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Abstract. For any Feynman amplitude, where any subset of invariants and/or
squared masses is scaled by a real parameter A going to zero or infinity, the
existence of an expansion in powers of 4 and In/ is proved, and a method is
given for determining such an expansion. This is shown quite generally in
euclidean metric, whatever the external momenta (exceptional or not) and the
internal masses (vanishing or not) may be, and for some simple cases in
minkowskian metric, assuming only finiteness of the — eventually renormalized
— amplitude before scaling. The method uses what is called “Multiple Mellin
representation”; the validity of which is related to a “generalized power-
counting” theorem.

1. Introduction

In this paper we give a mathematical method for studying the asymptotic
behaviour of Feynman amplitudes, that is integrals G(q,) corresponding to given
Feynman graphs. Notation {a,} represents the set of invariants (Zp)2 built from
external momenta p, and of internal squared masses m?. By asymptotic behaviour
we mean an expansion in a real parameter 4 scaling some a,,s, say {a,,}, the other
ones, say {a,}, remaining fixed. Conventionally we take A as going to infinity, but
of course the method applies as well to the case of invariants or masses going to
zero, by dimensional argument:

G (am,%an) =2°G(la,,a,). (I.1)

We emphasize that our method is quite general, since it applies to any
asymptotic limit (any choice of the subset {a,}), for arbitrarily given external
momenta, generic or exceptional, and for arbitrary finite or vanishing masses. In
this paper we consider for simplicity only scalar particles with non-derivative
couplings. Then for any Feynman amplitude in Euclidean metric (and for some
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simple situations in Minkowskian metric), our main result is to establish the
following:

Theorem. G(4a,, a,) has an asymptotic expansion of the type:

- gmax(p)
G(a,,a)="3Y 2 ) In%ig,(a,a,), (1.2)
P=Pmax T q=0
where p runs over the rational values of a decreasing arithmetic progression, with
Pumax @S “leading power”, and q, for a given p, runs over a finite number of non-
negative integer values.

Such a theorem was proved in the past by Weinberg [ 1] for a specific kind of
asymptotic behaviour: scaling by 4 of all external momenta of a convergent
Euclidean amplitude; then the asymptotic expansion (1.2) is such that p runs only
over integer values, and p,,,. is determined. Later Fink [2] found g,,,,(Pmay)» and
also, the theorem was extended to divergent renormalized amplitudes [3].

It was the search for a proof of the “power counting” rule in the case of a
general asymptotic limit which motivated our work. We went back to the essence
of the Bogoliubov-Parasiuk-Hepp renormalization theory, and abstracted from it
the notion of FINE polynomials (see Sect. I1). Combining this with the use of the
multiple Mellin representation (see Sect. 111), we were able to prove Theorem (I.2)
very generally, even in the cases where “naive” power counting does not work.

In the asymptotic problem s—oo (Regge pole behaviour of four bodies
amplitudes) this theorem had not been established before. Several papers [4] deal
with the determination of p,., and ¢,..(Pm.) and a general rule was given by
Zavyalov and Stepanov [5], though their proof relies on “naive” power counting
which is not a priori correct in this kind of asymptotic behaviour. For graphs
which occur in low orders of perturbation [6] or for “ladder” graphs [7],
D pandenax(penay) N84 been determined, but even in these cases the other coefficients
9 penarg Were not all determined in an explicit way.

Another interesting asymptotic behaviour is the “infra-red” limit of a mass
going to zero. In quantum electrodynamics, the on mass-shell amplitudes develop
infrared singularities which must exponentiate by a mechanism described in a
classical paper by Yennie et al. [8], although no rigorous proof has been yet given
for infrared exponentiation and cancellation. Here again, the lack of rigor relies on
the fact that the power counting is not valid. More recently Cvitanovi¢ and
Kinoshita [9] gave specific rules in the Feynman parameters space, and extracted
infrared divergencies by non-linear power counting methods, which can be made
rigorous and complete with the use of our present technique. Similarly, the
techniques of Grammer Yennie, and of de Rafael and Korthals-Altes [10], allow a
summation of infrared logarithms, which becomes rigorous once our Theorem
(I.2) is assumed, with p,. =0 and gq,,,, bounded by the number of photon lines.

The extension of such results to quantum chromodynamics [11] does not seem
to be completely understood yet, and we think that our method would also be
useful for its study.

Another application of the multiple Mellin representation is to justify the
various manipulations which have to be performed if we wish to compute the
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coefficients g,,. For a given asymptotic regime and for the most general graph
contributing to the leading power, the coefficients g, . are then obtained as
integrals attached to subgraphs and reduced graphs, and geometric rules may be
given to construct them. These rules may later be used to explain and perform an
eventual summation of all logarithms which occur when we sum the contributions
to the leading power over all Feynman amplitudes of a vertex function. We
achieved such a program in the case of the scaling of all momenta [3, 12], using
only single Mellin transform. In the case s— oo for four bodies amplitudes of ¢?*
field theory, using multiple Mellin techniques from this paper, we have rigorously
built the well-known Regge behaviour [13], and we are in process to extend the
same program to Regge pole behaviour in ¢* field theory.

Section II gives notations and general comments. The multiple Mellin
representation is given in Sect. III and the asymptotic expansion is determined in
Sect. 1V, for any Feynman amplitude in Euclidean metric. The same results are
extended in Sect. V to the case of Minkowskian metric, for some simple situations,
and Sect. VI gives a short discussion and examples of application.

I1. Notations and Comments

1. Parametric Representation and Mellin Transform

Given a Feynman graph, i is an index for internal lines, i=1,...,[, and L is the
number of independent loops. The corresponding amplitude in euclidean metric is
defined by the well-known parametric integral representation (see e.g. Ref. [9] and
other references therein):

_ Viag; i)

Gla)= j H Aoty g5 UD/Z( ) U (IL.1)

where D is the space-time dimension and U and V are the Symanzik polynomials:
@)=Y 11 »- (IL.2)

1T i¢gl-T

U(x;) is an homogeneous polynomial with degree L. The sum extends over all
different “one-trees” 1-T (connected subgraphs, without loop, linking all vertices
of the graph).

i
Vo= [ T1 #)( S o) +( S v
2-T|\\i¢2-T 2-T i=1
(IL.3)
Vi, ;o) is an homogeneous polynomial with degree L+1, and real positive
coefficients a,= (3 p)>,m;. The sum extends over all different “two trees” 2-T

(subgraphs without loop, with two connected components, linking all vertices of
the graph). (Z p) is the invariant built by squaring the sum of the external

momenta over one of the connected components of the two-tree (any one of them
equivalently, by momentum conservation).
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Introducing now the scaling parameter 4, V is split into two parts:
V(da,, a,;o)=iW(a, ;o) +R(a,; ;) (11.4)

and the behaviour of G(4a,, a,) for infinite A is related to the vanishing of W(a,,; ;)
when the o,’s vanish. One way for exhibiting this relation is to take, if it exists, the
Mellin transform of G(1) (see Ref. [3]), which is nothing but a Fourier-Laplace
transform in the variable In/:

ot 1 ~—’5 W
M(x)= 5 diz= G =T(=x) | [ dogme (U) : (IL5)
0i=
To the expansion (I,2) for G(/) correspond meromorphic properties of M(x):
9pqd’
Mx)= ) "y (1L6)
p.q (X—P)q+l

and we are left with the extraction of poles from M(x), that is with the
desingularization of the last integral in (I1.5). Such a problem has been studied for
example in Ref. [14] by appropriate choice of local coordinates, but we shall
present in the next sections another method, which we think to be more adapted to
explicit computation, interpretation and future reorganization of the coefficients

gP‘l'

2. Hepp’s Sectors and “Simultaneous Taylor Series” Property

One can divide the a-integration domain into /! “sectors” [15] by ordering the o’s
in all possible ways. To a given permutation h=(i,,...,#) of the lines 1,...,/
corresponds the sector:

o, Lo, <. §o¢il,

i1 =iy =

We choose in this sector new variables f5; defined by:

ailzﬁl
O‘l,,iﬁtﬁtﬂ

O‘u:ﬁzﬁzﬂ By

Ofn:ﬁzﬁz—1 BBy

Then the integration over f3, can be made explicitly, because the integrands in (I1.1)
or (I1.5) have homogeneity properties, and the remaining integration domain is:
0=<g,=1,i=1,...,I-1.

Definition. Given some polynomial P(x;), we call it FINE (essentially Factorized
IN Each sector) if in each sector the o-ordering induces one and only one
dominant monomial in P. Algebraically, in the f-variables, P takes the form:

- (H B?') (B
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where Q is a polynomial with Q(0,...,0)=%0. For example o +o,, a0, +o 04
+ a0, are FINE polynomials. Conversely, o} + o, a4 is not FINE as it can be seen
in the sector o, Sa, Soy.

More generally, we speak of a FINE function if in each sector it may be written
as:

fla)— (ﬂ ﬁ?’) g(hy) (1L7)

where the x,s are arbitrary complex numbers and g(f,) has a simultaneous Taylor
expansion around 0, with non-vanishing constant term g(0,...,0)40. Arbitrary
products of complex powers of FINE functions are FINE functions.

It can be seen from theorems in Ref. [16] that a FINE function f(«;) has the
“simultaneous Taylor series” property : given an arbitrary nest 4" (set 4" of nested

subsets S of lines i), let us scale each o; by []og. Then there exist complex powers
Sai

zg such that f"(o4; ;)= ( 11 Qgs) f (ﬂ QSO(i) has a simultaneous Taylor expansion
Set” Sei

around 0 in the variables gg.
In other words the behaviour of f(e;) around 0 is governed by its vanishing
when subsets of «-variables go to zero linearly: for a FINE function f(x,),

convergence or divergence of the integral {[]dx,f(x;) can be determined by naive
0 i

power-counting. For the same reason, eventual divergences in such an integral can
be removed by Taylor subtractions [16].

3. Desingularization of the Mellin Transform

Desingularization of M(x) in (IL5) is immediately achieved by the change of
variables a— f3, provided that U and W are FINE polynomials. Now U is always
FINE for any graph : that is the reason why Hepp’s sectors method works for ultra-
violet study of integral (IL1). Also V and W,= ) [] O‘i( Y p)z are FINE
2 Ti¢2'T \2-T

polynomials in euclidean metric: for this reason, the proéblem of all masses going
to zero, in the euclidean case, may be solved in the sectors or by Taylor
subtractions [3].

In contrast, neither sums nor parts of FINE polynomials are generally FINE :
for many asymptotic problems, the W part of V is not FINE. As an example, V
becomes non-FINE for many graphs in quantum electrodynamics, if the photon
mass vanishes and if other terms cancel by electron mass-shell condition. Then, as
we said, ordinary power-counting becomes wrong: for this reason, in Ref. [9],
infrared divergences are explored by non-linear scalings such as o;~1, o;~p,
o, ~ 02

Such methods of exploration do not constitute a complete proof: to determine
an exact asymptotic behaviour, it is in general difficult to characterize the relevant
powers of the scaling parameter. We find more efficient to work in the sectors, and
to develop another technique explained in the following sections.
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II1. Multiple Mellin Representation

With the previous notations, for a given Feynman graph (I lines, L loops) we
have an amplitude:

1 -r

w 1
0i=1 U

and we simply assume the existence of this amplitude (before any asymptotic
limit), that is the convergence of the integral. The case of ultra-violet divergent
graphs will be mentioned at the end of this section.

We first divide V into pieces

e

V=Y (I11.2)

1

1]

J

in such a way that:
All pieces V; are FINE.
The part W of V which is scaled by 4 in Sect. IV is a partial sum of V/'s:

N
w= YV, (111.3)
ji=1
M
R= Y V. (I11.4)
j=N+1

This is always possible: at worst, we may divide V into all its monomials. Actually
in many physical problems, the splitting of ¥ may be much simpler: see examples
in Sect. VI. Even if ¥ is FINE, W and R are generally not; in the particular case
where W and R are separately FINE, no further splitting is needed and the method
should be equivalent to the simple Mellin transform method of Ref. [3].

Then we decompose G according to Heep’s sectors:

G= 3 Gy (ITLS)
In a given sector h, under a— f§ change of variables:
-1
Uﬁﬁf(ﬂ ﬁf‘) u(By) (I1L6)
i=1
-1
Vi—prtt ( I1 ﬁ?”) v/B). (I11.7)
i=1

Because U and V; are homogeneous and FINE, Z; and n;; are non-negative
integers, u and v; are polynomials in 8, ..., B,_, with real positive coefficients and
non-vanishing constant terms. Since 0= f; <1, u and each v; have upper and lower
strictly positive bounds. Performing the homogeneity integration over f,, we
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obtain:

il ﬁ‘”‘”dﬁ) e

- (IIL.8)

G,=TI'(w)

O ey

where w=1—D/2L, w;=i+(w— D/2)L, are integers or half integers. If V is a FINE
polynomial, it has in sector h a dominant piece V; . Thus convergence of G, means
w;—on;, >0,i=1,...,1—1. We effectively recover this condition later. But in the
following (having in mind the case of minkowskian metric where ¥ may be non-
FINE for exceptional masses or momenta) we consider V as an arbitrary
polynomial with positive coefficients.

Using the identity [17]:

* dy
I'(x)(4+B)~ j —F( c—iy)A° (o +iy+x)B~ 7 > (TIL.9)
valid for Rex>0, Re 4>0, Re B>0, — Rex<o <0, we get:

e g iieoiefinl. o

D'Jj

where

ME

—w;  z;=0;+1y;; g,<0, j=1,..,.M

d
[ is a short notation for f (Tn)My%

The problem now is to interchange integrations. This is valid when absolute
convergence is verified. But taking the modulus of the integrand we get:

thcOnsﬂ}(ﬂl ﬁRe¢"1dﬁ)§ [T (=2 (1IL11)

0 \i g,j=1

where

M
Rep,=w;+ ) n;0;.

ji=1
Since I'(-z;) is analytic for Rez;=0;<0 and decreases exponentially with
Hmz,{ =]y, [18]:

lim |F(c+iy)e 2Iyl”2 =1/2n (I11.12)

[y]= o

the last integral is convergent. So is the first one in (II11.11) if we can satisfy the
supplementary conditions:

M M .
Y ot o= ) (n,.j— El>oj>0 (IT1.13)

j=1 j=1
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for i=1,...,I—1. Let us define the convex domain:

D=0 (IT1.14)

g( )a >0, i=1,..,1-1

Thus, if D, is not empty, absolute convergence is ensured and we may write what
we call MM (Multiple Mellin) — representation of integral (IT1.8):

G,= | M(,) (IT1.15)
ogeDy
with
M 1/1-1 M
M(zj)=(n r(—z,.>> | (H B?’“‘dﬁi) e |
- 0= =t (IIL.16)
b ZJZI (nij‘ j) Zj

(In the special case where V' is FINE and w;—wn;;, >0, D, is not empty since it
contains points ¢ with all g, slightly smaller than 0, except g;, taken slightly larger
than —w.) More generally D, gives a geometrical way to study convergence: if D,
is not empty, G, is finite, and actually independent on the choosen point ¢ in D,, as
can be seen by Cauchy theorem, since M(z)) is analytic in this domain.

But we prove in Appendix A the converse assertion: convergence of integral
(IT1.8), which is implied by the existence of the Feynman amplitude before scaling,
is sufficient to prove that D, is not empty. Therefore we may write an absolutely
convergent MM-representation in each sector for any finite euclidean Feynman
amplitude. We shall see in the following section how this representation induces an
asymptotic expansion in the scaling parameter.

Remark on Ultra-violet Divergent Graphs

The case where zeros of U induce ultra-violet divergences can be reduced to the
convergent case along the following lines: in the a-parametric integral repre-
sentation, these divergences are renormalized by Taylor subtractions. But the
remainder of the Taylor expansion may be written as in [16]:

_ )n+u

(‘{)" “ ["7*f (&1 (IIL.17)

1
1_
) ch d¢

n+,u

By regrouping the nests which belong to the same equivalence class as
explained in Ref. [16], we obtain in each sector and for each equivalence class, a
finite sum of convergent integrals which are exactly of the same type as in (IILS),
provided that the various ¢-variables are simply renamed as supplementary
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[-variables. Thus we have again an MM-representation, with only some un-

essential new features: the number of ff-variables becomes larger, and the splitting
M

into FINE pieces ) v;[]p;" has to be performed only after renormalization. In
ji=1 i
the following we keep the notations corresponding to the convergent case.

IV. Asymptotic Expansion

Starting with the MM-representation (III.15), if we now scale some invariants
and/or masses by 1 we get:

N

G= | 25 M) (IV.1)

geDy,

M
with M(z;) given in (I11.16), where u®~”? [] v% has a simultaneous Taylor
j=1
expansion in the fs, with non-vanishing constant term. When Rez=0eD,, M(z))
is analytical and the integral is absolutely convergent. So we may give a first
bound:

G,(7)<Const' A7 "¢, (IV.2)
where ¢ is positive and arbitrarily small, and
N
py=Inf ) ;. (IV.3)
Dn j=1

Actually p, is always finite since in D, :

N M
Zajz—w— Y 0;>—w.
i=1 J=N+1

We note that p, is rational, as given by intersection of hyperplanes with rational
coefficients.

Next we perform an analytic continuation of M(z;) up to points z' where

N
pola)= ) o;— p, becomes negative. Let us relabel the bounds of D, by:
j=1

D,{olp(6)>0,v=1,.. . M+1—1}, (IV.4)

where the complete list of s, in the space of independent variables g, ...,0,,_,,
is:
plo)=—0o,, v=1,...M-1

po)=o,+ ... +oy_+w, v=M

M-1

PA= Y, (ny—np)o;+o—nyo,  v=M+i, i=1..1-1.
j=1
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. . 1 .
Of course several ,’s may be identical. Each singularity W may be easily
isolated in the integrand:
1
—forv=1,. MbyF(-z)———F( z;+1),

—for v=M +i by integrating over f; with the first-order term in the Taylor
expansion of u®~ P [Tv%. The integrand M(z) becomes:

M(z)= (H ! )M’(z), (IV.5)

v 2)

where M'(z) is now analytical in a bigger domain:

p(o)+1>0 v=1,.. , M+I-1.

But since y,(o Z 0;—p, s positive in D, and vanish only on its bound, it must

be a linear form Wthh belongs to the convex space generated by the y,’s; there
exist (generally not unique) non-negative d,’s, with:

M+i-1

vo= Y dyp,. (Iv.6)
v=1

Thus

HM_“Z< o 1) (IV.7)

v U)‘ 0 v Fv

For a given term in this sum, if there still exist non-negative coefficients d/. such
that:

Wo= Y dywy (IV.8)
viFy
it means that (o) remains positive in the bigger domain:

p(0)+1>0
v, (0)>0, v=1 .. v—Lv+1l, .. M+[-1

and we write:

1
qJOv :tvlpv

1 1

:—;7 Z ( 11 ) (Iv.9)
O ViEy viEv, v wv”

This procedure is repeated again and again, until we obtain:

M+i-1 1

T —=> q5+1n (IV.10)

v=1 wv E wO \eEw

where each E is a subset of {1, ..., M +[— 1} such that i, does not belong to the
convex space generated by the subset {y,, ve E}, which means that y,(c) becomes
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negative somewhere in the domain Dg:
Dp={olp(0)>0,ve E;yp (0)+1>0,v¢E}. (Iv.11)

In such a way we decompose the MM-representation as:
Gy(A) =Y czG,x(4) (Iv.12)
E
GhE( /ﬁ): j Jwol@) * pn

geDy, IP%E o (Z)

where M (z) is now analytical in D and

M(z), (IV.13)

N
Inf ) o,=p,—1n. (IV.14)
De j=1
g being a strictly positive rational number.
By Cauchy theorem, we may displace the integration path up to a point ¢’ in Dy
where

N
a}:ph—nE—ks.
j=1

J

This gives:
qE
G p(A)=AP" Z 90?4+ Hyp(4) (IV.15)
q=0
with :
1
= ViE=4IM (z), 1V.16
Ipna 2 g—q)! a(ej;))EO i ( )
wolz) =

where V is the differential operator along any direction crossing the plane p(z) =0
in the positive direction, and:

H,(4)={ Jvo@
J' Wi (2)

Therefore the “leading-power” part of the expansion in the sector h is

M (z) < Const! jP»~nete. (1IV.17)

. . .. 1
determined. In the same way we can extract all singularities ———— from M(z),
Sf2)+n

and similarly determine the complete asymptotic expansion.
It may be noticed that the leading term of this expansion is:

Pmax]py4max )
/1 ln 4 gpmaxﬂmax >

where

Dyt = 2 Y [ M) (IV.18)

!
Sectorshsuch Esuch Gmax - oeDg
that pp = pmax that g = gmax wo(z) =0
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is a sum of positive terms: no cancellation between different terms in a sector, nor
between different sectors, can occur for the leading behaviour of G(4) (except in the
case of ultra-violet divergent graphs, where differentiations respective to new
variables £ may introduce negative terms).

V. Feynman Amplitudes in Minkowskian Metric

For physical amplitudes with minkowskian metric, each propagator is written as:

0

_ ia(g? —m?2 +ig)
————— = | doe
g —m-+ie

i

and integral representation (II.1) is replaced by:

ot 1 — i a +iK
G=1lim | [] dx 2 (V.1)

oo o AL @gn e
with (IL.3) replaced by:

B B - ()

2T \ig2-T

where now the invariants | ) p)z are Lorentz invariants and V has no positivity

2T
property. As before, we split the scaled W-part and the unscaled R-part of V into
FINE pieces V,, j=1,..., M. Integrating again over f3, in each sector h we get:

1 (11:[1 B ldﬁi> u©= b2

Ghzlij%r(w)j iZIM =1 s
‘ °{—i ) ij/3¢~+6]
=1 Ti=1

(V.3)

with :

-1

o=e(l+f,_ 1+ ...+ B ... B2 u ﬂ Bi

i=1

. vV e . .
(we know that L,<Infn,; since U never becomes mflmte). A particularly simple
j
situation emerges if all pieces V; do not vanish for non-vanishing «’s, and have the

same common sign (as an example, it is actually true for on mass-shell vertex
graphs in quantum electrodynamics: see §6, Sect. VI). In this case indeed, after
pi-integration is performed, we may interchange the order of limit and in-
tegrations, and write:

1 (lﬁ B ldﬁi)uw'mz
Gy = ()T () [~ (V.4)

S|

i=1
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where u and |v;] again have upper and lower strictly positive real bounds. One way
to check such an assertion, along the lines of our paper, is shown in Appendix B.
Thus we are left again with an euclidean problem which may be handled exactly
like before.

In any case, we could attribute the Mth part of ¢ to each iV, and write:
1/1-1
,,-hngj(ﬂ [3‘”‘“%1[3) D/Zj H (—z)A4%), (V.5)
=00 \i

where
0 .
=%~u Hﬁ"” ReAj=M>0 and A, is FINE.

For strictly positive ¢, é remains positive and each |arg 4| is bounded by a value

T
Oe) < <.
)<

Absolute convergence is verified again and we may write an
MM-representation :

1 /1-1 M
G,=lim | n r(-z) j(ﬂ ﬁgwdﬁ,.)uwm 1 4. (V.6)
20 geDy, j= i=1 ji=1

This form however is not yet satisfactory since we cannot take ¢=0 in each 4; in
order to exhibit relevant singularities. We must study carefully the absolute
convergence of integrals like:

J~F(_QZ)F(Z'*‘CIJ)AZB_Z~¢)

. . A . . .
in the limit arg (§> — + 7. This convergence can be deduced from integrations by

parts, isolating threshold singularities. But we leave for a later paper a more
complete study of this problem.

V1. Discussion and Examples of Applications
1.

First we note that the MM-representation (IV.1) can be used directly to find an
asymptotic behaviour in A when 1—0. Indeed it is sufficient to work like in Sect.
IV, but with
N
py=Sup ) o, (VL1)
Dn j=1
The result is of course an expansion with increasing rational powers of A,
starting from p,;., and integer powers of InA. Actually, since each D, is a non-
empty open domain,

P> Py - (VI.2)



150 M. C. Bergeére et al.

This ensures the existence of a simple Mellin transform (IL.5) for each G,(4). But
G(4) itself has a simple Mellin transform only if:

Prmin= Infp},>p,...= Supp,. (VL3)
h h
2.

Examples of direct applications of the techniques exposed in this paper are given
in §§6 and 7. These applications are performed in Hepp’s sectors. Theoretically, we
give one way to compute the coefficients g, of the asymptotic expansion (L.2). But
this method is rather lengthy : one first divides into /! sectors, then one has to study
the relative positions of the hyperplanes y (6)=0 and to determine the convex
polyhedron D,. Finally one must find p, and decompose y, into convex linear
combinations of s as many times as needed. Hopefully, for a given asymptotic
problem, especially for the leading power terms, all these operations turn out to be
simple, due to topological properties of Feynman graphs. Moreover in some cases,
it can be sufficient to obtain results on the powers in the expansion, and then to use
differential equations and symmetry properties, in order to sum the logarithms
without computing explicitly their coefficients.

On the other hand, in order to interpret the coefficients and eventually to sum
over all graphs the logarithms of the leading power terms, it would be better to
express the coefficients in terms of subgraphs and reduced graphs. This is generally
not apparent when the coefficients are computed in the sectors: it would be useful
to have at one’s disposal a formalism working directly in the a-space repre-
sentation, as it is the case with simple Mellin transform. Then one could obtain
general results on the various problems mentioned in the introduction.

Thus, more important are the indirect applications, where our method justify
certain manipulations of the o-integrals in order to compute g,, in terms of
Feynman-like integrals attached to subgraphs and reduced graphs. Such appli-
cations are commented in §§3 and 4.

3. Large Momenta Behaviour in ¢* Field Theory

Given a graph G of ¢* field theory and its Feynman amplitude I(p, m). We scale
all external momenta p by 4 and we look for the coefficients g, of the
asymptotic expansion when 4— co. Such a problem was solved in Ref. [3]. It was
shown there that the polynomials in « which determine the asymptotic behaviour
are FINE, and consequently the single Mellin transform was sufficient to prove
Theorem (1.2). The Mellin transform M ;(x) is meromorphic with multiple poles at
integer values Q, Q—2, Q—4, ... (Q is the superficial degree of divergence of the
graph G). It was shown that there exists an operator R which acts directly on the
a-variables, and which analytically continues M4(x) beyond the first pole and
extracts in the a-variables all the structure of the residue at x =Q. We give here the
result for non-exceptional momenta in Euclidean space:

IG(/“»p,m)—Z( +5 H(zﬁ[‘ﬁ(s’

F - SeF
dq’ +6
PR {25 (x = QT (= x)26) . (X, p)} o+ O(A°72), (V14)

where 6= +1 if =0 and 0 otherwise.
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In (V1.4) we sum over all (possibly empty) forests # of g, divergent gen-
eralized vertices different from G itself. The functions S and 7, and the
numerical coefficient y, may be found in Ref. [3]. It is important to note that
these functions are attached to reduced graphs [S], (and [G];) obtained by
shrinking into points all the elements of % inside S (and G). The factorization
property observed in the result (V1.4) explains the infinite summation of loga-
rithms over all graphs of a vertex function [12] and reconstructs a solution to
the homogeneous Callan-Symanzik differential equation [19].

4. Large s Behaviour of Four-Bodies Amplitudes in ¢* Field Theory

Given an essentially planar graph G of the four point vertex function in ¢? field
theory, that is a graph the Feynman amplitude of which is only a function of s and
t. We wish to determine the large s behaviour at fixed ¢. It is shown in Ref. [13]
that the polynomial in o which determines the asymptotic regime is not FINE. The
consequence is that a priori the R operator used in §3 does not desingularize the
single Mellin transform around the leading pole. This is why the example of §7 is
performed in the sectors. We are presently working on the construction of a new
operator acting in the a-variables space which should be able to desingularize the
single Mellin transform even when the polynomial is not FINE. A detailed
knowledge of multiple Mellin transform techniques is needed for such a con-
struction. Fortunately, as we show in Ref. [13], for a large class of amplitudes in
¢* field theory, and especially for all leading amplitudes (behaviour in s~ up to
logarithms), the convex polyhedrons described in Sect. IV are such that despite the
non-FINE character of the polynomial, the R operator does desingularize the single
Mellin transform. If we decompose the graph G in two particles irreducible kernels
N, in the t-channel, the leading graphs are found to be those graphs in which at least
one kernel N, is a single rung. If G contains r kernels N, which are single rungs and if
J is a non-empty subset of these r kernels with v(J) single rungs, we have proved that

B (_g)Zv(J) dv(])‘l
Lo 0= 25 g vt

—2v()(x+ 1) {7 2
m 2 )M[G/J](x>t:pi’mag)}

(—x)e ™ s*[I(x+2)]'Y

407, (VLS5)

x=

The function M (6.1 18 defined in Ref. [13] and is attached to the reduced graph
obtained from G when the v(J) single rungs are shrinked into v(J) points. This
function factorizes into several parts and such a factorization as well as the general

structure given in (VL5) is the cause for a possible summation of all Ins over all
aft,m,g)
leading graphs to give a behaviour of the form f(z,m,g) e where o(t,m, g)

and fi(t,m,g) are known as power series and described in Ref. [13].
A similar program is now in the process of being performed by us for ¢* field
theory.

5. Technical Comments on the General Method in Hepp’s Sectors

We now turn to the cases where the R operator does not desingularize the single
Mellin transform expressed in the a-variables, as is the case for instance in the on
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mass-shell infrared limit of quantum electrodynamics or quantum chromody-
namics. Presently, we have not yet found the algorithm in the a-variables which
replaces the R operator and we are condemned to work in the sectors.

For any Feynman amplitude, in a sector h(x, <o, =< ... <o, ) the last (I—1)

linear forms y,, v=M +i, are the powers of f5; in M,(z) (see Sect. IV):
M w;
lPv(z)— };1 (nij_ Z}‘) Zj>

. . . D . .
where n;; is the factorized power of §;in V}, 0, =i+ <w— 5) L, L, is the factorized

power of f; in U. Thus n;; and L, are also the degrees of vanishing of V; and U
when o, , ..., go to zero linearly. Let us call S; the subgraph formed by the lines
ki, ....k;. Then, the problem is to find nested subgraphs S; such that the
corresponding linear forms 1, together with the linear forms (—z;), generate y,
with positive coefficients: we call such a set of S;’s a “leading nest”.

With this notation, the determination of the leading power term, in the
asymptotic expansion, amounts to the research of the leading nests which are
subsets of the same nest (corresponding to a given sector). Finally, one has to find
how many times one can remove one S; in each leading nest, until one reaches
minimal leading nests (leading nests not containing smaller leading nests): the
number of such removals gives the maximal power of In/.

6. Infra-Red Limit for Electron-Photon Vertex

As we said in the introduction, this problem has been studied by many authors [8—
10], but the general result is not rigorously proved, due to the non-validity of
power counting. We shall present elsewhere [20] our own results and proofs: the
purpose of this paragraph is simply to illustrate our method by the examples of
graphs in Figs. 1 and 2. We simplify again by considering only spinless particles

2
with squared masses m? (“electron” lines) and % (“photon” lines). The external
electron lines are on their mass-shell: p? =p3=m?, ¢*=(p, — p,)* <0. Then for the
graph in Fig. 1:

12

G (qz, mz,f) = AG(Aq?, im?, i?)
A
3

® H d“i 3 IW+R

—/lim | flﬁre“e.El“'+" U (VL6)

=0 0

Fig. 1. f 1 P,
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fN
[T\

Fig. 2. P ! P
-
p
N J N\
Fig. 3. r-s 5
with:

U=o,+o,+o,
W= q?oy0, —m*(o, +o5)?
R=—pPa (o0, +or, +03).
We are in the simple situation treated in Sect. V since V' is a sum of negative

monomials. Furthermore W and R are FINE polynomials. Thus a straightforward
application of our technique allows to recover quickly the very well known result:

G(A)=Alni+B+0(.™"), (VL7)

ap

PBrm 1+ B

Let us consider now the graph given in Fig. 2. For this graph:

w=I[-2L is equal to the number of photon lines.

R=— (o, + ... +2,)U is a FINE polynomial, but W is no more FINE.

Among the properties of the W-function for a graph I' in Q.E.D., let us note the
following ones:

i) If i is a photon line:

Wrzo‘iWr—(i; + Wry{i} > (VLY)

1
where 7 is positive and A= —i |
-

where I'— {i} is the graph obtained by removing the line i from I", I'/{i} is the
graph obtained by reducing the line i to a point.

ii) If S is a chain of electron lines linked to an external vertex as in Fig. 3, and if
the external electron is on its mass-shell, p? =m?:

W, =W, _q, (VL.9)

where ['— S is obtained by removing the chain S from I.
Using these two identities, we decompose W into w FINE pieces:

[ j—1
W= Z( lfxi) Wy, (VL10)

j=1

i=
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NV

Fig. 4.

R

where I'; is given in Fig. 4 and obtained by:

— removing the photon lines i=1,...,j— 1,

— removing then the external electron chains,

— reducing to a point the photon line i=}.

Again each W, is a FINE polynomial with only negative coefficients, and we
recover the simple situation of Sect. V.

With this splitting of W for the graph of Fig. 2, we determined all leading nests
[20]. The leading power is p,,,, =0 (only logarithmic divergences). As an example,
the leading nest giving the highest power of In 4 is given in Fig. 5. It contributes to
the leading term in the asymptotic expansion:

GU)="2 Ine () +-0(n 1 4, (VLLI)

where A is the same quantity as given in (VL.7): this is not surprising since we
expect exponentiation of infrared divergencies. But the application of such
methods to the whole set of vertex graphs will give, in our opinion, the first
rigorous proof of these old results.

7. Example of Infinite Energy Limit

As another illustration of our method, we indicate here how to find the s— 0
behaviour of the particular graph given in Fig. 6: one may verify that R is FINE,

Fig. 6.
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and W may be split into N =4 FINE pieces

4
W=sY ¥, (VL12)

j=1

with
Vi =oyos(o, + oy oy )og + ot +og)
Vy=ot,006004(00, + 005 +0ty)
Vy=o,005005(0tg + 007 +0tg)
V= 030030607

where the lines are numbered as in Fig. 6. One of the leading terms of the
expansion in s is found in the sector: o, o, S, < ... S, o and the relevant linear
forms come from subgraphs S, for i=1,...,8:

WYy =23 T2+ 1

Yura3=2;+2,+2254+22,+3

Ypas=22,F2,+22,4+2,+3

Yo7 =22,+32,+225+32,+5

Va2 = Waea=3Wars6=2Wmrs =21t 2+ 25+ 2, +2=10.
The minimal leading nests are:

‘/Vl:{sl’s?,}’ ‘/1/2:{85’87}a </V3={Sz},

Ny=1{54}, N5=1{S¢}, N =1{Sg}
with the notations of §5, and we find for the amplitude an expansion:
G(s)=g_, 55" *In°s+0(s* In*s). (VI.13)

In the same way, one could rigorously extract the complete expansion.
Actually for this graph, the partial result (V1.13) was already known and may be
found for instance in a paper by Tiktopoulos [4].
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Appendix A

Let G, be an integral like (IIL.8):
-1

(1 g o

i=1

[f o 11 ﬁ} ’

j=1 i=1
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where o, w; are strictly positive integers or half-integers,
n;; are arbitrary non-negative integers,
u,v; have upper and lower strictly positive real bounds.

Definition. We call “generalized power-counting condition” the following
property:
-1 .
Inf » rn,——]<0
jié;’l<lj w)
for any choice of real r;’s, r; 20, i=1,...,I—1, the r;’s being not all vanishing. (The
naive power counting is only for r,=0 or 1.

Theorem. The following three propositions are equivalent :
1) G, is a convergent integral.
2) The generalized power-counting condition is true.

M M o
3) Domain D, = {o Y o,=—w;0;<0; ) (nij— ——‘>0j>0} is not empty.
cu

j=1 i=1

Proof. First we know that 3) implies 1) as shown in Sect. I1II by the MM-
representation. Furthermore it is clear that 1) implies 2): we may take new
variables by 5, =y!* for any subset of variables; then convergence of G, implies at
least superficial convergence of the sub-integration over y-variables.

Finally we achieve the proof by showing that 2) implies 3). Let us introduce the
notations:

— closed first “quadrant”: Q= {r=+0Jr,20, i=1,...,—1};

— open last “quadrant”: —Q={t+0|1;<0,i=1,...,]—1};

M
— open convex cone: C= {a +0| there exist 7,>Q with a,= ) (nij— %) rj};
j=1
-1
- closed dual of C: C'= {s:kO‘ Y Si(nij— &) =0 for every j}.
i ®

=1

We have also: C=open dual of C'= {a +0 l{: a;s,>0 for any se C”}.
Proposition 2) means that C'nQ is empty. Thll?slby Hahn-Banach lemma, there
exists a plane separating these two convex closed cones: there exists u such that
lil u;s;>0 for any se C', which implies ue C;
i=1
lil ug; <0 for any re(, which implies ue — Q.
lI\:I(l)w since (—Q)NC is not empty, there exist 7;>0 with

M o
(n— P <0, i=1,..0-
Zg(nu w><, i=1,...,1—1

j=1
or with g;= —1;:
M , ‘
0,<0, ) = 0,>0, i=1,..1-1
j=1
M
and the last condition, Y’ 0;=—w, is realized by global normalization.

j=1
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Appendix B
Let G be a Feynman integral in minkowskian metric:

G= lijr(} Gle)

w /il 1 -5 a+il
Gle)= f(Zda)UD/ze R ;Gh

0 \i=1

with G=) G, and G,= lim G, ()
h e

Theorem. Let us assume that G(e) and G exist ( for ultra-violet divergent graphs, we
assume that G,(¢) and G, exist for all h, after renormalization). If there exists a
splitting of V into FINE pieces V;, such that :
no V, vanishes for non-vanishing o’s,
~ all V;'s keep the same common sign,
then we may interchange in each sector the limit ¢—0 and the f-integrations.

Proof. In each sector, we have an integral like (V.3), where the different terms in
the denominator take values not in the half but only in a quarter of the complex

. - ; n .
plane, due to the common sign of the V}’s. By factorizing el 0=+ 1 ve write:

N

G,(e)=e""T'(w) |

[ o Z o) H /3"~+e%}

T .
Now each term in the denominator has a phase equal to + Z: we may write an

(B.2)

absolutely convergent MM-representation with M + 1 pieces, and simply use our
method for the particular limit e—0. The MM-representation of G,(¢) is valid in the
domain:

M+1
Z 0;=—w; 0;<0, j=1...M+1
i=1

R 3% M+ ’
z<nu—%>01>0, i=1,...,1—1
i=1 @

where by convention n; ,,,, =L, Therefore G,(¢) has an asymptotic expansion
with powers of In¢ and increasing powers of ¢ when ¢—0. Furthermore, in the case
of ultra-violet convergent graphs, no cancellation occurs for the leading term, as
remarked at the end of Sect. IV. Now the existence of a non-vanishing amplitude,
in the limit ¢—0, implies: p,..=0; ¢ ax(Pmim) =0 that is:

G(e)=gqo+O(e"), 1 positive. (B.3)
M
But yo(z)=—zy, ;= ) z,+o is a singularity effectively present in I'(—z,,, ,).

j=1
For the absence of In¢ in the leading term, it must be a simple polar variety : y,(z)
no more belongs to the convex space generated by the v (z)’s, v&M + 1. In other
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words, there must exist points ¢ in:

M
jglajz—w; o'j<0, j=1....M

=30 M

w, .
| > ("“‘E)”J‘>O’ i=1,...,1—1

j=1

which expresses nothing but convergence of the integral (V.4). Moreover g,, in
(B.3) is given by (IV.18) and equal to the integral (V.4).
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