forests called &, &, ..., are
forests of graphs called G, G’, and “quadruped” means what is called “closed
quadruped” in [1].

I1.5. Resummation of Perturbation Theory

In the study of individual Feynman amplitudes [1], one has to exhibit explicit
cancellations between the forests before integrating over o’s in (I1.9). In this paper
one has to resum infinite sequences of various pieces of Feynman amplitudes to
exhibit asymptotic freedom. Both cases can be unified under the abstract point of
view of “resummations of perturbation theory,” which will be explained now.

Putting together (IL.2), (IL.8), and (I1.9), any given Schwinger function appears
as a formal sum over a large space of “contributions.” A contribution y is a triplet
(G, &, [«]), made of a graph G, a forest § of G, and a set of values
[e]={a;i=1,...,1} for the parameters of the internal lines of G. The value (or the
integrand) attached to such a contribution y is defined as:

1
=G __
W)= 1 ToZalp) (L12)
The “sum” over contributions means a discrete summation on G and &, and a
continuous integration over «’s with the measure du(«) defined by (IL.7).
Formally we write:

s =0( £, p, ) (W00, (L3

where I is the space of all contributions and dv is the appropriate measure.

We never expect absolute convergence of (IL.13) and we need therefore a
“resummation prescription” to compute it.

Such a resummation prescription is a sequence of “slicings” of the space of all
contributions into fibers and base together with the prescription that one should
first compute the partial integrals over the fibers, then sum up over the base the
values obtained.

This can be formulated precisely in the language of projections (mappings ¢
with @?=¢). A sequence ¢, ...,p,, of projections from I' into itself is called
compatible if Im ¢,, the image of ¢, is stable by ¢, , ;, hence @;° ;. (c ;= @;, 1 ° ;.
The resummed value of S, according to such a compatible sequence ¢, ..., @, is
defined as the following integral (provided it exists):

Se = 5 (% pq) .f dv('))m) f 5((pm('ym* 1) - ym)dv(ym— 1)

Imon, Im@m -1

- qu, 5(‘P2(?1)‘?2)d"(?1)£ (e () =)W RdVY). (IL.14)
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The first basic slicing we have to introduce is the projection S, called in [1] the
“classification of forests,” which solves the renormalization problem, especially the
problem of “overlapping divergences” by exhibiting I§ in (IL9) as a sum of
explicitly convergent integrals. Later in this paper we introduce two other
projections ¢ and y, compatible with S, which allows us to exploit asymptotic
freedom in a very explicit way. Together with S they form a resummation
prescription in the sense above. The integral (I1.14) can be unambiguously defined
and will be shown to be the Borel sum of the initial series (I1.2).

11.6. The Classification of Forests

This is our basic tool. Following [1, Sect. III.1], we group the subtraction forests
- which appear in the definition (I1.8) of the R operation into appropriate classes.
These classes depend on the region in a-space that one is considering, so that the
cancellations inside each class will make transparent the convergence over the
region corresponding to this class.
We introduce a slight improvement of the original definition of these classes in
[17. Let us define the “2nd inf,” in a finite set of at least two numbers as the element
of this set which is immediately greater than the smallest one in this set. Then we
replace the technical definition of the quantity y(F, &) in [1, (IIL.1), p. 79, items f)
and g)] by the simpler definition:

y(F, % =2ndinf {j/o(j) E} . (IL15)

The attentive reader can verify that this new definition does not change anything in
any theorems or lemmas in [1], mainly because the technical way in which one
compares the quantities associated to different trees in [1, Sect. I11.4] always uses
the “2nd inf” of the indices of the external legs of a subgraph rather than the true
infimum,.

Let (G, &,[«]) be a contribution. We define a projection

S:(G, . [6])—> (G, S(F), [«]),

where S(§) is the “skeleton forest” associated to % and defined in [ 1]*, and depends
on the value of [«] (in fact only on the Hepp’s sector to which [«] belongs [1]). For
completeness we will sketch the definition of S, introducing useful notations. For
any forest § and F € &, one defines two basic parameters o(F, &) and a*(F, §) (the
reader might think of them as “« inside F”* and “a outside F”’, respectively). One
has:

ouF,F= sup o, (IL.16)

ieX(F,%)

where X(F, &) is defined precisely in [1], page 78; in fact X(F, §)=F/§, except
possibly when the presence of bipeds creates technical subtleties. Therefore a(F, )
is what is called o, 5 in [1]. o*(F, §) is what is called o, g, in [1], with the
modification (IL.15) of y(F, §). Hence:

o*(F, §)=2ndinf a;, (IL.17)

icE(F,§)

3 By an unfortunate coincidence the word “skeleton forest” was introduced in [1]; it has
nothing to do with the “skeleton expansion” considered in [8] or [9]
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where E(F, §) is the set of external lines of F internal in Bgg,(F). By convention
a*(G, §) = + oo. Notice that the modification (I1.15) allows a unified treatment of
the cases “F biped” and “F quadruped.”

As in [1], we define S(§) by:

S()={F € §/a*(F, F) = o(F, §)} . (IL18)

The definition, being inductive, starts from the maximal elements of . It is proved
in [1] that S is a projection, and that:

UF, §)=alF,5(F);  o*(F,§)=a*F,S5(F). (IL.19)

For a skeleton forest § (i.e. S(F) = §) the structure of the fiber {F/S(F)= &} is just
{F/FLF CFUH(F)} for some a-depending forest H(F). Calling Dy ¢ the domain
of all o’s with S(F)=§& and H(F)=9 (it is a union of Hepp’s sectors), the key
decomposition of Feynman amplitudes introduced in [1] is:

=3 [ du@T; T1 (1—tn)Z. (11.20)
&9 Dg, 5 He$

Every integral in (I1.20) is now absolutely convergent and in contrast with (IL.9),
can be bounded quite accurately [1].

We introduce also the point of view of “reduction vertices.” In this paper we call
a “reduction vertex” of a contribution (G, &, [«]) a quadruped of S(¥), namely an
element of the forest:

QF)={FeS(F)/NF)=4}. (IL.21)
Since by definition of the Taylor operator ¢, one has
trZg(p, ) =Z(0,04,i€ F)- Zgp(p, 0t ¢ F) (I1.22)

for any F quadruped, one should indeed imagine that when F € Q(§) the operator
ty, which is not combined with anything in (IL20) cuts the graph G into the
disconnected pieces F and G/F, where F is replaced by a “reduction vertex” with 4
lines.
Finally we define, for any (ordinary) vertex v of G the parameter
o*(v, F)=2ndinfa;, (IL.23)
ueE®,§)

where E(v, §) is the set of the lines connected to v which are internal in By g, (v), the
smallest subgraph of S(&) which contains v. Again one has

o*(v, F) =0*(v, S(F)). (IL.24)

When no confusion on the skeleton forest considered is possible, we write
simply o, af, o instead of a(F, &), a*(F, &), «*(v, §).

III. The Main Steps of the Construction and Results

Our main theorem states that the planar expansion which forms the right-hand
side of (IL.2) is Borel-summable as a power series in g; its Borel-sum can be taken
therefore as the rigorous definition of the left-hand side S,(p, g). We could obtain in
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fact more than the minimal hypothesis which we verify to apply the “Nevanlinna-
Sokal” theorem [21, 22]; it is an easy exercise left to the reader to check that our
method gives Watson’s theorem [20] in a sector centered around the positive real
axis and of opening angle 2w — ¢ for any ¢ >0, so that the Borel transform has no
singularities in the right half of the complex plane for the Borel-variable; this
domain of analyticity is similar to the one found in [10].

Theorem. The planar expansion (I1.2), as a power series in the coupling constant g, is
Borel summable in the usual sense of [20, 22].

We would not like to obscure under technicalities the basic ideas used for the
construction which allow us to prove this result; they are in fact very natural.
Therefore we postpone to Appendices A-C the actual proof of the theorem and in
the rest of this section we will only describe these ideas and the main steps of this
construction; for an even simpler sketch of these steps we refer to [11].

The starting intuitive idea is that in order for the construction to work one has
to exploit asymptotic freedom; there should be an ultra-violet improvement after
the bare vertices have been replaced by the (Borel?) sum of the renormalized
4-point amplitudes, and this improvement should lead to convergence.

This is 't Hooft’s approach [9] in which the full 4-point function is taken as the
running coupling constant. Indeed it is known [ 1, 8] that the sum of planar graphs
without divergent subgraphs is an absolutely convergent series. However one has
still to prove that the 4-point function behaves as indicated by the renormalization
group and that it is the sum of its perturbative series.

In [9], an inductive approach to a fixed point of a set of difference equations is
used. The construction is not very practical for computation and its relationship to
perturbation theory is somewhat involved in our opinion. Indeed to take the entire
4-point function as a running coupling constant is a “maximal” dressing
prescription; in the language of Sect. I1.5, it corresponds to an infinite sequence of
projections, hence to a huge rearrangement of the initial perturbative series.

From this point of view, the rearrangement of perturbation theory used in this
paper is in contrast a “minimal” one, described by only two projections. Staying as
close as possible to perturbation theory, we exploit asymptotic freedom inside
Feynman amplitudes, without introducing at any stage any global object like the
4-point function. Each step of the construction is completely explicit; therefore our
prescription could be used directly for numerical computations. This is possible
because asymptotic freedom depends only upon the first coefficient of the f
function in the Callan-Symanzik equation. This coefficient governs the asymptotic
behavior of the n'® order of perturbation theory, e.g. at large external momenta.
But this behavior, called the “leading-log” approximation, can also in principle be
computed by summing some pieces of the renormalized Feynman amplitudes with
n vertices, namely those exhibiting precisely this leading behavior. The only
trouble with this approach is that it seems hard to identify all these pieces and to
sum them exactly. In [24], we showed not only that this was possible but also that
it could be done easily after one has performed the splitting (I1.20) of the Feynman
amplitudes, precisely into these pieces indexed by “skeleton forests” which solve
nicely the renormalization problem. This suggests strongly that this splitting is the
truly good way to look at amplitudes.
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Before to go further let us recall the intuitive idea which is at the core of the
splitting (I1.20). A central problem which prevented for a long time perturbative
renormalization from being established on a mathematically sound basis is the
problem of “overlapping divergences.” Indeed one wants to eliminate the
divergences in Feynman amplitudes in a way which is implemented by counter-
terms in the Lagrangian and therefore respects the basic properties of the theory.
One is led to the forest formula (IL.9), since it was shown that this formula is
nothing but the compact solution of any renormalization which can be
implemented by such counter terms. The main mathematical problem has been
formulated clearly by several authors (see for instance [46, p. 305]): for com-
plicated renormalized amplitudes it is not clear at all that the integral (I1.9) is
convergent, because when overlapping divergences are present it seems that some
necessary subtractions are missing in (IL.9), namely the products (—tg)-(—tg/)
when F and F’ do overlap. The key idea is that one has to perform a Taylor
subtraction corresponding to a given subgraph only when one is in a “deep ultra-
violet region” for this subgraph, namely when in integration space one tries to
integrate the internal momenta of this subgraph truly up to infinity; in other
regions it is better not to perform explicitly the (1 —t) subtraction corresponding
to F on the integrand, but to simply split into the sum of the operator 1 and the
operator —tg. If one systematizes this idea one is led to cut the initial region of
integration in the amplitudes according to which internal momenta are higher
than others, and to regroup the subtractions differently according to which region
one is in. In many rigorous works we know of on perturbative renormalization
which proves theorems valid to all orders, one finds some form or another of this
basic idea [45-50, 43, 1]. In its most systematic and convenient form one splits the
integral as completely as possible by ordering all momenta (in a-representation, all
the o’s). We call “Hepp’s sectors” the domains of integration obtained in this way.
The classification of forests in [1] is a correct systematization of how one can
regroup the subtractions; the “skeleton forests” in a given sector correspond to
subgraphs that one should not subtract explicitly in that sector, and conversely the
forests we denote by $H(§F) correspond to subgraphs that one is forced to subtract
explicitly [note the factors (— tg) for the first ones and (1 —t) for the second ones in
(IL.20)]. As a final remark, we think that a good rule to regroup the subtractions
has to be “local” according to the graph: to know whether a given subgraph in a
forest should be “skeleton” or not (which means unsubtracted or not) one has to
compare the momenta into this subgraph only to the momenta of near-by lines (in
our rule [1], the external lines of this subgraph).

We return now to the main problem of computing asymptotic freedom effects
directly in the amplitudes. At least since the work of Landau et al. [51-52], it is
known that the “leading-log” effects are due to a particular class of graphs, which
following them we call “parquet graphs”; they are all obtained by repeated
insertions of the same elementary smallest divergent graph G,=»>x(, in all
possible ways, at any vertex (see Appendix A for a more precise definition). Some
parquet graphs are shown in Fig. 1. The important point found in [24] is that
within these graphs only very particular pieces are responsible for leading-log
behavior, namely these pieces in the splitting (IL.20) for which the skeleton forests &
are maximal among the forests of G; each reduced graph F/ is then isomorphic to
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Fig. 1. Parquet graphs

G,. Fortunately the presence of the Taylor operators (—t;) for F € § is precisely
what allows an exact computation of these pieces together with their exact signs
[24], because the Taylor operators cut the complicated topological structure of the
integrand Z into a simple factorized product. Not surprisingly, when the precise
combinatoric coefficients of every graph are taken into account the final outcome
of the computation gives an exact geometric power series in agreement with what
the Callan-Symanzik equation indicates if one retains only the first coefficient of
the S function [24].

The following generalization comes naturally to mind: one should do the same
kind of computations in every graph if one wants to exploit for every graph the
ultra-violet improvements of asymptotic freedom. This means that for every
amplitude, and even more precisely for every contribution (G, &, [«]), one should
resum a lot of contributions (G’, &', [«]), obtained from (G, &, [«]) by inserting at
any vertex of G an arbitrary parquet subgraph and by integrating over the regions
for which some maximal forest in these parquet subgraphs (called a “parquet
forest”) is “skeleton”; in this way one can transform the original expansion (IL.2)
into a “renormalization group improved” expansion of the same type, with the
bare vertices replaced by dressed ones which explicitly display ultraviolet
improvement. These dressed vertices depend of the a-parameters of their incoming
lines, which is no surprise because the condition for a subgraph to be “skeleton”
explicitly depends on the values of the parameters of the external lines of this
subgraph. The ultra-violet improvement gained at every vertex makes the
“dressed” planar expansion absolutely convergent. One understands in a transpa-
rent way why the whole process is a Borel summation rather than a simple one; it is
because the ratio of the geometric power series summed at each vertex in the
dressing process can be greater than 1 in some regions of integration in the o space.
Hence the “dressing operation” (and the whole construction) is not an absolutely
convergent summation. In particular it fails for the opposite sign of the coupling
constant: the geometric power series are not alternate any more, and their sum
display explicitly poles (the Feldman-Landau ghosts) over which integration is
impossible.

In the realization of this program, we met an unexpected difficulty. The
dressing process that we define uses only some regions of the parquet graphs.
Therefore the dressed expansion still contains regions of integration for arbitrarily
large parquet graphs. In contrast with every other contribution to the dressed
expansion, these terms are hard to bound by a convergent series. For them, we use
a rather inelegant and complicated mixture of arguments from the o- and
momentum representation (see Appendix B). There does not seem to be any
analog of this problem in ’t Hooft’s construction [9].
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The attentive reader could wonder whether it is possible to resum enormous
alternate pieces and get extremely small factors at each vertex, which certainly is
sufficient to make the dressed sum convergent in a rather trivial fashion. The
answer is that this is certainly possible. This remark is not deep and is only related
to the rather trivial fact that divergent series with terms of arbitrary signs can be
rearranged to give almost any answer one wants. The only thing which one cannot
do anymore if one makes too large partial resummations is to prove that the sum of
the overdressed series obtained in this way is the Borel sum of the initial expansion;
that is to show uniform bounds on the Taylor remainder of this sum
(Theorem IIL.3 below). Hence there are two constraints on the dressing process:
one should dress enough in order for the dressed expansion to converge
(Theorem II1.2) and not too much in order for the result to be related
unambiguously to the initial series (Theorem IIL.3). As a result of this paper, these
two constraints can be satisfied simultaneously in the planar case.

To summarize this discussion, we think that Theorem IIL.3 below is the
cornerstone which controls that there is no arbitrariness in our construction.

We decompose the theorem above in a sequence of three intermediate results.
The first step is the dressing process. Using the language of Sect. IL.5, we define two
projections ¢ and y on the set I'. They correspond respectively to the dressing of
ordinary vertices and of “reduction vertices.” It is in fact sufficient to define y only
on the image of ¢, called by definition the set of “intermediate contributions.” The
image of y will be called the set of “fundamental contributions™:

-2 intermediate contributions — fundamental contributions. .

The precise definition of ¢ and vy is given in Appendix A. The following
theorem allows us to resum exactly the contributions in the “fiber” mapped by
we @ onto a given fundamental contribution:

Theorem III.1 (Dressing Process). For any fixed intermediate contribution
y=(G, &, [«]), with the notations of (11.14), one has

{ 8(e(y) =W (E)dv(y)=W(y) ODY)=1(y), (IIL1)

and for any fixed fundamental contribution y=(G, §, [o]),
J 000 =DIGdvG)= W (y)D¥(%)
=J(y)=J8(0)=1(y) RDE(). (IIL.2)

The summations in (IIL.1) and (I11.2) are absolutely convergent for g sufficiently
small, depending on the a-parameters in y. The result of these summations, by
definition, is expressed by the two multiplicative factors OD¥(x) and RD¥(a) ( for
“ordinary” and “reduction” dressing). Together they form the dressing factor D¥()
of a fundamental contribution:

D%(c) =OD¥(x) - RD¥(z). (IIL.3)
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Moreover, OD and RD are factorized, respectively over the ordinary and the
“reduction” vertices of (G, &, [«]):

OD¥(x)= [T od(a¥), (1IL.4)
veG
RD3(0) [T rd(eg o), (IIL5)
FeQ(®)

where o, ap, of and Q) have been defined in Sect. [1.6. [

The proof of Theorem III.1 is in Appendix A, together with an explicit
definition of the functions od and rd in (I11.4) and (IIL.5). Let us remark that by
(IL.19) and (11.24):

Do) = DE®)(ar) . (ITL.6)

For o small, od(x) behaves as [1+g - const|Loga|] ! (A.13)(A.15). Hence it
realizes the logarithmic ultraviolet improvement characteristic of asymptotic
freedom. The “reduction” dressing factor RD is a technical complication,
somewhat related to the problem of exceptional momenta in momentum space,
which is unfortunately necessary to our proofs.
const

If some o’s in y are smaller than exp < — >, the sums in (I1L.1) and (II1.2)

may no longer converge absolutely, but the factor D¥(«) still makes sense as the
unique analytic continuation in g of the corresponding factor defined at very small
g. Equations (IIL.1) and (IIL.2) hold in this case in this weaker sense.

Returning to the resummation program, one should sum now over all
fundamental contributions y the dressed integrand J(y). However, even in the
dressed expansion one should perform cancellations between forests (i.e. renorm-
alize) before integrating over o’s. For instance quadratic divergence (mass
renormalizations) are certainly not screened by the logarithmic improvement in
the dressing factor and have to be correctly subtracted. In fact, we tailor-made the
projections ¢ and  to be compatible with the classification of forests, so that the
dressed expansion can be renormalized as easily as the ordinary one. This is
obtained first by constructing dressing factors which depend only on S(§) (I1L.6),
and second, by ensuring that no counterterm was used for dressing in regions
where in (IL.20) it has to be combined in a renormalization. This is expressed
precisely by:

Lemma IIL1. (G, §, [o]) is fundamental if and only if (G, S(§), [o]) is fundamental.

Proof. Tt follows trivially from the definition of fundamental contributions in
Appendix A.

Let us call 45 the domain of all o’s such that (G, &, [«]) is fundamental. We
define also the domain Ag o= Dg N 4g, where Dy ¢ is defined in Sect. IL6. The
following theorem tells us in which precise way the dressed expansion is
renormalized and resummed.

Theorem IIL2 (Convergence of the Dressed Expansion). For any graph G and
forests § and O of G the integral

JESm= 1 du(@) ¥ Jip,0) (ITL.7)
4§, % FEREFUS
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is absolutely convergent. Moreover the series

8P, 9)=0(Xp) L./ o(p) <With Jo(p)= 825 JE ’5(1))) (ITL.8)

is absolutely convergent for any g complex with Reg >0 and |g| sufficiently small. Its
sum, S,(p, g), is analytic in that domain. [J

In (I11.8) the sum is of course performed over all planar graphs G with e external
lines. Note that (I11.8) is not a power series in g, because of the g-dependence of D,
hence of J ;. We do not try to find the best possible domains of convergence, or its
dependence with the external momenta p; but our method gives uniform estimates
in p for the domain of analyticity in g, as expected from asymptotic freedom.

The proof of Theorem II1.2 is in Appendix B. Note that by Lemma III.1 and by
(I1.20), in (I11.7) and (I11.8) every fundamental dressed contribution to S, has been
summed exactly once, completing the program of (IL.14).

The crucial question is: is it legitimate to do the summation in this way, and is
the object S, we constructed really related to the planar expansion considered as a
power series in g? This question is answered by the next theorem.

Theorem II1.3 (Borel Summability). There exists a constant K, such that for
Reg>0 and |g| <e, ¢ fixed sufficiently small one has for any k:

n(G)

g R
1S.(p, 9) —G/n(G)Zék_  n(G)! 1G] < k!(Klgl)*, (I1L.9)

where the sum in (I1L.9) is performed over all renormalized amplitudes with at most
k—1 vertices and exactly e external lines.

This theorem is proved in Appendix C. At once, inequality (IIL.9) tells us that
the object S that we constructed is C® at g=0 that its Taylor series at g=0 is
exactly the renormalized planar expansion, that this expansion is Borel summable,
and that S is its correct Borel sum! [21, 22]. Therefore it answers fully the question
above. We remark that to establish (IIL.9) we need again the combinatoric
machinery developed in [1] to bound renormalized Feynman amplitudes (sce
Appendix C).

IV. Open Problems

In this section we list some of the problems which might be attacked with our
methods. As we said in the introduction, we propose to analyze in detail the
“renormalon” singularities within the planar expansion, which is the N — oo limit
of matrix models. In fact the first reference we know of which describes the large
factorial behavior of 4-dimensional renormalized Feynman amplitudes is [2],
where this behavior was discovered also in the context of an N — co limit but for a
N-component vector model (for earlier investigations, in field theory, of non-
analytic behavior in the coupling constant due to 4-dimensional ultra-violet
problems, see [53, 54]). Further studies [3-6] realized the generality of the
phenomenon. It was argued in [4] that the large amplitudes create singularities
(“renormalons™) in the complex plane associated to the Borel transform of the
ordinary expansion.
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One should notice that one is still far from any proof of these heuristic
arguments. The only case where this “renormalon” conjecture can be proved is
precisely in the N—oo limit of a vector model with N components. But these
models are rather trivial; in the case of a ¢* interaction they correspond only to the
summation of “chains of bubbles” and are explicitly solvable. In the models with
finite N there is a balance between the number of graphs which have an amplitude
of a given size and this size [ 1], so that it would require an extremely fine analysis to
prove that there is no conspiracy of a large number of small amplitudes to kill the
effects due to a small number of large amplitudes. Our proposal to study and prove
the conjectures about existence, position, structure etc. ... of the renormalons in
planar expansion is an intermediate one; the corresponding problems are neither
trivial like in the N— oo limit of vector models, nor extremely hard as in the full
expansion. They appear solvable because conspiracies of a large number of small
amplitudes cannot occur in the planar world which has only a few graphs.

Before we go on let us explain why we consider the detailed study of
renormalon singularities worth the trouble, even in the simplified planar case.

For a theory which is not asymptotically free, like the ordinary — g¢j theory,
the renormalons should stand on the positive real axis of the Borel plane,
preventing ordinary Borel summability. These singularities, which are clearly
related to the “Landau argument” [51, 52], are responsible for the (apparent?)
triviality of 3. Therefore it should be possible to connect them to the rigorous
lattice inequalities found recently [25-27]. These inequalities fall short from
proving the triviality of any continuum limit of lattice theories with an ordinary ¢
action and nearest-neighbor interaction. What seems still to be lacking in the
approaches [25-27] is a control of the logarithmic factors which are responsible
for triviality in dimension 4. This control might be provided by an analog of the
resummation technique presented in this paper, adapted to the lattice situation. In
our opinion it might be the same problem as the proof of existence of ultraviolet
renormalons in the full expansion of ¢}.

Let us return to the planar case. The easiest result we think could be derived by
our methods is a rigorous proof of the divergence of the planar expansion, perhaps
in the style of the proof for ¢4 [19]. This would be interesting because one would
like to be sure that the complicated Borel resummation constructed in this paper
has not been applied just to a common convergent series! Also since there is not a
large number of graphs in the theory, a proof of its divergence is already an
indication that “renormalons” do exist.

More generally, we are encouraged in the study of non-perturbative effects
induced by planar renormalons by recent studies. In the 1/N expansion for vector
models, the existence, location and structure of the infrared and ultraviolet
renormalons has been found [56], together with the analytic continuation of the
modified Borel transform [55] around them. The prescription of summation in the
modified-Borel-transform plane are non-unique. This sheds new light on the
meaning of the operator product expansion [57, 58], and on the triviality problem
for @3 [59]. We consider the planar world a good laboratory for a complete
version of these results.

Technically we believe also that it might be interesting to find an analog in
a-parametric space of the “quenched momenta” prescription for planar perturba-
tive expansions [35] in order to bring our methods closer to the ones developed in
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[32-35]. Because dimensional interpolation of amplitudes in « space is easy, this
might lead to a rigorous understanding of the & expansion around d=4. An
interesting problem would be in particular the study of the ultra-violet stable fixed
point near the origin in 4 4+ ¢ dimensional planar models. As previously noticed,
one has an easy construction below d =4 [23], in contrast with the full non-planar
models which have not yet been defined rigorously in complex non-integer
dimension, even in super-renormalizable cases.

Let us emphasize the most promising aspect of this work: every estimate in this
paper applies without any change to non-planar amplitudes; only the numerical
value of the first coefficient of the pf-function changes. Therefore from
Theorem II1.1 and Lemma B.1 one gets:

Theorem IV.1. For any unlabeled graph G, planar or not, the dressed amplitude
Ks(p, 9) is bounded, for Reg>0 and |g|<e by:

IKs(p, 9)| <[K()]"? (IV.1)
for a fixed K(e), with Ii_{r(} K(e)=0.

A behavior like (IV.1) is characteristic of superrenormalizable theories
([60, 23]). Therefore our dressing process exhibits the deep similarity between
superrenormalizable and renormalizable asymptotically free theories. Only the
summation in Theorem IIL.2 fails in the non-planar case, because of the large
number of graphs involved.

We think that putting our resummation prescriptions and Theorem IV.1
together with the solution of superrenormalizable theories due to Glimm and Jaffe
(phase space expansion [607), one should be able to construct any stable, massive
and asymptotically free renormalizable theory. Unfortunately there is no simple
theory of this kind in 4 dimensions.

Finally we mention as immediate by-products of this paper the Borel
summability of various approximations to massive AF theories, obtain by
retaining at most (const)" graphs of order n; for instance the sum of amplitudes
with a fixed number of “handles” (higher terms in the 1/N expansion) or the
“parquet approximation” [52], in which one retains all parquet graphs, including
non-planar ones. This last case involves graphs with an unbounded number of
handles: therefore the corresponding result probably does not follow from [7-107].

Appendix A: The Dressing Process

We will define precisely the projections ¢ and y introduced in Theorem IIL1, solve
the combinatoric problem of performing exactly the sums in (IIL.1) and (IIL.2), and
give simple estimates for the dressing functions od and rd.

We recall the notion of a parquet graph and of parquet forests (called
“complete forests” in [24]).

Definition A.1. A parquet graph is a quadruped G such that there exists a forest §
in G with n(G)—1 elements. Any such forest will be called a parquet forest of G.
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It is easy to check that if § is a parquet forest, F/ is isomorphic to G, =}_X
for every F € §. Therefore one can generate all the parquet graphs at order n by
replacing any arbitrary vertex in any parquet graph of order n—1 by G, in all
possible ways. If G is a parquet graph and & a parquet forest of G, any F/§ has
exactly two internal lines, as G, itself, and if F & G, there are exactly two external
lines of F which are internal in Bg(F) and they are all the lines of By(F). We define
also in the obvious way the notions of parquet subgraphs and subforests.

Definition A.2. A contribution (G, &, []) is “intermediate” if and only if there is no
F in S(&) isomorphic to G,.
Remark that if F in § is isomorphic to G, the condition F € S(g) is just:

oF, &) =supo; Za*(F, §). (A1)
ieF
The following equivalent definition is useful:

Proposition A.1. A contribution (G, §, [«]) is intermediate if and only if there does
not exist any parquet subgraph G in G with a parquet forest § of § such that
& CS(F). In other words, there does not exist any parquet subgraph G’ in G with a
forest § of G” which is a subforest of §, contains G’, is such that any F/§ is
isomorphic to G, if Fe g, and verifies:

— for
Feq', F+G', supo= sup o, (A.2)
icF/§' ieBg'(F)/
— and
sup o;=a*(G, F). A3
Sup o4 22*(G, §) (A3)

Indeed if By (F)/§’ is isomorphic to G, it is easy to verify that
o*(F, &)= sup ;.

ie By (B)/F
To define ¢, consider a contribution (G’, &, [«']). One identifies the maximal
parquet subgraphs G1, ..., G; and parquet subforests &, ..., &; of G, ..., G; which
belong to § and satisfy (A.2) and (A.3). The existence of such a maximal family
follows from the requirement §;C &', and the fact that §’is a forest. We define ¢ by:

ol(G, & [« ]]=(G, & [o]), G= G’/ }:}1 G

vew U ta=[wiec {a]

j=1

(A4)

The notation in (A.4) means that & is the forest of G obtained from &’ in the
k
natural way; one suppresses the subgraphs in U & and the other subgraphs of §’

are reduced by U G’. [«] is obtained from [oc”_l by simply deletmg the parameters

of the internal hnes which are reduced, hence belong to U G (see Fig. 2).
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Fig. 2. The mapping ¢ on graphs

It is easy but very important to check that ¢ is a projection, namely that ¢ = ¢.

We come now to the actual proof of (IIL.1). Let us consider a contribution
(G, &, [«]) for which ¢[(G', &, [, a])]=(G, &, [«]). The vertices of G,vy,...,0,
are the reduction vertices of corresponding parquet subgraphs Gi, ..., G, in G/,
similar to the subgraphs Gi, ..., G; considered in (A.4) except that some of them
(possibly all of them if (G, §, [« ])=(G, &, [«]) ...) can be simply a single vertex.
Similarly there are (possibly empty) subforests &7, ..., &, of &', §; being a parquet
forest of G’

Let k(j) be the number (= 1) of internal vertices of G;. We number the elements
of §as F}, ..., F¥V~1 =G/, in a way which is compatible with the partial ordering
of &} induced by inclusion; hence one has

F?CF1 = p<q. (A.S)

Forp=1, ..., k(j)—2 let us call b(p) the index of Bg,(F¥). We call of the 2nd inf
(or the sup ...) of the parameters of the two lines of F/¥, which is isomorphic to
G,; the parameter of its other line will be called p¥a?; we have of course 0 <7< 1.
Finally we put a;=0*(G}, §)=a*(v;, & and n’=n(G’). Note that of =a(F?, F).
The left-hand side of (IIL.1) can be written as:

gv n (K-t
| - { H 20bdokdp?
G, & abméa{pzﬁiﬁfm k()—2 10 j=1
{ 0§B§’J§=1,Jb=1,.ik(j)—1
k()= 1
|: p]:Il exp[—of(1+ ,Bj?)]] Tm} TaZ(p, o). (A.6)

The factor 2 in front of of is present because there are two values of the parameters
of the internal lines of F¥ corresponding to the same set of values for of, p%. To

evaluate the comphcated integral (A.6) let us remark that 1terat1ng (IL. 22) the T,
operator factorizes the integrand Zg into Z4(p, ;) H H [o2(1+ 7]~ 2 (we

j=1 p=1
used the value of Ug =w, +a,). The integrals over the parameters of and 7
factorize in (A.6) and they can be done almost explicitly. Let us define:

&(x) = ]9 df i exp[—o(1+B)](1+B)~22dB. (A7)
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It is not hard to verify that, for any value of j in (A.6):

k(j do®?
11 (a >(2dﬁ”)exp[ (14 B (142
ab(p)<f:;{(5 ‘1<...,k(1) 2 p=1

0<If‘$<1p 1,...k()—1

1
C a)]fO- L, A8
where C() is the number of possible orderings of §; which are compatible with
inclusion in the sense of (A.5). Indeed for every ordering o of &, the integral
k() =

Lido? ~
I1 <—;’-> (2dp7)exp[—ed(1+ )] (1+p7) 2
a1<aa(k(1) <., <a<7(“<oo p=1 (xj
{ 0<hr<1,p=1,.5,K()~1

(A9)

obviously does not depend on o; therefore it is equal to

[k(;) i e ()] (A.10)

Now we cut the domain of integration in (A.8) into pieces associated to complete
orderings of the parameters «f. The number of such pieces compatible with the
constraints in (A.8) is precisely C(), and the integration over any of these pieces
gives (A.9), hence (A.10). This achieves the proof of (A.8).

The proof of (I11.1) is now reduced to a purely combinatoric problem albeit a
non-trivial one. The following key lemma controls the combinatoric coefficients
(symmetry factors) associated to the dressing contributions; it is the analog of
Lemma A.9 in [24], but we have to be careful about the restriction to planar
graphs which change the counting problem.

Lemma A.2. Let (G, &, []) be an intermediate contribution. We want to count the
number of triplets (G', &', 6), where as before G’ is obtained from G by inserting G’; at
the vertex v; of G, §' is the union of the §;and 6= (0;),j=1, ...,nis a collection of
orderings of §; which in each §; are compatible with inclusion. We claim this number
is nothing but

o I k)~ 110, (A1)

where ¢=38. (In the non-planar case the value of ¢ would be 36.)

Proof. We follow the proof of Eq. (A.27) in [24], except for one important change,
the cyclic ordering of the lines around a vertex. To count Wick contractions it is
convenient to define the mapping ¢ at the level of “ordered contributions” which
will be defined below. They are “sub-contributions” in the sense that in general a
contribution is a sum of several “ordered contributions”; accordingly the
formulation of Sect. IL5 should not be taken too literally*.

4  We thank E. Speer for pointing out this counting subtlety to us
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Let G'be alabeled graph. The halflines attached to a vertex i are called iy, i,, i3,
iy, following the natural cyclic ordering. An “ordered contribution” corresponds to
the choice of an arbitrary order for the vertices of each contracted G;in G’. Hence
there are JTk(j)! ordered contributions associated to a given contribution, each

J

with a weight [TTk(j)!1~*. To specify ¢, we construct G from G’ by the following
algorithm. One considers the minimal subgraph in an &} according to the order o;.
Itis an elementary G, subgraph, with vertices numbered i and j. We contract it to a
reduction vertex named i or j according to which of them is minimal in the
arbitrary order chosen. Then we delete the other number and rename the vertices
of G’ from 1 to n’—1, respecting the order. There is also a simple rule of how to
attribute the half lines of the reduction vertex to the half lines external to G,
respecting cyclic ordering (e.g. keep fixed the two half lines, say i, and iy which
contract outside G, if i is lower than j in the arbitrary order chosen). Repeating this
algorithm, a unique (G, §) is obtained from an ordered (G’, §’, 0) as in [24].

There remains only to count how many different ordered (G', §’, ) are mapped
on (G, &) by ¢, hence by induction, count the possibilities for the reverse algorithm.
With a factor 2k(j) - [k(j)— 1], one chooses a pair of numbers between 1 and k(j);
the lowest tells us where to insert G, in G} and the highest tells us which order
should be given to the second (created) vertex of G, in the “arbitrary order” relative
to G;. Finally with a factor n” we choose which number one should give to the
created vertex, and there are 16=4 x4 ways of numbering the half lines of G,
according to the reverse contraction process chosen above. Therefore there are by

H {k()! (k(j)—1)! P~ 1} (with ¢ = 8) ordered contributions mapped
by ¢ on (G %) Taking into account the weight T[] [k(j)!]™* in front of each of
j

them, one gets Lemma A.2. [

/

To prove (IIL.1), one puts together (I1.12), (A.6), (A.8), and (A.11). The factor

. 1
in (A.11) takes into account the corresponding factors ——— .The factor

(Gﬁ' (G)'
]_[ [k() —1]! in (A.11) cancels the corresponding one in (A.8), the factor C(§) in

(A 8) is taken into account by the counting of the sectors o in the triplets considered
in Lemma A.1, and it remains only to verify that

{5 toedwmo) (A12)

has the required properties for the factor OD in Theorem IIL.1. But this is obvious
since for g sufficiently small, depending on [«], g - ¢ - {(«;) is smaller than 1 and the

series in (A.12) converge absolutely to [ od(«;), with
j=1

od(e)=[1+g-c- &))", (A.13)

Note that (A.13) always makes sense if g is not a negative real number, even when
(A.12)is no more absolutely convergent. This is due to the crucial alternating signs
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k() =1
in (A.12), which can be traced back to the minus signsin [] (—tg,)in(A.6), and
r=1 J

further back to the asymptotic freedom of the model.

The factors od(o¥) at each “ordinary” vertex v go to zero when the o’s go to 0
(the ultra-violet region), because (A.7) contains a logarithmically divergent
integral. This ultra-violet improvement of the dressed integrand in the right-hand
side of (I11.1) is important for the convergence theorems of the next appendix. The
following elementary estimates will be used:

Lemma A.2. There exists a positive constant a such that:

0=5cé(x)Za for x2=1, (A.14)
cllogx|—a=Zcé(x)<cllogx|+a for 0<x=1. (A.15)
Proof. (A.14) is trivial. For (A.15), one remarks that f 24p ————— =1 and that for
0<x=<1, |logx|—&(x)| is bounded by +h)
Lol 2dp

j’;e—a_}_j'_j'[l *a(1+ﬁ)](1+ﬁ)2'

Now let us define precisely the projection .

Definition A.3. A contribution (G, &, [«]) is “fundamental” if and only if it is
intermediate and, for any Fe Q(§) with F/Q(F) isomorphic to G,, Ugg(F),
defined by (IL.10) has exactly two elements.

Remark that in the statement above, F/Q(&) cannot have two ordinary vertices
since (G, &, [«]) is intermediate. Therefore it could have 1 or 2 reduction vertices
(respectively, Ugg)(F) could have 1 or 2 elements). Definition A.3 means that for a
fundamental contribution the first case is excluded.

One has the following analog of Proposition A.1:

Proposition A.2. An intermediate contribution (G, §, [o]) is fundamental if and only
if there does not exist any subforest & CQ(F), totally ordered by inclusion, with at
least two elements, such that if Fy is its minimal element, F/§’ is isomorphic to G, for
any Fe§, F£Fj.

In other words there does not exist §’C §, such that F ={Fg,..., Fi}, k=1,
FoCF ... CF;, Foe ), Fj/F;-1 is isomorphic to G, for j=1,...,k and:
*( L/ < <. <...< < ’ .
o*(Fy, §) = Sup s —lemp & = Sup. ;S o(Fo, &)
(A.16)
Proof. Again we play with the fact that here, for 1 <j<k,
O((F;, g):a*(F;— 1 ;3)2 sup  «;.

ieFj)F}_ 4
p is a projection from the set of intermediate contributions onto the
fundamental ones. Let (G', &, [«"]) be an intermediate contribution. We identify
the maximal subforests &', ..., & of Q(F) which verify all the conditions of
Proposition A.2. To obtain p[(G', &, [« 1)]=(G, &, [«]), we reduce every F/§;, for
F € §,, to a single reduction vertex, except the minimal subgraphs FJ, ..., F§, which
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Fig. 3. The mapping v on graphs

QUF)

Fig. 4. The mapping y o ¢ acting on Q(g)
e FeQ(®)

© F/RF)=~Go

F contracted by po ¢

are kept unchanged. Like for ¢, the forest & and the set [«] are obtained from
and [o"] by suppressing the reduced subgraphs and their internal a-parameters.
This is sketched in Fig. 3. In Fig. 4, the projection y - ¢ is sketched from the point
of view of forests with their natural partial ordering, the inclusion. Maximal
elements are on top of the figure, and connecting lines represent inclusion
relations. The subgraphs F in Q(§) with F/Q(§) isomorphic to G, are circled. The
projection y o ¢ reduces the maximal blocks of circled points at the bottom of the
forest (¢-reduction) plus all maximal linear chains of circled elements anywhere in
the forest (y-reduction), as shown in Fig. 4.

It is left to the reader to check that in the reduction described above there
cannot appear in (G, §,[«]) new subgraphs Fe§ with F/Q(F) isomorphic
to G, and having 0 or 1 reduction vertex.

Now to prove (IIL.2) we follow the proof of (IIL.1). Let us consider an
intermediate (G, §,[«]) with v[(G, F, [« ])]1=(G, §,[«]). Every quadruped
F9,j=1,...,s of Q(F) is the minimal element of a totally ordered subforest of
&, & ={F)C ... CF¥9}, which satisfy the conditions of Proposition A.2, except
that k(j) could be now 0. For 1=<p=<k(j), we call «f the supremum of the
o-parameters of F' f/F ?=1 and o?B? the parameter of the other line of FZ/F?~'. We
define also o;=a(F?, &) and cx*—oc*( , &) =a*(FiY, §). Putting n(G)=n and
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n(G’)=n’, the integration in (IIL.2) can be written as:

9"
g [ oDiw
G,g n: a;!‘__<_a;-‘(f)§ §a} aj
0<pr<i

1A

~ry
A

j=1

s [ kG)
11 {TJI [2afdofd 5 exp[ — of(1 +ﬁ")]]TgJ} TiZo(p. o). (A7)
Like in (A.6) the Ty, operators cut the integrand Zg. into
P kG) .,
Zg I_I1 ,,H1 [ef(1+ B "
j=1 p=

Moreover every F?/§ has exactly one ordinary vertex and one reduction vertex.
Therefore, using (A.13):

n' —n ’ _ : W g
g" “"OD¥/(«')=OD¥(x) j1=_[ ]:[ [——-1 Y (ap)] (A.18)
Let us define, for 0<x <y, the function
2dp
{(x, y)= I [m]f exp[—a(l+p)] — 7= A+p7° (A.19)
It is easy to perform the integration in (A.17), obtaining:
”{H k(;)'[ Lo, ,)]"‘”} OD¥(o) T3Z4(p, ). (A.20)

The following combinatoric lemma allows us to perform exactly the sum-
mation of all intermediate contributions which dress a fundamental one.

Lemma A.3. Let (G, §, []) be a fundamental contribution with QF) = {F°, ..., F°}.
The number of pairs (G, §) obtained from G and § by the insertion of the forests
&1 ... & considered in Proposition (A.2) is

10, (A21)

7

Proof. We follow Lemma A.1. There are ’:1_' ways of ordering the n’ vertices of G’

which respect the relative ordering of the vertices of G. One proves (A.21) by
induction, in the same way as Lemma A.1. Instead of choosing a pair of indices

(/)

1.
hence the factor k(j) - in the proof of Lemma A.1 ) one chooses only the

index of the ordinary vertex of G,; then there is a factor 16 to insert this G,
respecting all cyclic orderings. This proves (A.21) because 16=2 x 8 =2¢. The
reader is urged to verify this numerical value since the factors 2¥) in (A.21) will be
important for the rest of the paper, Lemma A.4 and Appendix B below. This
factor 2 corresponds intuitively to the breaking of the symmetry of G, by imposing
the existence of one particular vertex, the reduction vertex.
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Putting together (A.19) and Lemma A.3 achieves the proof of (IIL.2), hence of
Theorem (IIL.1), with:

D¥(e) =OD¥(x) - j]jl exp[ —2¢- {(af, )], (A.22)

which has the desired structure (IIL.3)«(IIL.5) if one defines
rd(x, y)=exp[—2c-{(y,x)]. (A.23)

The condition a*(FY, F) S o(FY, &), or of <o, which is required for (A.22) and
(A.23) to make sense [see (A.19)], is precisely F) € Q(&). Again the formalism of
“skeleton forests” developed in [1] appears to be an adequate tool.

What has been gained in this second dressing operation is crucial. First, in
contrast with OD¥(«), the dressing factors D¥(x) decrease when the a-parameters
attached to reduction vertices of Q&) tend to 0, allowing us to transport
convergence from inside graphs in Q() to the outside. Second, the mapping y
“trims” some of the remaining parquet structures in intermediate contributions
(see the remark after Lemma B.2).

The following elementary estimates will be used in the next appendix and show
how D¥(x) decreases when the ratios o/, become small.

Lemma A.4. There exists a positive constant b such that for Reg>0, |g|<e and ¢
small enough, one has:

fOT' 1§x§y|eXP—2CC(an)l§1, (A24)
b
or 0<xZ1=Zy lexp—2¢-{(x, )| , A.25
1+]gl-c-llogyl |2
<y< — <b|———| . .
for 0<xsystip -2l lsh| [T CIBE a0

Proof. Remark that |exp —2c{| <[exp—c- Re{]% By (A.14), cé(2) = 0 if . = 1, hence
g
Re— 7
“Tg-c o)
(A.24).
Putting A=1/g-¢c, (A.25) is implied by:

1 do 1 1 2dp |/1|+|10gx|]
ax WHp T Sg| 20| K, A27
Rl AR W Og[ B 2D

>0 for Reg>0. This implies Re{(x, y)>0 for 1<x=y, hence

1
where K is a constant (independent of x and of 1), provided Re4>0 and |4]| < s

1
Indeed (A.25) follows from (A.27) with b=exp(2Kc). We write log [%@]

|logx|
= A+t Mdj_ g with t=|logx|, we subtract this from (A.27), which becomes a
0
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consequence of the stronger assertion:

Hogs| 1 1 1 1 _ 24p
— R e {(1+p)
f di Re(,1+é(e") ,1+t> + e<i+t> |,1|+tj (1+p)?
L do _ 24p
W+ <K. A.28
I |/1|+|logoc| i[ Taspr = (A.28)
But
Lo auemy 24P 112dedp
o |/1|+|Log<x|“ Taspr=eeliieg
is a bounded integral. Moreover one has, for some A-independent K':
@ 1 1 1 1
dt|R - Re[ — |- —- <K". .
Ja e(l-i—é(e") /1+t> +l e<z+z> o =X (4.29)
Indeed, using Re ll—land [E(e™ ) —t| L a, (A.15), it suffices to show:
Tdt' a [ I P (A.30)
o NG de Gl arn o =X
Choosing e< 2c1 . using (A.15) and ReA>0 gives
e nzsup (4 ) 2 2EL,
and |1 +1]> "”; and the left-hand side of (A.30) is bounded by | Slil_l- 4']’12' <8,

. 1
using the condition < P g 2a <Al
c-a

This achieves the proof of (A.28), hence of (A.25). The proof of (A.26) is similar.

Appendix B: Convergence of the Dressed Expansion

In this appendix we prove Theorem II1.2 which states that the sum over dressed

fundamental contributions performed in a well defined way is an absolutely

convergent one. Note that this “sum” includes integrations over o-parameters.
For g complex with Reg >0, |g| <&, we have

lg[1+g-c- &)1 '|<inf{e, [c- &'} (B.1)

We give our convergence proof only for g real and positive, g < &. The extension
of the arguments to g complex with Reg>0 and |g| <¢ is easy, since the bounds
(B.1) and (A.24)A.26), which are uniform in this domain, are the only ones we use.
The convergence being uniform, the analyticity in g of the sum S,(p, g) is an easy
consequence of the analyticity in g of the factors D(a).
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We do not need to count Wick contractions any more, therefore we return to
unlabeled graphs. Let K& 9(p)=n!J% 9(p). From (I11.7) and (IIL.2), one has

KE9p)=g" | du(x)D¥(x) Hﬂs (1—tx)Z%(p,2), (B.2)
1,5 €
Z¥(p, )= TaZs(p, %) (B.3)

We say that K is “a fundamental piece” of the dressed expansion if Ay ¢ +0,
which will be now assumed. Theorem (IIL.2) follows from

Lemma B.1. There exists K(g) with lin(l) K(g)=0, such that for 0<g<e:
K& S(p)| < [K(£)]". (B.4)

Proof of Theorem I11.2. Assuming Lemma B.1, one gets rid of the factor n(G)! in
(I1.12) and performs the sum in (IIL.8) over unlabeled graphs with J& 9 replaced by
K% 5. The number of planar graphs (unlabeled) at order n is bounded by (const)”
[39-40], and the number of closed divergent forests in a graph with n vertices is
bounded by 8" [1, Lemma A.2]. Therefore we can fix ¢ small enough so that the
series in (IIL.8) is dominated uniformly by a convergent geometric series in
n(G). O

Remark. (B.4), which is the key estimate of this paper will be proved now for general
graphs, planar or not (see the end of Sect. IV).

Proof of Lemma B.1. 1. Case with No Bideps. Bideps create technicalities; therefore
we prove first Lemma B.1 for a graph G without bipeds, hence one has always S(&)
= Q(F). The general case is considered at the end of the appendix. From now on, a
fundamental piece K& is fixed.

We write |§| for the number of elements in the forest §. By [1, Lemma C.1],

IFUDI=1&+9] <n(G). (B.5)

Our main problem is to evaluate the integral (B.2) when G contains large parquet
pieces, so that |Fu9H|~n(G)=n. In this case, we cannot use only the logarithmic
factors in DE to bound the UV integrations, without performing any (1—ty)
renormalization in (B.2). Indeed this would eat one logarithm, hence by (B.1) one
factor g per divergent integration. The total number of these integrations, |FU$|
being close to n, one would not have enough remaining g’s to ensure the decrease of
K(g) in (B.4) as ¢—0. On the other hand if one performs h subtractions (1 —ty) in
(B.2) with hlarge (h/n bounded below by 5 >0 for instance), a disastrous h! appears
in the a-representation [ 1, Lemma I11.4] which we do not know how to eliminate.
Our solution combines renormalization of carefully chosen subgraphs H and use
of the logarithmic factors in Dg for the others. There exists indeed a mixed «- and
momentum representation (B.13) which does not contain factorial terms for
disjoint renormalized subgraphs with a bounded number of vertices. Fixing this
number to be large, one can bound the integrations over the remaining divergent
subgraphs, which are then very large, by using the “accumulated” logarithms in
D¥. and get (B.4).
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The whole method works because in contrast with |"3;J55| s @ isbounded away

from 1:
Lemma B.2.

EEd (B

Proof. Let & be the subforest of § made of these F € § which verify F/& isomorphic
to Gy. For any such Fe K, U(F)=2 by Definition A.3. This implies |R| < %ﬂ,
which implies (B.6) by an argument similar to [1, Lemma C.1].

Remark. There is no analog of Lemma B.2 for intermediate contributions. Here
again the necessity of the second dressing y appears.

Let g be an integer which will be fixed later to a large value independent of G, &,
9, and n. We define I and J by:

S={HeH/n(H/F) =4}, (B.7)
JI={HeH/n(H/F)zq+1}, (B.8)
and €=FuUJ. One has
K¥o= > KE&%, (B9)
FEREL
KES8=g" | du@)D¥«) TT (1 —tn)Zp, ). (B.10)
45, % He3

Let us define also 3,,={H €3, H=+ G/B;_ g(H) € §U{G}}. J,, consists of the
maximal elements of Jin the various F € Fu{G}. For F, € 3,,and F, € J,,, one has
F,/{)=F /& and F,/8=F,/§, and F/§ and F,/§ are disjoint. This property
allows us to write representation (B.13) below.

Furthermore we define for He3J,,, FH)={F € g, with By 4(F)=H]}, the
forest of the “reduction vertices” of H, and

H(H)={H'€ $/By m(H)=H}{H},

which is a subforest of 3 by (B.7) and (B.8). One has 3= H(H).
Finally for F e & we define: HESm

Fed < oap2ap,p), (B.11)

Fe3, < ap<op,p- (B.12)

Remark that 8.1 g 83 Sl g 8" %1031 = q)a and £= %IUSIUS'
We will use the following mixed representation:

Lemma B.3.
K%ﬁ’ﬁ(l’)=gn .[ dﬂ(“)Dg(“)f Hs [Zg/g(PH)]
4%, 9 He3J,,
0,0 (Zp), L1 e7ian], (813

FeQu{G} {veF/SmuR i=v leF/SmuU8
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where in (B.13) there is a 4-momentum p; for each internal line of F/J,URK,
F € RU{G}; a momentum conservation law 5* ( > pi> at each vertex v of F/J,,UR,

and Zygg is defined by: i
Zfl/ifrE [1 (—=tg)Zgg,pg). (B.14)
H’ e H(H)

In (B.14) the a-parameters of the internal lines of H/$ are called o, and py is the
set of the 4 external momenta of H/$, hence the momenta incident to the “reduction
vertex” corresponding to H in (B.13).

Proof. Lemma B.3 is a straightforward consequence of the way the renormaliz-
ation acts in momentum space [47], and of the equivalence of the momentum and
a-renormalization ([42, 43]).

Now we want to apply (A.14) and (A.15) and (A.24)(A.26). We cut the domain
of a-integrations into at most 2% <4" pieces, according to which o’s are smaller
than 1. Actually the integration in the infra-red regions 1 £« < o0 are easier, and we
will consider only the most difficult region where all o’s lie between 0 and 1 (see,
however, [61] for a correct treatment of infra-red integrations according to the
method of [1]).

Applying (A.15) and (A.26) one gets, for ¢< g

2
" 1 1+g-c-logog |
(o)< DB(o0) = .
Del)=De'e) ule_IG 14+g-c-|Logo}| 1'1;[3|:l+g'0'|10g06;§| ’ (B.13)

where AéB means A <X K"B for a fixed constant K.

We want to integrate first in (B.13) over the internal o’-parameters of H/& for
any H € 3,,. From now on, we call « the other parameters, and 4(«) the domain of
all o with [o,a] € Ag 4.

Using the definitions of Sect. I1.6, one shows easily that for any ordinary vertex
v of G, of Sap, ). Also for any F e §, af Sog 5

Therefore, using (B.11)~«(B.12) and (B.15):

1 1+g-c-logag ]?
DF()<E¥o)=T] T |: , (B.16)
()= E) veG 1+g-c- |IOg°‘B(u)| Feg | 1+g-c- |10g°‘B(F)|

where we note B(v) and B(F) the subgraphs Bg(v) and Bg(F).

The important remark is that since IC $, E¥ depends only on the parameters o
and no more on any o’. Therefore we can integrate in (B.13) over the o’ parameters,
using the following crude bound:

Lemma B.4.

|9
I )d#(“ﬁzﬁ/g(a’, pg) S K" 2 (SE)—=v)! [ogilpall”,  (B17)

a’'ed(a

4
where |pyl=1+4 3 (p4)? is defined as in [1], Eq. (IL.6), and K is a numerical
i=1

constant.
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Proof. It is similar to the proof of Theorem 1 in [1], but uses the improved version
of [1, Lemma II1.4] introduced in [61] and the following comments. Since o € A(cr)
we have oy <o for any H' € $(H). Therefore the left-hand side of (B.17) is just a
piece of the renormalized amplitude Iy 5 according to the splitting (I1.20) which
was used in [1], with an overall infrared cutoff ofj on the parameters o of H/.
Therefore it can be estimated by a straightforward use of [1, Lemma II1.4] and of
[61]. |9(H)| will be the analog of what is called f(Fu9) in [1] and [61]. (In our
case the analog of s in [1, Lemma ITL4], is just 1, and v is the analog of what is
called v in [61].) One gets, after integration on every Hepp’s variable except one,
the bound:

B ajr
| duo)Zg (o, pr) S K" 2 (SE)I=v)!Ipal (f) ple tdp,

a' ed(a)

where f8 is the analog of what is called f8,in [1]. Using T B re PdB < [a}]” proves
0

(B.17).
Using (B.16) and (B.17) we get from (B.13), (B.7) and the fact that

IS(H)| <n(H/F)=q:
K% S8 <g" ] diu(@)[g 1> EY(@)

Ao T [oglpall T { I1 54(2[%) I1 e‘“””zd“m}, (B.18)

He3m Fe&U{G} (veF/RUSTm i—=v leFIRUST,,

where 4 is the domain of all o«’s which respect the collection of inequalities defining

4
3,5. . .
Now we can get rid of the momentum representation, which was only

technically useful in displaying the factorization (B.13) over disjoint subgraphs of
3,, without paying any factorial factor.
Let us consider H € J,,, and let us order the parameters of its external lines as

4
oy Sa, <oz <o, We have af = a,. By momentum conservation, (pg)* <3 Y. (pky)>
i=2
Therefore: . .
[ofilpyl] S oy + 160, ;2 (Ph)*<of+16 ,;2 %(py)’, (B.19)

which implies:

R NE S N
o* <i§1 P’n) [il;ge_“i‘”H) ] (olpall’ < K(g)o* <i=21 P'n) I [e ’ } [1+og

=t (B.20)

for some positive K(q). Let K'(q9)=q!K(q). We make the change of variables
a—a/4 (since a given line could be incident to two different graphs of J,,). Using
(B.18) and (B.20) we get:

Lemma B.5.
K% 59(p) = g”£ du(e) [K(q)1°"EY @ ZE s, (1, %), (B.21)

Zgs,0,0= T Zgs,oa(,9). (B.22)
FeRu{G)



476 V. Rivasseau

Proof. The domain 4 is defined by a collection of inequalities between o’s and is
therefore invariant by a—o/4. We have

_ I _ ,dO(i n —g-ai ‘Xi
du(e)=[Te “do; <4 []e “'Tgﬂe 4+ du 1)

where I'= Y I(F/SJ,,u8)<2n. Using (B.20) one performs the momentum
FeRU(G)

integration and reconstructs Z§s, (p, ®), using the obvious bound Eig(4ac)éE§(a)
for g small enough, and

3
I+af)e + 2.

The important gain from (B.2) to (B.21) is that the renormalized divergent
graphsin (B.21) are in J instead of §, hence have at least g + 1 generalized vertices,
and the corresponding logarithms have been stored into E§ without paying any
factorial factor.

To simplify further, we use:

Z3)5, (0, 0) S Z55,(0,0) < Z35,(0, ) =[Ugys, ()] 2. (B.23)

The basic object we have to consider is the set G/J,, made of I lines which is the
disjoint collection of the subgraphs F/3J,,uf, Fe 8uU{G} together with their
partial ordering due to inclusion relations, which defines B(F) for any F € £. Let us
call ng, [ the number of vertices and lines of F/3J,,uL which will be noted F for
short when no ambiguity is possible.

Let us define 4g, y as the subdomain of 4 which corresponds to a fixed &, in
(B.11), &, € &, and to a fixed set X of lines with parameters oy, F € QU{G}. Hence
|X|=|2u{G}|. We will bound uniformly (B.18), where the integration is restricted
to Ay, x and prove therefore Lemma B.1, since there is at most 8"- 2" £ 1 choices
for (&, X).

For any F € Qu{G}, we call G, the set of Hepp’s sectors of F/3J,,uL which
belong to 4g, . Letusrecall [1] that a Hepp-sector associated to a permutation o
is a domain in a-space defined by:

hop={0€F;0,1)S0,0)S ... Sty =0p=1}. (B.24)
The Hepp variables are defined by:
w= T Bi; 0=p=1, (B.25)

keFger
where the subgraph F{¥ is as in [1], the subset of F/3J,,uL made of the lines
(1), ...,0(i), and the infra-red truncation o,,, =0y <1 was assumed above for
simplicity.
From (B.21) and the arguments above, we obtain:

|K%: 5 5(p)| ég}“} [le,x . FGE{G} Mgl,x] , (B.26)
- 2R (Y15 dop |
Ly, x= (j) (j) g"[K(@]> . I1 . E¢([oplpeeoie)s (B.27)
ap Zap(F) if Fe§i ctviG Br
ap=apr) if F¢§1 1 !
M§1,XE Z@ i...j(; ]1 dppeeEid—1, (B.28)

i*lp
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where o(F7) is defined in Sect. (I1.3) and we used du() <] do;. Indeed it is shown

in [1], that by considering the dominant tree in each sector, the factor
[18*P~"dp; bounds Uy *(o) [Tdoy; in each given h,.

13

Let us recall that w(C)=2e(C) for any superficially convergent connected
graph C (Sect. IL3). Remark that if F{=+F, hence i<l F{ has no divergent
connected part (otherwise they would belong to §, hence to £ by definition of $
and of the compatibility condition ¢ € &5, which means that the collection of
inequalities defining A, is compatible with the collection of inequalities defining
4z, ). Therefore

MELE Y T (B.29)

ceGF i*lp €5 .

Now it is proved in [1, Appendix B] that (B.29) implies M§, X”ﬁ 1. Since ¥ ny<2n,
Lemma B.1 will be the consequence of only one further lemma.

Lemma B.6.

n 1 13l
Ly, x=g"""*v@I[K ()] [5] . (B.30)
Proof. Let us make the change of variables y,=g- c - logag|. For F € &, we have

1 )F
(F) (F)

<1, hence
L+ 95
Therefore, using (B.16):

grrlevel ol
Ly, x= NN [K(@)]"'Ng, x, (B.31)
0 0 1 SF
x= .. d <—> , B.32
V.x 0o 0 Fegul{c} T 14+yg (832

yrEyBr) if Fedy
yFZyB(F) if F¢F:1

sp= 4 {ve G/B(v) =F} +3/24{F € &, /B(F)=F} —3/2x5,(F), (B33)

where we introduce the characteristic function yg, defined by x5 (F)=1if F € &,
Xz, (F)=01if F¢&,; x5, and xg are defined in a similar way.

For any F minimal in LU{G}, if Fe@, F is not isomorphic to G, (by
Definition (A.2), hence # {ve G/B(v)=F}=3. This implies, using definition (B.8)
of J, that for any F minimal in 2U{G}:

sr2 3/ 25, (F) + 3x5,(F) + (g + Dx5(F) . (B.34)



478 V. Rivasseau

In (B.32), we integrate over g, for F, minimal in 8U{G}, using the bound (B.34).
Therefore:

'YBj_Fo) d')) Fo

fOI‘FoEgla (1+)) )SFO
Fo

<7 <2, (B.35)
0

(1+?)3/2 -

for Fye S Podw D << ! )2 (B.36)
0T vocry L+ Vr)™ = a0y, (1 +9)° = 1+ 750 ’

©  dy, o dy 1 [ 1 ]ﬂ
for F e, ° < <- . (B.37
0 ‘S ')'B‘(‘.Fo) (1 +VF0)SF - )'B{FD) (1 +'}))q+ t= q 1 +YB(F0) ( )

We obtain a new forest QU{G}—{F,}, and a new integral similar to (B.32) with
new values sy =sy if B(F,)+ F, and sp = sp+2y5,(Fo) +qxs(F,) if F=B(F,). We
repeat this elementary integration over a new subgraph F; minimal in QU{G}
—{F,}, and so on. We have to verify that condition (B.34) never becomes violated
for the new numbers sf,s2,.... Let Fe QU{G}, F=F,,,, hence F becomes
minimal after the k™ integration. By induction, using (B.34) and (B.35)~(B.37) there
are “reduction rules” to compute a lower bound on sk: any ordinary vertex in F/€
counts for 1, any F’ e §; with B(F") = F counts for 3/2 [by (B.33)], any F' € J, with
B(F’)=F counts for 2 [by (B.36)] and any F’e J with B(F)=F counts for g [by
(B.37)]; finally one has to subtract 3/2if F € §,. Using Definitions A.2 and A.3, plus
(B.8),it is easy to check that this rule proves s = 3/2y,(F) + 3x5,(F) + (g + Dx5(F):
by induction on 2U{G} this proves that:

mﬁhxéz"[é]wﬁ (B.38)

[The factor 2 comes from (B.35).] Together with (B.31) this achieves the proof of

Lemma B.6.
By (B.9), (B.26), (B.29), and (B.30) one gets

K& 2(p)| < C"g"~ *VIK ()] B]m (B.39)

for some numerical constant C £10'°. To complete the proof of (B.4), hence of
Lemma (B.1), let # be any (arbitrarily small) positive number.
We fix g to be the first integer greater than [C/n]*. Then we take

e<[K'(@)]"'[C/m]~*>.
Remark that |§|+ |3+ ]3| =|FUH|=<n, hence n—|QU{G}|=|J| and n—|2uU{G}|
2n—[|&+19(]. Moreover by Lemma B.2 |§| < %? and |3, £|3| = 9. Therefore:
. 5
a) if 19<n/6, |]+/9|< > and:

K& @)= Cg"°IK (@I"° <n", (B.40)
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b) if |§| > n/6 and |3| < 1—”2 hence |32 1—"2:
1213
IKZ2p) < C'IK (@) Vg™ < " [% <, (B41)
o) if [H]>n/6 and || = n/12:
1|12 ‘1 n/12
IKES(p)=C" [ﬂ K @Iz C ﬂ =n". (B.42)

This completes the proof of Lemma B.1.

2. General Case. As is remarked in Sect. III, when bipeds are present it is
important to do correctly the subtractions which renormalize their quadratic
divergences, even in the dressed expansion. We will not use here the painful
treatment of bipeds given in [ 1], which, as remarked in [1, Sect. IV], does not give
a sharp estimate for a “chain” of bipeds. We prefer to use the following facts which
allow an inductive estimate on dressed bipeds in our expansion:

a) Bipeds never overlap with closed graphs.

b) Amplitudes for bipeds B depend on only one invariant, the square of the
external momentum pg flowing through them.

¢) If we write the Taylor subtraction for bipeds as 1—tz=s3+ sy, where
s9=1—t3 subtracts only the first term in the Taylor expansion and s; =t} retains
the second one, each piece corresponding to s or s does not show any quadratic
divergence, but only a logarithmic one. Moreover the operators s3 or sy
renormalize automatically the spurious divergences associated to open quad-
rupeds whose closure is B [1].

d) Since by insertion of a biped the number of (ordinary) vertices of a graph
increases by at least 2 there are no subtleties similar to the preceding section, and
the logarithms of the dressing factor can be used to screen the remaining
logarithmic divergence of the bipeds.

Let us make the following inductive assumptions on the renormalized dressed
amplitude for a biped B(K; is defined as J; in (IIL8) with K& 9 instead of J& 9).

Lemma B.7. There exists K(c) with ling K(e)=0, and

a) K5 ()= (p* + 1) [K ()], (B.43)
b) Kp'((p+k)?)—Kp'(0?)=[2p k+k*1Ly '(p k), (B.44)
c) ;}K% ((p+ 1)) = [2p-k+2k* 1My '(p), (B.45)
d) Ly (- K < [K(@)]"P, (B.46)
e) My (p- K < [K(e)]"®. (B.47)

The induction is on the number b(B) of bipeds which are strict subgraphs of B.
For b(B)=0, Lemma B.7 can be proved easily by the techniques of [1] and of the
preceding section, using the two dressing extra logarithms to bound the loga-
rithmic divergences associated to K. Let B be a biped with maximal sub-
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bipeds By, ..., B;, ..., B,,. In the momentum representation for B U B;, there are

loop momenta q, ...,q;, ...,q,, and the line momenta k, ..., k;, ..., k; are linear
combinations of the q;’s and of p. We call p; the external momentum of B;, and
K9, .. kP, ....k?,...,p? ... the corresponding quantities at p=0. As an analog of
(B.13) we have the following mixed representation for K% (we forget unessential
details like the possibility of forests of quadrupeds to add to the formulae, treating
them as in the preceding section, and call Dy the dressing factor for B).

L
K3(p?)=g"®" 1" ... [ du(e)Dy/ jp (1) jl:ll d*q;

- { ﬁ e k¥ ﬁ [K3,p)+ K5 (p)]
- H Baals H [K3(p)+ K5, (Pf’)]}

L
=gn(B)— Zi:n(B.')j. . jdu(a)DB / UBi(‘x) ]'—[1 d4qj
i J=

i=1

1 1
- { IT e ki~ jy e’“""‘w} Il [K5.(p)+ K5 ()]

> H e‘“k“‘g)z T1 [K5(0)+ K 0]

s=1k= <i<s

{[K3.(p)— KBS(P )1+ [K5,(p1) — K5,(p) )]}s l_[
[K3.@)+K5,(p)]. (B.48)

By (B.44), cancel the 2p?-p, term by symmetric integration, and bound the
remaining L} ! by (B.46). Using three-fourth of the dressing logarithms in Dy g,
one can effectuate all integrations and prove (B.43) for K3 [Remark that the
factor m+1 which appears in the sum (B.48) is bounded by I(B) — 3 I(B;), hence

by 2!® B 4 factor which grows inductively into an inoffensive 2'®, Also there
remains a factor g"®”* to ensure the decrease of K(g) as ¢—0].
The rest of Lemma B.7 [(B.44)(B.47)] can be verified in a similar way.

Appendix C: Borel Summability

This section is devoted to the proof of Theorem IIL.3. We replace first S (p, g) in
(IT1.9) by its definition as the absolutely convergent sum (IIL.8) of the dressed
amplitudes. The subtractions in (II1.9) will modify and partly “undo” the dressing
of the amplitudes with less than k vertices, but it will not modify the dressed
amplitudes with k vertices or more.
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We write the left-hand side of (II1.9) as:
%[1—7},"_‘]10(1), 9) (C)

where the operator T retains the g first terms in the Taylor development in g near
g=0.

To bound (C.1) and to prove (IIL9), by linearity of T, and the usual exponential
bounds on the number of graphs and forests it suffices to prove the following
lemma:

Lemma C.1. Let D,={g complex, Reg>0 and |g|<e}. For geD,:
1 % k sup( L k>
I(1- T3 HKE | ZKIgITK (6)] (C2)

where K'(¢) is as in Lemma B.1, and n=n(G).
Proof I* case. Let us suppose n<k+ 1. We have
(1 —3’;"_1)162’%”3= | [(1=TF Hg"D¥(e, g)1du(e) H (1—tg)Z¥p, ). (C3)
45,5
Let us call «,;, = {infa;,i= l(G)} From the exphclt form of the factors
od(x}) and rd (o, of) in (IIL 4)—(III 5) it is obvious that D¥(«, g) is analytic in g and

uniformly bounded by (const)’ in the set I' surrounding D, at distance
¢ [2&(0tp,)] " (see Lemmas A.2 and A.4). By a Cauchy formula:

D¥(a, z)dz

2m§z" "(z—g) (€4

(=T ) ("D, 9)) =

In (C.4) the contour surrounds the segment [0,g] at distance c - [2&(0tp;,)] .
Therefore one has:

(1 =T 1) ("Dt 9] S lg1HE )17 (C.5)

Let us cut the integral in (C.3) into the Hepp’s sectors and perform the
renormalization as in [1]. It is proved in [1] that:

5 (FUH)
) [ (1-z5 2550
1 1 -1
AL p, | AT T, (C6)
G/ho 85 = i=1

where f3; are the f variables associated to the sector o, and N7 are positive integers
and f(FuP) and f(G) are defined in [1]. Furthermore it is a basic bound of [1]
that:

f(‘%g) S _f(G)'<n' (C.7)

oSy B! iz

From Lemma A.2 and (C.5) we have in a Hepp’s sector h,:

k -1 k+1—n
(1 =T "g"D¥(x, g)| <lgI* [a + ~=21 Ilogﬁil] : (C.8)
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Using the multinomial expansion and trivial explicit integrations one gets easily:

Te-/”dﬁ,f...i<a+ iuogm)k“ g ap s SN
0 0 0 i=1 l__[ Ng (C.9)

Putting together (C. 7) (C.8), and (C.9) achieves the proof of Lemma C.1 since

trivially n!(k+1— )'<k' in the case n<k+1, and 4z sC Dy ¢
2" case k<n—1. In this case, from the presence of ¢" in K%9,
(1-TF HKES=K% 2. To prove (C.2)it remains to “trade” a factor |g|* against a k!
in the estimates of Appendix B. Let us sketch how to do that in the case “without
bipeds,” namely the first part of Appendix B. The other case is similar.

We have to modify slightly the treatment of the graph G in Appendix B. We
distinguish two cases:

- If [9U{G}|=k we choose a subforest $'={H,,...,H;} of 9U{G} such that

the H’s are disjoint and such that h= 2 h;=k, where h,=|{H € HU{G}, HCH}|.

- If|9U{G}|<kweputi=1,9H'= {G} {Hl} and h=h, =|9U{G}|.

We define also s;=|{Fe@, FCH;}|, s= Z s, and f;=h;+s;. We define
r=sup{0,h+s—k—1I} and choose an arbltrary (possibly empty) subforest
{Fi,...,F,}=& of § such that each F;, j=1,...,r is contained in one H,,
i=1,...,1 This is possible since r <s. We define also:

pi={Fe§uHu{G},FCH; and FL Ax(H)}I,
t/=|{F e §UHU{G}, FCF,; and FL Az(F)}|.
Then one has

i ; G=3 fizh+s.

i= 1
We define a new forest J slightly different from the definition in (B.7) by:
I={HeH,n(H/Fu)<qand HLH, i=1,...,1}. (C.10)

We write a mixed representation similar to Lemma B.3 with the corresponding
new definition of J,,.

The action of the operator Ty, in K§ ? factorizes completely the various F;/§’,
j=1,...,r, which will be treated as in [1]. More precisely, starting from the
minimal elements of &', one writes the bound:

[ dp() {g g Od(fx.’,“)]} exp[ —2¢{(ef,, o] Zﬁj(fx?'

a' eA(x)

= (Const)‘ ’ fA ( )du(aﬁg”‘F"’ “?[g od(of )17 Z5 (o

(C.11)

where we used Lemmas A.2 and A.4.
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Performing all renormalizations as in [1] and integrating the last logarithmi-
cally divergent variable B, up to the ultraviolet cutoff oif, one gets:

J ( )d,,<ar)|g|"“’f>-2[g od (et )12 ZE (o)
"ENg|"FI 21111 |(g od (o )20tk
"LlglrFI~2[1]1lg od (), (C.12)

where y(x)=1if x>1 and y(x)=1+|logx| if x<1. Putting the factor |g od (e )|
with the rest of the integrand for G/F; reconstructs its proper integrand and
complete dressing factors.

Iterating this argument one gets as final bound for the subgraphs of § the

factor |g|"®" TT [¢;]! [up to an inessential (const)"], where
ji=1
)= 2231 (n(FM)—1)—1%1,

F',...,F" being the maximal elements of &, and the proper integrand and
dressing factors for G/§ have been reconstructed.

The treatment of the subgraphs H,/§’, i=1, ..., 1 is slightly more complicated.
We consider H;=Bg (H;) and define

[i={Fe&u9u{G}, FCH;, and FL Agx(H)}|.
By an obvious analog of Lemma B.4 applied to H;/§& one gets:

n(HéTs‘ )

§odu)Zg Hy5(0s Prry) Z (ff —o)! [0 lped 1"

a’ e A(a)
where the natural analog of (B.14) for Hj is
Zigw= I (=) TT (1—t)Zy(o\Pay)-
€ He$

FSH HCH:
Fédy (H) HE Ay (H))

4 i
We bound [af,|pal]° like in (B.19)+(B.20) by [] e~ %®". We use x’e *<v,
j=1
v!(ff —v)!< £/ and by (C.10), f; < pi+n(H}/H;) < p;+q, hence f;! <27 pilql. We
remark also that
IT ILgod(@)II=<|gl"™7~ g od (af,)I" #/H2.

veHj/

Putting together these bounds, the final result for integration of the subgraphs of
& and ©’ is a factor

) RUCORE il s

lgl= H (7] H Cpi]!

up to an inessential (const)"; the proper integrand and dressing factors for G/$’ is
indeed reconstructed; the factor ¢! is absorbed in the definition of the factor K'(g)
corresponding to H;in (B.21). Hence treating G/$’as in Appendix B, we get for this
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1
part a bound K(g)"%/9)- Defining n'= Y n(H,), gives the final bound:
i=1

K% 3= Igl”'"l"[K(ﬁ)]”""“jliI1 [z ilfll [pil! (C.13)

By (B.5) one has n’>h+s+1. In the first case, where h=k, since r <s, this means
that n’——r>k. In the second case, where ' ={G}, n'=n, and I=1; either r=0
and ' —l—r=n—1>k, or r=h+s—k—I, and again since n'2h+s+[, n'—I—r
2k+1l=k+1>k.

Hence in every case one can extract a factor |g|* from the right-hand side of
(C.13). Since one can choose K(¢) such that |g| < K(¢), one obtains

n r 1
K ®| < |gl*K(e) @m0 [1 [G]t I [pe]! (C.14)
i= i=

2
By (B.6) r= ?n Moreover since

1 r ! n (h+S)'
‘ (= Al =
t]+i§1pl hts, jl:Il [t]]'il;ll [t = (I+n!

M~

j=1

and:

(h+s)!  (h+5)! <(k+l)!
d+rn! I I
(h+9)!  (h+9)! »

= <k!
0]~ hrs—Rt =K

In every case we obtain the final bound (C.2).

—ifr=0, h+s<k+I = <k!

—ifr£0,r=h+s—k—1 =
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