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Continuous Constructive Fermionic Renormalization

M. Disertori and V. Rivasseau

Abstract.We build the two dimensional Gross-Neveu model by a new method which
requires neither cluster expansion nor discretization of phase-space. It simply reor-
ganizes the perturbative series in terms of trees. With this method we can define
non perturbatively the renormalization group differential equations of the model
and at the same time construct explicitly their solution.

I Introduction

The popular versions of renormalization and the renormalization group in field
theory are based on differential equations (among which the most famous one
is the Callan-Symanzik equation). However no non-perturbative version of these
differential equations has been given until now.

On the other hand the renormalization group in statistical mechanics, for
instance for spin systems after the works of Kadanoff and Wilson, relies on closely
related but discretized equations. When block spinning or other discretization of
momentum space is used, the result is a discretized evolution of the effective action
step by step. This point of view, in contrast with the first one, has led to rigor-
ous non perturbative constructions for various models which have renormalizable
power counting. In particular the two dimensional Gross Neveu model has been
built by two groups [FMRS][GK]; also the infrared limit of the ¢4, a bosonic theory,
has been controlled (see [R] and references therein). In all these cases the methods
always involved some discretization of phase space and the outcome is a discrete
(not differential) flow equation. Furthermore, the rigorous discretization of phase
space came with a price, namely the use of some technical tools such as cluster
or Mayer expansions which are neither popular among theoretical physicists nor
among mathematicians.

The proposal of Manfred Salmhofer to build a continuous version of the
renormalization group for Fermionic theories [S] is therefore very interesting and
welcome. Indeed Fermionic series with cutoffs are convergent (in contrast with
Bosonic ones, which are Borel summable at best), and the continuous version
of renormalization group which works so well at the perturbative level should
therefore apply to them!.

In this paper we realize the Salmhofer proposal on the particular example
of the two-dimensional Gross-Neveu model. We rearrange Fermionic perturbation

1The continuous limit of the discretized non perturbative RG equations has been also studied
for a certain many fermion system in 1+1 dimension in reference [C].
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theory according to trees, an idea first developed in [AR2], perform subtractions
only when necessary according to the relative scales of the subgraphs, and obtain
(to our own surprise, quite easily) an explicit convergent representation of the
model without any discretization or cluster or Mayer expansion. To prove the
convergence requires only some well-known perturbative techniques of parametric
representations (“Hepp’s sectors”), Gram’s bound on determinants and a crucial
but rather natural concatenation of some intervals of integration for loop lines.

Therefore we can now consider that constructive theory for Fermions has
been “reduced” to perturbation theory. Remark also that since the representation
we use is an “effective” representation in the sense of [R], hence with subtractions
performed only when necessary according to the relative scales of the subgraphs,
we never meet the so-called problem of “overlapping divergences” or classification
of Zimmermann’s forests. In this sense constructive renormalization is easier than
ordinary perturbative renormalization (which, from the constructive point of view,
is flawed anyway because it generates renormalons; these renormalons are the
reason for which the ordinary renormalized perturbation theory of this model is
only Borel summable [FMRS], as stated in Theorem 1).

Having an explicit convergent representation of the theory with a continu-
ously moving cutoff, it is trivial both to define the continuous renormalization
group equations which correspond to the variation of this cutoff and, at the same
time, to check that our explicit representation is a solution of these equations.

Remark however we have not yet found the way to short-circuit our repre-
sentation and to prove that the equations and their solutions exist by a purely
inductive argument & la Polchinski [P] which would avoid an explicit formula for
the solution. This is presumably possible but this question as well as the extension
to other models, in particular to interacting Fermions models of condensed matter
physics, is left for future investigation. It is also important to recall that we do
not see at the moment how to extend this method to Bosons, since there are no
determinant and Gram’s bound for them.

IT Model and main result

We consider the massive Gross-Neveu model GNs, which describes N types of
Fermions. These Fermions interact through a quartic term. Actually, the GNo
action also requires a quadratic mass counterterm and a wave function counterterm
in order for the ultraviolet limit to be finite. Therefore the bare action in a finite
volume V is (using the notations of [FMRS]):

Sy = %/Vd% [;qﬁa(x)wa(m)]2 (IL.1)

+6m /V iz [;J}a(a:)zpa(m)]mg /V &z [gzﬁa(:@i Db ()]
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where A is the bare coupling constant, ém and 8¢ are the bare mass and wave
function counterterms, and a is the color index: a = 1, ..., N. The action (II.1) and
the power counting of the G Ny model are like the ones for the Bosonic ¢} theory,
except that, unlike the latter, the GNy theory is asymptotically free for N > 2, a
condition which we assume from now on. The free covariance in momentum space

is
1 p+m
oo —o (L) g (Prm 1.2
() = ap ( ]jer)Ws b <p2+m2)%5 (IL.2)

where 7, § are the spin indices, and a, b are the color indices. Most of the time we
skip the inessential spin indices to simplify notation. The mass m is the renormal-
ized mass. To avoid divergences, according to the notations of [KKS] we introduce
an ultraviolet cut-off Ag and (for later study of the renormalization group flow) a
scale parameter A which plays the role of an infrared cutoff:

Cr'(p) = C) {n (M) —1 (M)] : (11.3)

A2 A?

The cutoff function 1 might be any function which satisfies 7(0) = 1, which is
smooth, monotone and rapidly decreasing at infinity (this means faster than any
fixed power). For simplicity in this paper we restrict ourselves to the most standard
case n(x) = e~*. In this case both C/I\XO and its Fourier transform have explicit so-
called parametric representations:

A2
R = /Afz (F+m) e P da
Ao AT (¢_ %) m —am?—|z—y|? /4
Cy’(x—y) = = - e + o da (I1.4)

We define now the connected truncated Green functions, also called vertex
functions, which are the coefficients of the effective action. The partition function
with external fields &, ¢ is

Z\/}Ao(gag) = /d/”LC'//\\O (1/,,@e—sv(w,lz?)+<w,g>+<g,¢>
<Y, > = / d*z P(z)€(). (IL5)
v
The vertex function with 2p external points is:

FQPAO({y}, {z}):= FQPAO (Yis -y Ypy 215+ 2p) (IL.6)

(mzp — Fyer) )]

52P

lim — —
V—00 6¢(21)...66(2p)6E(y1)...6E(yp)

£=0

where F'(§) =< ¢, Cﬁ“g > is the propagator, and color indices are implicit. Please
do not confuse these vertex functions, which are connected, with the one-particle
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irreducible functions, since the latter are usually also called I' in the literature.
These functions (in fact distributions) form the coefficients of the effective action
(expanded in powers of the external fields) at energy A with UV cutoff Ag. De-
veloping the exponential in Z and attributing prime and double prime indices
respectively to the mass and wave function counterterms we have:

ZbM(e) Z

n+n +n”

Z n'n"n”' > (R) Bm)" 50" (IL7)

n,n’,n'’=0 a;bic;d;

«p!?

2 2 2 2 2 2 2,/ 2,0 g2 .11 !
/d y1...dypd 2 .. .d°zpd xy . Ao xpdixy . Ao do n//Hfd 2)e. (i)
v i=1
!/ 11
Yi,ee -+ Ypep Tlar T1by - Tna, Tnb, xl,a’l coe Tpn ,ally,

/ 1
21,dy Zp,dp T1l,a; T1,by -ov Tnoa, Tnb, ‘Tl,b/l xn”,b;’,,

where we used Cayley’s notation for the determinants:
Usj,q
{ ' } = det(Dap(u; — vj)) (IL.8)
U5,

and a;, b;,al, b}, al b}, c;,d; are the color indices. By convention

Dap(us — vj) := Cop(u; — vj) (11.9)

except when the second index is the one of a v field hooked to a 6( vertex. In this
particular case the vertex has a so-called derivative coupling, and therefore the
propagator D bears a derivation, namely Dy (u; — vj) := i @y, Caprr(us — vj):=
C’.(u; — v;). This derived propagator is explicitly

A2 2 .
/ — m(gf— 1 2 2
C AO(J} y) ﬂ_/ 2 <-73 y| 7 ( %) >€ am?®—|z—y| /4o<d: (1110)

A 4a3 202 a2
0

Expanding the determinant in (II) one obtains the usual perturbation theory in
terms of Feynman graphs with the three types of vertices corresponding to the
three terms of the action (IL.1), and the logarithm is simply the sum over con-
nected graphs. To see if a graph is connected, it is not necessary to know its whole
structure but only a tree in it. Based on this remark the logarithm of (II) was
computed in [AR2] using an expansion which is intermediate between the deter-
minant form (II) and the fully expanded Feynman graphs. This expansion is based
on a forest formula. Such formulas, discussed in [AR1], are Taylor expansions with
integral remainders. They test the coupling or links (here the propagators) be-
tween n > 1 points (here the vertices) and stop as soon as the final connected
components are built. The result is therefore a sum over forests, which are simply
defined as union of disjoint trees. A forest is therefore a (pedantic, but poetic)
word for a Feynman graph without loops, and our point of view is that these are
the natural objects to express Fermionic perturbation theory.
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Here we use the most symmetric forest formula, the ordered Brydges-Kennedy
Taylor formula, which states [AR1] that for any smooth function H of the n(n —
1)/2 variables u;, | € P, = {(4,7)|¢,7 € {1,...,n},i # j},

k k
§ 0
Hl|y=1 = dw = "\ (v (w lePp,) (IL11
| ' </02w1§.u§wk§1q i q> (ql:-[l @ulq >( l ( q) ) ( )

o—F =
where o — F is any ordered forest, made of 0 < k <n — 1 links [y, ..., [l over the
n points. To each link I, ¢ = 1,...,k of F is associated the parameter w,, and

to each pair | = (4,7) is associated the weakening factor wi (w,). These factors

replace the variables u; as arguments of the derived function HZ“ZI %H in (IT.11).

These weakening factors wy (w) are themselves functions of the parameters w,,

qg=1,...,k through the formulas

wfl (w) = 1
wfj (w) = inf  wg, if 7 and j are connected by F
lqufj

where Pfj is the unique path in the forest F connecting ¢ to j
wf] (w) =0 if ¢ and j are not connected by F. (I1.12)
We apply this formula to the determinant in (II), inserting the interpolation
parameter u; in the cut-off (but only between distinct vertices, so not for the
“tadpole” lines):
Cﬁo(w,y,u) = 6§z — y)C/I\\O (z,2) + [1 — 8(x — y)]CR°(x, y, u)
Ao (u
. C1A0( ) (1’7 y)
A2 _ ,

= w/ (z‘(Vf 9, T) emom’~le—y*/agy (11.13)

A\ 207 o

where

Ay (u) = A2 +u(Ag? — A72). (I1.14)
We use similar interpolation for the C’ propagators. When u grows from 0 to 1,
the ultraviolet cut-off of the interpolated propagator (between distinct vertices)
grows therefore from A to Ag.

We define
— A
CAM (2, y) = %cﬁ(’ (z,y,u) =7 GW + mA%(U))
(A2 = AF2)emm A (W —le—yP AT (w)/4 (I1.15)
2z — yPAG ()

’ " a ’
O (o) 1= i) = (2

; 4
+Zm(¢_ Zy)AO(u) AAOL(U)) (A72 7A52)67m2/\0_2(u)7|w7y\2Ag(u)/4
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Figure 1

The derivative of 7 fixes C* at an energy near Ag(u). We observe that for
any fixed ¢ we have the scaled decay:

O (2,9)] < KAF()(A~2 = Ag2)e e vI=NF =dmia® /2 (11.16)

1O (@, y)| < KA (u) (A2 — AF2)elomslO=DAT Coem™aa /2 (1.17)
where K is a constant depending only on € and
A (u) == sup[m, Ag(u)]. (I1.18)

Applying this interpolation and the ordered forest formula (IT.11) to the
propagators in the determinant of (II) we obtain

ZQAO Z pIZ Z n'n"n”' Z ZZ % " 60 ( )

n,n’ ,n'’=0 o—F Col Q

/ dyy ... dPy,d*z ... d*2dPxy . APy, H a, (z)Ec, (yr)
v

r=1

k
/0< <.<w <1{HD’A‘()’wq(flv’xla)dwq}[detheft(wf(w)) (I1.19)

q=1
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where for simplicity the position of any vertex is simply denoted by the letter x
and 7 :=n+n'+n". Z;, and x;, are the ends of line [,. [det]of is the remaining
determinant. Its entries correspond to the remaining fields necessary to complete
each vertex of the forest into a quartic or quadratic vertex, according to its type
(interaction or counterterm). For this model, remark that the sum ) _ . is per-
formed only over the ordered forests that have, for each point z; coordination
number n(i) < 4 or n(i) < 2 depending of the type of the vertex (all other terms
being zero). The additional sums over Col and 2 correspond to coloring choices
at each vertex and “fields versus antifields” choices at each line and vertex [AR2].
The sign €(F, 2) comes in from the antisymmetry of Fermions and is computed in
[AR2]: here we only need to know that it factorizes over the connected components
of F. To find the expression for In Z we write Z as an exponential. In equation
(II), the determinant factorizes over the ordered trees 77 ...7; forming the for-
est. Indeed one can resum all orderings of the ordered forest F compatible with
fixed orderings of its connected components, the trees 77 ...7;. Furthermore the
“weakening factor” w” vanishes between vertices belonging to different connected
components. Hence:

Zy™(€)

=1 > 1 "1
:];OW Z n!n’!n”!jgoﬁ Z Z

'I’L,TL/,?’L”=O Ny, i ’ 17

S e

nydetni=n n’1+-»-+n9:n/ n/1/+__.+n;/:n//
Z n!n/!n//! p!2 p/'
ool gL U g2 2
P1y---PjoP
pitetpyp=p
A / J " n’ ny / ”
(€. TL[(2)" (6m)™ (0" Almnl,nlpo) (11.20)
=1

where
A(nivn;7n{£/7p’i)
=3 N e(Ti,Qi)/cﬂyl...dzypid%l...d?zmd?xl...dzxm

T; Col;,82;

D n;—1
[ & (=6 0) | [H DY (1, o,

r=1 0Swi<...Swn; <1 L gy
[det]jege i (w” (w)) (IL.21)

where 71; is the number of vertices in the ordered tree 7;, which has therefore n; — 1
lines, p; is the number of external fields of type y (and z) attached to the 7;, and
p’ is the number of free external propagators (not connected to any vertex) in the
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forest. This can be written as an exponential, hence

In Zp (¢)

- = 1 et et
SEONO+Y T D () e @)
:O

n,n’,n'’=0

p
> AT [ oyl oo ] ] g )6 )
r=1

o—T Col,Q2

/0<w1<...<wn_1<1{ D™ @1, )dw‘I] [det]jfy (w” (w))

(I1.22)

where 7 is an ordered tree over 7 points, and the external points are all connected
to the tree. Now, applying the definition (II.6), we obtain the vertex functions, for
which the limit V' — oo can be performed (because the external points hooked to
the tree ensure convergence). The set

E = {(ir, - ipsjts s dp)itse e ipjrs .- jp € {1,...,0}}  (IL23)

fixes the internal points to which the 2p external lines hook.

We recall the well-known fact that the vertex functions in z-space are in fact
distributions. For instance it is easy to see that when some of the external points
ik, Jr in the previous sum coincide, one has to factor out the product of the cor-
responding delta functions of the external arguments to obtain smooth functions.
This little difficulty can be treated either by considering the vertex functions in
momentum space (they are then ordinary functions of external momenta, after
factorization of global momentum conservation), or by smearing the vertex func-
tions with test functions. Here we adopt this last point of view. The quantity
under study is then T3 smeared with smooth test functions ¢y (y1), .. ., Op(Up),

pr1(21),- - P2p(2p):
L5 (¢1, - - bap)
- /d2y1 L dPyydPa L dP2,

FAAO (yla sy Ypy 21y e Zp)¢1(y1) <o ¢p(yp)¢p+1(zl) cee ¢2p(zp)'
(I1.24)

where we asked the test functions to have compact support: ¢ € D(Rz).

Remark that when some external antifield hooks to a 6¢ vertex, the ampu-
tation by C' instead of C leaves a &’ distribution, which means a derivative acting
on the corresponding test function.
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‘We obtain the formula:

o0

Lot (fr, ) = > () (6m)" (80"

n,n’ ,n'’=0

Z Z Z E(T, Q)/d2£1 e d2xﬁ¢1($il) SN ¢2p(xjp)

o—7T E Col,Q2

n—1
Ao,wg (-
/ [H D (xlq,wdwq} (det]ofy (w7 (w), E)
0<w; < <wp-1<1

q=1

1

n!n/In’

(I1.25)

where the propagator D is now C or C’ according to the discussion above.

When renormalization is introduced, it will be convenient to use the BPHZ
subtraction prescription at 0 external momenta, which corresponds to integrate
the vertex functions over all arguments except one. In this prescription one defines
the renormalized coupling constant as the 4-vertex function of the full theory at
zero external momenta:

AT‘GTL
N
Moreover we want the renormalized mass and wave function constant to be re-

spectively m and 1. This means that we impose the additional renormalization
conditions:

= T2%(0,0,0,0) = / P rod?zad?zy TN (0, 29, 3, 24)  (11.26)

5Mpen = L520(0,0) = / T (0, 25) =0 (11.27)

§Crom =P (0,0) = / Pai #2790, 25) = 0 (I1.28)

With these conditions the whole theory (at fixed renormalized mass m) be-
comes parametrized only by A, hence not only A but also ém and 6¢ in (II.1)
become functions of Ae,. This of course has a precise meaning only if we can
construct the theory and solve the renormalization group flows, which is precisely
what we are going to do. We can express the main result of this paper as a the-
orem on the existence of the ultraviolet limit of the vertex functions and of the
renormalization group flows. Recall that the theory is not directly the sum but
the Borel sum of the renormalized perturbation theory. In summary

Theorem 1 The limit Ay — oo of F%\O (p1,...¢op) exists and is Borel summable
in the renormalized coupling constant Apern, uniformly in N (where N is the number
of colors). Since the parameter A varies continuously, the continuous renormaliza-
tion group equations and in particular the B function are also well defined in the

limit Ag — oo.

The first part of the theorem is similar to [FMRS], but the second part (the
existence of the continuous renormalization group equations) is new. The rest of
the paper is devoted to the proof of this theorem.
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The precise bounds on the smeared vertex functions are given in Theorem 3
below. They are uniform in N (and in fact proportional to N'=P). Let us discuss
also briefly the dependence in m, the renormalized mass. For m # 0 fixed, we can
define the physical scale of the system by putting m = 1. The theorem is then
uniform in the infrared cutoff A, including the point A = 0. In the case m = 0
our method requires a nonzero infrared cutoff A # 0. Since this cutoff is the only
scale of the problem, we can then put it to 1: A = 1. In this last case, improperly
called the “massless theory”, we know that there should be a non-perturbative
mass generation [GN]. This mass generation has been proved rigorously for the
model with fixed ultraviolet cutoff and large number N of components in [KMR],
using the Matthews-Salam formalism of an intermediate Bosonic field and a cluster
expansion with a small/large field expansion. Our result in the massless case m = 0
with a finite infrared cutoff A should therefore glue with the method and results
of [KMR] to obtain at large N the mass generation of the full model without
ultra-violet cutoff.

III The expansion

ITI.1 The continuous band structure

Remark that in (I1.25)
w1 < U)g < Wp—1 —> Ao(wl) < Ao(’wg) S AO(U}ﬁ_l). (IIIl)

This naturally cuts the space of momenta into 72 bands B = {1,...,7} (see Fig-
ure 2).

Looking at equation (II.4), we see that the covariance can be written as a
sum of propagators restricted to single bands:

n (wr—1) n

Ao (w —a(p?4m?
Ciop) = S e () Z / (§+m)e ) da = O(p) Yt
k=1 Ag?(wk) k=1
(IT1.2)
where we defined
g o= e M@t M) o= AG? (we) (0P 4m?) (I1.3)
and we adopted the convention
wo =0= Ay (wp) = A2 wp=1= Ay2(ws) = Ay2 (I11.4)

Similar formulas hold for C’ but with an additional #.

To cure the ultraviolet divergences we have to combine the divergent local
parts of some subgraphs with counterterms and reexpress the series for G as an
effective series in the sense of [R]. For that purpose we use the band structure
to distinguish the divergent subgraphs from the convergent ones and hence de-
cide where renormalization is necessary. Please recall that in contrast with usual
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Figure 2

perturbation theory we never develop explicitly the loop lines of these subgraphs.
Contrary to naive expectation, one does not need to know the particular loop
structure to perform renormalization!

I11.2 Notations

Now we fix some notations. It is convenient to give indices to the fields variables
or the half-lines which correspond to these fields after Grassmann integration. We
observe that there are several types of such variables, the half-lines which form
the lines of the tree, the external variables (which correspond to amputated lines)
and the entries (rows or columns) in the determinant detjes;. These entries will be
called “loop fields” or “loop half-lines” since they form the usual loop lines of the
Feynman graphs if one expands the determinant. We define E and L as the set of
all external and loop half-lines. For each level i there is a tree-line [; with two ends
corresponding to two half-lines called f; and g; (to fix ideas let’s say that f; is the
end corresponding to the field and g; the end corresponding to the anti-field, as
decided by the index 2 in (II)). The loop fields ¥(z,) and )(z) are called h and
hg, and (when expanded) the loop line ¥(z )1 (x,) is called I, (it corresponds to
a particular coefficient in the determinant detje ). Each tree half-line f; or g;, each
loop field hy or hg is hooked to a vertex called vy, or vg, or vy or vy. We need also
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to care about the set S of special fields (or antifields) which are hooked to the §¢
vertices and correspond to propagators C’ which have different “power counting”
than C. Finally the index of the highest tree-line hooked to a vertex v is called ,.

Now [det]}nf is the determinant of a matrix (n + 1 —p) x (n+1 —p). The
corresponding loop fields can be labeled by an index a = 1,...,2n + 2 — 2p. The

matrix elements are D(zy, zg4, vaf,v_q (w)). Therefore in terms of bands the line I,

is restricted by the weakening factor w:{f’% (w) to belong to the bands from 1 to

the lowest index in the path Pfg (this path PfT,g is defined in equation (I1.12)).
We call i%g this index:

ity =1nf{q]l, € P} (IIL5)

D(xg,xg,wy, ., (w)) = D(p) " (p) (LIL.6)

By multilinearity one can expand the determinant in (II.25) according to the
different bands in the sum (III.6) for each row and column.

[det] oy (w” (w), B) =~ det M(p) (ITL.7)

where we define the attribution p as a collection of band indices for each loop field
a:

=) w(fngap)s 11(g1)s - pi(gns1—p)} > pu(a) € B fora=1... 2n+(272p)-
1118

Now, for each attribution p we need to exploit power counting. This requires
notations for the various types of fields or half-lines which form the analogs of the
quasi local subgraphs of [R] in our formalism. We define:
T, ={l€Tl|iy, >k}
ITy ={fi,0:.€T|i >k}
ILy ={a € L| p(a) = k}
EEy ={f,9 € Eliv,,iv, = k}
ETy, = {filiv,, > k,i <k} U{giliv, >k,i <k}
ELi ={a € L|iy, > k,u(a) < k}
Ny = {v of type A |i, > k} (I11.9)
N, = {v of type ém |i, > k}
N;! = {v of type C |i, > k}
Nk ZN}CUN,/CUN]/C/
Gy =1T, UILy
Ey=FEE,UFET,UFELy
El=E,NS, T ={li|i >k}
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where we recall that S in the last definition is the set of those fields hooked to a
vertex of type 8¢ which bear a derivation. We note |A| the number of elements
in the set A. For instance the reader can check that |ITi| = 2n — 2 and that
|Th| = 7 — 1. Each G, has c(k) connected components Gy, j = 1,...,c(k).

To help the reader understand better these technical definitions, let’s say that:

e T stands for “tree”

e [T stands for the set of “internal tree half lines” of a subgraph,;

e | stands for the set of “internal loop half lines” of a subgraph. Together
ITy, and Ly, form the full subgraph Gy;

e E'F stands for the set of “half lines which are external both for the subgraph
and for the whole graph”;

e ET stands for the set of “half lines which are external for the subgraph but
not for the whole graph, and which belong to the tree”;

e F'[ stands for the set of “half lines which are external for the subgraph but
not for the whole graph, and which are loop lines in the full graph”;

e N N’ and N” are used for the different types of vertices in a subgraph.

All the definitions in (II1.9) can be restricted to each connected component. Ap-
plying power counting, the convergence degree for the subgraph G¥ is

]. ’
w(Gy) = S EF] + 2IN*| - 4) (I11.10)

where we assumed that no external half-line hooked to a vertex of type 8¢ bears
a i J. To assure this for any G¥, we apply, for each vertex v, the operator i
(or —i @) to the highest tree half-line hooked to v" (there is always at least one).
In this way for all k£ |E}/| = 0, and no loop line bears a gradient. Then M(p) is a
matrix whose coefficients are

d2p —ip(xr—x
Mig(p) (s, 24) _6u(f),u(g)/w e P g)C(p) n“(f)(p)Wzﬁ@(ﬁl (IIL11)

where

Wqﬁv, = 1 if v and v’ are connected by T}
= 0 otherwise (I11.12)

since we always have D = C' in the matrix M (u).
From (II1.10) we see that there are three types of divergent subgraphs:

e for |EF| =4, N;*| = 0 we have logarithmic divergence (w(G¥) = 0);
e for |EF| = 2, |N;*| = 0 we have linear divergence (w(G¥) = —1);
e for |EF| = 2, N;*| = 1 we have logarithmic divergence (w(G¥) = 0).

In fact the divergent graphs are only those for which the algebraic structure of the
external legs is of one of the three types in (II.1). For instance not all four-point
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subgraphs are divergent, but only those for which the flow of spin indices follows
the flow of color indices [GK][FMRS]. Using the invariance of £ under parity and
charge conjugation one finds that all counterterms which are not of the three types
in (IL.1) are zero (this means that the corresponding subgraphs have 0 local part).
Then renormalizing these subgraphs we improve power counting without generat-
ing new counterterms. In what follows, for simplicity, “divergent subgraph” always
means subgraph with two or four external legs (this means we will renormalize
some subgraph which does not need it but this does not affect the convergence
of the series). Also for simplicity we change the definition of convergence degree
(II1.10) in

(G = 5(1BH — 1) (11L.13)

To cure divergences, we apply to the amplitude of each divergent subgraph g
the operator (1—17,4)+7,. In the momentum space 7 is the Taylor expansion at or-
der —w(g) of the amplitude §(p) at p = 0. The operator 1—7,; makes the amplitude
convergent when the UV cut-off is sent to infinity. The remaining term 7,g gives
a local counterterm for the coupling constant that depends on the energy of the
external lines of g. At each vertex v, we can resum the series of all counterterms
obtained applying 7, to all divergent subgraphs (for different attributions p) that
have the same set of external lines as v itself. In this way we obtain an effective
coupling constant which depends on the energy Ag(w;,) of the highest tree line
hooked to the vertex v. This is true because after applying the 1 — 7, operators, for
each graph with nonzero amplitude the highest index at each vertex coincides with
the highest tree index i, at each vertex! Indeed at vertices v for which this is not
true, there are loop fields with attribution g higher than i,. By (I11.12) they must
contract together forming tadpoles, which are set to zero by the 1 — 7, operators.
The corresponding graphs therefore disappear from the expansion.

For each attribution p we define the set of divergent subgraphs as

D, :={ GF'(G¥) <0}. (II1.14)
The action of 7, is
—w'(g) 1 dj
ng(p17"'7pk) = Z ﬁ%g(tplvtpk)mzo k:274 (11115)
j=0

With this definition the effective constants \,,, m,, 6, turn out to be the vertex
functions I'y, T's and PI's for an effective theory with infrared parameter A =
Ap(w):
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IT11.3 Effective constants

In the space of positions, the operator 7, is computed by partial integration on
the product of external propagators a(z1,... 2y, ), as in [R]:

7 (ve)alzn, - . 20, Z jl_ (- s 2o (E))jeco (IIL.16)
=0

where z;(t) = x,,, +t(x; —x,, ), and v, is an external vertex of g chosen as ‘reference

vertex’. This formula means that 7 for each divergent tree subgraph g moves all

external half-lines to a single reference vertex in the subgraph, hence computes a
local couterterm. The choice of this reference vertex is given in Section IV.3.1. As
announced we find the three possible counterterms of (II.1). For |E;| = 4 we have

4 4
(1) [ Ci i) = [[ Clar w), (IIL.17)

i=1 i=1

so the counterterm is
d2 C«a i d2 d2 d2 0 aiazaszaq
-Tl 1”17,% T2 T34 Tyg g( ,Iz,x37ﬂf4)ala2a3a4

/d%l HCW z1,:) §(0,...,0) (111.18)
This gives a coupling constant counterterm. For |E;| = 2 we have

7 (21)[C(21,91)C(22,y2)] = C(21,91) {C(%,w) + (w2 — !El)“ic(fﬁlam)]

ozl
(IT1.19)
Integrating over internal points, we obtain a mass counterterm from the first
term in the sum:

2
/d2x1HCZiZZ(x1,yi)/d2x ga'e2 (0,12)

i=1

/dell_‘[OZIal T1,Yi ga1az(0)6a17a2

/ d?x; HC‘“‘“ 21, 9i) Say.a5 f1(0) (I11.20)

where we applied the development

9(p) = L) + s f2(0*)+ Bfs(P?) + 75 Bf1(p?) (II1.21)
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and we adopted for the gamma matrices the conventions in [FMRS]. By invariance
under charge conjugation and parity f2(0) = f4(0) = 0. For the second term in
the sum we obtain a wave function counterterm:

0
/d29€ (Gl 1(x1,y1)a—C;§; (xlay2)/d2x2($2 —z1)'gatel (w1 —x2) =

al1a a aza:2 8
= [ EnCm @) g @ )i 1) p-obus
— [ @ncam e PO (o1,1) £2(0). (111.22)

Theorem 2 If we apply to each divergent subgraph g € D,,, for any attribution p,
the operator (1 — 74) + 74 = Ry + 74, the function (I1.25) can be written as

oo

DO (1,. . dop) = > n'n"n”' SN 1) /d%l APy

n,n’,n'"=0 o—T E,ju Col,2

TR S

!’

H RGic |: f[ Dﬁqu ((flq,l'lq) detM(M)¢1 (:L'Zl) ce ¢2P(xjp):| (11123)

GFeD,, q=1

where the constants Ay, 6my,, 6, are the ‘effective constants’, defined as:

)\w - w w

W = FQO( )’AO(O,O,O,O) :/d2$2d2$3d2l‘4 FQO( )’AO(O,$2,$3,$4)
my = B320,0) = [ @y T 0,22)

5o = SN = [ an i g03 0 0.02) (111.24)

The effective constants are the vertex functions I'y, I's and PT'y for an effective
theory with infrared parameter Ao(w), and the renormalized constants correspond
to the effective ones at the energy A. (For the massive theory recall that we can
use A =0.)

>\w:0 = )\7‘
obmy—p = Om, =0
8Coo = 8 =0 (I11.25)

The reshuffling of perturbation theory performed by Theorem II can be proved
by standard combinatorial arguments as in [R] (the only difficulty was discussed
above, when we remarked that the parameter w of the effective constants always
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corresponds to the highest tree line of the vertex. Otherwise the effective vertex
generates a tadpole graph whose later renormalization gives 0). This reshuffling is
similar to the reorganization of renormalized perturbation theory according to the
formalism of Gallavotti and coworkers [GN].

IV Convergence of the series

Theorem 3 Let € > 0 be fized. Suppose A™ (defined below) belongs to some fized
compact X of |0, 4+00). The series (II1.23) is absolutely convergent for |Ay|, |6muw|,
|6Cw| < ¢, ¢ small enough. This convergence is uniform in Ay and N (actually T'yp
is proportional to N'=P). The ultraviolet limit I’Qp = limp, oo I’%\O
satisfies the bound:

02 (01, d2p)| < (P)*[K (e, e, X)P (A™)*P N'7P (IV.1)

2p
loall T l@illoc,a e (1meA " dr (@ 2)

exists and

1=2
where
A™ :=sup[A,m], (IV.2)
4] oe :=(||¢i|oo ¢l + ||¢;'||oo) , (1V.3)

Q; is the compact support of ¢;, K(c,e,X) is some function of ¢ € and X, which
tends to zero when ¢ tends to 0, ||¢i||lse = sup,cq, |0i(@)], [|01]l1 = [ d®x[¢1(2)],

and
dT(Ql,...Qgp) = migg.dT(Il’”'@p)
dT(Jll, . ngp) = un—lg'g;_ ‘ml - xll- (IV4)

where in the definition of dr(z1,...xap), called the “tree distance of x1,...x2p”,
the infimum over u — T is taken over all unordered trees (with any number of
internal vertices) connecting x1, . .. Top.

This bound means that one can construct in a non perturbative sense the ultravi-
olet limit of either the massive theory with any infrared cutoff A including A = 0,
or the weakly coupled massless theory with nonzero infrared cutoff A. To complete
Theorem 1 from Theorem 3, one needs only to check Borel summability by ex-
panding explicitly at finite order n in A, and controlling the Taylor remainder.
This additional expansion generates a finite number of Taylor operators 7, for a
finite number of non quasi-local subgraphs, which are responsible for the n! of
Borel summability [R]. Since this is rather standard we will not include this addi-
tional argument here. Finally the renormalization group equations are discussed
in Section V. The rest of the section is devoted to the proof of this theorem.
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IV.1 Plan of the proof

To prove the theorem we show that the absolute value of the term (n,n’,n”") in the
sum (excluding the effective constants) is bounded by K™. The strategy for the
proof consists in moving the absolute value inside all sums and integrals, bounding
the product of effective constants,

H ‘Aqu(v)|] lH |6mw(v’)|‘| [H 5Cw(v”)|] < ” ’ (IV]-)

v’ v’

then taking ¢ < K 1.

The loop determinant will be bounded by a Gram inequality, and we shall
use the tree lines decay to bound the spatial integrals. Actually, we cannot move
the absolute value directly inside the sum over attributions because #{u} ~ 7l.
In other words fixing the band index for each single half-line develops too much
the determinant. The way to overcome this difficulty is to remark that the at-
tributions contain much more information than necessary. We can in fact group
the attributions into packets to reduce the number of determinants to bound. We
observe that, if for the level i a connected component G¥ has |EE¥| + |ETF| > 5,
the subgraph is convergent and we do not need to know the band indices for the
loop lines in that connected component. So for each convergent G¥:

e if |[EEF| +|ETF| > 5, we do not want to know anything on loop lines;

e if |[EEF| + |ETF| < 5, we just want to fix 5 — |EEF| — |ETF| half-lines with
energy lower than ¢, but we are not interested in knowing the band index (~
energy) of the other half-lines because we need to know whether a subgraph
is convergent or not (i.e. has more than 4 external half lines or not), but
we do not care about its exact number of external half lines; whether it has
10 or 25 does not matter, and it is in fact precisely the extraction of this
information that could be dangerous for convergence of the expansion.

Instead of expanding the loop determinant over lines and columns as a sum over
all attributions

det M = " det M(u, E) (IV.2)

m

we write it as a sum over a smaller set P (called the set of packets). These packets
are defined by means of the function

o:{nt — P
p o—  C=¢(pn) (IV.3)

but this function must respect some constraints related to the future use of Gram’s
inequality. This motivates the following definition:
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Definition 1 The pair (P, @) is called a “Gram-compatible pair” if
vCeP,Va, 3J,(C)CB (IV.4)
with the property ¢~1(C) = {ulu(a) € J.(C) V a}.

This definition means that for any packet C the attributions in the packet
exactly correspond to a particular set of band indices allowed for each loop line.
It ensures that there exists a matrix M’ such that

> det M(p) = det M'(C) (IV.5)
nEP—1(C)

because each loop line a is a matrix entry. This in turn ensures that Gram’s
inequality can be applied to det M’(C), as shown in Lemma 4.

IV.2 Construction of P

We build first the partition P of the set of attributions into packets. These packets
should contain the informations we need over |EY}|. In contrast with attributions
there should be few of them; more precisely they should satisfy #P < K™. Finally,
together with the function ¢, they should form a Gram-compatible pair. To define
P we introduce some preliminary definitions and notations.

To each ordered tree o — 7T we can associate a rooted tree Ry, which pictures
the inclusion relation of the G, [R]. We can picture this tree with two types of
vertices: crosses and dots. We recall that the leaves of a rooted tree are the vertices
of the rooted tree with coordination number one. The leaves in our case are the
dot-vertices and correspond exactly to the vertices v, v’ or v of the initial ordered
tree 7. The other vertices of Rz are crosses. Each cross i corresponds to a line I;
of the initial ordered tree 7, and has coordination number three, except the root
which has coordination number two. To build Rz we take the lowest line in 7, Iy,
as root 1.

by
A

Figure 3
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This line I1, or root, separates 7 into two connected components 7’ and 7"
possibly reduced to a single vertex. When 7’ or 7" is a single vertex, it gives a
dot connected to 1. Otherwise it gives a cross, which is the lowest line of 7 in it.
This procedure is repeated at each cross-vertex obtained, and generates R .

T/ T//
2
1
I
by

A

Figure 4

Finally to complete the picture to each dot of Ry we hook all loop half-lines
hooked to the corresponding vertex (there could be none). We define the ancestor
of i A(i) as the cross-vertex just under ¢ in Rz and we call v,, the dot-vertex
to which the half-line a is hooked and i, the cross-vertex connected to v, (which
represents a line of the initial tree!). For each cross-vertex i we define

ti :={l; € T|j > 1,1, connected to [; by T}} (IV.6)

This is the spanning tree in the connected component of G; containing the line I;.

Figure 5

An example of a tree with its associated Rz is given in Figure 6:

For each tree line (cross-vertex) i and each connected component G¥, no new
line connects to t; in the interval between i and .A(7). Hence o' (G%) > w’(G%i)H)
Vi > i > A(i) and Ti’f/ C Gf/, C G*. Therefore we can neglect what happens in
this interval and generalize the definitions of (II1.9) for the internal lines of a
subgraph GF¥.
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Ao
| 4 |
s
_ 5! "8 b !
||t .
41 |
6 L&
LA
Figure 6

We define:

gi ' =t;U{a € Lli, > i,v, € t;, u(a) > A(2) + 1}
eg; == et; Uee; Uel;
et; == {fi/|ivf > i,Uf S ti,i/ < Z} U {gi/|ivg > 7;,1}9 S ti,i/ < ’L} (IV7)
ee; :={f,9 € Eliy,,iv, > i,v5,v4 € t;}
el :={a € Llig > i,v, € t;, u(a) < A(3)}
This set of definitions (IV.7) concerns the connected component g; above line
i. Remark that we defined as loop internal lines of g;, all loop lines higher than
A(i). We also need some additional definitions concerning the other connected
components:
i(k) = inf j
() {jzi,UjeTi’f}]
k._
9; = Gi(k) (IV.8)
eglh = et? Ueel Uell
eth .= etir) eel .= €€i(k) elf .= eli(k)

This second set of definitions is used only much later in the bounds when all
connected components are considered at once.

Definition 2 A chain C,; is the unique path in Rz from the half-line a to the
cross-vertexr i with i, >7 i:

Cm‘ = {leZ ST i, ST ia} U {a} (IVQ)

In the following, we write i, >7 i to specify that v, and v; are connected

Definition 3 A class C is a set of chains over Ry with the properties:

VCyi € C, YCyuy € C one has a # a’
Vi ¢ <max|0;5 — |ee;| — |et;| — ¢} (IV.10)
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Figure 7

where we defined:

Ci #{Cyi € C| i fized}
C; - #{Ca’i’ S C| Z'a/ ZT 7;7 i/ < /L} (IV]']')

So ¢; is the total number of chains arriving at ¢ and ¢ is the total number
of chains passing through i and continuing further below. This definition ensures
therefore that there are at most five chains passing through each cross i.

Definition 4 The partition P is the set of all possible classes C over Rr.
To verify that this is a good definition, we have to prove three lemmas.
Lemma 1 The cardinal of P is bounded by K™.

Proof. We prove that P C P’ and #P’ < K™. We define P’ as the set of all sets of
chains D, that are unions of five subsets (possibly empty) Y;, where Y; is a set of
completely disjoint chains (this means they have no cross and no dot in common).

P ={D} D:=U_Y. (IV.12)

To build a set of disjoint chains Y}, we have at most three possible choices for
each vertex: at each cross-vertex we can have no chain passing, a chain going right
or left; at each dot-vertex touched by a chain, we have to choose among three (at
most) loop half-lines. Putting all this together we have:

#7)/ S (35)ﬁ—1(35)2n+2—2p S Kﬁ (IV13)

where the number 5 comes because each element of C is made of five sets Y.
Figure 8 shows an example of disjoint sets built in this way.
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Figure 8

Now we prove that P C P’ by induction on 4. For each C € P we define C (i)
as the subset of C that contains only chains ending in some point (cross-vertex) of
the unique path connecting i to the root.

C(i) = {Cuir € C| 7 <1 i} (IV.14)

This set satisfies the following induction law: if, for A(%) there are five sets (even-
tually empty) of disjoint chains Y7(\A(2)). .. Y5(A(2)) with

C(A(i)) = Ui Y5 (A1), (IV.15)

then there are five sets Y71(7),...,Y5(¢) with C(¢) = U;Y;(4). This can be seen

observing that C(i) can be written as

C(i) = C(A(@)) U{Cqui € Cli' = i}. (IV.16)

Among the five sets Y; forming C(.A(7)) there are ¢ ones containing chains

passing through i: Y1(A(7)),. .., Yo (A(49)). If ¢} + |ees| + |et;| > 5, there are no

chains ending at i so C(i) = C(A(#)) C P'. If ¢} + |ee;| + |et;] < 5 there are ¢;
chains ending at ¢ Cy, 4, ... Caa,-,i» with ¢; <5 — ¢}, so we can define

V(i) = Y;(AG) forj<d,
Yoii(i) = Yo j(A@)U{Cau} j=1,...,¢, (Iv.17)
V() = Yi(AG) forj>d+an
With these definitions we have
Ci)=U_,Y; C P (IV.18)

Now, the hypothesis (IV.15) is true for the root r. In fact, by construction, we
have at most five chains ending at r: Co, r,...Cqy ». If we define:

Yi(r) ={Car},- .., Y5(r) = {Casr} (IV.19)

we have C(r) =Y, U---UY; C P’. Working the induction up to the leaves of Ry
completes the proof of the lemma. O
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Lemma 2 There exists a function ¢ : {u} — P which associates to each attribu-
tion p = (u(1),u(2),...) a class C in P.

To define ¢ we fix an order over the half-lines and the lines of Ry. We do it
turning around Rz clockwise and we call n(a) the index of a in the ordering and
s; the index of the line in Ry connecting i to A(%).

Figure 9

We build the class ¢(u) as a union of chains by induction, defining first the
chains in ¢(u) ending at the root, then the ones ending at the cross connected to
the root by the line 1, and so on, following the ordering s;. Therefore for each i
we consider the set A; = {a € el;| ACu € ¢(u) with ¢/ < i} which is the set of
loop half-lines that are external lines for g; and are not connected to a chain in
¢(p) ending lower than .

o If [5—|ee;|—|eti| — ] > 0 and #A; < [5—|ee;| — |et;| —c}] we have a divergent
subgraph, and we add to the part already built of ¢(u) all the chains starting
at an element of A; and ending at 4, so

o If #A; > max[0,5 — |ee;| — |et;| — ¢}], we have a convergent subgraph, so we
put

¢; = max[0,5 — |ee;| — |et;| — ] (Iv.21)

and we add to the part already built of ¢(u1) the ¢; chains Cor;, with @’ =

al, j =1...,¢;, which start at the ¢; elements in A; that have the lowest
values of n(a), and end at 1.

In this way we obtain a set of chains with the two properties (IV.10). For each
p, @(11) is an element of P and {¢~1(C)}cep is a partition of the set of attributions.
O

We call B; the set of half-lines in A; which are the starting points of chains
in ¢(u) ending at i (see Figure 10). Therefore in the divergent case B; = A; and
in the convergent case B; = {al, j=1...,¢;}. We also define

egi(C) :=et; Uee; U{ali, >7 i and a € By for some i’ <r i} (Iv.22)
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1

Figure 10

With this definition we have |eg;(C)| = ¢; + ¢ + |eti| + |ee;|. Remark that
in the divergent case |eg;| < 4, one has |eg;| = |eg;(C)|, and in the convergent
case one has |eg;| > |eg;(C)| > 5. The next lemma describes the structure of the
classes C.

Lemma 3 For each class C € P and each half-line a = 1,...,2n + 2 — 2p there
exists a subset of band indices J,(C) C B such that

¢~1(C) = {plu(a) € Ju(C) ¥ a}. (IV.23)

Proof. The existence of the ¢; chains C,; for a € B; ending at ¢ implies a certain
set, of constraints on attributions. We distinguish two situations.

1) If |eg;(C)| < 4 (divergent case)
o Ya € By, pu(a) < A(i);
e Va¢ B; with iq >4, u(a) > A(7).

2) If |eg;(C)| > 5 (convergent case)
e Va € B;, pla) < A(3);
e Va ¢ B; with iq >7 i, and n(a) < maxgeep, n(a’), pla) > A(i).

In any other case, there is no particular constraint. We observe that the
underlined constraints for p(a) are therefore determined by the chain structure
and the ordering, but the crucial point is that they are independent from each
other. Hence J,(C) is an interval in terms of band indices. Remark that if some
chain in C starts from a, it must end at some unique i, called ¢/,. In this case we
define M (a,C) = A(il,). Otherwise we define M(a,C) = i,. Moreover for each ¢’
such that a ¢ By we have two different lower bounds on p(a), depending whether
gi» is divergent or convergent. So the constraints in cases 1 and 2 simply mean
m(a,C) < p(a) < M(a,C), where

M(a,C) = A(i,)ifaeB; , M(a,C) =i, otherwise
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m(a,C) =  sup [A®)+1]
i'€l(a,C)
m(a,C) = 1 if I(a,C) =10 (Iv.24)

and

I(a,C) :={i |ie >7 ', a & By, and, if |egy(C)| > 5, n(a) < max n(a’)}

a'EBi/
(IV.25)
In summary the constraints are expressed by
¢~ '(C) = {ulula) € Ju(C) VY a}
J.(C) = [m(a,C),M(a,C)] (IV.26)
d

Example. As the definition of the interval J,(C) = [m(a,C), M (a,C)] is certainly
hard to grasp, let us give an example. In Figure 11 we pictured a class C made of
two chains Cy, ;, and Cy, ;, with a; < as in the clockwise ordering. The allowed
interval for a; has maximum M (a;,C) = My, the cross just below i1, since the
presence of the chain forces the half line a; to be an external leg strictly below 4.
The minimum is m(a1,C) = my, the cross where the second chain ends. Indeed,
since as > ap, the attribution for a; cannot go below my, otherwise a longer chain
Ca,,j; with j; < my would have been chosen earlier, lower in the tree.

Finally suppose a3 is a loop line with index bigger than as in the clockwise
ordering, and suppose that the cross m corresponds to a divergent subgraph G,
for which the number of external legs is fixed. Then m(as,C) = m, since the leg
a3 cannot go below my; this would add a forbidden external leg to the divergent
subgraph G1. We invite the reader to check his understanding on further examples.

ai

M1 a2

as

ig = mi
M,
Figure 11

We observe that, after packing the attributions into classes, the sets T;, t;,
ee;, et; are still well defined, but we can no longer define g; and el;. We already
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defined eg;(C) in (IV.22). We add further definitions

gi(C) = t; U le(C)
iL(C) = {ac Llia>ri,M(a,C) > Ali)+ 1}
eli(C) = {a€ Llia >r i, M(a,C) < AGi)} (IV.27)

which generalize the notions of internal and external loop lines. Remark that
egi(C) = et; Uee; Uel;(C), and |el;(C)] = ¢; + ¢}. In the same way we extend
these definitions to the other connected components

9:(C) == gi)(C) , il (C) = ilyx)(C) , elf(C) = elix)(C) (IV.28)

Furthermore the generalized definitions for the convergence degree and the
set of divergent subgraphs after packing the attributions into classes become:

w(@i(€)) = (legi(C)] = 4)/2.
De = {4:i(C) | w(g:(C)) <0} (IV.29)

We return now to the loop determinant in (I11.23). Lemma 3 ensures that

> detM(p) = detM'(C) (IV.30)
pEP—L(C)

and that for each loop half-line a there exists a characteristic function

Na(@) ke B —{0,1} *(C) = { 0 okE JJ((CC)) (IV.31)

Therefore the matrix elements for M’(C) can be written

d2p —ip(xsr—x
M/fg(vaxg) = /(27‘.)2 e les H)C(p)sz(f)xg(g)nk(p)Wffmg
keB
Pp .,
= / e 17 (P)Gy(0) > Xb X" (IWE, .,
k

where we omit for simplicity to write the dependence in C, and we defined:

1

L (=p+m)
(p? +m?2)3

Gy(p) = et

Fy(p) = e'®rP .
) (p? +m?)i

(IV.32)

v is the vertex to which the half-line a is hooked and 7* is the cutoff restricted
to the band k (see equation (II1.3)). Finally W is the i x 7 matrix defined in
equation (IT1.12). Our next lemma is crucial since it bounds the loop determinant
without generating any factorial.
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Lemma 4 The matriz M'(C) satisfies the following Gram inequality:

, d2 5 % d2 p 5 %
(@) <]] [/% ) )] } Il [/# )Gy )]

(Iv.33)
where the cutoff functions ng(p) and ng(p) corresponding to fields f and g are
defined in equation (1V.44) below.

Proof. The Gram inequality states:
If M is a n x n matriz with elements M;; =< f;,g; > and f;, g; are vectors in a
Hilbert space, we have |det M| < T[;_, [|fill TTj=, llgsll-

To apply Gram’s inequality, the matrix elements must be written as scalar
products. We introduce the ¢ x ¢ matrix 1, which is not the identity, but the
matrix with all coefficients equal to 1. It is obviously a non-negative symmetric
matrix. We observe that the matrix Wf,v, is block diagonal with diagonal blocks
of type 1,,, and ) ¢q; = 7. Each block corresponds to all the vertices in a given
connected component of Ty. Therefore W itself is non-negative symmetric. We can
define the symmetric matrix (2n + 2 — 2p) x (2n + 2 — 2p):

Rgy = XaXp (IV.34)
where a and b are the indices for the loop half-lines. By a permutation of field
indices, we can list first the ¢ half-lines for which x*(C) = 1. In this way the
matrix R becomes 2 x 2 block diagonal non-negative of the type

( loq 8 ) (IV.35)

Now we can group W and R in a unique matrix (tensor product)
Wi air b 7= XaXs Wi (IV.36)

that is still non-negative as we can diagonalize separately W and R. Hence the
matrix

anwia;v’,b =Tya0'p (IV.37)
k

is non-negative symmetric, as it is a linear combination (with positive coefficients
n*) of non-negative symmetric matrices; therefore we can take its square root
(which is also non-negative symmetric):

Tv,a;ﬂ/,b = Z Uv,a;w,ch,c;v’,b~ (IV38)

w,c
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Now, we can write M/, g B8

&p .
= W FF0)Gal0) ey at 10,00

d2p (IV.39)
- / (271') Z U’Uf,a(f),v’ s U, s;vg,a(g)
If we introduce the vectors
]:’f's(p> = Ff(p)Uv’,s;y(f),a(f) gZ’s(p) = Gg(p)Uv’,s;v(g),a(g) (IV40)
we can write M/, g B8
d . o o
Now we can apply Gram’s inequality:
n+l—p n+l—p
[det Myl < TT 711 T 116° (IV.42)
= g=1
where
IF7]1* = / @y S FL)UFL)

d2
=/ ZUW (vt sVt siol£).ap) | F 1

d*p 2 ko k k k| g2
=/—(2ﬂ)2 To(s).a(pion) ah) | Frl :/(QW)Z 2 Xt Xatn Wats) oy ||
k

-

s (x’;(f))2 = XZ(f)’ and, as the bands in x, are adjacents, the cut-offs sum up
(using equations (IIT.2-I1I1.3) to give

né(p) == {n (7/\019(1/;21) )> -7 <%>] (IV.44)

We can treat in the same way G and this achieves the proof of (IV.33). O

2
P)Xar) | Fr (p)1* = / (;lﬁz); D) |Fr(p)>  (IV.43)
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IV.3 Bound on the series

We are now in the position to bound the series (I11.23). After packing the attribu-
tions into packets we can put the absolute value inside the integrals and the sums
and bound the product of effective constants by ¢™. Moreover, we observe that the
two sums > ., ¢ in (II1.23) are bounded by taking the supremum over Col and {2
and multiplying by the number of elements. We have

#{Q} < 22n+n’+n”—p < 4P9oP
#{Col} < N"t1-P (IV.45)

Indeed to estimate #{Col} remark that, once 7 and €2 are known, the circulation
of color indices is determined. If there are no external color indices fixed (vacuum
graph), the attribution of color indices costs N? at the first four-point vertex
(taken as root) and climbing inductively into the tree layer by layer a factor N for
each of the remaining four-point vertices of the tree (see [AR2]). The two-point
vertices do not contribute as color is conserved at them. When we have fixed the p
independent external colors for the 2p external fields only N™*1~P choices remain.

We introduce some notations. Recalling the definitions (IV.27) and (IV.29)
we say that a divergent subgraph ¢;(C) € D¢ is ‘D1PR’ (‘dangerous one particle
reducible’) if, by cutting a single tree line, we can cut it into two subgraphs g;(C)
and g;/(C), one of them, say g;(C), being a two legged subgraph. The line to cut is
then the tree line [ 4(;). In Figure 12 we show some examples of D1PR subgraphs,
where tree lines are solid lines and loop half-lines are wavy.

OJONOIONele

| |
| |
|' %u>Ay> | | Mu>Au> u—hr————J
| | |
| _l

B R AN N
|-

L____

Figure 12

All subgraphs that cannot be cut in this way are called D1PI (‘dangerous
one particle irreducible’). We say that a four-point D1PI subgraph g;(C) is ‘open’
(as in [R]) if there exists a two-point subgraph g¢;(C) € D¢ (called its closure)
with j <7 i (then ¢;(C) C ¢;(C)) and they have two external lines in common (see
Figure 13).

A four-point subgraph is called ‘closed’ if it is D1PI but not open. A two-point
D1PI subgraph is always closed by definition. This classification of subgraphs is
useful, as only closed subgraphs contribute in the product [ | 9€De (1 T;). Applying
the definition of 7, in the momentum space one can see that:
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Figure 13

e if g;(C) is D1PR and g;(C) is the corresponding divergent subgraph, then
Tg0)(1 = Tg,(0)) =0 (IV..46)

so the renormalization of g;(C) is ensured by that of ¢;(C);
e if g;(C) is four-point and open, and g;(C) is the associated two-point subgraph
containing it, then
(1 — ng(C))(Tgi(C)) = 0. (IV.47)

For any ¢;(C) € D¢ we know exactly which loop half-lines are external lines,

therefore we can still apply the operator 1 — 77 = R} to the external propagators,

and distinguish closed subgraphs. Hence we define
D¢ :={gi(C) € D¢|gi(C) closed} (IV.48)

and we apply R only to g € Dg. By the relation of partial order in Rr we see
that for each pair ¢;(C),g:#(C) € D§ we can only have that g;(C) N gi(C) = 0,
or g;(C) C gi(C) (if i' < 7). Hence D¢ has a forest structure. Following [R] we
define the ‘ancestor’ of ¢,(C) € D§, called B(g;(C)), as the smallest subgraph in
D¢ containing g;(C):

B 7 Q)) = i’ C 5 i/ = max ill. 1V.49
(6:(€)) = 90(©) 9 (C)EDE, gi(C)Cg; (C) ( )

With all these bounds and definitions, the sum (I11.23) becomes:

- L1
D50 (@1, bzl < D0 NP (K)o 3% (IV.50)

n,n’,n'’ =0 o—T7T E,C

A—1
/d2x1 AP /0 H dw,

Swi<.oSwa-1<1 gy

n—1
IT 3 | TT 02" @1,1,) det MIC) (o) oyl )|

geDg q=1
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Before performing any bound we must study the action of [] 9eDg R} on the

tree propagators, the loop determinant and the external test functions. As the
external half-lines for any subgraph cannot be of type C’ we will write C' instead
of D in the formulas. We distinguish two situations.

1) If [eg(C)| = 4 then w(gi(C)) = 0 and the action of R is:

4 4 4

Ry (1) [T (@i mi) =D RS (@) [[ [ € i) (IV.51)

i=1 =2 i=1

4
:C($17y1) Z H C<$]7yj)[o(xz,y1)_ xhyl H thyj

i:2 2<5<1 1<j<4

= C(z1,1) Z I ¢@jypibeCaizr,u)] ] Clar,yy)

1=2 2<5<14 1<j<4

where we took as reference vertex x; and we defined Rgi as the operator
that moves the external line with i on the reference vertex x1, and applies a
difference 6oC'(z;,x1,y;) between two covariances on the line 7.

2) If |egi(C)| = 2 then w(gi(C)) = —1 and the action of R} is
R;(xl)c(fﬂhyl)c(x%m) = R;(wl)C(xl,yl)C(xg,yz)
= C(w1,y) |C(w2,y2) — C(1,92) — (22 — 561)“%0(:51,3/2)
= C(z1,51) [6:1C(22, 21, 12)] (IV.52)

where we took as reference vertex .

IV.3.1 Choice of the reference vertex

Now, for each g; € D¢ we call the reference vertex ve(g;(C)). In this paper the
choice of this vertex is adapted to the tree 7, and is different from previous rules
such as [R], chap.II. We adopt the following rule. We call the first external vertex
of the graph, the one with position z;, the root of the tree. We define D¢ and
DL¢ as the subsets of four-point and two-point subgraphs in Dg.

For every subgraph g € Dgc and any vertex of g there is a single path in
7 joining this vertex to the root. This path must contain a single well defined
external line of g. The vertex to which this external line hooks is by definition our
reference vertex for g (see Figure 14).

This rule leaves us free of choosing in a different way the reference vertex
for any two-point D1PI subgraph D}¢. The rule must ensure that open subgraphs
and D1PR subgraphs are automatically renormalized by renormalization of their
closure or proper parts. We decide to take as border vertex of any subgraph g € Déc
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b)

Figure 14

the one to which the highest of the two external half-lines of g hooks. Remark that
this external half-line is always a tree half-line in 7, so we know its scale. This
rule, shown in Figure 15, fulfills the desired requirement, as will be shown below.

Ve

Figure 15

Finally we add a rule which is not strictly speaking necessary but simplifies
the discussion: to compute the action of the renormalization operator we perform
first all operations corresponding to two point subgraphs, then all operations cor-
responding to four point subgraphs, starting from the smallest graphs towards the
largest. This rule ensures that any external half-line of a subgraph g bearing one
or two gradients because of the action of the Taylor operator for g, cannot bear
additional gradients from the later action of another Taylor operator for a different
subgraph ¢’.

IV.3.2 Processes

Returning to equations (IV.51) and (IV.52), we start the renormalization for the
two point subgraphs from the leaves of Ry (hence from the smallest subgraphs at
highest energy) and go down. Then we perform the renormalization of four point
subgraphs. Some of them may be already convergent due to renormalization of
two point subgraphs. Also, even after fixing the reference vertex for each closed
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subgraph, there remains an arbitrary ordering of the other external lines for each
four-point graph and a sum over three possible terms as shown in IV.51. Again
some of these terms may themselves renormalize some lower four point subgraphs,
so the outcome of the renormalization is difficult to capture in a single formula.
We index the terms finally obtained by an index P, called the process, which
summarize all these choices made for the four point subgraphs. Hence

II &)= (Z II [Rg(P)}> IT & (IV.53)
P geDE(P)

geDg geDYe geD}e

where D2¢(P) is the subset of D2 made of the subgraphs for which RZ(C) # 1,
hence for which there is a non-trivial renormalization.

Ry(P) = Ryp), i(P)€{2,3,4} ifge Dg(P) (IV.54)

Hence in equation (IV.50), the absolute value inside the integrals can be
bounded by:

n—1
II R {HDQO’”Q(%%) det M'(C) ¢1(xi,) - .. pap(z;,) (IV.55)
geD§ q=1

n—1 A
< S TP @1y, w0, det M7 (C)] ] (i) - - B, (x5, )]

P q=1

where we defined D", M'", ¢" as the functions obtained after the application
of ngDg(P) R,(P). Again we bound the sum over processes P by the supremum

times the number of possible processes. This number is bounded by 37~ !. Indeed we
recall that for any forest F of closed four-point subgraphs, we have f(F) <n —1,
where f(F) is the number of four-point subgraphs in F [CR, Lemma C1]; this
maximal number is not changed by adding n’ + n” two point vertices because of
one particle irreducibility of the closed subgraphs.

From now on we work therefore with a fixed process P. We introduce some
notations. We define L°(P) and L' as the set of loop half-lines which bear some
single or double gradient respectively by some Rgi(P) or R; operator, L™(P) as
the set of loop half-lines moved to the reference vertex by some RY);(P) and L*(P)
the loop half-lines left unchanged. In the same way we define the sets T°(P), T*,
TT0(P) and T%(P) for the tree half-lines, and E°(P), E', E"°(P) and E*(P) for
the external half-lines. To avoid confusion, from now on we call f; and f; the two
half-lines forming the tree-line [;.

1V.3.3 Interpolations of the lines

For a four-point subgraph the difference §oC is expressed by

d

§0C (2, 0,y) — /0 4t C(a(t) ) (IV.56)



Vol. 1, 2000 Continuous Constructive Fermionic Renormalization 35

For a two-point subgraph 6,C is expressed by

1 2
6C(x,zy,y) = /Odt(lft)%C(z(t),y) (IV.57)

This means that the external line hooked to x has been hooked to the point
z(t) on any piecewise differentiable path joining x to x, and has now a propagator
(see Figure 16)

Ya
T4
o 2 () Y3
o Y2
g R,
0 d
Co(z(t),y) = = Cla(t), y) (IV.58)
or (see Figure 17)
d2
Cla(t),y) == (1= )25 C(x(t),y). (IV.59)
R! =
T2
Z1
Y2
Y1
Figure 17

In previous perturbative or constructive works, this path x(¢) is always de-
fined to be the linear segment connecting x to x, hence is parametrized by

x(t) = x, +t(x —ay) 2(0) =2, (1) == (IV.60)
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But with the continuous band structure this obvious choice when applied
to tree half-lines leads to difficulties. It is therefore more convenient to treat dif-
ferently the loop, tree and external half-lines. Loop lines and external half-lines
(except the root) do not affect spatial integration (recall that this spatial integra-
tion is performed using the decay of the tree lines). So for them we can choose the
obvious linear interpolation that makes easier to factorize the matrix elements of
M’ as scalar products and to apply Gram’s inequality. For the tree lines it will be
convenient to exploit the existence of 7 to choose a different path.

IV.3.2.A: Loop lines Now for each h, € LY(P) U L' we define
Za(t) ==y, +t(Tq — To,) (Iv.61)

which is the obvious linear path.
The propagator for the line bearing the difference becomes respectively for a
four-point and a two-point subgraph

Co(xa(t)ay) = %C(.’Ea(t),y) = (:Ea — xv)ua;zu

d? w 0
ﬁC(l'a(t),y) = (xa - xv) (LUa - 1‘1,)

Clza(t),y) (IV.62)

0

”w p C(zq(t),y).

(IV.63)

If the second end of the line y is also moved we just apply the same formulas

to CO(x,(t),y) and Ct(z4(t),y), interpolating y. Introducing these formulas into

the matrix element M’ }g we can factorize it as the scalar product of I} and Gy
where

Cl(xa(t)vy) = (1 - t)

Ff=Fy for hy¢ L°(P)UL' (IV.64)

) )

. , 0 0
F :/dt(l—t)(a:f—xv)“(xf—xv) o Fy(as(1) for hy € 11

where Fy, G, are defined in (IV.32). The same definitions hold for G. With these
definitions the determinant is bounded by

[det M) < TTIFFII T] Gl (IV.65)
f g

Now we can bound the norms using the following lemma.
Lemma 5 The norms of Fy and G4 satisfy the bounds

[l
1Gylle

K [Ao(war(s,e)) — Mo(Wm(r,e)—1)]
K [Ao(war(g,c)) — Mo(Wm(g,c)—1)] (IV.66)

IN A
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Proof. Applying the definition (IV.44), ||F¢||% is written

9 d2p 1 p2_|_m2 p2_|_m2
I[Frllc = 52 a1 |7\ e AT
(2m)2 (p2 +m2)z §(warr.e)) § (Wi (r.0)-1)

d2 A62(w7n(f,c)71)
= / p (p* +m?) / do (—n'[(p2 +m?) ozD

=

(27T)2 Aaz(wM“,c))
AGZ (Win(sey—1) s [
</ dama™ [ oyl (o)
Ay (warcr,ey) 0
< K [Ao(ware)) — Do(wimr,e)-1)] (Iv.67)

where, in the third line, we performed the change of variable v = a(p? +m?). The
same result holds for ||G,]|2. O

A similar argument can be performed for loop lines with some gradient ap-
1
plied. Each derivative adds a factor a™2 in the integral. With these definitions the
determinant is bounded by

(SIS

H [AO(wM(a,C)) - AO(wm(a,C)—lﬂ

a€Lw(P)UL™(P)
1
H Za — Ty(a)|[AS (Whr(a,c)) — MY (Win(a,c)—1)]
a€LO(P)
1
IT 120 = 2o PAS (War(ac)) — Ad(Win(a,c)—1)]7 (IV.68)
acLt

1V.3.2.B: External lines. The only external line essential in spatial integration
is the root y1, then we can choose this point as reference vertex for the whole
graph so that it is never interpolated. For the other external lines we take again
the easiest formula, the linear one. All gradients generated by moving the external
lines in fact apply to the test functions. Therefore the product is bounded by

II ¢illoe  TT  lwic —@olll6,lloc
hi, €B¥(P)UETO(P),ic#1 hi, €EO(P)

IT 1o — 2Pl Il (IV.69)

hiEGEl

IV.3.2.C: Tree lines. Now we consider tree lines.

We observe that the set of f;, fi € T"° modifies the tree 7 but does not
disconnect it in the sense that it simply changes the hooking vertices of some
line. On the other hand, interpolating each f;, f; € T°(P)UT" with the linear rule
(equation (IV.60)) in an intuitive sense “disconnects” the tree, since the point z(t)
in general no longer hooks to some point on a segment corresponding to a tree
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line. This defect would lead to difficulties when integrating over spatial positions.
To avoid it we express the differences 6oC' and 6,C using the connection between
external vertices of any subgraph which is provided by the tree 7 itself. But, as
the tree 7 is itself modified by renormalization, this process has to be inductive,
starting from the smallest two point subgraphs of D}¢ and proceeding towards
the biggest, then again from the smallest four point subgraphs of DJ¢(P) and
proceeding towards the biggest.

Our induction creates progressively a new tree 7 (P, J). To describe it, we
number the subgraphs to renormalize in the order the operations are performed
as gi, ... gr. At the stage 1 < p < r, before renormalization of g, the tree is called
T (P, Jp—1) (we put T (P, Jo) = 7). If the renormalization of g, as specified by the
process P does not act on a tree half-line external to g,, we neither modify J,_;
nor 7 (P, J,—1). If the renormalization of g, results in some half-tree line f; or fi
belonging to T7°(P), as shown in Figure 18, case 1), we do not modify J,_1, so we
put J, = Jp—1, but we modify 7 (P, J,_1), that is we define 7 (P, J,) as T (P, Jp_1)
but with the half line now hooked to the reference vertex of g,.

Finally when the renormalization of g, interpolates a tree half-line f; or f;, we
modify both J,_; and 7 (P, J,—1). There exists a unique path 735;(,1;;]’”_1) joining
the vertex x; where the half-line hooked to the fixed vertex of g,. This path is made
of ¢ lines and goes through ¢ + 1 vertices with positions xo = xy, 21, ...,24 = 5.
We interpolate the half line using this path instead of the linear path. This means
that we write, if g, is a four point subgraph,

M=

6OC(xf,xvay) = (SOC(xjaxj*lay)

<.
I
—

|
M=

(@) [ g (v0)

<.
Il
—

and if g, is a two point subgraph we write

0
(S]_C(.’Ef,mv, y) = 500(531‘75%79) - (xf - xv)u axﬂ C(x’wy)
q q 9
= 2500(%,%—1, Z —Tj-1) R C(zj—1,y)—
Jj=1 Jj=1
j—1
0
- LC(@my) fEk LY
[; oz}, ozl
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where for each j (and k < j) we defined
xj(t) = X1 + t(iﬂj — $j,1) s $]€(t) =T+ t(l’k — ZL’k,1) . (IV??)

Then we update J and 7. In the first case, where g is a four point subgraph,
we define J, = Jp—1 U {j}, where j is the index of the line of T (P, .J,—1) chosen
in IV.70. In the second case, where g is a two point subgraph, we define J, =
Jp—1 U{j} U{k}, where j and k are the indices of the lines of 7 (P, J,_1) chosen
in IV.71. Finally we update the tree according to Figure 18, case 2 and 3.

Tj—1 Tr—1
/\V/\/\ 7
/”. R \\\ X
- fz Ti Tk N J
a4 Ly I PN Iy Ly fis Tf
Case 2 Case 3
Figure 18

This means that, for g, a four point subgraph, in 7 (P, J,) the external line
hooked to z; is now hooked to the point z;(¢) on the tree segment [x;_1,x;] and
has propagator

0
OO (), y) = (25 — 251" 57 C(a; (1), ). (Iv.73)
For g, a two point subgraph, the external line previously hooked to x; is
now hooked to the point x(t) on the tree segment [xf_1, 2% (with k < j) and has
propagator

CHap(t),y) i= (5 — xj 1) (xp — $k71>y%c($k(t)7y) k#j

82

Claj(t)y) = (1 = t)(w; — wj-1)"(x; — 2j-1)" 5uaw

Clay(t),y).  (IV.74)

Remark that the new tree 7 (P, J,) has therefore one additional vertex and
one line more than 7 (P, Jp_1). The final tree built inductively in this way, 7 (P, .J)
is still a tree connecting all initial vertices, with at most n — 1 new vertices and
new lines (as n — 1 is the maximal number of closed divergent subgraphs).

The treatment of two or four point subgraphs and the rules for their fixed
vertex being different, we write J = J°UJ!, where J° is the set of indices j for the
interpolations associated to the renormalization of four point graphs, and J' is the
set of indices j, and kg, for the interpolations associated to the renormalization of
two point graphs.
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IV.3.4 Bound on the sum over J! and on the associated distance factors

Now, before going on, in order to reproduce the spatial decay between supports
of Theorem 3, we take out a fraction (1 — €) of the exponential decay of each tree
line in (I1.16) and (II1.17): this factor is bounded by

-1

H e—(l—s)\:ﬁ—xﬂl\gl(wi) < e—A’”(l—s)dT(Ql,...Qgp) (IV75)

i=1
and we keep the remaining decay e~ (¢/2)1Zi=zil AT (wi) (adjusting €’ = €/2) for two
purposes: a fraction of this decay is used to perform spatial integration and the
other to bound the sum over J° and the distance factors generated by equations
(IV.62)—-(IV.63) and (IV.73)-(IV.74). Therefore we have to bound, for a fixed
process P

SN /dm Az, J,P,T) B(z,J,P,T) (IV.76)
Jtr Jo
where

Az, J,P,T) := H lz; —zj—1||zk — 2p—1] H |Ta — 2|2

fi.Ji €T hoel?!
H |2z, — $u|2 H e~ (€/D|Zi—z1|AF" (wr) (IV.77)
hi €E1 lET(P,J)

B(z,J,P,T) := H |z — xj_1] H |Ta — )

fi, fi€TO(P) ha€LO(P)
H |5, — x| H e~ (e/D|T1—z1| AT (wi) (IV.78)
hi, €EO(P) 1eT(P,J)

where J specifies in particular the distance factors |x; — x;_1| and |z — zk_1], as
explained above.
The strategy of the bound is to write

ZZ/dm A, J, P,T) Ba, ,P,T) < 3 S A(J, P, T)/dm B(x, J, P, T)

Jl JO Jl JO
(IV.79)
where A(J, P,T) := sup, A(x,J,P,T).

For each divergent subgraph g; € D& we define t(7) as the index of the lowest
tree line in the path of 7(P,.J) joining x,(4,) to the interpolated half-line which
renormalize it. The next lemma proves that A(J, P,7) is bounded by something
independent of J:

Lemma 6
AWLPT) < K™ [] [Mo(wis) — Ao(wa)] (IV.80)
g, €Dg!
where K is some € dependent constant.



Vol. 1, 2000 Continuous Constructive Fermionic Renormalization 41

Proof. For each loop or external line the difference |x—x,| can be bounded, applying
several triangular inequalities, by the sum over the tree lines on the unique path
in 7(P,J) connecting x to x,.

We observe that the same tree line [; can appear in several paths connecting
different pairs of points z,,z. Using the same fraction of its exponential decay
many times might generate some unwanted factorials since sup, 2" exp(—x) =
(n/e)"™. To avoid this problem we define D; as the set of subgraphs g; € D U
Dp¢(P) which use the tree distance |Z;, — x;,| to bound the norm of | — x,4,)| or
its square and we apply the relation

e~ iloy o AT (wh) o 1, ey D ep; o) ~Ao(waw)] 1y g1)

With this expression a different decay factor is used for each subgraph. Applying
this result and the inequalities ze™® < 1, £2e~® < 1 completes the proof of the
lemma. U

It is proved in the next section that the sum and spatial integral
Z/da: B(x,J,P,T)
Jo

is in fact independent of P and J! (and of the interpolation parameters ¢ that
we omitted). Therefore the sum over J! will simply lead to the bound of the next
section multiplied by the cardinal of the set J!, that is by |J!|. This is done thanks
to the following lemma:

Lemma 7 We have |J| < ™.

Proof. We consider the graphs g1,...g,, of D}¢ in the order used for their renor-
malization in Subsection IV.3.2.C. We define, for each such two point subgraph
g € D¢ the set A(g) of maximal subgraphs ¢', ¢’ € D¢, ¢’ C g, and the reduced
graph g/D}¢ where each ¢’ € A(g) has been reduced to a single point.

We also count the number L, of lines on the unique path in the tree 7 N
g/ Déc which joins the two external vertices of g. Remark that this number L, is
independent of J and that 3 ¢ i Ly <7 — 1. Finally we define the subset A'(g)
of A(g) made of those ¢’ in A(g) which appear as reduced points on this unique
path (see Figure 19).

By induction one can bound the number of choices in J* by

L9+Zy’€u4’(g) k.q’ Jg

< 1 > M1 (IV.82)

geDke do=1 k=1
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Figure 19

where this product is again ordered from the smallest to the largest graphs. Now
for any positive increasing function f we have Zle f < 11+L f(x)dx so that

1+Lg+zg/€A/(g) Yy 1+z,
ERI / da:g/ dy,
1 1

geDEe
V.83
1+L9+ZQ/GA’(9) Yg' 14y 9 I o ( )
SH/ d:Eg/ dygge”HegSe”
QEDéC 0 0 gGDé“

where in the last inequality, we bounded the last integral fong"'l dyg,. by el %or,
and then effectuate each integral exactly and bound each difference e® — 1 by e”.
Finally we used the fact that every subgraph ¢’ is in A’(g) for at most one g, and
the fact that 2r; <7 — 1 (again [CR, Lemma C1]). O

Remark. This lemma does not apply to J°. For a counter-example, the reader can
look at the following graph and tree, for which J can be of order K™(n/5)!.

interpolated lines

e

graph tree

Figure 20

IV.3.5 Bound on the sum over J°, on the associated distance factors,
and spatial integration of the vertices

It remains now to perform the sum over J° and the integral over the position of
internal vertices, using the remaining tree decay HleT(P 7 e~ (e/D)|Ti—m AT (wi) iy
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B, and to check that the result, as announced, is independent of P, J and of the
interpolation parameters t. We recall that Aj(w) was defined in (II.18).

Lemma 8

n—1
Z/dw Bz, J,P,T) < K" H [Ao(wy(y) — Ao(wAm)]’l H(A?(wq))’z
Jo g:€DE(P) q=1
(IV.84)
where K is some € dependent constant.

Proof. First we divide one half of our remaining tree decay as in IV.81. This half will
be used to bound each distance factor in [, cro(p) [Ta =@o| 11, cpo(p) [Tic — 20l
as in Lemma 6, the sum over J and the distance factors Iy, ferop) 125 — 251l

As in Lemma 6, each distance factor in [, cro(p) [Ta— 20| HhieeEO(P) |, —
| leads to a bound K [Ag(wy;)) — Ao(waey)]

Then we perform the spatial integrals from the leaves of the tree 7 (P,J)
towards the root x1, using the other half of the tree decay. In this inductive pro-
cess when we meet an interpolated line hooked at some interpolated point z; ()
or x(t) two different situations can occur, as pictured in Figure 21. The second
situation (interpolated point not towards the root) can occur only for interpola-
tions of two point subgraphs, hence associated to the J! indices. The first situation
(interpolated point towards the root) must occur for all interpolations associated
to four point subgraphs plus possibly some interpolation associated to two point
subgraphs. This is the consequence of our rule for the preferred vertices of four
point subgraphs (the interpolations associated to four point subgraphs always
bring nearer to the root).

The sum over JY is performed in pieces; the sum over each index j, in J°
is performed right after the spatial integration which has used the corresponding
interpolated line. By the remark above, each sum over j, in J° occurs in the first
situation of Figure 21.

Figure 21

The decay of any tree line I; = [z,y] with both ends f;, f; € T*(P) U T"°(P)
gives, by translation invariance, a factor:

/ e~ (e/8)a—YIAT (W) 24 — 19876 2[AT (w;)] 2 (IV.85)



44 M. Disertori and V. Rivasseau Ann. Henri Poincaré

Surprisingly, the same result holds when one or both ends of the line have been

interpolated, as we explain now?.

e In the first situation of Figure 21, y, the other end of the interpolated line, is
connected to the root through the interpolated point (see Figure 21a). We can
integrate over y before integrating over x; and x;_;. We use translation invariance
to cancel the dependence from z;(¢) in the interpolated covariance. The integral
over the variable ¢ is bounded by 1. The spatial integral over y then gives the same
factor as in (IV.85). Then we perform the corresponding sum over j in J° using

q
D lwj = wjafem 8= e liolww) =Rotwaw)] < KAg(wyy) — Ao(wae)] ™
Jj=1

(IV.86)
e When the point z(¢) is connected to the root through y (see Figure 21b) we have
to compute the integral

1
I:/ dt/dQ:rj Py, e (e/8)|zj—z;1|AG (w;) ,—(e/8)|z; () —y|AG" (wk) (IV.87)
0
where z(t) = xj_1 + t(x; — xj_1). Performing, for ¢ # 0 the change of variables
1
v = a:j(t) = t.]?j + (1 — t)xj_l Vo = g(xj_l — Z‘j(t)) = (l‘j_l — J?j) (IV88)

the integral becomes

1
I = / dt / B2y e~ (/BT (we) / oy e~ (/DA (w;)
0
= [128me PP[AR (wy)] T*[AG (wr)] 2 (IV.89)

This is again the same contribution as (IV.85), hence the same contribution as if
the line had not been interpolated!

Following the tree from the leaves to the root we can perform the integrals
over all positions in this way, except for z;,. This last point is integrated using
the test function ¢, which gives a factor ||¢1]||1. Hence, the result of all spatial
integrations is K" H?;ll (A7 (w,)) ™2 and the sum over J° has been performed at a
cost of K™ (although |J°| can be very large). This completes the proof of Lemma 8.

([

Since the result of Lemma 8 is independent of J!, as announced, we can apply
Lemma 7. Let us collect the result of Lemmas 6-8, together with the other factors
remaining after spatial integration. The product over tree lines propagators, is

2We thank V. Mastropietro for explaining to us that this surprising fact was known to him
and can be found in his work [BM]
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bounded by Kﬁ(A_Q B A0_2>ﬁ_1 e—(e/4)m2A32(w1)

A—1

IS T Aotws) T Af(w) (IV.90)
7=1 fa: fa€T'UTO(P) fa: fa€T?

where K is some € dependent constant,and we included the scaling prefactors in

(I1.16)—(I1.17). These factors are

a factor Ag(w)? for each tree line,

a factor Ag(w) for each half-line in T°(P),

a factor Ag(w)? for each half-line in T,

a factor Ag(w) for each half-line in 77, the set of half-lines hooked to a §¢
vertex which bears a derivative, hence has covariance C’.

Remark that we kept for only one line, the lowest one, the massive decay
e~ (€/9m* Ao (w1) from bounds (I1.16)—(I1.17). It will be useful only to conclude the
bound in the massive case when A < m. In this case the n’ vertices of type ém
may create some infrared difficulties if we were to replace directly for them the
factor (AJ"(wq)) ™2 by (Ag(w,))~2. We introduce the set 7' of the tree lines used
for integration of the ém vertices. There are n’ of them (or n’ — 1 if the root is of
type ém, a case we will exclude for simplicity). Recall that by (II.18) we have

(AF"(wg))™* < (Ao(wy))~? (IV.91)

(Af (wg) ™ < m™" (Ao (wg)) ™" (IV.92)

We use the bound (IV.92) only for the lines of 7/ when A < m. For all other cases
we use the bound (IV.91).

IV.3.6 Integration over the parameters w;

Now, putting everything together, we describe first the bound when A > m, hence
A™ = A. Equation (IV.50) is bounded by

2p
05,61, - bop)| < [ldnllx [ [ lIilloo.2
=2
Nl—pe—(l—e)Ade(Ql,...Qgp) (A_2 _ Aa2)ﬁ—1

o0

B 1 n—1
S ) S / I dew.

n,n’/,n’"’=0 o—T E.C 0wy <. Swp -1 <1 q=1

n—1
H Ao(wq) H Ao(wg) H A (wq)

fa,Fa€T'UTO(P) fo,fo€T?
1
1 AO(wm(aC)l):|§
Ag (Waria l1—- —
H 0 (r(a.0)) [ Ao(War(a,c))

a€Lu(P)ULT™(P)
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3 A%(wm(a,C)71> 2
H Ag (war(ac)) [1 - A3( )
a€LO(P) 0\WM(a,0)

5 A5 - %
H Ag (wM(a’c)) |:1 — M}

A§(War(a,c))

ael?l
_ Ao(wai)] ™
H Ay 1(wt(i)) [1 - m]
giGDgC t(l)
_ Ao(wagy)] ™
1T A5 (wis) [1 ol we : >)] (IV.93)
giEDéc 0 t(z)

The differences [1 — Ag(waiy)/Ao(wy(;))] are dangerous as they appear with
a negative exponent. They are the price to pay for implementing continuous renor-
malization group. Indeed, in this continuous formalism one has to perform renor-
malization even when the differences between internal and external energies of sub-
graphs are arbitrarily small. However, there is a natural solution to this problem:
each subgraph to renormalize has necessarily loop lines and these loop lines, when
evaluated in the continuous formalism by Gram’s inequality, give small factors
precisely when the differences between internal and external energies of subgraphs
become arbitrarily small.

In other words, we can cancel the dangerous differences with a negative ex-
ponent against the analogous differences with a positive exponent given by the
loop lines. This is the purpose of the next lemma.

Lemma 9 Ifg; € DEO(P) there is at least one loop line internal to g; which satisfies
Ao(War(a,c)) < Ao(wesy) and Ao(wpa,cy—1) = Mo(wae)- If gi € DE' there are at
least two loop lines internal to g; and which satisfy Ao(wara,c)) < Ao(wis)) and
Ao(Win(a,c)—1) = Ao(wag))-

Assuming the lemma true, and using the relations 4/ % < V3and /=2 < V5,

-z —
one obtains

11 )[1%}% I1 ){1%}3

a€Lu(P)UL™(P Ao(War(ac) a€Lo(P AS(Wara0))
1 —
11 [1 B Ag(wm(a,C)—l)] : I [1 B AO(U}A(i)):| ' (IV.94)
el Ad(wh(ac)) e Ao (wys))
—2
H |:1 B AO(wA(i))] < 5n—1
geppe L Ao(wro)

where we bounded by 1 the loop lines differences that were not used to compensate
some [1— Ag(waiy)/No(wis)] ~! factor.
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Proof of Lemma 9. We observe that the lowest tree line l;(;y in 7;(J, P) joining the
interpolated line and the reference vertex is external line for the two subgraphs of
i, 9i(i)1 and gy(;)2. One of these two subgraphs has for external line the reference
external line of g; and the other has for external line the interpolated line moved
by the renormalization Ry . But gy;)1 and g(;)2 must both have at least some
additional external lines, otherwise g; would be D1PR. By parity g;;)1 and gs(;)2
must both have at least two such additional external lines.

We distinguish two cases:

o If g; € DP(P), since there are at most two additional external lines of g;,
we find that there must be at least {wo external half-lines of gy(;)1 U gs(i)2
different from l;;y which are internal in g;. If they are both loop half-lines
we are done. If some of them is a tree half-line, the other half is external line
for another subgraph of g;, ¢’. Repeating the argument for ¢’ (as |eg| = 1 is
forbidden) we finally must find an associated loop half-line (see Figure 12).

o If g; € DS, since there was no additional external line of g;, then both Fe(i
and gy(;)2 must have at least fwo external half-lines different from l;;) which
are internal in g;. Either these four half-lines are loop half-lines and we are
done, or some of them are tree lines, which we follow as above until we find
the corresponding loop half-lines. O

After applying the bound (IV.94) we can take the limit Ag — co. Performing
the change of variable u; = 1 — w; equation (IV.93) becomes:

2p
05, (61, - dop)| < [dull1 [ [ llilloc,ze™ (7N dr (@1 020)
1=2
n—1

= ) |
NS N R ZTEZC/O IT duq

n,n’ ,n'’=0 Sup—1<-<ur<l q=1
-1
N—| I —||0;
Uu, _ U - u
La=1 V791 | g, feeTrurop) V| | fo faeTt Y

=l

_1 _
H (Unt(ac))” * H (Unt(a,c))
| a€Lu(P)UL™(P) a€Lo(P)

[ H (UM(a,C))_%

a€L?!

IT wa)e| | I (uw) (IV.95)

| 9:€DEe gi€DLe

To factorize the integrals we perform the change of variable:

U; = ﬁiui,1 ﬁz € [0, 1] (IV96)
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where by convention uy = 1. The Jacobian of this transformation is the determi-
nant of a triangular matrix hence it is given by:

n—1

J=B1(B1B2) - (P12 Ba2) = [[ B0 (IV.97)

i=1

We absorb A" into the term K™ since we recall that A > m hence that
A= = (A™)~™, and that in Theorem 3 A™ remains in the compact X, hence is
bounded away from 0. Then the integral (IV.95) becomes

2p
15, (61, - bap)| < [[dall1 [ [ lIilloo ze™ 7 AT dr (@1 20) (IV.98)
i=2
) ) 0 - 1 1 17—1
O D S T D ID DY N I 1 L
n,n’,n'’=0 o—T E.C i=1
-1
—14+1(a—i)—L|NV| 1 1
[ I || Il 5—5
i=1 Ffarfa€TO(P) ﬁq'“ﬁl farfg€T? 6q“'61
H (Br(ac) L B)TE H (Br(acy - - - /)7 H)
La€L¥(P)UL™(P) a€LO(P)

H (Br(a,c) LB H (Be(iy - B2 H (Beiy -+ - B1)

Lac Lt gi eDgC gi EDéC

Each (; appears with the exponent —1 + x;.

xr; =

il — S — Y
(7 — 1] = 5IN?| = Z1TL(C)|

1S (O)] = [IT?] = [TLY ()] + [IS} (©)] = |IT}}| = [TL; (C)]]
(IV.99)

ITY = {f;, [ € T°(P)]j > i}
IT) = {fj,feT'j>1}
(€) = {a€eL|M(a,C)>1i}
©€) = {aeL’(P)|M(a,C)>i}
IL;(C) = {a€ L'|M(a,C)>i}
©€) = {g; € D (P)|t(5) > i}
©) = {g5 € D)) > i} (IV.100)
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¢(i) is the number of connected components in T;(P). All these definitions can
be restricted to the connected components: ITP* ITH | TLF(C), ILY*(C) IL}*(C),
S9%(C) and S}*(C). We observe that IL;(C) corresponds to the set of half-lines
that could have, in the class C, pu(a) > i and it is the equivalent of IL; defined
in (IIL.9). IT? (respectively IT}) and ILY(C) (respectively IL}(C)) are the set of
tree half-lines and loop half-lines at a level higher or equal to i, which are the
interpolated external lines for some divergent subgraph in DgC(P) (respectively in
DEe), S2(C) (respectively S}(C)) is the set of subgraphs in D2(P) (respectively
in Déc) that have the internal tree line [, ;) of a level higher or equal to 7. In the
same way, we can define the equivalent of FL; and F; as

ELi(C) := U el¥(C) (IV.101)
which is the set of loop half-lines that are forced to have p(a) < ¢, and
Ei(C) == U gk (C). (IV.102)

The integral in the variable d3; can be performed only if the exponent of g;
is bigger than —1. Using the relations

c(?)

A—i o= Y [NFI+ NS+ N - 1)
k=1
|Ei(C)| = |ELi(C)|+ |ETi| + |EE;]
=2IN;| + 2 — |IL;(C)| , (IV.103)

the exponent of 3; can be written as —1 + ZZ@l x¥, where

11 ,
zF = 5 §(|Ef(C)|—|—2|NZ.’“|—4) (IV.104)

HISTEO) | = HTP*| = [ILFF(O)) + 2[5 (C)] — [ITH*| = [IL*(C)]]
Remark that for any level ¢ we have
(ISP = 1T = [ILY(C)]] = 0 [IS{(C)| = [T}~ [ILi(C)] =0 (IV.105)

as each half-line in IT? (IT}) or ILY(C) (IL}(C)) is the external interpolated line
for a subgraph g¢;. This subgraph g; must have j > ¢ hence have ¢(j) > . Therefore
for each half-line in one of these sets there is always at least one corresponding
half-line in S?(C) (S}(C)).

Lemma 10 For any connected component in T,* we have 2% > 1/2.

Proof. We distinguish three situations.
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o If |[EF(C)| > 5, in fact, by parity of the number of external half-lines of any
subgraph, |E¥(C)| > 6 and then

2h > (L/4)(|EF Q) - 4) = 1/2. (1V.106)
e If |[EF(C)| = 4, then there must be a subgraph g; € DI(P) with j > i (j =i
only if I; belongs to the connected component 7;*(J, P)) and \A(j) < i. Hence the
interpolated line for g; does not belong to 1 T or ILY*(C), but the corresponding
internal line I;(;y belongs to S?k. Then

SO — [T — |ILO¥(0)] > 1 (1v.107)

and

1 1
vy = SUNFI+ 187 = TR = [T + 2[5 = T = LR Ol = 5

¢ 2
(IV.108)
e Finally if |[EF(C)| = 2 one can see, by the same arguments, that
|38 = T = [L*(C)| > 1 (IV.109)
and
1 /
zi = Gl NG ISP = T8 = [TL O + 2(1837 = [T = [TL3* (D)
> [=1+ 281" = [IT*| — [IL*(C)]] > 1/2. (IV.110)
U
Now we can perform the integrals in equation (IV.98) and we obtain
2p
L5, (61, - d2p)| < [ n]l1 [ ] 11illoc,2e™ 7N dr (@0 20) (IV.111)
i=2
00 1 n—1 1
m\2—p ntl—p n
(A ) N Z (CK) nln/In Z ZZ H c(z) :L'k
n,n’,n'’'=0 u—7 o E,C i=1 k=11

where we wrote the sum over ordered trees as sum over unordered trees and sum
over all possible orderings o of the tree. The sum ), is over a set whose cardinal is
bounded by K™ so it’s sufficient to bound them with the supremum over this set,
as we are interested in a theorem at weak coupling A. However the sum over E to
attribute the 2p external lines to particular vertices runs over a set of at most 7P
(this is an overestimate!). This will lead to the factorial in Theorem 3. We remark
however that a better bound on the behaviour of the vertex functions at large p
can presumably be obtained when the external points are sufficiently spread (not
too closely packed), but we leave this improved estimate to a future study.
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Moreover, we bound ﬁ You_7 [(T) by %?2 sup,,_7 | f(T)| using Cayley’s
theorem. Therefore, by Stirling’s formula, it’s enough to consider the unordered
tree 7 which gives the max,,_7 |f(7)|. The sum that could still give some factorial
is >~_. To bound it we use the product of fractions obtained after integration on

the ﬁi .

e if |[ETF| > 5 we have

ETF| +1
(BT + [BES| + [ELEQ)| — 0)/4 > (274 - 4)/4 > PLIEL (v 1)
e if |[ETF| < 5 we have
ETF +1
af >1/2 > % (IV.113)

Now |ET;| depends on the (now unordered) tree 7 and on its ordering o.
Therefore we call it from now on |ET?|. Recall that it is the total number of
external tree half-lines of the subset 7;” of 7 made of the 7 — 4 highest lines in the
permutation o. Since Y, (|ETF| + 1) > |ET?| + 1, equation (IV.111) becomes

2p
05, (61, - d2p)| < [ a]l1 [ [ 11illoc 26~ 7N dr(n20)

1=2
oo n—1
! 1" 1
A™?2PN1-P n2P(cK)vt A - (IV.114
e o e e VA

At this point we can apply a result of [CR] (Lemma A,1, B.3, B.4) which
states that for any tree we have

n—1
1 n
SII G <4m, (IV.115)
o i=1 @

For completeness let us recall the proof of this result. For each tree 7 we can
define a mapping & of 7 on a chain-tree with the same number of vertices:

€T — &7 (IV.116)

To define £, we turn around 7 starting from an arbitrary end line, and we number
the lines in the order we meet them for the first time. The lines of {7 are numbered
in the same way and {7 associates the lines with the same number.

Now we observe that the sum over the orders on 7 corresponds to the sum
over all permutations of the indices in £(7"). Moreover Lemma B.3 in [CR] proves
that for any connected or disconnected subgraph R of 7, we have

ET(R)+1 > c(7(R)) (IV.117)
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—_

(2 SO VU V)

(=}

NoXENe)

10

Figure 22

where ¢(&é7(R)) is the number of connected components of the image of R £7(R)
and ET(R) is the number of external half-lines of R in 7. Finally we note that
&(T;) is the set of lines with number j > 7o — ¢ so we can write

-1 -1
1 1
S = A, IV.118
2w -2 U amy (IV-118)
where DY is the set of lines in the chain-tree £(7), that have o(j) > 7 — ¢ (after
the permutation o). Now, applying Lemma B.4. in [CR], we obtain
A, < 4" (Iv.119)

We recall that this can be proved by remarking that A; satisfies the inductive
equation

n—1
An=) DNAs g, (IV.120)
k=1
so that equation (IV.114) becomes
2p
I025(61, - d2p)| < [[onlls [T ll6loc,ze ™ 7R A7 (e S20)

i=2

(A™)>7PNTTP N R (deK)" (IV.121)

n,n’ ,n'’=0
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where K depends only on e. Taking ¢ small enough completes the proof of the
theorem in the case A > m, since Y n%Pe™" < KP(p!)2.

In the case A < m, we have a few changes to perform. Replacing the lines of 7’
in (IV.90) by the bound (IV.92), keeping the massive decay factor e (e/9m*Ag? (wr)
in (IV.90) and passing to the limit Ay — oo we have the following changes: in
(IV.95) we add the factors

(A/m)" [T (ag)~1/2]er(c/mmia™ (1V.122)
l,eT’

The factor (A/m)™ exactly changes A2~P~"" into A2~Pm =" = A2~P(A™)~"
The factor (A™)~™ is absorbed in K™ since A™ in the hypothesis of Theorem 3
remains in the compact X. Passing to the variables 3;, the factor [qu T (uq)*l/Q]

1k
is bounded by the factor ], ﬁZ!Ni lin (IV.104), which was previously bounded by
1, hence not used at all. Finally the last integral over 5; becomes bounded, for
p > 2 by:

b —2)/2dB 25 A-2
AZ-P / e (IV.123)
0 1

Changing to the variable v = (¢/4)m?3;A~2 we obtain for the final bound a
factor

2A72/4

p(P—2)/2 ‘i_ve—v < (Am>2—pKP\/E (Iv.124)

(4/em?)P=2)/2 /Em
0
The case p = 2 is easy and left to the reader. Hence Theorem 3 holds in every
case, by combining the factor v/p! with the factor (p!)? coming from the sum over
E. Remark that in the case m = 0 we have never A < m, hence the factor (p!)®/?
can be replaced by (p!)2.

V  The renormalization group equations

In this section we establish the renormalization group equations obtained when
varying A and we check that for a fixed and small renormalized coupling constant,
the effective constants remain bounded and small as predicted by the well known
perturbative analysis of the model, which is asymptotically free in the ultraviolet
regime [MW].

The derivative %Fé\;\o (1, ... ¢2p) can be written, using the expression (IIL.23),

as:

d
a_AFSPAO (61, Bop) = TTHN (1, ..., dop) + L5 (h1, ... hop).  (V.125)
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The first term TFQ;‘O(qﬁl, ..., ¢2p) is the series obtained when the derivative falls
on a tree line propagator (see Figure 23a):

o0
AA 2
TFQp O((bla s ¢2p) = Z n'n"n”' Z Z Z T Q /d T . Ty
n,n’,n"’ =0 o—T E,ju Col,Q)
w(v)
dw Mgy (o 6Cuw (v
/0<'w1< <Lwgm— 1<1 H / l];[< )] [H ( ‘| [1} ( )]
n—1 A
HRG’“|:Z(9A qulwl)
GFeD,,
H Dﬁqu (Elqvl'lq) det M(/J) (;51(1'1‘1) - ¢2p(l‘jp):| (V126)
a7#q’
a) b)
Figure 23
The second term LF%\O (@1,...,¢2p) is the series obtained when the deriva-

tive falls on a loop line in the determinant (see Figure 23b):

oo

LF%\O(QSM cee ¢2p) = Z n'n,'n”' Z Z Z T Q /dle (Eﬁ

n,n’,n'’=0 o—T E,u Col,2

TR G 1

v v’

I R [HDAO (@1, 21,01 (21) - 2p (5,

GreD,,

e(f,9) 9 ho(wucr—1)
> (=)D Oy (xf,xg)detleft/w(u)} (V.127)
hyshgl(f)=n(g)

where €(f,g) is a sign coming from the development of the determinant. The
convergence proofs of course extend to both terms of equation (V.125). Indeed,
in the first one, the sum over the tree lines is bounded by a factor 7, and in
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the second one the sum is over the set of loop half-lines which is bounded by a
factor n2. Therefore these sums cannot generate any factorial. Then we obtain the
same bound as in (IV.114), with an additional factor 1/A. This factor disappears
when, as usual, the renormalization group equations are written as derivatives
with respect to log A rather than A.

From these equations one can derive also equations for the flow of the effec-
tive constants defined in (I11.24). For instance to obtain the flow of the effective
coupling constant A\ which is the four-point vertex function at zero external mo-
menta, we can use equations (V.125)-(V.127) in which we let ¢1 — 8(0), ¢2, ¢3,
¢4 — 1. This is compatible with our Li-L,, bounds, so that everything remains
bounded. We obtain in this way the famous continuous flow equation which gives
the derivative of the coupling constant with respect to log A:

0 ~
— _NT%® =
dlogA~ * (0,0,0,0)

a _ 2 3 2 —«
8logA)\A = G2} + O(c®) + ARO(A™Y) (V.128)
where
fa=—-2(N-1)/7 (V.129)

is the first non trivial term corresponding to the four-point graph with one tree
line and one loop line, and the last term A3O(A~%) is an infrared correction to
the asymptotic flow (see [FMRS]). The negative sign of (2 is responsible for the
asymptotic freedom of the model. Similar equations hold for the flow of ém and
8¢ (which remain bounded). For these equations up to one loop, see [MW] [GN]
[GK] [FMRS]. For the computation up to two loops, we refer to [W].

From these renormalization group equations one can control the behavior
of the effective constants and check that they remained bounded (until now this
was assumed). The reader might be afraid that there is something circular in this
argument. In fact this is not the case. Let us discuss for simplicity the massless case
where the renormalized coupling Fi\AO (0,0,0,0) is only a function of Ag/A and of
the bare coupling A\. We know that it is analytic at the origin as function of the
bare coupling A [AR2]. Therefore from (V.125)—(V.128) it is for small bare A and
Ag/A a monotone increasing function of the ratio Ag/A (although this function
might blow up in finite time).

Inverting the map from bare to renormalized couplings, one can prove that
conversely for small renormalized coupling Fi\AO (0,0,0,0) all the effective con-
stants A, remain bounded by the renormalized one. Therefore one can pass to
the ultraviolet limit Ag — oo, in analogy with the completeness of flows of vector
fields on compact manifolds. Furthermore one can compute the asymptotic behav-
ior of the bare coupling which tends to 0 as 1/(|32]log(Ag/A))). Similar arguments
hold for the mass and wave function effective constants and achieve the proof of
Theorem 1.

We recall for completeness that it is easy to build the Schwinger functions
from the vertex functions and that the Osterwalder-Schrader axioms of continuous
Euclidean Fermionic theories hold for the massive Gross-Neveu model at A = 0.
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The simplest proof is to remark that being the Borel sum of the renormalized
expansion, the Schwinger functions we build are unique. Building them as limits
of theories with different kinds of cutoffs prove the axioms since different sets of
cutoffs violate different axioms [FMRS].
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