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Renormalization theory and ultraviolet stability for scalar fields via

arenormalization group methods

Giovanni Gallavotti
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A self-contained analysis is given of the simplest quantum fields from the renormalization group
point of view: multiscale decomposition, general renormalization theory, resummations of renor-
malized series via equations of the Callan—Symanzik type, asymptotic freedom, and proof of
ultraviolet stability for sin-Gordon fields in two dimensions and for other super-renormalizable
scalar fields. Renormalization in four dimensions (Hepp’s theorem and De Calan—Rivasseau n!
bound) is presented and applications are made to the Coulomb gases in two dimensions and tot he
convergence of the planar graph expansion in four dimensional field theories (t’Hooft—Rivasseau

theorem).
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I. INTRODUCTION

The aim of this work is to provide a self-contained
introduction to field theory illustrating, at the same time,
most of the known properties of the simplest fields.

I shall develop some of the ideas and methods of con-
structive field theory whenever they exist, providing the
construction (nonperturbative) of various field with one
of the few methods available (which I consider conceptu-
ally the simplest).

While I have no pretension of saying something new,
particularly to the theoretical physicists, I hope that this
review might be useful, as many mathematical physicists
have never worked on field theory and are not familiar
with its remarkable problems, and as many physicists
never had any wish or need to look at the rigorous version
of statements that they consider obvious.

In this section I review some of the philosophy behind
the setting of quantum field theory, mostly for complete-
ness and with the hope that this might help some begin-
ners.

The special theory of relativity, in spite of its elegance
and simplicity, raises a large number of problems by im-
posing the rejection of the notion of action at distance to
describe interacting mechanical systems.

In fact, the electromagnetic field in the vacuum or
the free particles provide simple examples of relativis-
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tic systems, but it is difficult to describe relativistically
invariant interactions between fields; however, in classi-
cal mechanics there is only one field, the electromagnetic
field (gravitation is not considered here), and a variety
of particles which seem to interact only through it, be-
ing charged entities. Their interaction with the electro-
magnetic field is hard to describe in a fundamental way
because of the infinite self energy that it implies.

There has been, and still there is, great hope that the
electromagnetic field quantization, or more generally the
quantization of systems of fields, would lead to the unifi-
cation of the field—particle dualism and to the possibility
of a description of relativistic quantum interactions be-
tween particles and fields. In the remaining part of this
section I summarize the heuristic reasoning behind this
hope.

Classically a field describes the configurational state
of an elastic body. As a primitive example, consider the
case of a one-dimensional vibrating string: describe it
through the value ¢(z) of the transversal deformation in
the point of abscissa x; see Fig.1,

o(z) (1)

x
The string parameters will be the density p, its ten-

sion pc? (with ¢ the wave propagation speed), and the

restoring constant pw?’: i.e. the string Lagrangian is

L= g/j (gb(x)2 - 02(21—5(,@))2 - wch(x)z) dx  (1.1)

where «, 8 are the points where the string endpoints are
attached (o = —o0,8 = 400) if one wishes relativistic
covariance.

The equation of motion is therefore

2
pa) 0 @) v el =0 (12)

which describes a relativistically invariant field (if o =
—00, f = +00), because if (z,t) — ¢(z,t) solves (2,
so does (x,t) — @(R(x,t)) for any Lorentz transforma-
tion R:

[ coshy
~ \ sinh y

The solutions of (L2), with a = —o0, = 400, can be
developed in plane waves:

sinh y

coshy)’ y>0,c=1

¢ (ko —e (k1)

k€ R, (1.3)

where

1/2

e(k) = £(w? + A2k?) (1.4)

Via the correspondence principle and Bohr’s relations

p=hk, E=he (1.5)
with i = % x (Planck’sconstant), one sees that the quan-
tized vibrating string should describe particles for which

the relationship between momentum p and velocity v is

de ck c? P
= = —
dk Vw?+ k2 b\ Jw? + (cp/h)? (1.6)
whe™?2 '

P=t e

i.e. the quantized string describes relativistic particles
with restmass

mo = wh/c? (1.7)
It would be easy to convince oneself that such particles
do not interact mutually.

However, it is easy to introduce an interaction bew-
teen them which is relativistically invariant. The sim-
plest way is to modify the classical Lagrangian (II]) by
nonquadratic terms and then quantize it. Consider

=t [ (er - (% wys

2
_ (moc

=) %6(@)” — I(e(x))) da

(1.8)

where I(p) is some function of .

The nonlinearity of the resulting wave equation pro-
duces the result that when two or more wave packets
collide they emerge out of the collision quite modified
and do not just go through each other as in the case of
the linear string, so that their interaction is nontrivial.

It is important to stress one feature of (II]): in order to
describe a particle of mass my it is necessary to consider
a string with restoring force constant w = mgc?/h. It
is this dependence of w on i which provides that, in the
classical limit 7 — 0, a particle with rest mass mg is no
longer described by a classical solution of the wave equa-
tion. The limit 7 — 0 has to be discussed with more care
because of its very singular nature. The actual discus-
sion leads to the natural picture that the classical waves
obtaines as limits of quantum states describing a set of
freely traveling quantum particles of momenta p1, po, . ..
(“coherent states”) are a d—function waves:

n

H d(w; —v(pi)t)

=1

(1.9)

with v(p) given by (6] (“point particles”).
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There is, however, an obvious exception: the case
mgo = 0. This time the limit as 7 — 0 does not have the
same singular character as before and the classical limits
of quantum states are generally correctly described by
classical fields verifying the wave equation.

The above discussion, which cannot be developed in
more detail here, is the basis for the solution of the
“wave—particle dualism” : the classical waves and parti-
cles being in a natural sense the classical limits of quan-
tum fields (respectively massless or massive).

But one should not think that the quantization of the
string or of a more general D—dimensional elastic body
(D =1,2,3; see Fig. 2 for the case D = 2, with the body
being a discrete set of springs oscillating over the region
Ao CRP),

CEEEEE1E
100000909

£

with Hamiltonian

"= / (P p)
+ (m%c )2g0(x)2 + I(cp(x))) de)

is an easy matter; it is in fact the scope of this paper to
review the related problems.

I start with the “naive” quantization: the quantum
states will be, by the “natural extension of the usual
quantization rules”, functions of the function ¢ describ-
ing the configurational shape of the elastic deformations;
and 7r( ) will have to be thought of as the operator
thsorng ( - So the Hamiltonian operator acts on the wave

function F' as

(1.10)

2 2
(o) = [ (55 + 5 (P Gebo)’s

m002 2 2 D
(Y el + 160 F(6) ) 7

(1.11)
and it should be defined in the space Lo(“dy”), where
the scalar product ought to be

(F,G) /F

©)"do" (1.12)

and "dy" = [[,ep, dp(%).

Even though by now the mathematical meaning that
one should try to attach to expressions like (III) and
(CI2) as “infinite dimensional elliptic operators” and
“functional integrals” is quite well understood, partic-
ularly when I = 0, formulae like the above are still quite
shocking for conservative mathematicians, even more so
because they turn out to be very useful.

One possible way to give meaning to (LI is to go
back to first principles and recall the classical interpre-
tation of the vibrating string or of the elastic body as
a system of finitely many oscillators, following the bril-
liant theory of the discretized wave equation and of the
related Fourier series due to Lagrange (see for instance
(Gallavotti, 11983h), p. 252-283); see Fig. 2.

Suppose that the region is a parallelepiped of side size
L and, for the sake of simplicity, with periodic boundary
conditions; replace it with a square lattice Z, with bonds
of size a and such that L/a is an integer. In every point
na of Z, put an oscillator with mass u a”, described by a
coordinate ¢p, giving the elongation of the oscillator over
its equilibrium position, and subject to a restoring force

with potential energy %pa” (m"c )2 (pna, to a nonlinear
restoring force with potential energy %ua®I(¢n,). and
finally to a linear elastic tension coupling between nearest
neighbors na, ma with potential energy uc a2 (ona—

(Pma) .
Therefore the Lagrangian of the system is

D
0P 30 (£ = @D (Pnaresn = ona)'+
j=1

nac€Ao

(1.13)

— (m%c ) 02, — I(wna))

where e; are D unit vctors oriented as the directions of
the lattice.; if na 4 eja is not in Ay but na is in Ag then
the i-th coordinate, for some 4, equals L and na + eja
has to be interpreted as the point whose ¢-th coordinate
is replaced by 1; i.e. (I3)) is interpreted with periodic
boundary conditions with coordinates identified modulo
L.

Of course there is no conceptual problem in quantizing
the system described by ([LI3)); it is described by the
operator on La(]],, d¢na):

D
4 ba
Hquantum: D Z Z (114)
2Ma na€A, a(pna 2 na€Ah,
D
2 (‘pnaJreja_(Pna) (mOC 2 9 I
¢ Z a2 + A ) Pna T (‘Pna)
j=1

with C6°([[hqen, R) as domain (of essential self-adjoint-
ness) provided I(y) is assumed bounded below, as it
should always be.

The properties of the quantum vibrating string, or elas-
tic body if D is larger than 1, which will be usually
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interesting here, will be properties of the Hamiltonian
(CI4) holding uniformly in the “ultraviolet cut—off a”.
In fact, in most applications one is actually interested
also in properties holding uniformly in the “infrared cut—
off L” as well, with L the size of the box Ag.

It will become clear that in studying such “ultraviolet
stable properties” it will be necessary to put upon the
“interaction” I(yp) very stringent requirements to avoid
that the system becomes trivial in the limit a — 0, the
“ultraviolet limit”.

Also, last but not least, it should be clear that the
objective of field theory is to formulate a relativistically
invariant quantum theory of interacting particles, and it
might conceivably happen that the above way of trying
to give a meaning to (LII) and (LI2)) based on (LI4)
may fail: i.e. in the limit ¢ — 0 one is left with a theory
describing only free particles. Such a failure, in princi-
ple, would not prove the impossibility of giving a non-
trivial meaning to (III]) but only that the way proposed
through (CI4)) is not appropriate.

In the next section I shall proceed to give a more com-
plete formulation of the ultraviolet problem in connection
with (LI4) (“lattice regularization”). Later, in Sec. [Tl
a different approach naturally emerges: it will be the one
which will be really investigated in this work (“Feynman
regularization”); in the few cases in which the theory can
be really pushed beyond formal perturbation theory the
two approaches turn out to be equivalent.

This does not mean that in the case of questions
that that are still open the two approaches should be
thought as equivalent; however there is no reason why
one should be preferred to the other or to any one
among many others that one can a priori conceive,
(Gallavotti and Rivasseau, [1985): therefore, I shall avoid
entering nto regularization-dependent questions, and I
shall use one well defined regularization only for definite-
ness. This will preclude the discussion of some recent
deep results based on special regularization assumptions,
but the reader is referred to the literature on such ques-
tions, (Aizenman, 1982; [Frolichl, [1982).

Il. FUNCTIONAL INTEGRAL REPRESENTATION OF
THE HAMILTONIAN OF A QUANTUM FIELD

A very convenient representation of the Hamiltonian
and a tool for the analysis of the ultraviolet limit is
the functional integral representation (this seems to be
a rather old representation; here I follow (Nelson, 1966,
1973d); see also (Glimm and Jaffd, 1981; |Guerra et all,
1975; Wilson, 11971, [1972)).

Instead of studying the operator Hyyanium, (1), in-
troduce the operator on La([],,, d¥na):

Tt — e_(I_Iquanhmn_E)t/ﬁ7 t 2 O (2-1)

where E is the ground-state energy of Hyyantum.-

Denoting ¢ = (¢na)naca, and
e(p) = ground state wave function
for Hquantumu
eo(p) = ground state wave function
for (Hquantum)lz()
Ey =ground state energy for Hy
Ti(p, ') =kernel of T} on LQ(H dna)

na
Ho—E)y)

(2.2)

T (¢, ¢') =kernel of e~
on Lg(H dpna)

. . . na .
it is possible to introduce a probability measure on the
space of continuous functions (t,na) — ¢ne(t) such that
the sets

E(Asty, ... tn) = {(p(t1), ..., p(tn)) € A}, (2.3)
with A € (RAO)" will have the measure
PE(Astr, ... 1)) = / T dolts) - eleoltr))-
AL
_— (2.4)
! ( H th+1*tj (So(tj)a So(thrl))) ! e(SD(tn))
where d(t;) = [[haen, @Pna(t;) and t1,. .., ¢, play the

role of indices.

One readily checks that (Z4) does verify the compati-
bility conditions necessary to interpret it as a measure
on the algebra of sets generated by the sets (2Z3]) on

the space of the continuous functions ¢t — ¢(t) € R™,
P(t) = [Pna(t)lnaen,, i-e.

(1) P(E()) >0,

(2) P(E(R™)":ty,... 1)) =1,
and if for A, Ag it is
E(A;tl, . ,Ifn) = E(Ao;tl, e ,tj_l,tj+1, . ,tn),

in other words if the value of ¢(t;) is irrelevant to decide
whether (¢(t1),...,9(ty)) is in A, then

(3) P(E(A;t1,...,tn))

:P(E(Ao;tl, .. -7tj—17tj+17 e ,lfn)).

If F,G € La(e(p)?dp) and if U is the multiplication
operator mapping La(e(p)?dp) <+ La(dp) defined by

(UF)(¢) = e(p)F(¢) (2.5)
and if H = U~"HyuanpumU it is, by @24) and (Z5):

(F, e TG Ly (o) =
— ([]F‘7 e_t(Hquanhmn_E)/hUG)LQ(dLP) —

_/e(SO)F(‘P)Tt(SOa<P/)€(<p/)G(go') dpdg = (2:6)

= [ F(p(0)) G(p(t))P(de)
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which shows that the measure P contains all the informa-
tion needed to study the operator Hyyantum Or its equiv-
alent U-image H, (Nelson, [1973a/b.d).

In the above formulae the notation ¢ has been used to
denote an element of the space of continuous functions
t — o(t) with values in R* (while ¢ denotes an element
of RAO); this notation will be consistently kept.

The object P is of course quite complex and needs,
in any event, the theory of Hyuantum to be really con-
structed.

It is easy to relate P to the measure Py, defined as P
but with I(¢) =0, and to find “explicit” expressions for
Py itself, citeNe73a,Ne73b,Ne73c.

The measure Py is a Gaussian measure because the
Green’s function TP (¢, '), being the heat kernel for
the Laplace operator on LQ(RAO) plus a quadratic po-
tential, is a Gaussian kernel (in fact the heat kernel
for the Laplace operator A is Gaussian, as it is well
known, and the addition to A of a quadratic poten-
tial B does not change this because of Trotter’s formula

eATB = lim,, oo (e2/"eB/™)" and because the composi-
tion of several Gaussian kernels is still a Gaussian kernel).

Therefore Py can be completely described in terms of
its “covariance” or “propagator”; if £ = (na,t) € AgR

and ¢ = ©¥na(t) and n = (ma,t’) the covariance is de-
fined as

Cep (2.7)

pepy AP,
/C(onR) o

where C(Ag x R) is the set of the continuous functions ¢
on Ay x R.

A well known elementary calculation allows us to find
an explicit formula for C; let £ = (x,t) and n = (y,t') ,
then

n = Z 6(x+nL),(y,t’)7 with (28)
neZP
Cepy = 27T o\Dt1, / /a/ d”p dpo-
zpo(t ') 1p x—y) (29)
’ moc2 l—cospja
(7=)? +p0+2022j:1 %
see Appendix [Al for a sketchy proof.)
Then the measure P is related to Py by
oD pt/2
e S e Po(dy)
P(dp) = lim
T—o00 Z(L, T) (2'10)

waD [t/2
s [ L

This is the “Feynman—Kac formula “, (Nelson, 1966,
19730): we recall that here L is the infrared cut—off, i.e.
the side size of the cube Ag with opposite sides identified
(periodic boundary conditions). The proof of ([2ZI0) is
not hard and the rough sketch can be found in Appendix
Bl

Rather than using (ZI0) to deduce the properties of
the measure P when the ultraviolet cut—off a tends to
zero it is convenient to study a more explicit representa-
tion for P. This representation is a corollary of [2.9) and

@I0) and it is

Hn m d‘Pna mb
P(dy) = lim lim lim —m——— .
(dp) = fim i Jig =7
b a,mb — a,m
exp [ o] aP Z Z cpn b Qpn b+b) +

nacAg m

2 D ((Pna-i—e-a mb — Pna mb)2
j @ ,
+e Y e +

(2.11)

m%c )280?1(1 mb] + I(Sﬁna,mb)}

+(
where m is an integer varying between —7'/2b and T'/2b
(supposed integer), the points +7"/2b are identified (“pe-
riodic boundary conditions” in the time direction) and

Z is a normalization factor depending on L,T,a,b. The
pOroof of (21T is hinted at the end of Appendix [Bl

Call A the parallelepiped with sides L, T in RPH = R?
considered with periodic boundary conditions and call
Pr, 7.6, the measure under the limit sign in [2I1). The
“ultraviolet problem” on the lattice is the problem of the
theory of the limit:

lim lim PL ,T,a,b = PL T (212)

a—0b—0

Here I shall study only questions related to the exis-
tence of this limit, which is a problem typical of field
theory, while no attention will be devoted to the other
fundamental problem of analyzing the limit

lim PL T = POO (213)

L, T—o

called the “infrared problem”. The latter problem can
be considered a “thermodynamic limit” problem typical
of Statistical Mechanics (which does not mean that it is
easy).

The existence of the limit (ZI2) will be attacked by
trying to establish upper and lower bounds (“ultraviolet
stability”) uniform in a, b for quantities like

P cen SO

(P %] / Prras(de) e (2.14)
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where f is a C°°—smooth function with fixed support in
the interior of A. The expression defined in(214) is usu-
ally called the “generating function” for the “Schwinger
functions” of the measure Pr, 7,4..

For simplicity it is convenient to fix the ratio a/b to be
equal to ¢, the speed of sound in our elastic models; also
I shall choose L = ¢T' so that the measure Pp 1 /cq.a/c
can be rewritten

pad

57 2een 199 pp (dy)

P o(dp) = 7

(2.15)
where, if p - (x — y) p (x —y) + c(t — tpa, PLoya is
the Gaussian measure on the finite space R* with covari-
ance C

Cen= D CernLy (2.16)
neZ?
e def R /Tf/a et (§=n) gdp
nLn = 75 N4, . —cosp;a
E+nL,n @2m)auc J e m? + 22?21 “TPJ

where m = mgc/h (to understand ([ZI5]) note the sym-
metric role of the d directions in ([2.I1]) once a = be, L =
cT'), or explicitly

zmw:%g- (2.17)
d p—
.exp__{z Z 905+aej ©e)? +m%)}
[N Jj=1

The measure (ZI7) is called the “lattice free field” and
if 62 denotes the finite difference Laplace operator on the
lattice Z% one sces that Ce¢y, in (2I6) is just the kernel
of the operator

— 1
T o

(by finite difference Laplace operator we mean, here, the
nearest neighbor second difference divided by a?), while
if 62 ; denotes the finite difference Laplace operator on

the lattice ZZ with periodic boundary conditions on the
boundary of the cube A, it is

C=— (2.19)
peh™ (m? — 62 1)

i.e. C is the same as C' apart from the boundary condi-
tions.

The problem of studying the limit as a — 0 of
I0) is not exactly the same as that of studying the
limg 0 limp—yo in (2I2). The really difficult problem be-
ing the limit as a — 0, it turns out that setting b = a/c

does not make the problem any easier or any harder. All
the results that follow could also be obtained if one con-
sidered first the limit b — 0 and then the limit ¢ — 0 (or
viceversa).

IlIl. THE FREE FIELD AND ITS MULTISCALE
DECOMPOSITIONS

It has become clear that the right way to look at the
measures (Z.I7) (free field) is to consider them as stochas-
tic processes indexed by the points of A; thus the free field
will be thought of as a Gaussian process.

Furthermore, it is convenient to regard the free field
as defined everywhere in A and not just on the lattice
points of ZZ N A; this can be done easily by remarking
that C¢, makes sense, by (2.I6]), for all £, € R? and
therefore we may actually imagine that it describes a
family of Gaussian random variables indexed by £ € A,
whose distribution is still denoted P? .

Since Cgy, is infinitely smooth, it follows from the gen-
eral theory of Gaussian processes that the “sample fields”
¢ will be, with probability 1 with respect to PL0 C>-
functions o £. However this does not really 1mply that
they are smooth in a physical sense: in fact, the expected
values of 2, (Dpg), ... all diverge as a — 0 (if, as will be
always supposed, d > 2).

This means that the fields ¢ are indeed smooth but
to see that they are such one has to look at them on a
scale as small as s. An easy calculation shows that in
fact

b N2 10 _ JO(a»=d=2))  g>2
/(a 905) PL,a(de) = {O(an logail) d=2

where 0P is any p-th order derivative of .

The relation (BI)) tells us that ¢¢ has to be regarded
as a smooth function which can be as large as a(4=2)/2,
if d > 2, oras (log a )% if d = 2, and Wthh can have
k—th order derivative larger by a factor a~*, cethe field
looks smooth only on scale a.

In general, in understanding the structure of a stochas-
tic field, two main scales have to be specified: the scale on
which the field is smooth and the scale on which the field
is without correlations, i.e. the scales on which the field
can be regarded as constant and those on which the val-
ues that it takes can e regarded as independent random
variables.

In our case it would be easy to show that

(3.1)

1
|Ceql < M7, g € Z, w7t <6 —nl < 5L
(3.2)
where M,k > 0 are a—independent; this can be inter-
preted as saying that the field ¢ has an independence

scale of O(k1).
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If one calls “regular” the random fields with identical
smoothness and independence scales it is clear that the
fields of interest here (free fields) are not regular; and this
is the distinctive feature of field theory with respect to
statistical mechanics of weakly interacting systems (i.e.
away from the critical point). It introduces the new prob-
lem of ultraviolet stability, characteristic of field theory.

In fact a regular field is hardly different from a lattice
spin system of essentially independent spins located on a
lattice with spacing equal to the unique scale of regularity
and independence.

Since the techniques for studying lattice spin systems
have been well developed in statistical mechanics, at least
in some easy cases, the idea arose, (Wilson, (1971, 11972,
1973, 11983) of trying to represent irregular fields as de-
composed into sums of regular ones. This leads to the
“multiscale decompositions” of the free field which are
discussed below and which are small perturbations of the
Gaussian field P? .

It is in fact pos:sible to write the field ¢ as

Z o).

are independently distributed over the index

k and are regular on scale y~*m™'. if v > 1 is an arbi-

trarily preassigned number (“scale factor”).

The decomposition ([B3]) can be done in various ways
and with different requirements on ).

In general one desires that if y"*m~! > a , i.e. if the
length scale of the field p*) is larger than the ultraviolet
scale a, then the samples of ¢*) should be smooth on
scale y“*m~1!, with the h-th derivative being of the order
of ¥¥ " times the size of the field itself, see (B.1)), for h < p.
Such a decomposition will be called a “class CP multiscale
decomposition” of ¢ into regular random fields.

There is a simple algorithm to construct multiscale de-
compositions of the Gaussian random field with covari-
ance operator (ZI8). It is based on the following trivial
identities:

(3.3)

where gpék)

1 :ZOO 1 _ 1 —
m2te2 — k=0 \ mZ~2F &2 m2y 2D te2 | —

— m? (v 1)y =
= 2ik=0 mIN T I mZ (72 1) 2k e21ed —

(3.4)

=R, T -
= k=0 h=0 \ mAIyTFF2yah 12 (724 1)y 2Fe2 et
m? (v —1)y?* _
_m4’74k+2’74h+4+m2(’72+1)’Y2k82+€4 -

4_1)y0ky =2k
_Ek OZhO[ —

(P -D)yPmi (y
mAny 24k 42 (y241)e2y2k— 2h+€4]
. 1 =

[m47674k+m2(72+1)E272k—2h+54] -

cey

where in the last equality a change of variables is made,
changing k + h into k.

The way to read ([3.4) is the following: (m? + ¢2)7!
can be written as a sum of reciprocals of fourth-order

polynomials in €, or as a sum of reciprocals of eight order
polynomials, or of sixteenth order, etc by the “telescopic”
algorithm displayed self-explanatorily in (3.4]).

Then to each such decomposition one can associate
a decomposition of the random field ¢ like B3]). For

instance if £, (p) = S (1= cos ap;)/a? let T*(p) the
expression appearing after the summation symbol in the
second line of ([B4]) with ¢ replaced by &,(p), then setting

—(k) h
Cf -

" = e (3.5)

| atprimere

and if C*) is defined as in (ZI86), with C replaced by

U(k), one realizes that by the first identity in [B.4]) the
field ¢ has the same distribution as the sum of a sequence
of fields p®) with covariances given by C'*).

Similarly, using the last identity in ([34) and calling
I'%"(p) the expression appearing after the summations
symbols in [B4) with €,(p) replacing € and setting

_ 4t pThh (p) et (&) _
o4 = G MCZ/E pTH (p)e (3.6)

then if C(®) is defined as in ([2I6), with C replaced by

6(’“) one again finds that the field ¢ has the same dis-
tribution as the sum of a sequence of fields ¢*) with
covariances given by C®) etc.

The fields ¢*) with covariance C*) related to ([B.5) or
B5) or to the “higher order generalizations” of them, are
regular fields for all values of k such that y"*m=! > q
and, when restricted to the lattice points, are basically
independent fields for the larger values of k. Furthermore
if y"*m~! > a the fields ¢*) have essentially the same
distribution up to trivial scalings.

To see the above properties of p*) for y~*m~=1 > a one
can heuristically fix k£ and let @ — 0 (so that y"*m~™1 >
a). Then 3] becomes

—k

(k) vai k (k)
C d2 CkE,Yn, () ZC§+nLn 37)
neZ?
m?(y% — 1)e®E=n qdp

h
O
3 ” (2m)d e /_g mAy2 +m2(y2 4+ 1)p? + p*’

e

and it is easy to see that C n is well defined and sooth
with its derivatives of order 2(1 —¢) if d = 2 and of order
2(% —e) if d = 3 and, furthermore, it decays exponentially
for |€ —n| large on scale m~! . This means that the field
o) with covariance C®) in @) is Holder continuous
on scale y~*m~1 with exponent less than 1if d = 2 or less
than % if d = 3 (here € > 0 is arbitrary); it is, however,
still irregular if d > 4.

If one uses the second decomposition of ¢ introduced

above, associated with ([B.6]), one finds
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k
k) _ _(d—2)k —2h 7(0,h)
C&n =402 27 C'v’“é'ykn’
h=0

k (k)

Cg(n) = Z CE+nL n (3.8)
neZ?

co___h /% TOh (p)eiP(E—h)

&n 2m)dpe | = ’

where T%"(p) is defined as the similar quantity I'%"(p)
appearing in ([3.6) with p? replacing &,(p); and it is easy
to see that Ug:]) has the same qualitative properties of
vk(d_mCﬁ’ngn and C(©9 is well defined and smooth
together with its derivatives of order 2(2 —¢) if d = 4 (e
being an arbitrary positive number).

This means that the field ¢(*) has second derivatives
which are Holder continuous with exponent (1 — ¢) for
d = 2, of order % —e¢ for d = 3, and first derivatives which
are Holder continuous with exponent 1 — ¢ if d = 4 (for
d = 5 the first derivatives would be Holder continuous
with exponent % — ¢ while for d = 6,7 the field itself
would be only Holder continuous with exponent 1 — ¢ or
% — ¢, respectively, and for d > 8 it would be irregular).

The latter statements can be made more quantita-
tive (see below); their proof is essentially a repetition,
adapted tot he circumstances, of the well known proof
of Wiener asserting the Holder continuity of the sample
paths of the Brownian motion and it will not be repeated
here. One can use the classical method of Wiener as in
(Colella_and Lanford,[1973); the cases (B.7)), (B8], as well
as the others arising from the higher order identities ob-
tained by continuing the decomposition process in (3.4)
are specifically treated in (Benfatto et all, [1980b), as a
part of a general theory of a class of Markovian Gaussian
random fields.

The above discussion on the fields ¢*) suggests yet
another approach to the ultraviolet stability which will
be the one really followed in the upcoming sections.

Namely, choose ¢(¥) to be the random fields with co-
variance (B1) (or (B8)) or any other associated with the
higher order identities continuing those in (34)) and de-
fine

<N]def k
M O § )
k=0

(3.9)

Then the measure (2.I5) can be regarded as obtained
by integrating over the p(*)’s the measure

%e_hzgej\l(ﬁai) HP(dSO(k)):
k=0

N (3.10)

1 _ped
= lim e 57 2 09 T Plap®)
’ k=0

under the condition that ¢ = Y77 o) is held fixed;
the Z’z normalize to 1 the measures in (B.10).

At this point there will be a change in point of view
and the fields ¢*) will no longer be regarded just as aux-
iliary fields but as objects interesting in their own right:
the stability problem will be extended to the problem of
showing that not only ¢ but also ¢*), for each k, have a
well defined limit distribution as a — 0 if they are given
the distribution I0) for a > 0.

The plan is to attack the ultraviolet stability problem
by studying the measure

d <N
T EE e N

4)
7 H P(dp)
I ]:0

PEM(dyp) =

(3.11)

uniformly in a, N allowing I(yp) to depend on a, N and
on the derivatives of ¢ if this becomes necessary in order
to ensure the existence of an interesting limit as a — 0
after letting N — oo.

Ultimately “interesting” should mean a field theory
susceptible to a physical interpretation as a theory of
interacting particles: it should verify various proper-
ties among which the possibility of defining an oper-
ator formally equal to H in (LII). For instance one
could require that the field ¢ verifies the Nelson axioms
or the Osterwalder—Schrader axioms or that it should
lead in some way or another to the construction of
Wightman fields (which undoubtedly is the minimal re-
quirement thought so far; for a critical discussion and
a review of the axioms of various type and their re-
lations see (Simon, [1974), see also (Nelson, [1973a/b,g;
Osterwalder and Schrader, [1973a; Wightman, [1956)).

In other words one is free to change the rules of the
game provided one eventually succeeds in constructing a
Wightman field theory describing nontrivial interactions;
see also the comments at the end of Sec. [ and in Sec.
XXTI

Of course the more one changes the rules of the game
the more one has to work at a later stage. For instance
in passing from the lattice regularized—continuous time
approach of Sec. [Ilto the problem of taking the N — oo
limit in BIT]), we lose the “unitary character” of the the-
ory because it is no longer clear (and in fact it is not true)
that the process P(=N) (dp) can be generated by a Hamil-
tonian, as it was instead the case in Sec. [[I} i.e. before
starting the chain of “slight” changes leading to (B.II)).
So once the limit as N — oo will have been taken, we
shall have to worry whether it has the properties which
would allow us to interpret it as generated by a Hamilto-
nian operator, i.e. whether a formula like (2.6) holds for
some operator Hgyantum-

In constructing a field theory it may sometimes be con-
venient to give up temporarily some of the properties of
the final theory; note, on the other hand, that the con-
tinuous time lattice regularization although “unitary” is
not translation invariant (a property holding only if b = 0

in 2I0)-



8. Multiscale analysis of free field

At this point in view of the latter remark it is very
tempting to simplify the problem by interchanging the
limits on @ and on N and let a — 0 while keeping N
fixed and then let N — co. This leads to the measures

_pad [ 1SN ag) N
2ch £ .
¢ AZ [[Pe) (3.12)
=0

PEN(dyp) =

where now P(dp7)) denotes the distribution of the field
©U) with covariance associated with (B7) or, alterna-
tively, (B8) or any higher order regularization of them,
and I(y) depends, possibly, on N.

The advantage of studying (BI2)) is that it is obviously
easier in some respects than ([BI1) because the fields ¢7)
are now related by simple scalings, as the first of (3.7

or (B8) show (i.e. goéj ) has roughly the same distribu-

(0)
REAS
B there are small corrections because, although in this

tion as 7742 " - note, however, that even in the case

simple case 6(” scales exactly, the covariance CY) does
not so because of the imposition of periodic boundary
conditions,

Furthermore, one does not have to distinguish between
the cases v /m~! > a and v /m~! < a. However one
should note that the fields ) with v /m~' < a are
somewhat trivial (i.e. they are approximately indepen-
dently distributed on the lattice points) and thus one
heuristically thinks that the limits of (312), as N — oo,
should lead to the same measures as the limit of (B11))
as N — oo first and @ — 0 second.

This remark could in fact be made more precise to the
extent that it can become “all the results discussed in this
paper and concerning the existence of formal perturba-
tion theory and concerning the existence of non Gaus-
sian limits of BI2) as N — oo, or the existence of for-
mal perturbation expansions of various quantities, could
also be obtained considering the limits lim,_, g limy_, o, of
BIID)7; this statement should emerge quite clearly from
what follows but it will not be explicitly proved (to limit
the material presented here).

The theory of the limits as N — oo of (8.12) is already
complex and interesting enough, and studying (B.I1)), as
far as the problems discussed here are concerned, does
not lead to any new ideas but only to rather trivial tech-
nical digressions.

Therefore from now on I shall concentrate on the dis-
cussion of [BI2) with o) being defined by &7 or B.8)
or by their higher order analogs depending on the mod-
els, the aim being to obtain a limit as N — oo in which
the distributions of all the variables p/) are well defined,
although they are not Gaussian.

One says that the approach to field theory based on
BI0) is a “nearest neighbor lattice regularization” ap-
proach, while the one adopted here, via (I2), is a
“Pauli-Villars regularization” approach of some order;
more appropriately it should be called “Feynman reg-
ularization”, see (Pauli and Villard, [1949). Both ap-

proaches are widely used in the literature: see for ex-
ample (Aizenman, [1982; [Boboliubov and Shirkov, [1959;
Brydges et al), 11983; |Callan, 1976; [Frolich, 1982; [Park,
1977).

Before starting the analysis of (BI2) it is important
to stress once more at the cost of being repetitious and
to avoid hiding important issues, that while the theories
of (811 and (BI2)) are equivalent up to technicalities as
far as the results presented in this work are concerned,
it is by no means clear that they are equally suitable for
pursuing the quest of other results that we should like to
obtain, first among them that of showing the existence or
nonexistence of a non trivial ¢* field in dimension d = 4.
Furthermore there are other possible approaches most of
which give the same results as the one presented here,
if applied to the problems considered here, and which
might be better suited for the study of the hard open
problems, see comments at the end of Sec. [ and in Sec.
[XXTIl (see also (Gallavotti and Rivasseau, 1985)).

The fields p®) with covariance @) will be called
“first order Pauli—Villars fields” of frequency index k,
while those with covariance [B8) will be “second or-
der Pauli-Villars fields” with frequency index k (shortly
“with frequency k”); similarly one can define the n—th
order Pauli—Villars fields via the use of higher order iden-
tities in (3.4) and with & = p?, see below.

Formula (812) will define the m—th order regularized
interacting measure if ¢*) has the meaning of an m-th
order Pauli-Villars fie;d (of course we allow only func-
tions I(p) that are such that I(o(SN)) has a meaning,
at least with probability 1 with respect to the measure
[15o P(dp).

The latter remark is very important: it shows that

I(p) o< ¢ (3.13)

is not admissible for d > 4 if one uses the Pauli—Villars
first order field (because the expected value of wéSN) is

infinite if d > 4, by the second of (317)). However
I(pe) = Ao} + upf + (0 p¢)? (3.14)

is meaningful if one uses in (3:12) the second order Pauli-
Villars regularization even for d = 4, because the ex-
pected values of (cpéSN))Q and (0 goéSN))Q are finite if
computed using (B8] rather than [B.71).

This section will be concluded by listing a more quan-
titative meaning to be given to the regularity statements
about the fields p*) made after (B7) and B.).

Let ©®) be a sample of a Gaussian random field dis-
tributed with covariance CE(S) in (3). Then if A is imag-
ined paved by a lattice Q) of square boxes A with side

size y"*m 1, one finds that for d = 2,3 and for all choices
of Ba > 0,
|(pék)| < Ba /Y%k(d—2)7 VEEA € Qy (3'15)
() _ (6| < g ~ah(d=2) (ke _ piyh(a—d)—<
g — @y | <Bay ("€ = nll) " (3.16)

VEEA, |E—n <y Fm!
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hold with probability bounded below by

[T (1 —Ae =53

AEQk

(3.17)

if A,@ > 0 are suitable constants depending on the choice
of the arbitrary parameter € > 0 but k-independent. Of
course one assumes here that the side of A is divisible by
v~ Fm~1 for all k£ > 0; this assumption could easily be
released for the study of the problems considered in this
paper, see however the comments in Sec. [XXTIIl

More generally the chain ([3.4]) can be continued to ex-
press (m? + p?)~! as a sum of reciprocals of polynomials
of degree 2"t in p, n = 0,1,2,.... In this way one can
define a field

N

P=N) = Z oF)
k=0

(3.18)

where ¢(SV) is a very smooth Gaussian fields which is
decomposed into regular independent fields with covari-

ances C'%) defined by “periodizing” a covariance 6(’“) via
the second relation in 1) (or (B.8))) and with ™ ver-
ifying

PP < pakink(d=2) p=ror*le—nl 5 < i s

107C¢, | < Aoy e , 0<j<Jo

jio—17~(k) jo—177(K)
0701 C,) — 07y < (3.19)
AcqM D kg — gy eem i,

where Ag, A., ko are suitable constants and ¢ > 0 is ar-
bitrary, and where jo = 2"*t! — d. For instance the case
n = 2 is worked out explicitly in (88). The n-th order

Pauli-Villars fields defined by C*®) verify, with probabil-
ity bounded below by B17),

07| < BanyThaprE=2)
(k)

(k) 1 9%
|(P§ - Z ; aga

2[al<jo

2.] < j07

E-n?*< (320

< Bay#HO) (g — )30~

where &’ denotes any j—th order derivative and

d d
|d£f | def
al = a;l, |a| = a;,
=1 i=1

and 02 is the derivative of order aj + ...+ aq of order a;
with respect to the first component etc, so that the sec-
ond of ([B2)) is an estimate for the remainder of a Taylor
series.

For instance if n = 3, d = 4 the field ¢*) admits
five derivatives and the fifth id Holder continuous with
exponent less than % and C®) admits 11 derivatives.

Since periodic boundary conditions are being used un-
less explicitly stated otherwise, here as well as in the rest
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of the paper, ({2 — &) will be a symbolic notation for a
periodic function on A x A equal to the vector from &
to &2 when the distance between & and & on A is small
and, for larger distances, equal to (§2—_1)x(|¢2—&1]) with
|€2 — &1 being the distance on the torus and x € C* is
monotonic and x(r) = 0if r > 1, x(r) = 1if r < & (ie.
(&2 — &) is really what the notation suggests if z7 and
x2 are close enough and (arbitrarily) 0 otherwise, while
|€2 — &1] is the distance on the torus A).

The inequalities (BI9) are elementary consequences
of the analysis of the asymptotic behavior of the inte-
grals in (B1) and (B.8) and of their generalizations to
order n. Whereas the inequalities (8:20) and B.I6]) fol-
low from the fact that the ¢(®) form a Markov process
and from the regularity properties of C®) expressed by
(BI39) via the classical idea of Wiener for the Holder con-
tinuity of the sample paths of the Brownian motion, see
(Benfatto et all, 119801; [Colella and Lanford, [1973).

In the literature other regularizations are also consid-
ered which produce infinitely smooth fields ¢(*) by using
“nonpolynomial” decompositions like

1 > b
_ Xo(p) x1(v"p) (3.21)
1+p*  14p* = 14p?
where
xo(p) + Y _xi(v"p) =1 (3.22)
k=1

and xo, x1 are C* nonnegative functions such that y; has
support in 1 < p? < 42, Such decompositions produce

"% which verify (319) with jo arbitrarily prefixed but
with the modification that the exponential decay factor is
replaced by (14 ~*|¢ —n|)~* with w arbitrarily prefixed
(i.e. the decoupling takes place on the same scale as in
(313), namely y"*m =1, but it is slower than exponential,
although still faster than any prefixed power).

IV. PERTURBATION THEORY AND ULTRAVIOLET
STABILITY

I shall try to be very general, not for love of general-
ity, but because perturbation theory is conceptually very
simple and if one discusses it in the few examples in which
one is really interested one makes it appear more com-
plex, because all the fine details peculiar to each model
become most inextricably mixed up with its structure.

The first thing to fix is the interaction Z(y): choose
Z(¢) to have the form

V(=" A N) =

@) [ @) (SN) g (SN) . def (4.1)
=) A /AvN (=™, 00N de = 1(p)
a=1

If o = p(=N) the function Z (i) spans a finite dimensional
linear space Zy as A = ()\(O‘))a:1,,,,,t spans R’ or a linear
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subspace of R’, fixed a priori ; one can regard Zy as a
subspace of LQ(H;V:O P(dp)).

It is convenient to assume the functions v(®) (p(=N))]
N =0,1,..., to be so related that for all N < N it is

/vaﬂméSN”xhéSN”>d§=
= /P(dgo(N/“)) . P(dp™))x

X /Av(a)(spéﬁN)7aspé§N))d§

or, in other words, UJ(\?,) € Iy is the projection on Zy-

of vj(\‘,l) € Iy performed by using as projection operator
the integration with respect to the field components of
frequency higher than N’. This property, which is veri-
fied automatically in all models that are considered here
(because every model will be written in “Wick—ordered”
form, see below), is very convenient for the exhibition of
general structural properties of perturbation theory. In
probability the latter property is known as a “martin-
gale” property of the sequence of functions vj(\‘,l).

A sequence 7 = (Zn)n=o,...00 verifying the martingale
relation ([@2) will be called an “interaction”.

Of course the choice of the free fields pU), i.e. of the
order of regularization, will always have to be such that

the integrals in (@) make sense [for instance if v(®) re-
N)

(4.2)

ally depends on &p; we shall use at least a second

order regularization for d < 4; if v(®) depends only on
( N) then we could also use simply the first order reg-
ularlzatlon provided d < 4, see ([3.20).
A field theory Z can be defined in two, usually
nonequivalent, ways: “nonperturbatively” as a probabil-

ity measure which is the limit as N — oo of measures
defined by

V(@(<N) An,N) N
Pr n(dpSN)) = H (de?

(4.3)
where Ay is a give sequence of coupling constants
called “bare couplings”, for which V=V AN ¢
Ll(H;v:o P(de), or “perturbatively”. The latter sense

is based on the following idea, (Dyson,!1949ab; Feynman,
1948; [Schwinger, [1949ah). Consider the following formal

power series in the parameters A = (A1), ... A®) ¢ R
Av) = D0 enm) A e =
R (4.4)
= In(m)A™,
where £(m) € R". Then compute
/ ev(g”“ﬂpw(d@ = (4.5)

"DV =N AN N, N)H o P(dp)
[eVEENWNANNLN [T P(dpl))

_ e
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formally, by expanding all exponentials in powers and
then using (£4)) to express the results as a power series
in A by collecting terms with equal powers:

/e“" "D Py y(dp) = (2= D) ZS N, f)Am

(4.6)
Then the perturbative field theory with interaction 7
and bare constants An(A) given by (@) is well defined
if the limits
S(m, f) = lim S(m,N, f) (4.7)
exist for all smooth test functions f and for all m.

The theory will be called “perturbatively trivial” if the
power series

(4.8)

> S(m, fHA™

formally converges to the exponential of a quadratic form
in f (“Gaussian theory”) for |A| small.

Similarly if the limits of (3] are Gaussian measures
for all possible choices of Ay then one says that the the-
ory is “trivial”.

If it is impossible to find a formal power series (4]
such that the limits (A7) exist one says that Z is a “non
renormalizable” theory.

The power series ({.8) is called the “renormalized series
for 77, and the parameters A in it are called the “renor-
malized couplings”, while the corresponding formal series
([£4) define the perturbative bare couplings [note that the
formal power series ([£4) do not necessarily converge].

It is perhaps worth stressing again that the real ob-
jects that one is trying to find are more complex than a
probability measure P which is a limit of ([@3]) (in a per-
turbative or nonperturbative sense), so after such limits
are constructed one still has to see if they have the right
properties to allow their interpretation as relativistically
invariant quantum field theories.

However, in the few cases in which the measures
P have been constructed as limits for N — oo
of [@3) the understanding of the problems remain-
ing before a full interpretation of the results as rel-
ativistic quantum fields, has been carried out with-
out excessive difficulties [after the basic techniques to
deal with this question were developed in the ba-
sic papers, (Glimm, 1968alb; |Glimm and Jaffe, 1968,
1970ab; IGlimm_et_all, 11973; |Guerral, [1972; Nelsonl, 11966,
1973a/h)d; |Osterwalder and Schrader, 19734]b)], so I
shall not develop this question further here, after warning
the reader of its paramount importance, on the grounds
that it should not be thought of as a part of the main
subject of this paper, i.e. of the ultraviolet limit problem.

Perturbation theory plays a major role even in
the so called nonperturbative approach (Balaban,
1982ab, 11983; [Benfatto et all, (1978,  11980alb;
Brydges et all, [1983; |Federbush and Battld, 1982,
1983; [Feldman and Ostervalden, 11976; |Gallavotti, 11978,
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1979a/l; |Gawedski and Kupiainen, 1980, (1983, [1984;
Glimm and Jaffe, (1968, 11970a/b; |Glimm et all, 1973;
Magnen and Seneor, [1976).

Here perturbation theory will be treated from the point
of view of the renormalization group, expanding the ideas
developed and used in the just quoted (Benfatto et all,
1978, 11980a). I shall follow the theory presented in
(Gallavotti and Nicold, [19854h), with some modifica-
tions here and there. The first to treat completely, to
all orders, perturbation theory by literally applying the
renormalization group methods has been (Polchinskii,
1984), who adopts a method slightly different from the
one presented here obtaining weaker results —e.g. the n!
bounds are not treated in his work, at least not explicitly.

The renormalization group approach to field
theory grew out of several earlier works [e.g.
(DiCastro and Jona-Lasinia, 11969; \Jona-Lasinio, [1975;
Kadanoff, [1966; Ma, 1976; [Wilson, (1965, 1971, 1972,
1983; [Wilson and Kogut, [1973)].

Here “applying the renormalization group method”
will mean that one regards the fields 30(0), oW as
real entities describing phenomena taking place on their
own length scale y~*m™!: and we shall define the effec-
tive interaction on scale v *m~! as

ev(k)(w(k)) déf /eV(ap(SN))\N()\)) . (4.9)

P(dp™) ... P(dp*+1))

In perturbation theory one fixes the formal power se-
ries Ay (A) in such a way that V(*) turns out to be given
by a formal power series in A which, order by order, has
a limit as N — oo if @, ... o®) verify (Z20) (n be-
ing the order of the chosen regularization), and the limit
has a short range structure allowing us to interpret V(%)
as a statistical mechanics interaction between spins (the
cp(k)’s) located on a lattice of mesh v~ *m~! rather than
continuous fields—see Sec. [[I).

One might be worried that the fields ¢9) do not really
have a physical meaning (yet) and that knowing that they
are well defined objects even in presence of interaction
does not really tell anything about their sum ¢(=N) which
is the object with physical meaning (in the limit N —
00). One could repair this objection by imagining that
the last term (say) in (@) has the linear form

ADOVy (pEN) §p(EN)) = A(®) / F©eEN de (410

and show that the effective potentials are well defined
with a choice of £ (m) leading to )\g\t,) =% (ie. “no
renormalization on the linear part of the interaction”)
and to an expression of the remaining bare couplings
)\5\}), e )\g\tfl) involving only AV, ... A=Y (and not
A®): then the effective potentials and the coefficients
S(m, N, f) would be simply related to the Schwinger
functions of the field ¢(=N) and the problem of proving
existence and ultraviolet stability of the effective poten-
tials would be in principle harder than that of proving
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that of the limit (£7)) in absence of a linear term in Vi
(although it will be in fact an equivalent problem in the
cases studied here).

Alternatively one could decide to worry about this
problem after completing the theory of the effective po-
tentials: in fact the formal connection between the effec-

tive potentials and the Schwinger functions will be briefly
discussed in Sec. [X1

V. EFFECTIVE POTENTIALS: THE ALGORITHM FOR
THEIR CONSTRUCTION

Given an interaction Z as defined in Sec. [V] (see (1))
and ([£2)), let

t
V(pEM) =3 Al /Av%‘) (PN 0= de - (5.1)

a=1

k 1

The effective interaction on the length scale v~*m™" is
defined by
SV (=) _ /eV@(sw)) . (5.2)

P(dp™)) . P(dpTD)

To be slightly more concrete it is convenient to list the
cases which will be treated here or which can be treated
easily with the methods reviewed in this paper.

(1) Polynomial fields in two dimensions

v(a)(@(SN)) —. (¢(§N))a . (5.3)
where the dots denote the Wick ordering of polynomials
and a > 0.

In this case as well as in the cases below the prop-
erty ([A2) is trivially a consequence of the properties of
the Wick polynomials. Such properties are remarkable
and the reader will be supposed familiar with them. For
ease of reference the definitions, their main properties
and the ideas from which they are derived are provided
in Appendix

The notion of Wick monomial will not be needed in
this section nor in the following sections, [VIHXI, where
everything is worked out without referring to Wick or-
dering or Wick monomials.

(2) Sine-Gordon field in two dimensions

A . (SN)
V(=M = Z 5/ D e e d§+y/d€:
o=%+1 A A

-a /[

cosgoéSN) : df—i—l// ¢, a>0 (5.4)
A
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(3) Exponential fields, d > 2

V(M) = —)\/ : ea“"éSN)d§+u/ & (5.5)
A A
(4) ©* field in three dimensions
V(pE) = (5.6)

= —/ (A (@SN s s () ) dg
A
(6) ¢* field with wave function renormalization for d < 4

V(eEN)) = —/A (A (PSMYE ¢ (5.7)

+p ((p(SN))Q o (<9<;7(§N))2 : +V)d§

(7) ¢C field with wave function renormalization for d < 3

V(QD(SN)) = —/A (U : (QD(SN))G A (QD(SN))4 D+

i (@SN o s (OS2 +v)dé (5.8)

All the above cases are examples of interactions Z in
the sense of ([&J)) and ([E2) (see Appendix[Clfor the prop-
erties of Wick monomials).

In view of the above ambitious models one might think
that it would be very hard to find reasonable expressions
for V(¥); this is not really the case as the algorithm below
proves; the reason being that the construction of V*)
can be carried out in general, without using the detailed
structures (.3)-(5.8) or the Wick ordering properties,
starting from (&1)),(@I) and (Z2).

The mathematical basis for the algorithm is a trivial
Taylor series. To define it introduce the notations

E(-) =expectation value with respect
to a probability measure,

5.9
Er(+) = expectation value with respect (5:9)
to the Gaussian measure P(dp®),
and in general, given p random variables z1, ..., 2, and
p positive integers nq,...,n, one defines the truncated
expectations of T1,...,Tp as
ET(xl,...,zp;nl,...,np): (5.10)
6n1+...+np

log & (M@t Frntp)
Ai=0

TN N
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The symbol £/ will therefore have a well deﬁned mean—

ing if z1,..., ), are p functions depending on o). One
checks by 1nduct1on the Leibnitz rule: Ywi,...,wp, € R

n
nlwit .. wp”

ET(wl.’L'l + ... —i—wpibp;n) :n1 11111 . o ,’er!
ni+.. +np n
-5T(x1,...,xp;n1,...,np) (5.11)
andif n=n;+...+ny
ET(x:1)=E(x), ET(x;0)=0
"y =ew. Ewo=o 512)
Ef(z,z,...,T;n1,ne,...,np) =& (x3n)

Therefore the following Taylor expansion, cumulant ex-
pansion, formally holds

oo

o el @)

Ee®) =e (5.13)

and is convergent for any bounded random variable z.
Hence modulo convergence problems

[ P =

and, recursively,

/ P(dp!™)P(dp™ 1)V

oo
= elun=1R!

1
:eXPZ > nilng! ... 1lm2lmgins

h=1ni+no+...=h
EL (5%(‘/' 1),EL(V;2), EL(V;3), ..;n1, g, n3, . . )

once we have applied the Leibnitz rule (G.IT]).

It is clear that by combining (B.11)) and (BI3) one can
find a formal expression for V(¥ of the type (5I5): its
structure will be elucidated in Sec. [VI] by means of a
graphical interpretation of the general term arising in
the iteration of the above expansion.

e mER Vi) S VI (5 1)

LEN_ (VD)

(5.15)

VI. A GRAPHICAL EXPRESSION FOR THE EFFECTIVE
INTERACTIONS

The structure of V*), as obtained from V by doing
successively integrations over fields of increasing length
scale can be described easily in terms of a certain family
of planar graphs, actually trees.

Draw n points 1,2,...,n (see Fig. 3)

1
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and imagine that they are the endpoints of a tree v whose
vertices v bear an index h,, with £k < h, < N and h, <
hy if v < v’ in the order of the tree; the lowest vertex r
of ~, called the root bears the index k, denoted k(v), and
out of it emerges one branch only. All the other vertices
v > r are branching points with at least two branches.
The end points of the tree are not regarded as vertices.
The tree can be thought of as a partially ordered set from
the root up to the end points.

Two trees will be regarded as identical if they can be
superposed, together with the labels appended to their
vertices, up to a permutation of the end point labels
(1,2,...,n) and up to a change in the lengths of the
branches and the location of the vertices which does not
alter the topological structure of the tree. In drawing
trees we shall agree to think that they are drawn in some
standard fashion which always leads to the construction
of a given representative in each class.

The number of end points in v (n in Fig.3) will be
called the order of 7v. A tree of degree 1 will be called
trivial and it will contain only one line from the root r
to the end point 1.

The first vertex after r will be called vy; it exists if and
only if the tree v is not trival.

Given a nontrivial tree vy, let v1, 72, ..., s be the trees
which bifurcate in v from vg, i.e. from the first nontrivial
vertex (in Fig. 3 it is s = 2). The s trees can be divided
into into ¢ classes of trees whose elements are identical up
to the end points labelings and let 7,...,%, be the rep-
resentatives of each class. Let pi,...,p, be the number
of elements in each class. Define a combinatorial factor
n(7y) inductively as

n(y) = [[ pi n(ro) (6.1)
=1

setting n(y) = 1 if « is the trivial tree.

The index h, associated with each vertex v wil be
called a frequency indez or the frequency of v.

If one stares, for a conveniently long time, at (513
and (B.I3) it becomes clear that

v = 3

n
v, k(v)=k

<

(7)
(v

(6.2)

~—

where the sum runs over the trees with root at frequency
k and with frequency indices h,, < N; V(7) is a function
of the field ¢(=%) which, although it could be explicitly
written, is more conveniently defined by induction. If ~
is trivial, let

def

V(7)) = EkgrEn(V) (6.3)

and if  bifurcates on the first vertex v, following its root
r into v1,...,7vs at frequency h,, = h let

V(y) =

6.4
:5k71---5h715;?(v(”¥1),-- ( )

7V(75)7151751)
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As a result of (63),(6d) one sees that each vertex of
~v with index p corresponds to Eg , while each line of ~y
joining two vertices v < v’ corresponds to

Enys1 - -Eny1, (6.5)
while the lines joining a vertex v to an end poit corre-
spond to
Ehyt+1---EN, (6.6)
and finally each end point corresponds to a function V.
The proof of ([G4) is obtained by combining ([@2]) and
©3) with (E9)-(GEI4): one gets (64) immediately by
induction on the degree of the tree.

The above algorithm can be modified to obtain more
explicit expressions for V(¥). Let, see @.),@2),

t
V=3 aA® /A v (=N, 00N de (6.7)
a=1

which is the case of interest here and introduce what
will be called a decorated tree which is a tree whose end
points bear labels 0(y) = (&1, 1), ..., (§n, ) instead of

1,...,nand & € R? a; € (1,...,t). Then (62),[4)
imply that

V(k):Z/ Z déy - - - dé,

FRRETIe 20)

Z V(v)
ae ()
k(v)=Fk

(6.8)

where the sum runs over all decorated trees v with root
frequency k and with vertex frequencies h, with k£ <
hy, < N for v > r, and the value V() will have to be
computed by using (6:3) and (64 except that V has to be
replaced in the evaluation of the trivial tree contribution

by: Al®) vg\?)(goégm, BgoéSN)) if the trivial tree is

(4)
k ¢ a

The third sum in (6.8) is performed by keeping fixed
the decoration 0(y) = ((£1,01), - - ., (§n, @n)). Finally the
combinatorial factor of the undecorated tree 7 obtained
by stripping v of its decorations.

In other words one can say that the rule for evaluating
a decorated tree is the same as that for evaluating an
undecorated tree but with a different interpretation of
the end points, which depends on the decorating indices.

For later use it is convenient to define a tree shape
which is a tree of the above types once stripped of all its
indices and decorations, except the index « attached to
the end points, which will be called type indices.

This completes the discussion of the basic graphical
algorithm used to build V) for k > 0. It is, however,
convenient to define also V(=1 For this purpose one
thinks (M) as being given by

QSN = (-1 L O 4 ) (6.9)
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where the field (=1 is distributed independently rela-
tive to the other ¢9), j > 0, and it has its own covari-
ance Cf(_l) which need not be specified (because it will
eventuaﬁy be taken to be identically zero whenever it ap-
pears in some interesting formulae. The introduction of
V(=D allows us to give a meaning to some expressions
that will be met so that the case £ = 0 can be treated on
the same grounds as the cases & > 0, and V) will be
described by trees with root frequency k = —1 via (G.8)
and (69]).

The following interpretation of a decorated tree is in-
teresting and important for later applications. Each ver-
tex v of v can be interpreted as a cluster of the end points
positions and the tree provides an organization in a hier-
archy of clusters, of the points &1,...,&,, which are the
position labels of the end points of the tree.

To get a picture of such clusters first draw a box
around each point &1,...,&,; then consider a vertex v
highest on the tree: out of it emerge s lines with labels
&y, 5,), - (&, @j,) and do this for all the other high-
est vertices. For instance,

§1,a1) 10
&2,2) 20
£3,03)

§4,004) (5)

&s5,a5) leads to 5o

(
(
(
(
(
(
(
(

£6,06) Go
§7,a7) 70
£s,08) 8o
(&9,00) 90

Then consider the next generation vertices and draw
boxes around all the end points that can be reached from
each of them by climbing the tree, etc

1 2 3 4 5 6 7 8 9

Actually the above cluster representation of v becomes
completely equivalent to the description of « if inside each
box one writes the frequency h, of the vertex v corre-
sponding to it [(1) attribute, conventionally, index N + 1
or better no index at all to the innermost boxes enclos-
ing only single points, (2) append to the j-th innermost
box the index «;, and (3) attribute to the outside of the
outermost box the index k of the root of v.]

For instance in the case of Fig. 5 one gets

1 2 3 4

5 6 7T 8 9

where the frequencies N 4 1 have not been marked.
Therefore for each decorated tree one will be able to
associate with each vertex a cluster of points and to as-
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sociate with each cluster a frequency index in the above
manner; furthermore each point has a position label of
and a type label attached in the manner described and
exemplified in the above pictures.

The order of a vertex v will be the number of points
in the cluster corresponding to it’: it coincides with the
number of end points that can be reached from v by
climbing the tree. So the degree of the tree coincides
with the order of its root vertex as well as with the order
of the first nontrivial vertex v (if present).

VIl. RENORMALIZABILITY TO SECOND ORDER AND
RENORMALIZATION

Consider an interaction Z as defined in Sec. [Vl (&)
and ([4.2), and a formal power series like (@A)

AV =X+ ) iy(m)Am

|m|>2

(7.1)

and define Vi y = V1, see (B]), and for j > 2

VR =Y tv(m)xm] / @ (N, o) de

|m|=j

o] t
V=33 vV =VEEM AN, N)

j=la=1

(7.2)

From the general theory of the preceding section it is
easy to find the rule to compute the effective potential
V®) corresponding to the V in (Z2). The reader who
finds the discussion below too abstract for a first read-
ing can compare the abstract steps described here with
the concrete corresponding steps done in studying the
specific model |4, as described in Sec. XVII] or the sine—
Gordon field in Sec. XTIl

One only allows trees with end points decorated by
£ eRY,

(& ), (7.3)

Then if the trivial tree
k §a, g

is interpreted as [see also (£.2)]

a=1,....t, j=1,2,3,,...

(®)

PN Et1 -+ En (03 (SN, 9p =M =
= u2 (Ao (=9, 9p(=h)

(7.4)
o def o m
K= (m)
|m|=j
it follows [see Sec. [VI] that
V<k>:2/d§1...d§n >y vo) (7.5)
n=1 Alsnn i k(y)=k TL(’}/)

FARTEE Jn  degree y=n
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which expresses V(*) as a power series in A: the p-th
order term being obtained by selecting in (ZH) the con-

tributions such that j; + ...+ j, def il =
If, given a tree v with decorations (&1,01,71),.--,
(&n, Qn, jn), one defines the degree D(vy) as
D) =i+ +dn =il (7.6)
then the contribution to V) of order p is obtained by
restricting the sum in (73 to the trees with D(v) = p.
If we denote it by V)P it is

V(
/dgzz >0 _”” (7.7)
k(v)=k 7
D(v)=p
Define
V() (cp(<k))— lim V(k)’p( (= )) (7.8)

N —o0

where p(SF) = Z;C:O ¢ is supposed such that each @)
verifies the smoothness properties (315,316l or [B.20),
depending on the regularization used for the free field.

The existence of the limit (Z.8)) clearly depends upon
the choice of the coeficients £y (m) in (ZI). According
to the discussion of Sec. [V] the theory is renormalizable
if there is a choice of the constants ¢ (m) such that the
limit (C8]) exists.

It is worth pointing out here that a trivial property
of the renormalized series: if A is expressed as a formal
power series with N-independent coefficients in terms
of new parameters X', then Ay (A)—see (TI)—becomes
a new formal power series in A’ with new coefficients
¢ (m); it should be clear that if the power series (7.5))
in A is renormalized, i.e. if the limts (T8]) exist, then
also the power series in A’ is renormalized in the same
sense (provided the series expressing A in terms of A
has no constant term, of course). This showsthat the
coefficients ¢ (m) cannot be uniquely determined by the
requirement that the theory is renormalized [i.e. that the
limits (7.8]) exist].

The problem is to decide whether a theory is renor-
malizable and to estimate in some way the size of V(%)
and, if possible, of V(*) itself.

It is possible to find a general rnormalizability criterion
and general renormalization rules [i.e. rules to build the
coefficients 1y (m) in (I)). The whole theory stems from
the simple examples considered below.

Clearly V)P (p(SF) for p = 1 will always admit a
limit as N — oo being N-independent because of the
property (E2]) of Z.

Therefore the requirement of existence of the limit
(T8) can put nontrivial restrictions only on Vo n, Va n,

. (see ((C2)) and one can start by looking at the condi-
tions on Vo n [i.e. on ¢x(m) with |m| = 2] imposed by
the requirement of existence of the limit (Z.8)) for p = 2:
it should be clear that if the theory is renormalizable it
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must be possible to fix Vo n so that yik)2 (see (C8)) ex-
ists simply because Vs n, Vi n,... do not contribute to
V8.2,

Clearly V()2 ig determined by the sum of the contri-
butions of the second order trees, i.e. graphically

(&1,001,1)

N 9)
+3 Dhsk
k (5,&,2) k h

(&2,02,1)

where the summation over the « indices and the integra-
tion over the ¢ indices is ubderstood. In formulae Fig. 9
becomes

ng...s (Va,n)+
7.9
ng+1 gh—lg},{(g>h(‘/1)ugh(‘/1)) ( )
" h>k

where we have shortened Esj as &p41...Ey and also
ET(x1,... 1) as ET (21, .., 2g51,...,1).

Two cases can arise (1) the second term in ([Z9) con-
verges to a limit as N — oo [for ¢(S*)s satisfying the
smoothness mentioned above, see (320)]; or (2) this does

not happen.

In the second case one must choose V2 y conveniently,
if possible at all, to compensate the divergence present
in the second term.
Since Vo n (SN will always have to be in the interac-
tion space Iy the divergence of the second term in (9]
can be compensated by a suitavbly chosen V5 y only if
such divergence arises because the second term in (7.9)

has some very large component on Zj.

It is however unclear how to define, in an abstract con-
text, the component to be considered: for the time being,
and to remain on very general grounds, one can just say
that there should be an operation £; with range in Zj
such that the two expressions

Z — Li)Ekt1- - En—1-
25 (7.10)

& (Esn(V1), Esn(V1)) and

En(Va,N) a0 Z LrpEria ..

h>k
CEL(Esn(V1), Esn(V))

Ersi ...
wH (7.11)

are convergent as N — oo if p(<%) is smooth in the sense
of (3:20).

If such an £, exists for each k it is clear that it must
depend on k in a special way because we can compute, for
p < k, the effective potential in two necessarily equivalent
ways, as the graphical relation of Fig. 10 explains (in it
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summation over the indices &, o is understood).

(&1,a1,1)
—Z - 10
PoGan 2i v h (€2ra2.1) (10)
N (1,01,1) ko (&1,01,1)
k_h P h
Ept1-- 5k( Co2) 2}; hZ:
(2,02,1) 7P (&2.00.1)

where the righ hand side (r.h.s. ) is ontained by in-
tegrating (to second order in A) the exponential of the
expression in (T9), using (EI3).

Since the convergence of (Z.10) and (ZIT)) should imply
convergence of both sides of the equation in Fig. 10 for
fixed k,p, k > p one finds after a brief calculation that

N
1
= (Lplpir- &k — Epyr . Exly)-
2l =~ (7.12)
kit e En1EF (Exn(VA), Exn (V1))

should admit a limit as N — co. A simpl way to enforce
such property is, of course, to require that for all p < k
Epgp_H .. 5k = 5p+1 .. .gkﬁk. (713)
This leads to the conclusion that one would like £, to be
defined so that (ZI3) holds. Then, proceeding heuristi-
cally, note that the limits of (ZIIl) as N — oo exist for
all fixed k if they exist for just one k, as the above ar-
gument implies. One can thus determine V5, and £ by
imposing the existence of the limit as N — oo for k = —1
and, at the same time, imposing that LLj make (ZI0)
convergent as N — oo.
For instance one can require that

(&o...ENVa,N) (7.14)

Q,Z

L 1& .. En1EF (5>h(vl),5>h(vl))(<p<*1>) =0

To continue in great generality suppose that there is
a way of defining the operation Ly verifying (T.I3) and
([I4) and making (I0) convergent: its existence, or
nonexistence, will turn out to be a very easy question in
the concrete nodels that we shall examine. Once such
a sequence of operations L is found one can produce a
new sequence with the same property by setting

LLF =L F + Zt: [ > T m)am]-

a=1 |m|=2

« <k <k
/v;(c "N, 00,

(7.15)

where the coefficients I(®) (m) are arbitrarily chosen: note
that £ verifies (LI3) if L) does, because of ([.2).
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The remarkable and interesting fact to be pointed out
is that if the initial interaction V is changed to V = V; +
V2 N there are very simple graphical rules that allow one
to compute the effective interaction generated by V =
Vi + Vo n to any order in terms of new types of trees
that we call partially dressed trees.

The idea of defining such trees comes from com-
puting Vo n defined by equation (ZI4) regarded as a
(trivial) linear equation for the ¢ coefficients [see (4]

Hy ' = 2 imj=2 1 (m)A™ in Vo (o). Using @Z)
and (TI3) we find that (CI4) becomes

:Z[Zlﬁﬂmxm]/ @ (et 0050y de

a=1 |m|=2

+— Z L&

k& (Esn(V1), Esn(V1)) =

Th>—1

t
P> 1) )Am]/ @i, 0pE) de +
a=1 |m|=2

k
l| Z 1€ En1 &L (Esn(VA), Esn(V1)) + (7.16)
h>_1

N
5 Z Eo Eulrlrst - En1EL (Esn(V1), E5n(1))
h>k

By (CI4)) the second term in the r.h.s. is =&+ - - Ep(Va i ):
this implies, again by ([2]), the following important iden-
tity resting on the definitions above

ngrl e 5]\[‘/2)]\[ = (7.17)
t
= S0 W] [ o)™, 06 de =
a=1 |m|=2

=Vor— = Z L1 En1ElL (Esn(V1),Exn(V1)).

" h>k

The inserting (ZI7) in (Z9) one finds that (Z9) equals

V2k+2'z

h>k

— Li)Ek1 -+ En1&l (Esn(VA), E5n (V1))

(7.18)
The relation (TI8) together with the graphical represen-
tation in Fig. 9 suggests representing (LI8) as

1
k +§Zk

h>k

a1

(11)

where the summation over the &, a indices is understood;
the first graph represents symbolically

[ 6 amam] [

|m|=2

L0p™) (7.19)
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while the second graph represents symbolicaly the second
term in (ZI]). Hence we have the graphical identity

N &1,a1,1)
X T =

k ()
h>k fo.0.1) 12)

h>k
(&a)

where in the r.h.s. two new indices a1, as appear inside
a frame, reminding us that V5 j is naturally defined as a
sum of ¢2 terms indxed by a1, as and the symbols in Fig.

13 allow us to 1dent1fy them (e1,a1,1)

e S

a17a2 h=0
(&2,2,1)

To explain how to compute the higher order effective
potentials generated by V' = Vi + V5 n the identity in Fig.
12 above suggests introducing the notion of decorated
trees dressed to second order.

These are objects constructed from an ordinary tree
with no appended labels: first, one considers all the ver-
tices out of which bifurcate exactly two branches ending
in end points and one either appends a decorating index
R or one encloses the bertex together with the branches
emerging from it into a frame; second, to each framed end
point one appends an index a = 1,...,t; furthermore to
each frame and to each unframed endpoint a pair £ € R?
and o = 1,...,t is appended; finally, all the unframed
vertices v receive a frequency index h,.

For instance Fig. 14 illustrates three trees that can
arise by dressing to second order an unlabeled tree (out
of four possibilities)

Eo- - E(Vag) =

here the labels i = 1,2, ... stand for (&, «;).
Given a partially dressed tree «y, dressed to second or-
der, the V() will be defined so that

=

()

= (7.20)

v faey

o y:k(y)=k

where the rule to compute V() is simply the same as
the one used so far except that the final lines ending in
a frame, of the form

18

(14a)
(& a)

have to be interpreted as representing the contributions
to Va1 described in connection with Fig. 13.

Also the R over a vertex has to be interpreted as saying
that the rule to combine two V;’s in the computation of
the truncated expectations £7(Ex1(V1), E~x (V1)) has to
be modified and produces, instead, the term in square
brackets of (Z18).

The factor n(v) in (C20) is now defined as identical to
the combinatorial factor n(¥) of the tree 7 obtained from
~ by stripping it of all its frames and their contents as
well as of all its o decorations.

The above discussion is rather long but conceptually
simple; however it has the advantage of suggesting the
procedure for the construction of higher order “countert-
erms” and for describing the results of their presence in
the effective potentials.

VIll. COUNTERTERMS, EFFECTIVE INTERACTION
AND RENORMALIZATION IN A GRAPHICAL
REPRESENTATION (ARBITRARY ORDER)

The discussion of the preceding section can be nat-
urally extended to provide an algorithm to build V3 n,
Van, ..., 1.e. the formal series (T.I)).

Again if the reader finds the discussion below too ab-
stract for a first readinbg he can compare the abstract
steps described here with the corresposnding ones worked
out in Sec. [XVIII for the ¢* model.

The basic objects are the dressed trees and the trees
dressed to order p.

A tree dressed to order p will be an object obtained by
considering a tree with no labels appended on it and

(1) To each end point append an index « € (1,...,1).

(2) To each vertex different from the root and of or-
der < p (i.e. followed eventually, though not necessarily
immediately, by < p end points) append an index R or,
alternatively enclose it in a “frame” together with the
part of the tree following it, excluding the preceding ver-
tices (our convention is that the trees are oriented from
the root towards the end points).

(3) Append to each frame an index « € (1,...,1).

(4) Append to each outer frame (note that, in fact,
same frames may be inside others) and to each “un
framed” end point an index ¢ € R?.

(5) Append to the unframed vertices a frequency index,
increasing along the tree.

Fig. 15 provides a few examples of partial dressing of
an unlabeled tree
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where the first is a tree dressed to order 4 (it would be 6 if
an extra label R was added on the vertex with frequency
h), the second to order 3, the third to order 6. The above
notion is a natural extension to p > 3 of the p = 2 case
met in Sec. [VTIl

To each partially dressed tree v one associates a func-
tion V() so that

Z V()
i P0)
~ dressed to order p

vk = /ng

would be the effective potential for ¢(=¥) obtained start-
ing from Vi +Von + ...+ V, .

The definition of V3 p, ... is inductive and so built that
the last statement holds. Having already constructed
Va,n in Sec. [VIIl one has to explain how V11 n is ob-
taiend from Vi,V n,...,Vp N so that (1) holds once
V(v) is apppropriately defined.

Call 7 a shape of a degree two tree

ai
k i

Q
and call LZO) the sequence of operati%ns introduced in
Sec. [VII and called there simply L.

In general one looks for a sequence L,(CU) of operations
indexed by the shapes o of the trees dressed up to order
p equal to the degree of o minus 1 (a shape of a tree
dressed to order p is the tree obtained by stripping v of
all the frequency labels and of all the ¢ labels, leaving
only the frames, the R labels and the « labels.

The operation L,(CU) will be subject to the following
requirements (see Sec. [VII]).

(i) E,(f) acts on certain functions of the field p(<*) and
has range in the interaction space Z. Also if F' is in the
domain of E,(f) then ;41 ... &L F is in the domain of E,(f)
for ¢ < k.

(ii) The following extension of (L.I3]) holds:

L & = &L (8.2)
To evaluate the function V() associated with a partially
dressed tree one will have to interpret a branch of the tree
emerging from a vertex with frequency label k£ and ending
in a frame containing a shape o and carrying frame labels
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&, a [see conditions (3) and (4) above] as representing a
function which,if integrated over &, is in Zy. For instance

(16)
encloses a shape o
°= k O3
4
5
and counts in the evaluation of V(v) as
o o (0), (Zk <k
100 (k) A7 o (o=, 0p =), (8.3)

where lg\(,l)g(k) are certain coefficients, that we shall call

form factors of the shape o, to be defined later and
Ao) % [T )* with the product ranging over the indices
appended to the end points of o (in Fig. 16 they are
a1, 02,04, 015).

In other words, once the coefficients in ([8.3)) are defined
and the meaning of R is specified, the meaning of V' (v) is
essentially the same as would be attributed to a decorated
tree (with decorations which are more complicated as
they can be framed shapes of trees).

For uniformity of notations it is convenient, in this
section, to consider the unframed end points of a partially
dressed tree as framed end points containg the “trvial

shape”, ie
—_— _6 ) (17)
k <§,oc_> k &0

In this way a partially dressed tree v can be regarded as
always ending in endframes containing tree shapes; the
name “end point” will be reserved for the end points of
the tree obtained from « by deleting all the frames.

The meaning of the R superscripts, as well as the con-

struction of the coefficients lg\?zj(k) and of the countert-

erms Vj, n is described in terms of the operations L,(CU).

Let v be a tree dressed to order p+ 1 and with degree
p+ 1. Suppose that its first nontrivial vertex vy carries
a superscript R and is the origin of an s—fold bifurcation
into s dressed trees; suppose that the frequency index of
vg is h; the situation is described in Fig. 18:

(18)

Then if o is the shape of v one interprets Fig. 18 as

representing



8. Counterterms, renormalization to arbitrary order

V(Y) =Ei1 - Ener - (1= L):
. SZ(V(’Yl)v Tt V(Ws))

where E;lg) has to be defined so that it verifies the re-
quirements (i) and (ii) above and so that the summation
of [B) over all trees v with the same shape o and root
frequency k is ultraviolet finite (i.e. it has a limit whne
N — oo if ¢(=F) is smooth).

In the present general context one cannot discuss the
existence or nonexistence of such Lgf), although in each
model considered in the following sections this will be a
very easy problem; here, tocontinue, asume that at least
one such ﬁgf) exists. Of course as already remarked the

ﬁgf) operation , which basically isolates the “divergent”
part of (84), will not be uniquely determined, if existing
at all.

This completes the definition of the meaning of the
R superscripts and the next step is to define the coeffi-
cients Iy (k) in (83). This will be done via the following
prescription. Consider the tree shape o of degree p 4+ 1
dressed to order p and enclosed in a frame attached at
frequency k:

and assume that o bifurcates at its first framed vertex vg
into s completely dressed shapes 71,...,7s: a completely
dressed tree is one dressed at least to an order equal to
its degree.

As said above, the framed shape in Fig. 19 represents
a function of the field o(=F) of the form (83): to define
it we follow, in a natural sense, the procedure of the
preceding section, as described below.

Delete the outer frame enclosing o and insert frequency
indices at all the unframed vertices of o as well as pairs
&, « at all the new external outer frames (formerly inter-
nal only to the outer frame and to no others); the root of
o is given the frequency —1 and the indices &, o attached
to the deleted frame are also deleted (compare Fig. 20
below with Fig. 18):

V1
463

(20)

3

(no superscript, R or other,can be ab(s)ve vy because o was

supposed dressed only to order p and of degree p + 1).
Since one is supposing inductively that V(y1),...,

V(vs) are already defined (being trees of degree < p),

one can evaluate the tree in Fig. 20 by giving the usual

interpretation of truncated expectation to the vertex vg
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which carries no superscript R. Then one can define the
coefficients Iy (k) in (B3) in terms of the value of the
tree in Fig. 20 (see also Fig. 18) by setting:

t
> [N ) e =
a=1

k
LD IPSTor-ACRE N
hUOZO

V) V)

where the second sum runs over the frequency assign-
ments to the unframed vertices (if any) of the tree 7.
Finally, again in analogy with the second order case,
the counterterms V, y of order p will be sums of contri-
butions Vj, n,, coming from tree shapes o of degree p

t
Vv = / A7 3T (V) o (N, 0N de (8.6)
a=1

where A7 has the meaning described after (83).

Proceeding exactly as in Sec. [VII one proves that by
using the above rules to interpret Fig. 18 and 19 one
determines, via ([81]), the effective potential correspond-
ing to Vi + Vo.n + -+ 4+ Vv simply by interpreting a
partially dressed tree of arbitrary degree as computed by
using the above rules starting from the highest vetices
and interpreting a lower vertex with no R superscripts
as simply representing the truncated expectations of the
functionals defined by the s—ple of trees branching out of
the vertex.

The proof is, once more, by induction and is left to
the reader with the warning that the definitions above
have been conceived with the aim of making possible this
inductive proof.

It remains to define E;CU) in a concrete way in each
model (if possible).

As already remarked, the ambiguity in the coefficients
of the counterterms [and therefore in the definition of the

operations E,(f) of identification of the divergent parts]
has its deep origin in the trivial fact that if

A=X+LWA) (8.7)
and L is analytic near the origin with a second order
zero, then inserting (87 into (ZI) and rearrangin that
formal power series in A into a formal power series in A’
one necessarily obtains another power series which will
enjoy the same proerties as the former one as far as the
stability as N — oo is concerned.

The situation is very much reminiscent of the stae of
perturbation theory in classical mechanics where there
are formalpower series, for various objects, which are am-
biguously defined for trivial reaons and even “divergent”
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and which can be “renormalized” by suitable prescrip-
tions, (Gallavotti, [1983a)?

An interaction Z for which the operations E,(f) can be
taken identically zero for trees with, for some pg > 1,
more than py end points, disregarding the frames, will
be called super-renormalizable and sometimes we call bare
degree the number of endpoints in a tree once the frames
are deleted.

The basic idea of the above construction of the coutert-
erms is from (Zimmermanr, 1969), where the notion of
“forest”, here called “tree”, is introduced; however here
the notion of tree is independent of the notion of Feyn-
man graph, not yet introduced, while in the literature the
forests are always asociated with given Feynman graphs.
It seems conceptually sinplifying and practically advanta-
geous to be able to introduce the notion of forest without
any reference to Feynman graphs.

That perturbation theory can be perhaps done in a
neater way by avoiding as much as possible the use
of Feynman graphs has been clearly pointed put in
(Polchinskii, 11984), who presents a method quite sim-
ilar to the one introduced here to deal with perturba-
tion theory by using multiscale properties and effective
potentials working in momentum space (here configura-
tion space is used instead). The method outlined here
has been used in various super-renormalizable cases al-
ready in (Benfatto et all,[1978,[1980a/b; |Gallavotti, 1978,
1979at). In the latter papers, however, the super-
renormalizability masks the power of the method [which
becomes clearer in (Benfatto et all, 1978, [1980a; INicolo,
1983), even though the theories treated are still super-
renormalizable].

IX. RESUMMATIONS, FORM FACTORS AND BETA
FUNCTION

Before starting the “real work”, i.e. the analysis of
concrete models, there are still quite a few remarkable
abstract considerations that can be made.

If an interaction Z is super-renormalizable, the renor-
malization leads only to a slightly more complex struc-
ture of the trees (which have to be dressed up to a finite
order pg if the subtraction operations are chosen to be
zero when the degree of the trees is larger than the con-
vergence “treshold” po—see Sec. [VIII)) and there is little
to discuss about them.

But if Z is only renormalizable or even if it is super-
renormalizable and yet one chooses to define ﬁ;ﬂa) to be
non zero for o’s of large degree, i.e. if one “oversub-
tracts”, thwe graphical representation of V() is enor-
mously more complex and one wishes to simplify it as

2 Although the main result of this reference has been previously
obtained in (Rissmann, 1967) the connection with renormaliza-
tion theory is somewhat new and relevant as a reference here.
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much as possible by collecting together as many terms a
s possible without losing control of what may be going
on.

The trouble is that one would naturally like to collect
togheter infinitely many trees but, as will become clear,
there are no chances that the resulting series will converge
in a naive sense. Nevertheless it is possible to devise a
simple “summation rule” permitting us to give a meaning
to important resummations.

A concrete example on the abstract and general dis-
cussion below is in Sec. [XX| where the reader who finds
too abstract, on first reading, the contents of this section
can see the same ideas worked out concretely in the case
of p*.

The idea leading to such developments can be best
illustrated via an example in which it is even mathe-
matically rigorous: the well known resummation of the
leading divergences—see ('t Hooftl, 1974, [1982ab, 1983,
1984; [Landau, 11955; [Landau and Pomeranchucki, 11955;
Rivasseau, 1985).

One defines a pruning operation on the dressed trees,
consisting in isolating the final bifurcation of a tree -y
which have the form of Fig. 21, called a “most divergent
branch” or a “most divergent end—frame” (for reasons
that will become clear later)..

The pruning will first delete the
frames” as Fig. 21 shows

“most divergent end-

> o (21

but this will not be all, because after the deletion of
the most divergent end-frames of v new most divergent
frames may appear in what is left of v: then the pruning
will be pursued until no most divergent branches are left.
This defines a pruning mapping 7 : v — 7. The idea
is then to define, if v is a tree with no most divergent
branches (i.e. 7y =),

VR = Y v (9.1)

v Ty =Y

In @) the sum runs over infinitely many trees (even if
the ultraviolet cut—off N is finite). For instance

[09 R% A % RO (22)
Y=k o - =g
ey

go

However the result of the resummation in (9.1J), if conver-
gent in any sense, cannot lead to anything other than the
conclusion that V(y) is evaluated by “slightly modify-
ing” the rules to build V'(v): this follows from remarking
that the sum (O.I)) leads to a change in the meaning of the
lines reaching the end points with index &, « of a pruned
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tree 7 (i.e. a tree such that 7y = 7) and representing,
according to the set rules, the function

)\(O‘)v(a)(goésk),&pégk)).

(9.2)

The modification is explained as follows. Consider a tree
~ which is pruned: 7y = 7. Then all trees 4" with 77/ = v
are obtained from - simply by considering each end point
of v with index « and growing on it a tree of arbitrary size
with simple bifurcations in two branches at each vertex
and then drawing a frame around every vertex, as in Fig.

23
g (23)
o ta

attributing to each frame indices ;.

An end point of v can be either “framed”, bearing an
index a (and no index ¢), or it can be “free”, bearing
a pair of indices (£, a), in Fig. 24 end point of different
type are marked on an example of a pruned tree:

o
R
R B\ &0 (24)
O3
k P Oly
€ 5.05

they can be, say, the end points with labels a; or &5, as.

Consider first the case of an end point which is free
and attached to a vertex v of frequency index p (by a
branch).

We shall now assume, throughout this section and in
the sections following Sec. [XVIl (where applications of
the following considerations are presented), that for a
general o (not necessarily a most divergent one) the op-

erations ﬁ;ﬂa) depend only on what remains of o after
deleting all the frames that it may contain as well as
their contents. This property is very convenient and nat-
ural, but it has not been assumed since the beginning in
order to develop a flexible enough formalism to permit
us to study simoultaneously super-renormalizable as well
as just renormalizble cases.

A frame with index « attached to a vertex of frequency
p and enclosing a shape o (whether most divergent, as of
interest here, or not) represents, by the general theory of

Sec. [VIII [see (BH)], the function

o a « < <
XU vl (o=, 0 =P). (9:3)

Hence it appears that by summing over all the v/, with
79" =~ and obtained by adding to each free vertex of v
any framed most—divegent shape o just means interpret-
ing the end branches which are like ,.

as meaning
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orla «@ < < def
(ST ()] o (5, =)
- (9.4)

def |\ (o o
=A@ (p) ”z() )(wéﬁp),&pégp))

where the sum runs over all shapes o that can be attached
to the end point and are most divergent.

Similarly consider a framed end point of v with some
index « (like the end point with index ay in Fig. 24).
In this case the addition of a most divergent tree shape
enclosed in a frame and attached to the considered end
point just modifies the meaning of the frames of ~y as fol-
lows. Recall that the form factor A%y z(p) correspond-
ing to a framed shape 7 is evaluated (see Sec. [VIII|
Fig. 19) recursively by, eventually, reducing oneself to
the evaluation of the function representing the simple
trees 4 ¢,a corresponding to the end points

of 7 (once, in the evaluation process, they become un-

framed) and having the meaning of /\(O‘)véa). If to each
end point of 7 is added a most divergent framed shape o
and one performs the summation over all possible such
o’s it is clear that one simply gets the same result that
would be obtained by interpreting , ¢, as

meaning again (@) (with coefficient A(®)(q)).

In other words one may consider, in computing the
effective potentials, only the trees v such that v = 7y
provided one interprets the end points of v attached to
a vertex with frequency index p as having the mean-
ing ([@4): the meaning has to be kept, for consistency,
even when the endpoints of 7 are inside frames (as in
Fig. 24). This means that when one computes the
form factors for the framed parts of v and, in doing
so, eventually reduces oneself to the case of the tree
p—— ¢ One interprets it as meaning (@.4)) in-

() (=P 9pl=P),

stead of simply Ay ©¢

If we give to the end points of a tree v = 77y the new
interpretation and if we represent this graphically by us-
ing “heavy dots” at the end points of ~ it is clear from
the above discussion that the form factors A(®) (k) satisfy
the graphical relation of Fig. 25,

——h

where the left-hand side (Lh.s. ) can be taken as a sym—
bolic representation of (Iﬂl) and where in the r.h.s. | i
each term, a summation over the indices o is under—
stood.

The equation represented in Fig. 25 can be written,
pictorially

e = —  + (26)
&.a
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which is actually a simple recursive relation for the form
factors A(k):: its iterative solution leads to expressing
A(k) as a power series in A. The latter power series, once
substituted in the V() defined, as explained above, by
interpreting the end points of |g as bearing a heavy dot
and with the meaning that in the evaluation of VI(y)
a line 4 ¢« has to be interpreted as in (9.4),

yields the representation

n(v)

where the sum runs over the trees v = 77 (i.e. over the
pruned trees) only.

On the other hand it might happen that the relation
in Fig. 26, regarded as an equation for the form factors
admits true solutions, not just formal solutions in the
form of power series generated by iterating it: then one
can use this solution to define the summation rule that
the sum (@) is “by definition” the expression VF(v)
computed with the same rules as V() but restricted to
trees v = 77 and interpreting the end points as bearing
heavy dots, which means that they must be interpreted
as in the r.h.s. of ([@4), with A(k) defined by the given
solution of the equation represented by Fig. 26.

In other words the equation in Fig. 26 has two different
well defined possible uses. One is to generate by iteration
the various terms graphically represented in Fig. 25 [i.e.
the formal power series for the form factors A(k) in (@4))].
The second is to provide a nonperturbative meaning to
the sum of the series, in Fig. 25, for the form factors, i.e.
a summation rule for the most divergent graphs. The
first use is also quite interesting, being equivalent to the
direct definition of the various trees in Fig. 25 described
in Sec. [VIITE this is a conceptually simpler way to build
the coefficients A(*)(k), although (as a consequence of
the principle of conservation of difficulties) this does not
really save any work if one wishes to perform a real cal-
culation (the point being, as explicitly illustrated in the
models considered later, that Fig. 26 can be converted
into an analytic equation only at the price of doing all
the calculations necessary to evaluate the trees in Fig.
25, i.e. the formal power series for the form factors).

Following the rules of Secs. [VIIl and [VIIIl for the eval-
uation of the coefficients of the element of 7, associated
with a frame (see Fig. 19), one gets for 0 < k < N

k t
N =X £ 3 S B A WA ()
h=0 a1,a2=1

(9.6)
where BSh, (R)A@) (R)A@2)(h) is the coefficient of the
-1)

integral fA v(fl)(sﬁé_l),asﬁé ) d§ in
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1 [ oo
- 5/,c£1>dgdn50-~-5h,1~

a <h <h @ <h <h
& (0 @, 00, 0 (o, 09

(9.7)

The factor % comes from the combinatorial factor associ-
ated with the tree shape o9 = . The coefficients
B are manifestly N independent.

To proceed any further one needs explicit expressions
for the B’s: the ideal situation arises when the B’s have
a structure allowing one to conclude that, possibly ad-

justing the initial values A\(*)(N) there is a solution to

(@8) such that

L U () —

k—o0

(9.8)

where v(a) is some dimension (in the concrete models
treated later v(a) is naturally suggested as one shall ex-
pect that the form factors have a k dependence which
goes exponentially at a rate characteristic of each form
factor and, usually,the order-by-order behavior of the
perturbative coefficients of the form factors is estimated
to be much worse than the a priori guessed exponential).

When this is the case, and this depends upon the in-
teraction Z, the above simple resummation can produce
a great gain in the expressions of V() and in their es-
timates because it may introduce a damping in the con-
tributions from trees having in them bifurcations at too
high frequencies. Furthermore such damping results as
a consequence of summing, by a well defined summation
rule, a series which might be divergent (as in fact it hap-
pens in the simplest application that we shall describe
here).

The above method to build resummation rules can be
extended to cover more complicated sets of trees by mod-
ifying the pruning operation. The latter can be extended
by prescribing the pruning of a given set of shapes; for
instance one can prune all the framed end branches like

In this case the equation in Fig. 26 is modified into

R ' + @ (28)
k ta Kk ta Kk g k go

where a sum over the o;’s is understood in each term.
Or if one prunes out also the end branches like

R _e%
) (29)

03

then the equation in Fig. 28 is replaced by
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(30)
k g,m k &m k

In the case of equations in Fig. (28) or (30) the Eq.
(@5 is replaced by a similar one in wh1ch the r.h.s. also
contains cubic terms; their coefficients are still N depen-
dent. However the N dependence is implicit through the
fact that the frequencies are bound to vary between 0 and
N. It should also be clear that, if the cut-off is N, only
trees with at most N 41 vertices between any two succes-
sive frames are possible (and therefore can be considered
in the resummations; for instance the resummation in
Fig. 30 makes sense only if N > 1, while the other two
are meningful even for N = 0). The N dependence of the
B’s will not be explicitly marked except when necessary
in Secs. XX] andXXTIl

The ultimate resummation can be associated with the
“total pruning” operation whereby all frames are pruned
and oine is left just with dressed trees without frames in
the formula corresponding to ([@.1)). The graphical repre-
sentation of the latter resummation is

al possible framed dressed
trees of any order and
+ with heavy dots on the (31)
end points and no inner
o0 frames

where again summations over «; are understood. The
equation in Fig. 31 becomes, explicitly, for k < N,

A (k) =A@ 4 Zk: i ZN:

h=0n=2 h;>h

) - A(O‘l)(hl) e

(9.9)

. (i, By, A (h, )

where the coefficients B must be computed according to
the rules of Secs [VIIIIsee Fig. 19—and are expressed
as sums of the coefficients of

Al Ly /v@l)(@é*l), ol My (9.10)

in £L_1V(=1Y(g)/n(c), o being one of the trees with  end
points in Fig. 31 deprived of the first frame and bear-
ing no R superscript on the first vertex vy and with fre-
quencies hi,...,h, appeded to the vertices out of which
emerge the r end branches of o.

By the assumption of renormalizability and of exis-
tence of the operations Ly it follows that the coefficients
in Eq. ([@3) will be such that if the form factors A(*¢) (h;)
are replaced by constants A(**) then the summation at r
fized converges uniformly in N.

The problem is that, as it will appear in the concrete
case of p? theory, the sum over r is not well controlled.

Introduce the functionals By, B acting on the space of
sequences A of functions A(*) (k) and defined formally as
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N
(BN DK = D> BE) 4, (B hn)
oy ian
A (hy) .o A@n)(py)
and
(BN W (k)= > B o (hihi,. hn)
hi>h
QY yeens an
A (hyy @) (py) (9.11)
and rewrite (@) as
A(k) = X+ (BaA)(R), 0<k<N (9.12)

The difference with the preceding resummation sche-
mes is that the r.h.s. of ([@.I2)) does not really make sense
other than as a formal power series in A(*) (k) because, as
mentionel above, there is no control over the sums over
r in (OII) or (OII).

Therefore already very interesting use of (9.12) is that
it can produce, by a formal solution by iteration, a well
defined power series in A leading to a a formal power se-
ries expresssion of the form factors associated with the
resummation. Furthermore as N — oo the coefficients of
a given order in such power series for the form factors so-
lution of @1 converge to the corresponding coefficients
of the formal power series obtained by iterating

A(k)

The result of the above iscussion is quite nontrivial:

through the knowledge of all the coefficients B (h;h)
one can compute the form factors A(k) to any desired
order in the renormalized couplins A and then reduce
the computation of V(*¥) to the computation of V(v) for
all “trivially dressed trees”, i.e. for the trees with only R
supercripts on the vertices and no frames at all, provided
their end points are interpreted as meaning the r.h.s. of
@4) with A(k) being now a form factor defined by (@12
to any order of perturbation expansion.

In other words the knowledge of the coeflicients in Eqs.
@12) and [@I3) allows one to reduce the calculation of
V() essentially to the same calculations that would be
necessary in absence of renormalization. The economy
of thought gained in using this approach in computing
pertubation theory coefficients is obvious. However it is
worth stressing that, as already remarked, in prctice the
calculation of the B coeeflicients is exactly equivalent to
the evaluation of the trees with frames (i.e. to renor-
malization); it is perhaps better to regard Eqs. (@I2)
and (@I3) as a convenient way to organize perturbative
calculations by separating the “true calculations” (cor-
responding to the trees without frames) from the form
factors calculations.

=X+ (BA) (k). (9.13)
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Unfortunately, unlike the simple cases of the “moder-
ate” resummations described by Fig. (26),(28) or (30)
or, more generally, involving a finite number of “pruned
shapes”, no rigorous use of (@0.12)) and (@.I3) can be made
to prescribe resummation rules because no information is
vailable on the nonperturbative meaning to be attached
to the r.h.s. of (@I2) and [@I3)): one can only say that
if on the r.h.s. the second order “dominates” then A(k)
should behave for & — oo in the same way as the A(k)
that would be obtained from the most divergent resum-
mations [i.e. from (@.6)], justifying the name given to
them.

Many triviality arguments for ¢* are based on this
assumption (domination of the most divergent graphs),
and this point will be discussed in more detail in Secs.
XIXIXX] and XXTII

It is customary to write ([@12) and (@I3) as difference
equations obtained by “writing them for k£ and k+ 1 and
subtracting”

A(k) = X(k+ 1)+ (ByA) (k)
(k) = Ak 4+ 1) + (BA)(k)

where A(—1) = A, and

(BN@E) =" > Bkt 1k, k)

A (hy) A (hy) (9.15)

while By is defined in the same way but only for k+1 <
N and with the sum over the h;’s subject to the con-
straint N > h; > k + 1, furthermore the coefficients

_____ .., hy) are replaced by N-dependent
coefficients B (k+1;hq,...

Niaq,...,ar
to B&Of?,,,7w (k+1;h1,..., hy). The operator B is basically
the beta function [see (Callan, 11970, [1976; [Symanzik,
1970, 11973)] which therefore can be used to simplify con-
ceptually the perturbation theory in the sense explained
above.

Usually Egs. ([@I4]) acquire a more homogeneous form
if written for other form factors trivially related to the
ones just discussed by

, oy )which converge

def

)\(a)(k) ,_Yu(a)k/\;;l)

(9.16)
where v(a) is a suitable dimension (this will be discussed
in detail in the treatment of the concrete ¢}-model)

To conclude this section it is useful to point out that
the constants A(k) verifying the first of ([@I4]) can be
naturally called effective couling constants at frequeny "
because they represent the trivialtrees g ¢ o

in the same sense in which the renormalized couplings
represent the trivial trees ,— ¢ ,.
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By definition it is true that A(N) is precisely the bare
coupling () and they are formal power series in the
renormalized couplings A(N) = Ay (X). Note that it is
the formal power series (for K = N) generated by the
recursive solution of the first of (@.I4]) starting from the
zero-th order approximation A(k) = A.

It is convenient to label the formal power series so-
lution of(@I2) and (@I3) [or @I4)] by the symbols
A(k; N), k < N or, respectively, A(k;o00). The bare cou-
plings are, in this notation A(N; N) and they should not
be confused with A(IV; 00); note also that while A(k; 00)
can be (as it will be in the cases treated later) regu-
larization independent, the form factors A(k; N) may be
strongly dependent on the regularization used.

The latter statement requires some more detailed ex-
planations , since the use of a different regularization
seems to yield results which just are not comparable with
the ones coming from another regularization. There-
fore to illustrate the above statement it is convenient
to “compare” the results of the Pauli-Villars regular-
ization at a given order n and the corresponding re-
sults for a radically different regularization, e.g. the lat-
tice regularization (see Secs [lII)). The comparison of the
two approaches can be made by thinking that the lat-
tice free fields are also decomposed into a sum of in-
dependent fields associated with a hierarchy of scales
%, k=0,1,... via the identities ([3.4) of order n by set-
ting e(p) = 2 Zle (1—cosap; ) /a® rather than £(p) = p?.

Then one proceeds, exactly as in the Pauli—Villars case,
to study the effective potentials for the fields ¢(=F). Their
effective potentials will be described by Eq. ([@.I3) with
the B coefficients depending on the cut—off a (here N =
oo from the beginning, because one does not need N < oo
for regularization purposes when one is assuming a > 0):
such coefficients converge to the coefficients in (O.14]) as
a — 0 term by term, but for a > 0 they depend on a
and for large r [see (@I1])] their dependence on a itself is
strong.

It is even conceivable that A(k;o00) could be defined
as a nonperturbative solution of ([@I4)) or ((@I3)] while
A(k; N) could admit interesting nonperturbative solu-
tions only for suitably chosen regularizations [because the
terms of ([@.12)) are regularization dependent in the sense
above, while those of (@I3) are not]. This question will
be discussed in more detail in Sec. XXTIl

X. SCHWINGER FUNCTIONS AND EFFECTIVE
POTENTIALS

If f is a smooth test function consider the expec-
tation FF;,; with respect to the interaction measure

V=TI P(dpV)) and let € &1 --- & and
©o(f) = [ e f(€) dE. Then the following formal chain of
identities establishes an example of a relation between
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effective potentials and Schwinger functions

def oP
S(f:0) = ERue()ip) = 555 log Eme (™ D),

= X R )
ki,....k

S D> e

q= 1 myp,..., mqg>1 k1< <k
mq+.. +7nq P

Ent (@), B (. omg)
Glap(kl)Jr...Jqu«p(kq) 14
= Z* o log £20 (6 ‘ )
69?1..6‘;”q E>o(eY) 0;=0
. * opP
=2 007 ... 90"
& .. &k, ( 01050 (F)+...4+040%0) ()] gV (W)
log
Ey... 5kq (ev(kq)) 0:=0
* 1
=>. > 5 (10.1)
s=0

. So(kq)(f)7 V(kq);mlu L 7mq7 8)
where Y° denotes the three summations in the third line
together with the combinatorial factor following them.

In some sense the key step in (I0.) is the identity
preceding the last where V' is replaced by the effective
potential.

The functions S(f;p) are called the truncated Schwin-
ger functions of order p for the interacting measure: they
are trivially related to the nontruncated Schwinger func-
tions of Sec. [Vl The relevance of ([I0.]) is to show that
the Schwinger functions can be expressed in terms of the
effective potentials [and as it can be seen from (0]
viceversa, at least formally].

Even though (I0) might a priori present convergence
problems it will be possible to check that, in fact, the
r.h.s. of the series (I0J]) will converge order by order
in the perturbation series in powers of the renormalized
coupling constants A: this will be so provided conver-
gence problems do not arise already in the perturbative
definitions of the effective potentials themselves and it
will be so in various cases which will be encountered in
this paper (more precisely in the polynomial theories).

Sometimes one wishes to study more complex “observ-
ables” like

o(f) = /A cosape : F(€)de (10.2)

through their average values, and the average values of
their powers, with respect to the interaction measure.

A way to analyze such quantities via the effective po-
tential technique, which in particular can also be ap-
plied to the Schwinger functions, is to add p(f) to the
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interaction potential and to try to show that if V =
Vi+Von + Van + ... yields a well defined ultraviolet
stable effective potential so does ¢(f) + V.

Examples of how this could be done are provided by
the theory of the sine-Gordon interaction.

However for reasons of space I shall not dedicate much
time to questions of the above type.

It is worth stressing that the convergence of the
Schwinger functions of a theory with cut-off NV to their
limit values as N — oo needs not be pointwise but it
might take place in the sense of distributions or worse,
at least if one does not express the results in terms of
S(f;p), i.e. of smoothed expressions involving the trun-
cated averages, but rather in terms of the non smoothed
Schwinger functions

g;t(@ﬁla-'-a(pEp;lv'-'al) (103)

It is probably important to avoid putting any specific
convergence requirements on how the expectations (10.3)
should approach their limits as N — oo; in absence of
physical reasons to prefer one type of convergence to
other types one should leave this question aside, allow-
ing for any type of convergence which will a posterior:
be subject to only one constraint, namely that of leading
to a probability measure P;,; on the space of fields in a
sense suitable to infer the existence of, say, a Wightman
field.

XI. 11,THE COSINE INTERACTION MODEL IN TWO
DIMENSIONS, PERTURBATION THEORY AND
MULTIPOLE EXPANSION

The ideas and methods of the preceding sections can
now be applied to the actual theory of the simplest fields.
If p(sN) = Ejvz_l ©U) denotes a regularized free field as
defined in Sec. [l via a first order Pauli-Villars regular-
ization [see (B3) and (B.7)] consider the interaction Zy:

(11.1)

E/I\[V+/\:

where o > 0 is, here, a real positive number and A, v are
reals: this will be called the “cosine interaction” or the
“massive sine-Gordon interaction” with “open boundary
conditions:. The latter specification refers to the fact that
in Secs. [XIHXV] the field ¢*) will be supposed to have

—(k
covariance given by C ® in B (“nonperiodic boundary
conditions”) and not by its periodized version denoted,
in B7), by C*). Nevertheless, to avoid complicating the

notations we shall denote simply by C'®) and not by U(k)
the covariance of ¢(®) | since there will be no possibility

of confusion in Secs. XIHXV]
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It will turn out that the interaction Z in (IT.T]) is renor-
malizable (actually trivially superrenormalizable, in the
sense defined at the end of Sec. [VIII for o? < 47 and
slightly less trivially also for o € [4r,87)).

By the general theory of Sec. [Vl the effective interac-
tion V(¥ as given by (6.8), will be described in terms of
trees with end points bearing a position index £ and an
index a = 0,41 (not to be confused with the constant
a in (1)) representing respectively the three terms in
the intermediate expression in (IT]). Since a = 0 repre-
sents a constant and trees represent truncated expecta-
tions the index o = 0 can only appear in the trivial tree
kb ¢o0- The indexes o = £1 will be denoted

o and they will be called charges indices.

Using the cluster interpretation of trees (see Fig. 7)
one can interpret each vertex v of a tree as a cluster and
define the charge Q, of a tree as the sum of the indices o
associated with the end points in the cluster defined by
.

Given a tree 7y let v be one of its vertices with frequency
label h, which, if thought of as a cluster, contains the end
points labels &;,,...,&;, with charge indices oj,,...,0j.:
then we set

(<h dfz o <h)
n ] 3
de;f Zajnv

When v = r = (root of the tree 7) the ¢,,Q, will also
be denoted ¢() and Q(v). Given any h > —1 it makes
sense, naturally, to consider the fields 305, h) and 905,’”.
To find the rules for the computation of V() one pro-
ceeds empirically trying to find an appropriate ansatz.
After a while, as reasonable ansatz, emerges that the

contribution to the effective potential of the tree ~y is

cluster field
(11.2)

cluster charge

V(y) :etev® .

where V(7) is a suitable function of the tree 7.
Let 71,...,7s be s subtrees with root vy equal to the

first nontrivial vertex of v branching out of vg in |g: sym-

bolically this is represented in Fig. 32 where k = h, =

(frequency of the root of v) and h = hy,:

Y1

(11.3)

Ts
Then combining (IT3]) with the general recursion re-
lation (6.4) one finds the following relation between the
various coefficients V(7):

V() =V(n)--
SEF(: eio® =" () ey

V(vs) Egr - En1

114
pto =" (7:) ), ( )
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which, by the rules on Wick monomials [see (C.I5) and
(C.16) in Appendix [C] yields for k& < h

. _ BN | RIS e GOl
V(’V) :V(Vl) T V('VS) ]. Tao(Sk—1) B
s etay () 11.5
Y TIE " - e
TEG* NET

where one should remark that the ratio is ¢ —independent
and G* is the set of simple graphs connecting 71, ..., Vs
(i.e. graphs with no repeated bonds and such that for
any two “objects” 7;,7; there is a path of bonds con-
necting them) regarding 71,...,7s as symbolic objects
determined by the vertices v1,...,vs following vy in 7;
furthermore if A = (y;m~;) we have set

" £ ™ (1) ™ () € ),
ker 4mm = Z Uﬁancé(z)

€7
nev;
h) def def
oMl g, g( (1) () 9= (7)) & L) =
= Z 05077057 (11.6)
€
neEY;

Remark that he two relations in (II.6]) have the inter-
pretation of electrostatic potential between the charged
clusters «y; and +; relative to the electric potential Oﬁ(n)

If we use the definition : ¢i@7%® := ¢z E(¢*) "7 (
Appendix [C) Eq. (ILH) becomes

see

2 (h—1)
o Z1<J C'Yi’Yj .

V() =V(n)Viy)e
Z H —a C(h) ) (117)
TEG* NET
which considered together with
— 1 —
V(y) = 5)\, or V(y)=v (11.8)
for, respectively, j o O pe— ¢0.

provides a recursive definition of V(y) and proves the
ansatz ([T3)). The effective potential has therefore the
form

SR Sl KUK

n=101,...,

Yo (11.9)
VO) | iaetm):
2 n(y) ’
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where the third sum runs over the trees v with n end
points (i.e. of degree n) carrying the end point labe;s
&,01,...,&,, 0, and with root frequency k.

Expression (I1.9) will be called the multipole expan-
sion for the effective interaction on scale y~%. The name
comes from the following simple and interesting argu-
ment.

Consider the quantity Z below nd compute it by ex-
panding the exponential in powers ad using the proper-
ties of the Gaussian integral (see Appendix [C]):

7% /ev(k)(#’(sk))P(dw(Sk)) _

:;/H(V(m(@(_m)) Pla<H) —

(11.10)
00 p
:Z/dale . "dapoHw(Xiyo'i)'
=0 i=1
.670‘2 Ei<j Voo, (Xi,X5)
where
/d,,XEZ > /d§1-~-d§n,
n=001,...,0n
X = (517"'75”)7 o = (017"'70n)7
wX,o)= Y V() (11.11)

n(y)’

degree y=n
o(y)=0c

<k
Voo (X, X)) = Y 000 CLTP
£ex
gex’
ie. Z in (III0) is indeed formally [i.e. modulo con-
vergence problems in (ITI0)], the partition function of
a multipole gas in which the multipole with charges

01,...,0p located in the volume elements d¢; - d€, has
activity
w1,y .., &n; 01, 00)dEr -+ dE = w(X,0)dX

(11.12)

To complete the analysis of perturbation theory for

the cosine interaction one has to show that the theory is

ultraviolet finite. This is indeed the case for o < 47 but

if o > 4r this is so only for o? < 87 and, perhaps, for
a? = 87.This problem is studied in Sec. [XII below.

XIl. ULTRAVIOLET STABILITY FOR COSINE
INTERACTION AND RENORMALIZABILITY FOR
a? < 8w

Let 30(5]“) = 22?271 go(j) be a sample field in which
W) verifies (B15) and (BI6) and let the covariances C'7),

28

j=-1,0,..., N verify 3I9) (jo = 1 in the present case)

being defined by ¥ in BZ0) [see comment following

@L.ID].

To study the ultraviolet stability of the effective po-
tentials V() (©(=F)) one bounds [see (IL3)] the quantity

/Alx---xAn

(12.1)

_\def
M(Alvana’Y): §
v s(v)=7,
k(v)=k;o(y)=0o

|V(7)| 6%a2c'(7s'yk)d§1 . dgn
n(v)

having estimated the Wick—ordered exponentials

. (<k 1.20(Zk) 4 (<K
plae =M (y) . 3?05 LiapEH (y)

by e29°Ci5Y . and the sum runs over all trees with
fixed shape s(]g) = 7 [to avoid confusion the shape is
here denoted s(v) rather than o(y) as in Sec. [VIII],
fixed root frequency index k and fixed charge labels
o = (01,...,0,) for the n end points. Hence the sum
runs over the frequency labels h, that can be assigned
to the nontrivial vertices v > r of the shape 7. Finally
Aq,..., A, are n cubes extracted from a pavement of A
with cubes of side size y~*; we shall denote the latter
pavement by Qp, assuming that the side of A is divisible
by v~*.

Of course one looks for bounds uniform in N and uni-
formly summable over the choices of Ay,..., A, in Q.
In fact this is motivated by the remark that the contri-
bution to V*) from the trees with shape 7 and charges
o cab be written

A17~~-7An

120(ER) 0o (Sk)
ez® a5 P () dé.l - d’}/n

R o)

v:s(V)=7,
k(v)=k;o(y)=0c

(12.2)

so that a bound, valid for all N and all & < N, like

M(As,. . Agi) <m(F) e H 0.
(

(12.3)

where m(%) is a suitable constant depending only on the
shape 7, would be sufficient to show that the effective
potentials are well defined order by order in perturbation
theory, so that they converge to limits as N — oo at
least on subsequences; actually it will be clear that one
could also easily prove plain convergence without need of
subsequences.

The estimate (IZ3]) shows more because it shows that
the effective potential has a strong short range property
on the scale y~* naturally associated with with the fre-
quency k; the short range property is expected to play
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an important role in the infrared stability, but as it will
become clear later, it also plays a role in ultraviolet sta-
bility.

In trying to prove (I23) it is convenient to rewrite the
recursive relation (IT7) as

V) e3a®0E _ oo (c45 0 -0f5),
S 1o20(Sk—1)
: ( Vi(yi)ez® T ) (12.4)
i=1

Z H( s 1), forh<k

TEG* AET
where the relation ), ; C',(,<.¢] V= C',(Y%h_l) is used and
we set C(—1) = 0.

Let v > r be any vertex of v and denote v’ the vertex
of v preceding v; denote =, the subtree of v with root at
v’ and first vertex v; for instance in Fig. 33 ~, is the tree
consisting in all the branches of v that can be reached by
climbing the tree starting from v’ and passing through v:

&0t

(33)

g
n n
Call &,...,&,,01,...,0, the end point labels for the po-

sitions and, respectively, the charges. Eq. (IZ4]) implies
[see below]

V)] el < py - ([ o™ o0

v>r
(H —(a?/2) (Ot =1 - Cif:;“*l))). (12.5)
v>r
(H/\ (/20" ”)
2
=1

where v; is the tree vertex directly connectd to the end
point & and N5, ko > 0 are constants and

d*(X,) = graph distance of the points of

12.
X, modulo the clusters inside v, (12.6)

i.e. d*(X,) is obtained by drawing lines connecting points
in the cluster X, belonging to distinct maximal subclus-
ters of X, (which are the clusters corresponding to the
vertices of v following v immediately, see Fig. 7 for in-
stance) in such a way that any subcluster can be reached
from any other by walking on such lines and possibly
jumping inside the subclusters: then d*(X,)is the mini-
mum of the sum of the lengths of the above lines over all
possible ways of drawing them.
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The exponential factor in (IZ.E) requires an explana-
tion: it arises from a bound on the last product in (I2:4)

and from the exponential decay of O(k) cl®

YrEYFD [see
BI9)] for some x>0
e =) < T atiel) <
AET AET
* (12.7)
H [ 2,0’n2C5) ZAQ*K’Y}"K*M}’
AET &,n

where n, is the number o vertices in X, (n, < n), and
the sum runs over the pairs &, 7 in the subclusters joined
by A, whose number is bounded by n,, < n. Since [—n| is
larger or equal to the minimum distance between the two
sub-clusters, (IZ3) follows, with A5 being a coefficient
depending only on the family of numbers n,, i.e. on the
shape 7 = s(7y) of v only.

To proceed one has to find a reasonable bound on the
first product in (IZE). Let CL] . = denote the same ex-

pression as CS) 5. when all the points in the cluster cor-
responding to v are collapsed in one of them; it is

Ch5. = Ci @

where @), is the charge of the cluste v.
product in (IZH) can be written

(12.8)

Then the first

(Shy—1) _ ~(Shyr =1 oo
[[Teter(es™ M mew™ et
v
1 (<t 1) _ ~(Shy—1)
'[H€2a (st —clEln)
v

la (C(<h1, 1 _o(Sho— 1))}
- e

(12.9)

Yv Vv You Vv

and the term in the last brackets can be bounded by

using (319) and
Z (|C£<h —-1)

&neXs,
<h, —1 <h, —1
g = oY) <

—yE) (yd(X,)) =
hud(Xv))%

where d(X,) is the length of the shortest path connecting
all the points of the cluster X,,. In the last step of (1210
use has been made of (B19) via

<h,—1
~Coo Y1+

<2n3AL(1

ce" -0l < 1S,

YPENPY
1 (12.11)

h
AL (1E—nl)?
p=0

IN
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Hence using the inequality

1
hoy g% hoy
> o Atdt(X,) > o d(X (12.12)

Hint: Eq. (IZI12) does not hold “without the sums”; see
[ q ;
for a similar but deeper inequality|, one finds

<AF) <o

—anh”d*( —|—AZ )z <

and one can bound (IZF) as

(12.13)

Viyle** 757 <
< N2 [ H *EQZQQ (C(<hu 1) C(<h ,— 1))
S N e .
s (12.14)

n
! 1.2 (Shy; —1)]|
LemaRr AT (X } He2o‘ Cee,

i=1

The integral (I2.I]) can now be estimates using (see Ap-
pendix [DI)

/ déo dés - - dp He—%mh”d*(Xu) <
R2X...xXR2 »

< Bn H ’7_2}%(%_1)7

v>r

(12.15)

with s, = number of branches emerging from the vertex
v in v and B,, is some constant.

Using also C{5™ = (h+1)C{) we see that

*i“d(Al »»»»» An).

M(Al,... A '_)<./\/1/€

o2 (0)
ZHe oo ]
h

0
I 7—2m<hv—1>ef§azv<hv—hu/>C§m),

v>r

(12.16)

where the sum runs over the frequency labelings of the
shape 7 such that k(y) = k.

Taking into account the relation between the number
5, of branches emerging from v in v and the number n,
of points in the cluster X, corresponding to v

(12.17)

Z(sv—l):nw—l

v>w

one easily checks, denoting C = C 8) = 2 log :

30
a2
> G~k C—logy Y-
¢ v>r
042
) [Q(hv —k)(sy — 1)+ —C’Qi (hn — hv’)] =
o? o2 (12.18)
=1 = )y — 1)+ ——
ogyg;((% ) )+47r
2
a” 2
- By — By
47TQU) ( )
so that, using again (IZ.17) and (I2I0),

M(Al,..., ) SNH/ —ikd(Ar,...,Ap )~k
7(%‘2)("‘”—%“2%sz—pmu—hv/)’ (12.19)
h v>r

with
2 9 9
def « a o )
v= (=2 -1 -+ Q. (122
p (G~ —1) =+ -Q5.  (12.20)

The summation in (I2I9) is over the frequency label-
ings of 7 and, therefore, over the h’s such that N >
hy = hyr > 1.

Eq. [I23) follows, provided p, > 0 for all v. In fact
since v > r implies n, > 2 and |Q,v| > 0 it is clear that
Pv > —%QQ +2—i.e. p, > 0if a2 < 4.

This proves (I2.3)) and the ultraviolet stability for a® <
47. Since one can easily check, as the bounds (IZI9) and
([Z20) hint, that for o® > 47 the contribution to V(*)
from the trees £+

(34)
k h
£

is in fact divergent as N — oo, the problem has to be
reexamined for a2 > 4r—i.e. renormalization is neces-
sary.

The key remark to study the case a? > 4r is that the
bounds (I2Z.19)) and (I220)) can be improved.

In fact let v be a “zero charge” or “neutral” vertex of
v: @, = 0. Let v/ be the vertex preceding v and let
hy, hyr be their frequency labels. Then in the evaluation
of V() the subtree v, of v with root v" and containing v
and all the following vertices has the meaning, according
to the general theory of the tree expansion in Secs. [V

and [V]

& (: et e () eyt eioe™ () ) (12.21)
if v1,...,vs are the vertices immediately following v.
However, when all the points of the cluster X, coincide

it is ¢(v,) = 0 because @, = 0 and since (I2Z2]) is a
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truncated expectation it must vanish [in fact the first
argument becomes identically 1 and £7(1,...) = 0].

Therefore (TZ21]) will be equal to e #" 7 () times
a factor which will be proportional, given ¢ € (0, 1) arbi-

trarily (see ([B.6])), to

(v X )

EnEXy

(12.22)

If one collects together the contributions to the V(*) from
the trees having the same shape up to the charge indices
and having fixed clusters of zero charge then one realizes
that this improves the estimate producing a result which
is a finite sum of terms which can all be bounded by the
same bound that can be put on the “worst” among them,
namely the one obtained by replacing : ¢/@#" (v
by : cos (a cp(hv/_l)(%/)) :. The latter will, in turn, in-
troduce in the evaluation of the expressions analogous to
(I221) a factor proportional to

n))*¢ (12.23)

(Y 1€ —
if @, = 0 because the cosine differs from 1 by a second
order infinitesimal. The details will not be discussed here
as a much more complicated similar analysis will be pre-
sented in Sec. [XVIIIl Via some simple algebra this leads
to replacing (IZ3]) by a bound on

H(Al,...,An):Z/ gy -+ dén-
A1 X... XA,
& 12.24
S Vit (12:24)
s(v)=v
o(v)=o

which, if vy denotes the first vertex of 7 following the
root r, is estimated by

[PT(Ar,.... Ag)| < Fyemta1m A, (G -2k

Z( H = (pot2=€)(he—h, /)> ~Puo (huo=h)(12,25)
h

v>v0

because in the intermediate steps the integral (I215) will
be replaced by

/d§2 e dén( H e*%v’“”d%xv)).

v>r

_ (12.26)
I o™ 3 e—a)*
Nt e

by using the remarks leading to (IZ23)): the first nontriv-
ial vertex vg of ¥ plays a special role, because if Q,, =0
the expresion : cos(a ¢(=*)(vyy,)) :: will be proportional
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to the result obtained after the last truncation and no
further truncation will be done at frequency k. There-
fore no factors like (I2Z:23]) can be contributed by the first
vertex vg.

The itegral (T2.26]) obviously leads to an extra fac-
tor in (IZI5) of the form B[], S y—20=e)(hv=hy) In
fact the product of exponentials in (I2:26) forces the

points in the cluster v to be within a distance v~ "v;

hence (IZ23)) can be replaced in the integral (I2:26) by
(yry=m)20=2) p2 (B")"e | provided £ is replaced by £
and B’ is conveniently chosen (see Appendix [D]).

The bound ([I2:25]) proves that if one collects together
several trees of the same type and if use is made of
the charge symmetry then all trees with nonzero charge
Qo # 0 (hence |Qy,| > 1) yield p,, > 0 and p, +2—2¢ >
0 if ¢ is taken small enough, for all a®> < 87. Hence
(I228) proves that the ultraviolet stability can be vio-
lated, if a? < 8, only by trees which have zero charge:
Qvo =0

For a? < 87 not all the neutral trees have ultraviolet
stability problems: onlu the neutral ones with n = n,,
end points suche that [see (TZ20)]

042 2

(E—2)n-1)+= <0

12.27
47 47 ( )

So, for o < 8 there is a sequence of tresholds obtained
by setting the [.h.s. of (I221) equal to 0:

. (12.28)

)

04,2172277,—17 3
4r T 2n ’2

W ot

As o? reaches a2 and beyond it the trees with n vertices
and zero charge “become ultraviolet unstable” —i.e. their
contribution to the effective potentials are not convergent
as N — oo.

However the reason for the instability is somewhat triv-
ial and it is manifestly due to the fact that the first non-
trivial vertex vy of 7, when -~y is neutral, gives a contri-
bution to V(v) of the form : ei®®=" () : which does
not vanish when the positions of the end points labels
&1, ..., &, become identical.

But if one defines Lgyk) =0 unless Q,, =0 or a? < a2
and

Egk>/: e | Ty )dgdif/ (v) de, (12.29)

if @y, = 0 and a? < o2 and if one collects together the
trees v of the same shape up to the charge indices and
with the same frequency indices and the same vertices of
zero charge one sees that the operaors E;{Y) define trnor-
malizations operations, according to the general theory
of Secs. [VIIX] such that the dressed graphs have the
form in Fig. 35:
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or ¢ (35)

Either they contain an index R as a superscript on
the first vertex vy after the root r or they are entirely
contained in a single frame with an index ¢ = 0 appended
to the frame [meaning that they contribute a constant to

the efective potential because E,(C’Y) takes values in the
space of the constants by (IZ9)).

A tree with an R over the first vertex will mean a con-
tribution to the to the effective potential which is equal
to the one that would be given by the tree without the R
but with : et@® =" () . replaced by : e GO I

Collecting again the contributions to the effective po-
tential from all the trees with given shape up to the
charge indices and summing their contributions over all
the possible frequency and charge labels at fixed neutral
vertices one sees that the contribution to the effective
potential sums up to the same quantity (IZ4) with the
replacement

L et =) — :cos @S (y) =1 ¢ (12.30)
and the latter expression vanishes when all the points
&, ..., &, collapse into a single point and the order of zero
is of the order of the square of the zero of ©(=¥)(v). The
latter can be evaluated by recalling the basic smoothness
properties of ©(=*) described by BI0) (recall that the

space dimension is here d = 2): it is of the order of

B () [€—n)**9, (12.31)
&n

if B =sup Ba and ¢ > 0 is prefixed arbitrarily.

This improves the bound (I2Z25]) by replacing also py,
by Pog = Pvo T+ 2—2e.

The arbitrariness of ¢ implies that, if o? < 8x, then
€ can be chosen so that p, > 0 and, therefore, all the
unframed dressed trees are ultrviolet finite in the sens
that, collecting together the contributions from the trees
with given shape, up to the charge indices, one obtains
a total contribution to the effective potential which is
ultraviolet finite.

The framed trees contribute only to the constant part
of the effective potential and therefore need not be stud-
ied. However their theory would also be simple and they
turn out to be untraviolet finite: in fact the sum of the
contributions to the effective potential coming from the
neutral trees of a given degree is a constant which can
be written as [ vy d€ and, from (I225) and the general
theory one can find

~ 042 042
] < N(F) (085 =2 -D+gz) " \n (12.32)

32

Since, given a? < 8, it is E,(J) = 0 if n, the number of
end points (“degree”) of ~ is large enough it follows that
the cosine interaction is super-renormalizabl in the sense
of Sec. [VITTl (see the final comments of Sec. [VIII)).

Ezercise: study the exponential interaction (5 and
show that it is ultraviolet finite up to o® < 4. Show that
it is not renormalizable for a? > 47 (hint: just imitate
the same steps and estimates used for the cosine case).

XIll. BEYOND PERTURBATION THEORY IN THE
COSINE INTERACTION CASE: ASYMPTOTIC
FREEDOM AND SCALE INVARIANCE

Having completed the perturbative analysis for the co-
sine field theory in terms of formal power series with no
control on convergence one wonders what it really means
to study an interacting field theory.

The simplest type of result that one can think to try to
prove for the interacting measures P;,; is the following.

There exist (infinitely many inequivalent) one param-
eter families Py of measures on the space S'(Rz), of the
distributions on RQ, whose Schwinger functions admit
asymptotic expansion in the parameter X\ near A\ = 0
coinciding with the formal perturbatio expansion of the
cosine interaction discussed in Secs. [XI| and XTI (with
v =0).

Super-renormalizability is the deep property behind
the methods, so far known, to obtain a proof of the above
proposition in the cosine interaction case as well as in the
corresponding proof for many other supr-renormalizable
field theories (e.g. —\ : ¢* : in two dimensions or
—X @' i —p s ? :vin three dimensions; in fact the
ideas and methods involved do not distinguish between
the mentioned theories).

The first idea is to try to build Py as a limit of measures
of the form

N N
_ . (<N) .
27 (TToe) V=D T Pae®)  (13.)
=0 j=0

where x; are characteristic functions selecting fields hav-
ing so large a probability that

00 N
12 /H (TLu(e?)Pde)) = eI (13.2)
j=0 " j=0

with £(\) w5 0 faster than any power and (see (IT.I)
with v =0

<N
V(psN) = /A (X : cos agoé* ) +un(N)dE (13.3)
where vy () is the sum of the finitely many counterterms
due to the renormalization described in Sec. [XII| [see
@231 if any, i.e. if 47 < a? < 87.
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The characteristic functions x; will be so chosen to al-

low one to treat “naively” the fields (/) when xj(go(j )) =
1: i.e. x; will be the characteristic functions of the set

{o]lsin (G —e) I} < B (Vg =)', ¥em € A
(13.4)

where B; = B (1 + j)® log(e + j + A~!) for some B, e >
0,a > 3 (to be chosen). The probability of the above

event with respect to P (dcp(j )) is bounded below, by using
@I7), for alla > % by

[T (1 - Ae=2°049)) (log(e + j + 1) * >

ACA (13.5)
J— — . 25
> (1 _ AefaBz(lJrj) . (10g(6 _|_] 4 )\))2)7 ]|A‘7
In (I32)) one can take, with x; as in (I3.4),
e(A) = 27% log (1 - A
§=0
(13.6)

S+ 4+ ATHTEBA) log<1—Z(1+j+x1>>)
= 0(\™)

i.e. €(A) 5= 0 faster tan any power of A.

Since the amount of phase space thrown away by the
insertion of the characteristic functions in (I3)) is, if
measured with the free-field measure, very negligible [see
([I32) and [@34)] it is quite clear that the perturbation
theory expansion for the Schwinger functions of the mea-
sure (I3 and those of the measure obtained by taking
away from (I3.1]) the characteristic functions are identical
uniformly in V.

Therefore if one succeeds in showing that the measure
([@31) has a limit as N — oo (possibly only on subse-
quences) the one parameter family claimed to exist in
the above proposition is constructed.

This is in fact true and it is the way which we will be
followed in proving the proposition stated at the begin-
ning of this section. Since the construction clearly de-
pends on the arbitrary parameter B in (I3.4]) one must
expect that the family Py of measures obtained as limits
of (I31) is B—dependent.

The measure ([I3.I]) will be called a “restricted cosine
field”: it is an object of limited interest even in the limit
N — oo. Its importance lies only in the fact that its
understanding is preliminary to the understanding of the
interesting case essentially consisting in letting B — oo.

It is important the following remark: the restrictions
(@334) do not imply that the field (<) is constrained to
be smooth for large N. Actually a simple computation
shows that the cut-off on rough or large fields imposed by

the inequalities (I3 is such that gpéSN) - @%SN) have
essentially the same covariance, hence the same average
size, with respect to the free Gaussian measure or with
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respect to the free restricted Gaussian measure [i.e. the
Gaussian measure restricted to the ensemble of fields de-
scribed by (I34)]. This means that the problem of taking
the limit as N — oo of ([I3)) is still nontrivial and that
some new idea is necessary for its solution.

Arguments on field theory are often given, in the liter-
ature, which treat the the fields as if they verified (I3.4)
and the problem of controlling what happens when the
field violates the conditions imposed in (I3, i.e. the
problem of controlling the large fluctuations, is often
solved by handwaving saying that the large fluctuations
are “depressed” by the positivity of the action.

It will be clear that, instead, many real problems arise
in trying to give a rigorous meaning to such arguments;
in my understanding the situation is, in general, very
subtle and I cannot see the actual solution of the above
large fluctuations problem (even in the cases in which it
is known how to handle it on a mathematically rigorous
basis) as just a refined way of rephrasing the mentioned
positivity argument. Furthermore this is a case in which
it makes no sense to appeal to “physical arguments” be-
cause the issue is [precisely whether field theory has any-
thing to do with physics.

The problem of the relevance of the large fluctuations
seems to have been clearly perceived as a deep one,
even in field theories with a formally positive action in
the context of constructive field theory and it should
be regarded as one of its a conceptual contributions,
see (Benfatto et all, 11978, 11980a/t; |Glimm, [1968a.b;
Glimm and Jaffd, 1968, [1970ab; Magnen and Seneor,
1976; INelson, 11966, |1973a,h)d; Nicold, [1983).

The new ideas needed to deal with the problem of prov-
ing the existence of the limit (I3)) as N — oo at fixed
B are two:

(i) the asymptotic freedom and

(ii) scale invariance.

Their role and interplay in field theory seems to have been
clearly realized as early as 1959 by Wilson, see (Wilson,
1971). It turns out that they are best illustrated in the
theory of the cosine field.

Suppose that one wishes to study the distribution of
the low frequency fields ¢, ..., ¢®) in the restricted
ensemble. Then the function

FM (O, @) [f[ Xi ()]
N o (13.7)
./[ IT xie@))e @) [[ Pldg)

Jj=p+1 Jj=p+1

is the density of the distribution of ¢(©), ... »®) with re-
spect to the measure P(dp(®)- .- P(dp®)) and the first
step is to show that it is an integrable function with re-
spect to the measure P(dp(©®) . P(dp®))

From the above discussion on the relevance of the phase
space “neglected” [see (I3:2]) and (I3.6))], it is natural to
think that the result of the integration in (I3.7) should
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simply be

eV e (13.8)

up to corrections negligible as A — 0 and due to the
presence of the characteristic functions in (I31)).

However this does not really make sense, because the
theory of the preceding sections provides an asymptotic
expansion in A for V(*) which has little chance of being
convergent.

The next best guess is that instead of (I38]) one gets,
for a prefixed integer ¢t > 0

[t]

. [Vw (g,@c))} FATFI R, (oS00

(13.9)

where [ ][t] denotes the truncation of a power series in
A to order t and R; represents a “remainder”.

Therefore [V(k) (cp(gk))} [ will be given just by the
perturbation theory developed in the preceding sections
counting only trees with at most ¢ end points; the choice
of ¢ in (I39) is arbitrary provided that the remainder
can be well estimated for the chosen ¢.

The validity of a result like (I3:9) means that the inte-

gral of eV ") over ™) ... x®+D can be performed
successively by using perturbation theory; therefore in
order to have any hope of proving (I3.9) with reasonable
bounds on the remainder it is necessary that V(@) (p(<%)
regarded as a “potential” on ¢(@) at fixed p(@=1) ... p©
has a very small small size, at least on the restricted en-
semble ([34); actually, not only should its size be small,
but it should even go to 0 as ¢ — oo, asymptotic freedom,
if N =o0.

In order that the above property holds for all ¢ < N
it must of course hold for ¢ = N. Hence the check of the
property of asymptotic freedom starts with a check of its
validity for ¢ = N.

To explain what the above words concretely mean one
considers the field @) and remarks that, as discussed
in Sec. [[II it can be regarded as smooth and essentially
constant on cubes A of size YV, which will be thought as
extracted from a pavement Qn of A with cubic tesserae
of side length v~ . Furthermore the values of ¢¥) on
different tesserae are almost independent because of the
exponential decay on scale v~V of the covariance of V).

This suggests writing the nonconstant (i.e. nontrivial)
part of the interaction as a sum of contributions each
coming from a given A € Qn, i.e. as

Z / : cosa( <p§<N 1)+<p(N)) cdé = Z

AeQnN AEQN
2 M) (SN-1) | (N)y 4€ | _
0T A | [ osa(ofEN 0+ oY) 5 =
= Y mE-Ng, (13.10)

AEQN
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where use has been made of C(%N) =(N+1) lggﬁ'y, Al =
472N and by the preceding arguments one regards the
variables Sa, which are defined here and have “size of
O(1)” because they are averages of a cosine, as random
variables functions of the field V) parameterized by the
field o(SN=1 and )| j < N —1, are supposed to be in
the set defined by (I3.4]).

The variables Sa can be thought of as continuous spins
sitting on the lattice @ and the calculation of the inte-
gral

(% —2)N
/XN(WV))GZA APy (13.11)
can be thought of as the problem of evaluating the parti-
tion function of a spin system, on the lattice @, which
o2 —
is a perturbation by an energy AW = 3", \y(37 "IN G,
of the “free measure”

P[] d52) = [ T]6(5a - S (o) Plae™),
A A

(13.12)
which, intuitively, can be thought of an almost factorized
measure with respect to the variables Sa.

So the problem of computing the integral (I311]) in
terms of its value for A = 0 can be interpreted as a sta-
tistical mechanics problem for a spin system of bounded,
uncorrelated spins with a local perturbation whose size
is

Ay (572N (13.13)

If a? < 87 one sees that the “effective coupling on
the fields with frequency N” is (I313) ” and it goes to
zero as N — oo: which means that the spin system is a
“very high temperature” for large N, and one can very
reasonably hope to use the high temperature expansion
techniques of statistical mechanics to estimate perturba-
tively the integral (I3I1]). The result of such estimates
is in general that

t P T .
/eAWdP = e2oper 1 (Wip) Ry (13.14)

and

system volume in
X const

|Ry| < A x . . .
lattice spacing units

(13.15)
It is therefore clear that the result of the integral (I3.14)
gives rise to a very complex new function of @(=N-1),

For this reason one does not say that a theory is asymp-
totically free just if the computation of the effective cou-
pling constant for p(N) gives a result tending to zero with
N — oo as in (3I3).

The correct definition of asymptotic freedom is set
up by considering the main term of (I3.9) and by in-
terpreting it as a potential for (¥} parameterized by
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olek=1)- then one computes the “effective coupling con-
stant Ay (k)” and says that the interaction is asymptoti-
cally free if

lim lim Ay(k)=0

k—o00 N—o0

(13.16)

The self consistent nature of this condition being clear,
one can hope to be really able to check ([I3.16) and use
it to obtain good estimates on R;.

Although the calculation, or estimates, of Ay (k) looks
a priori much harder than the evaluation of Ay (NN) per-
formed above [see (I3:13)], it turns out that one can eas-
ily estimate Ay (k) by the general theory of perturbations
developed in the previous sections.

To obtain an estimate of Ay (k) one first needs its pre-
cise definition: in fact [V (o(=R)]l1] no longer depends
on a single constant which, as above for kK = N, can be
naturally related to N but it is rather a “many body”
nonlocal interaction: is is a sum over the trees with < ¢

end points of terms like [see (IT.9),([I231))] like

/Z > V(& &)

o ¥, o(¥)=0c

- (: cos(a =M (y)) = dgo0 ¢ ) dér .. dE,

(13.17)

where 7 denotes a tree shape of degree n (i.e. with n end
points), |Bs are the charges at the end points of ¥ and
Qx5 = >, 0 is the total charge of 7.

To interpret (I3I7) as a spin-spin interaction for a
lattice spin system one has to recall the main property
of p(¥) of being approximately constant and smooth on
the scale y~F and of being independently distributed on
the same scale (approximately, of course).

Therefore following the same philosophical principles
already used above one splits (I3.17) into a sum over all
possible n—tuples of tesserae Aq,..., A, € Qy of terms
like

[ v e
T, (13.18)
- (: cos(a O SR (7)) — 090 : )dé ... dEy,

Then one will interpret (I3.8)) as a many body interaction
between the spins (Sa,,...,Sa,) =~ (cpgf), e cpgz) and
check that (I37I8) is bounded by

Cidn (k)me™ 7" dA1Bn) (13.19)
uniformly in N and with Ay (k) and x independent on
the particular term like (I3I8]) contributing to the ef-
fective potential, and also independent of the considered
expansion order t; here Cy, k > 0 are suitable constants.
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Then the constant Ay (k) will be naturally called the
effective coupling constant for the field ¢*): the inter-
action (I3I8)) then susceptible to the very same inter-
pretation as (I310) in terms of continuous lattice spin
systems.

All the technical work necessary to study the bounds
(I319) in the cosine field case has already been done in
the proof of its renormalizability: in fact (I225) with
P, Teplaced by py, + 2 — 2¢, as explained after (I2:31))
immediately yields a bound on (I3:I8)) of the form (I310)
with

Ot = UtBQ,

A (k) = A5 K(1 4 k) (log(e + k + ™))
(13.20)
and C + t is B-independent and x = >0, for all N
provided ¢ in (I3 is chosen so that p,, +2—2¢ > 0—i.e.
<2,

Therefore the cosine interaction is asymptotically free
for |a? < 8m provided it is correctly renormalized for
a? € [4m, 8m).

One should remark the deep difference between the
cases a? < 47 and o? € [4m,87): in the first case condi-
tions (I34]) are not necessary to obtain (I3.20) because
the bounds (I2Z19) and (I2225)) can be used and because
they had been obtained without using the smoothness
property of p(=k),

Such properties are necessary to obtain the improve-
ment on ([I225) (i.e. py, —~ py, + 2) needed to
achieve ultraviolet stability for a? < 87. Recall that
the improvement follows, after renormalization, only if
| cosa (SR (y) — 1 : is bounded by (IZ3I) and this is
possible only if the smoothness condition in (I3:4) holds
[the boundedness of the fields is not really necessary and
one could proceed without it].

Actually the latter remark shows that (I3:20)) can be
improved by replacing C; by a B-independent constant
if a®> < 4m. One can also remark that while the proof
of the proposition at the beginning of Sec. [XIII on the
existence of the P’s easily implies, by the arbitrariness of
B in ([I3.4]) the complete construction of the cosine theory
in the case o < 47 this is no longer so for a? > 4m,
when the presence of the field cut-off introduced by the
characteristic functions in (I3)) is really essential to have
asymptotic freedom. In the latter case, a® € [4m,87),
new ideas are necessary to control the B — oo limit.

The discussion of the latter limit will be postponed to
Sec. [XIV] and in the present section no more differences
will arise between the cases o < 47 and o? € [4, 87).

Having checked the asymptotic freedom for the cosine
interaction one realizes that the partial solution of the
ultraviolet problem provided by the proposition stated at
the beginning of this section still requires the analysis of
the many statistical mechanics problems (one per scale)
of weakly coupled continuous lattice spin systems.

One can, in fact, regard as such the problem of per-
forming the successive integrations over go(p) of
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X(@(Sp)) V@ (e =P)]l] (13.21)

forp=N,N—-1,...,k+1.

The reason behind the feasibility of the above feat
is the second important idea on the problem: the free
fields @, . .. ™) are identically distributed up to triv-
ial scaling (see Sec. [ITI]).

This means that, whatever p is, the integral (I3.21]) can
be regarded as the computation of the partition function
of the same spin system on a fixed lattice affected by
a perturbation which is p dependent and which, by the
asymptotic freedom property, has a p dependence becom-
ing weaker as p becomes larger.

Therefore, as a matter of fact, one can perform the
integral of (I3:2I)) over ¢ by trying to use the naive
formula

5p(Xp e[v(?)(w(ﬁp))][t]) _
_ 6([2; ) legT([V(P)( (Sp))][t],j)}

(13.22)

[t]+0 AN (p)t+1§t’)’2p‘1\|)
[see ([3.4)], where|d| < 1 and R; is a positive constant
depending on C; and & [see (BI9)]1 the factor v?” in front
of the volume |A| comes from the fact that the volume
has to be measured on the scale on which the field ¢®)
“lives” (see below).

The validity of (I3:22) rests on the following lemma:

Lemma 1: Formula {I3223) is valid for p = 0 id one
replaces [V DM by a finite linear combination of expres-
sions like (I5317) with k = 0 which are such that the

integrals (I318) are bounded by (I319) with p = 0 and
AN (0) replaced by a free parameter \.

By the scale invariance of the multiscale decomposition
such a lemma would then imply (I3:22)) for arbitrary p.
Accepting lemma 1, hence ([I3:22)), remark that

(=), )1 = -1 (13.23)

e

which is evident if one recalls the definition of the formal
power series in A for VP=1 [see (5.13), (5I4) and the
relations following them in Sec. [V].

Then since [V(®~1)] 1 yerifies the bound @3.19) with
p — 1 replacing p, provided (@, ..., ©P=1 verify ([34),
the integral (I37) is, recursively, estimated by

bl)—‘

F® (O, o

k
)= (T
§=0
e([V(k)]m*Z::k
where |0] < 1 and the remainder is simply the sum of

the remainders produced by successively integrating the
fields ™), ..., @+ using (I322), i.e. lemma 1 above.

(13.24)

5. 2P t41
ORI A D ()
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So the remainder in (I3:24]) is bounded by

RelAl = AR (13.25)
p=k
.()\7(2‘7—2)17 (1+p)?® (log(e + k + )\_1))4)

This proves that F(®) [see (I3.7)] is well defined and
bounded uniformly in N if o < 87: in fact it is enough to
choose in (I3:224) and (I3:25) the arbitrary integer ¢ > 0
to be not smaller than ¢ty where ¢y is the first integer such
that (——2)(t0+1)+2<0 so that to = 1 if o? < 4,
to =2if o? € [4m, 185), to =3 if o® € [15% 67), to = 4 if
a? e [67T 21 etc.

If F*) is well defined and bounded as N varies it
follows from abstract analysis that there is a subse-
quence of the sequence of measures (I3) which con-
verges “weakly” to a limit Py as N — oo for all values
of A € R; any such one parameter family will verify the
properties in the proposition stated at the beginning of
the section [there are many many sequences of measures
([I3) since we can change the parameter B in ([I3.4) or,
more generally, since one can modify the choice of the
characteristic functions]. I shall not discuss the details of
such an analysis, since I consider it not too relevant to
the heart of the matter treated here.

So the discussion of the proposition of the proposi-
tion at the beginning of this section is complete for
the cosine interaction and rests on the above techni-
cal lemma; the lemma will not be proved here (al-
though to do so is not particularly difficult since it is
a “mean field theory bound” in its statistical mechan-
ics interpretation, as the reader familiar with statis-
tical mechanics can convince himself). The relevance
of Lemma 1 for the ultraviolet problem from the con-
structive field theory point of view has been pointed
out in (Benfatto et all, 1978, Lﬁﬁ]ﬂ Gallavotti, [1978,
MJE and then used by many workers who have of-
ten built it in as an important ingredient necessary
in the development of more daring and deep ideas
[see (Balaban, |1 LMJE 11983; iain
11980, 1983, [1984), (M&Slimiﬁﬂ Ll%ﬂ for related
ideas]. Some of the methods in dfmilamﬂ [197]) in
the brilliant papers on the hierarchical model in statis-
tical mechanics [see (Bleher and Sinai, [1973, [1975) and
(Collet_and Eckmann, 1978) [these are the methods used
to attack the model called the “hierarchical field” in
(Gallavotti, [1978, 1979a)]; in some sense the role of the
application of such methods to field theory was to point
out the path to follow to apply renormalization group in
constructive field theory using techniques already devel-
oped in statistical mechanics and taking almost literall
the ideas introduced in statistical mechanics by dm}:
1970).

The proof of Lemma 1 can be found in a rudimen-
tary form in (Gallavotti, [1978, 119794) and in a complete
form in (Benfatto et all, [1978, Il_%ﬂﬁ”ﬂ) where a much
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stronger version (see Lemma 2 of Sec. [XIV] of this pa-
per) is derived; in (Gallavotti,[1979a) lemma 1 is obtained
by literally reducing it to a classical statistical mechan-
ics problem of high temperature expansions for a system
of weakly coupled spins, using the techniques of (Kunz,
1978; [Sylvester, [1979) later improved in (Cammarota,
1982) [see (Seiler, [1982) for a review].

The proof in (Benfatto et all, 1978, [1980a/b) has been
criticized as unnecessarily too complex being based on
“delicate” properties of higher order elliptic boundary
value problems; I do not think that this criticism is jus-
tified. While it is true that one relies on properties of
PDE’s, interesting in themselves but technically involved,
it should be stressed that the proof proposed in the above
reference is conceptually very simple and intuitive and it
also provides a general technique for the theory of Markov
fields. The basic ideas behind the proof are explained in
simple cases in (Gallavotti, [1981). A simpler account
of the other earlier ideas can be found in (Gallavotti,
19794)b). The detailed proofs of Lemma 1 presented in
the above quoted papers should not mislead the reader
into believing that they are much more than technical
developments of a very simple probabilistic idea. I also
believe that the so-called simpler proofs are either weaker
or equivalently difficult, not surprisingly so by the well-
known law of conservation of difficulties.

Field theory is a technical domain and I believe that all
proofs there are equivalently hard and equivalent to the
first proofs ever given on the same subjects; it is useful
to devise new ones because they can lead to the more
efficient organization of the proofs and to the intuition
behind them, which seems an essential step for further
progress.

XIV. LARGE DEVIATIONS: THEIR CONTROL AND THE
COMPLETE CONSTRUCTION OF THE COSINE FIELD
BEYOND o? = 4«

The work done in Sec. [XIIIl solves in some sense the
problem of the ultraviolet stability when the random
fields into which one decomposes the free field are con-
strained to fluctuate by a finite amount. The amount of
the allowed fluctuations is determined by the parameter
B in ([I34).

One cannot easily take the limit B — oo because

(see Sec. [XII) diverge with B diverge in general
(Bt g 00)-

Actually this is the case for o? € [4r,87) while for
a? < 4r, as already mentioned in Sec. XIII the prop-
erties (I34) are not necessary to obtain bounds on the
effective potentials and the error term in (I3:24) is uni-
form in B [because in (I3:20) the constant C; can be
taken independent of Bj; see the remark after (I3:20)].

For a? < 4 it is therefore easy to let B — oo and build
a fannly Py, A € R, of probability measures on the fields
on R which Verlﬁes the properties of the proposition
at the beginning of Sec. [XIIIl but which is not concen-

trated on an ensemble of fields restricted by (I3.4); this
is a family of measures that can naturally be taken as
defining the interacting cosine field for o? < 4m; with
some extra work it could also be proved that the limit as
N — oo of the interaction measure with B = +00 exists
without any need of passing to subsequences and, hence,
no nonuniqueness problems arise.

A complete theory for the cosine interaction for a? <
47 has been first worked out in (Erdélich, [1976), where the
infrared limit is also studied.

Much more interesting, as a field theory problem, is
the case o? € [4m,87). So far the possibility of remov-
ing the “field cut-oft” B when a? > 47 has been really
proved only in the interval; o? € [47, 22%) C [47,87); the
values o? € [327T 8m) have not yet been reached because,
as it will become clear soon, one has to find some suit-
able positivity property of the effective potential, and in
(Benfatto et all,[1982) and in (Nicold, 1983) the positiv-
ity has been checked “by hands” rather than on the basis
of a general algorithm; since the positivity requirements
become more and more stringent as o> — 87 it is impos-
sible to take a? too close to 87 unless one understands
in a simpler way why things seem to adjust to produce
the right signs at the right moments.

I shall first discuss in some detail the mechanism which
allows one to remove the field cut-off (B — o) for o €
[47,15%): this is the case in which the minimum value
that can be given to ¢ i n (I324)) is t = 2, as discussed in
Sec. XIIIl

Since ¢ is so small it is easy to write explicitly
[V (o(=R)]H in terms of the graphically eloquent tree
language or even as a plain old-fashioned formula.

As an example one has, in the trees picture:

/ Z V(W)

vik(v)<2 )
degree ~>2

[V (p(=F)y)[2 de¢ (14.1)

and the V' (v) are represented, if o = +1, by the following
tree graphs

= a . glaoee" s (14.2)
k go 2
=v (14.3)
k £,0
51701
0 =
= () (k8 0 G Ve,
i@ o2ptSR) 4 gy (SR)
: (6 20, T 24/7 —5014—0270) : (14.4)
k &0 =
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k
2o Q2 (Sh=—1)
22 Z/ PCGnn1 1) e 0 1 gg
h=0

(14.5)
and in ([44)),([TZE) the subtraction affects only the zero-
charge trees (01 + 02 = 0) as expressed by 04, +0,=0; the
combinatorial factor is 1 for (14.2) and (14.3) and 2! for

(I£4) and ([IL5).
If we sum over frequencies and charges the following
analytic representation for [V (®)][l emerges:

[V(k)]m = /A ()\ : cosacpé* ) +V) dg

A L 20EN) 20k
H3)? [ dean(e G - ety
: CoS a(cpégk) + gp%gk)) D+

A <
+(5)" [ dean(e G e

k
(<k) 90575’“))—1:—

a2o(ER
&n

) .

1 cos (g (14.6)

A

S [ e~y agan

In this special case one represents the features of the
general case discussed in Sec. [XIIIt the only “dangerous
term” is the third, big because of the +a? in the expo-
nential. However using the ideas of the preceding section
one can check (as already done in general in Sec. [XIII)
that its contribution to the effective coupling is

)\2
L 1|5 0B} (4] — nl)> 2 dedn = A ()?
(14.7)
a?CEN . .
where e has been bounded, uniformly in N, by
CSN) < 27T log|¢ — n|~! and it has been assumed [see

BI6)] that for &,n € A

Z (P — oSN < By (F1e — )

14.8
| sin = 5 (14.8)
for some By; A is a cube of the pavement @y of A by
cubes of side length v~%. Then the integral (IZ7) is
easily evaluated by a scale transformation of A to a unit

box and, in conformity with the general bounds of Sec.

XTI yields

A (k)2 = N2y~ 4y 2frkBk const ~ (/\’y 72)’“) B;
(14.9)
expressing the asymptotlc freedom of the second order
contribution to V(*)_ for a? < 8.
The problem of gomg beyond the formal perturbation
theory is that one cannot neglect the region where (I4.8)

does not hold with By given by

By, = B (logle + k+ A1) (1 + k)° (14.10)

as one would like to do on the grounds that, for a > % the
probability of field fluctuations violating (I4.8)) is exceed-
ingly small, as described by the phase-space estimates

In fact although such fluctuations are irrelevant in
the description of the free field they might be en-
hanced in the interacting field case, because the poten-
tial [V ) (o(=F))]12 becomes very large (and, worse, its
size is even N dependent, even for k small, in the region
(€,m) € A% where ([IZ8) is violated.

At this point one is often confronted with the state-
ment “well, the free field p(<*) will have a distribution
which depresses the phase-space region where the free
field distribution contains, among other things, a term
o3 [, (000 des

More premsely one refer here to the possibility of
bounding the third term in (IZ6]) by using the inequali-
ties (1 — cosz) < ””—22 and

k
(<) (<k) —ry" =]
‘eazcﬁv — %57 | < const — (14.11)
& —nl==
which follows from the properties of C’ég) Denoting
def <k def <k <k
wh, D1 = cosalelE= — o), ¢ (9 — ofF),

and using Lagrange’s 1nterp01at10n one finds the bound

W/ Wk (@5 =0 dedn | <

< const a? [ [k, 116 = nf”F e e gy <
<k

’“/Iawé* |2de

[the Wick ordering in the third term in (I4.6]) has been
neglected, as it is not very important, since the term
comes from a zero charge tree], expressing the notion that
the “bad term” in (IZG)) is dominated by [ | 8<pé§k)|2d§
times a small constant, if k is large.

However the proof that follows controls the large part
of (I4H6)) by a method not reducible just to the inequality
({IZ12) and making use of more detailed properties of
the expression (IZ.0); this seems to be the reason why
the proof below cannot be extended to cover the whole
range o € [4m,87); this does not mean that a proof
based just on the validity of the inequality (I£I2) is not
possible—and, indeed, one should look for it.

One checks that the region of the ¢ fields where (I3.4)
fails gives only a very small correction in the estimate of
the error terms via the following argument.

Fix B > 1 in (I34) once and for all [see below] and
a > % large (say a = %; this parameter could probably be

a2
< const, \2a?~ 72 (14.12)
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taken even equal to % by suitably refining the estimates
below).

Given O ... o*=D k) define

Dy ={&neA|sins <<p§ ) _ o= >
> By, (Y*|€ =)'}

where € > 0 is the number in (I34)) fixed so that (3:20)

holds [i.e. €<<2——] Let D_; = 0.
Define also the set

(14.13)

Ri={A|A€Qr 3¢ € An with+¥[¢ —n| <1 and

(7 € =)'}

(14.14)
where o > 1 will be conveniently chosen later. Then for
k>0

L (<k By,
[sin 5 (6= — o= > =

Dy C Dy_1 U (Rk X Rk) (14.15)

In fact let (§,m) € Dy and £ € A,n € A’. Suppose that

(&,m) € Drp—1U(Ri x Ry); then ’yk|§ —n| < kal/(l*‘f) <
By, <1 and

[sin 2 (oM — =) < Br(yF|g —q))1=¢,(14.16)

k— k— _ _
[sin g (0" — o ) < Beoa (e )
otherwise A € Ry and A’ € Ry, so that either (§,7n) €
Ri X Ry or (€,1) € Di—1. But (I4I0) implies, for k > 1,
the contradiction with (§,7) € Dg:
|sin (= — )| = (14.17)
k— - k
[sin§ (o " —w% V)l cos § (¢ >—san )+
k— k—1)\ .. k
+cos (" = ol V) sin § (i ( ol <
< (Beo1y™ 079+ ) (44 — )< <

Be(v*€ =)= (v

provided o is chosen, as it can and will, so large that

179 4 1)y < By (vF|€ =)t E

ym0=e) Yk > 1

1
—<f<1, (14.18)
g

The case k = 0 is analogous, if (-1 = 0.

Coming back to (I£IH) assume, inductively, that it
has been possible to prove that

/evw@“)p(d@(sm) o Pldp® Dy < VR BIAL

(14.19)

k,+ def

where denoting weT = awéﬁk) + @%Qc)),

V[Ek) déf)\/ : COos acpé* ) 2 d€
A

A2 Co2OEN (<)

+— (e 0P O K cosoa,u£ : d&dn
1 /s
A2 2CLEY) _ a2cEM k—

—|—z " (e o — &n ):Cosawgn —1: d&dn
A2 (<k)
2 (e —1)dedn (14.20)
1 /s

i.e. one assumes that the part of the interaction which
caused the worst problem in (IZ6) is actually missing in
([IZ20) [and of course one will also assume, see below, a
good bound on R, (k)].

The reason this is not a terrible approximation is re-
lated to a special property of 7o = [V R (p(=R))] ]
whereby such bad terms, if present, would be very neg-
ative and therefore they could be really thrown out of
the integration of the exponential of (IZ.20]) because one
is interested only in upper bounds (the lower bounds
having been discussed in Sec. XIII). The negativity of

—(k) N . def k k
VvV vk e ,if Wey k& e a(gﬁég )iwgg )), of

2 (M) 2o(<k)
/ (e” Cen "~ — ¥ % ) cosozw5 - —1:dédn=
Dy,

E/ ((eo‘ o ea2c§§1k)) e” * (e~ Céjk))(14.21)
Dy
(] _oish
-(coswg;; -1)+(1-e¢ —a* (G~ Ce )) dédn
holds, because in Dy it is
—92sin? %(cpégk) — cp%gk)) + « (C C(<k))
< (—2Bi+a0)(YF|g —n|)* % (14.22)

where we used, with C., C being suitable constants,

k
<k <k j j
Cig™ - ot =Y - ) <
=0

) (14.23)
<D T —nl)* > <THFg —n)> >

7=0

If B is supposed to be chosen so that BZ > «*C it
follows that the r.h.s. of (IZ22]) is bounded by

—Bi(y*¢ —nl)*7* <.

This remark makes it possible to neglect the interac-
tion, or at least its bad part, in the regions where the field
is rough and one can therefore use the free-field proper-
ties to prove this via rigorous bounds.

(14.24)
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The precise way to make use of the above ideas to
study the integral

Vs P(dp®) (14.25)

is the following. The first step in estimating (I425]) is
to replace V(R)a by a simpler function, at least as far as
functional dependence on ¢®) is concerned. Note that
the p*) dependence of (IZ20) is neither polynomial nor
trigonometrical since ¢*) enters in a most complex way
into the integration domains.

To find the simpler form that is sought imagine that
A in (I420) is replaced by an arbitrary set J and call

V( ) the resulting expression. Then for suitably chosen
A ,AN):
7 (k)
v <Pk R + N(Ry)-
. ()\,y(ﬂ_ )k (14.26)
—VE 4 N(Ry) ANy 5
J/Rk+ (Ri) A( )'7

)\2 2(__2)kB]%) _
—Q)kB2

which follows immediately from the asymptotic freedom
bounds ([I3:20)), which in turn hold because wégk) - $,§’“>
is considered only in the region (J X J)/Dg: N(Ry) is
just the number of boxes composing Ry.

Therefore (I4.28) can be bounded above by

(k)
Z/ ARy (Ry) P
(14.27)

where x recalls that ¢(*) is constrained to be such that
the 7.h.s. of (I414) is precisely Ry.
Then call H; the expression obtained from XA/J(k) by
def <k <k
b = Al o)

P(dp(H) AN B E I N (R

replacing Dy, by Dj_1; denoting Wep,
it is, therefore, by definition

Hp/r, = )\/ :cosagoégk) 2 d€
A/Rk
/\2
+o dedn -
4 Ja/riyz
< < A2
.(e,azcé:m 70‘20é:k)) : cos awht +Z .
/ dedn (¢**Can — @0y L (14.28)
(A/Rk)?/Dr—1
A2 (<k)
cosawh T —1: -2 o ) d€dn
4 Ja/ri)

2
S W2OEN 2 oSk
VA/Rk: HA/Rk+_ g (6 &n —e &n )
k

: cos a(wégk) — =Ry — 1: dedn (14.29)

n

where S = (A/R)? N (Dr—1/Dx) so that

(A/Rx)? /Dy, =
= {[(A/RW)?/Dra] U S}/ [(A/Ry)

and the set (A/Ry)? N (Dy/Dk—1) is empty because of
Dy C D1 U (Rk X Rk) [see (M)]

Let (&,m) € Sk C Di—1 N (A/Rk)Q,
(YEE =) EBr_1 < 1, i.e.

(14.30)
N (Dk/Dr—1)]

k > 1; then it is

(FHE=0D)'TE <A'TEB

because the sine is bounded by 1. Hence for all £ > 1
and (¢,7n) € Sk

(14.31)

_ SD(k—l))| _

W) )| >

.« <k e k—1
[sin (e — @) = [sin 7 (o7

_ o) oy T
Jeos 2 (o) — )] — |sin & (¢
1
_ 212
- =)’
(e =)t >

) - 71:} . (14.32)

By, _
—(y*e
g
B

(M e =)' = =t
B —1 (- B?

By B2 | o?
(YFHE=nD) T > B (Y =)o

where if we suppose (as we can) that o is large enough,

and use ([4I1), 6 is

> B |1 - (

ZBk[

B —1

Bi 1—e
By, (1=

3 _ 0
- 0 (1433
o) TS | >0 43

6 = min [
k>1
The inequality between the first and the last terms can

be checked directly also for k = 0.
Therefore the integral in (I£29]) is for all £ > 0 non-

positive, provided [see also ([422)),([I423))

( (<k) _ O(Sk)) <

<k
<P$;§k)) + 042(0(()6 ) en )=

-2
sin? 5

<(- 2923}57’2(1’” +a2C)(YFE —n)* > <0
(14.34)
i.e. if B is supposed large enough, as is possible. Hence
forall k>0

V< Hym,

ARy S (14.35)

which implies, if we go back to (I427]),

[ o = [t s

N RO =2 (14.36)
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The advantage of replacing XN//EZ,%C by Hp g, in (I4£21)
is that the function Hy /g, is a “simple trigonometrical
expression” in the fields p*) [see (IZ28)], and no depen-
dence is any more present on the very complicated set
Dy; of course there is a dependence on Ry, but Ry is a
union of cubes and therefore this dependence is not so
bad; besides, one wishes to keep it fixed, as the integral
(IZ36) is performed at fixed Ry (because of the presence
of the x functions).

At this point one needs a way of estimating integrals
like the one in ([[4.36). What is known about the inte-
grand is that H; can be written as

d
/\/ cos awéfk)é +
2 M, S

Ly e e

1><A2)ﬁ,]2 |A1 |A2|

H; =

A1,A2€Q
o1,01=%1
<k <k
B, (61,62) cosa(o19 +0205) +

d&i dés
+ >\2/ —
Z (Alez)ﬁJQ |A1 |A2|

A1,A2€Q
<k <k
1 — cos Oé(gOél ) — @22 ))

L
dS; dSs 4 (o)
. /(A B (€1, &)

A17A2€Qk 1><A2)ﬁ,]2 |A1 |A2|

(14.37)

+

where the h() functions are A independent and where
the Dy_; dependence can be thought as included in the
h functions. Furthermore the theory of the preceding
sections or the explicit expressions for the h functions

[see (T428))] imply that

[ ilde < A EDE < T (a3s)
A

/ N2 1) (&, &) dé, déy <
ArxAs (14.39)

< (/\7(%—2) k) ZBze—'Wkd(Ahﬁz) < Hg

where g, A, H), are suitably chosen constants.

In other words at fixed Ry, the integral in (T436) looks
like the partition function of a classical spin system on
the lattice Q.

The reason the estimates (I4.38), (IZ39) do not de-
pend on p(*~1) is that in the “bad terms” of Hx no pair
(&,m) € D1 appears, so that (IZ39) is obtained by the
same estimates leading to the proof of asymptotic free-
dom (and actually follows from them) is Sec. XTIl

It is possible to formulate a rather general version of
the Mayer expansion allowing one to estimate naively the

integral (I4.36).
Given A € Qy, let X4, fgdéfl — x4 be the character-
istic functions of the events on ¢*)

{<P(k) ‘ 3 £,n € A such that

B (14.40)
lo(k)e — (k)| <b(*1g =)'}
and of its complement, respectively.
Let R be a subset of A pavable by Q, i.e. union

of A’s in Q, and let R¢ be its complement; denote

XR = [Iancrxa if R is the disjoint union of cubes
A C R; then the following lemma, closely related to
Lemma 1, Sect. XTIl holds.

Lemma 2. Given an integer t > 0 there exist con-
stants G, g, g, b*, depending only on t and the parameters

v, €, k, such that if Hy verifies (14.38)(Z4.40) then

1

2

[ P e th e < [ [ KhPas®)

3 e ]

o (BT v A +8' (6 T) N(R))

(14.41)

where the errors have a value close to the one which would
be naively expected from the point of view of statistical
mechanics:

5(b,ﬁk) < G ((Fk b9 eﬁkb9>t+1 + e,g/ b2 4g Hy bg)
&' (b, Hy) < GHyb, (14.42)

and N(R) is the number of cubes A in R. Furthermore
if b is large enough, b > b*:

/P(dw(’“’)xﬁ efla >

e (14.43)
S (DN AD R R B ORI

)

and finally, for suitably chosen and suitably chosen con-
stants o, Bo:

/P(dw(’“b?f% < (ape= ot )N (14.44)

The k dependence of the constants is trivially due to
the scaling properties of the field. The first bound in
([IZ42) could be easily improved: here it is given in the
form in which it had been found in (Benfatto et all,[1978,
19804, [1982) where Lemma 2 is proved under the extra
assumption that v is close to 1 (an assumption which can
be easily released but which is sufficient for our purposes
since -y is restricted only by v > 1).

Clearly (I443) implies as a special case Lemma 1 of
XIIIl Lemmas 1 and 2 will not be proved here, because
their statistical mechanical character makes them some-
what foreigners to field theory; also a detailed proof
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would be very long in spite of its conceptual simplicity;
the reader can find it in the references given above.

At this point it is not difficult to conclude the esti-
mates. First remark that in the present case

2
(> &F (Hap)pt 1] < VO (o)

p=1

(14.45)

because the l.h.s. , being the result of a Gaussian inte-
gral of simple trigonometric functions, can be explicitly
computed; after the simple calculation one finds that the
difference between the 7.h.s. and the [.h.s. is given exactly
by

Dis (14.46)
<k— _
-1 cos [a (cpé* b —go%gk 1)) —1} :

which is not positive for the same reasons the (I4.21]) and

(I4.22)) were not positive.
Therefore one applies Lemma 2 to evaluate the integral

([IZ£34)), choosing t = 2 and b = By; the result, by using
also (I4.45]) and ({446, is

/ eV Pdp®) < 37 V4TI R
Ry,
_6082)N(Rk)/2 N (Ry)S' (By,Ri) — (14.47)

—

age
[A]y2F

ey(k—mew?ka(Bk,Rk)(

1+ age_fﬁ"Bk e‘;/(Bkﬁ’“))

7 (k—1)+e(k)|A]
eV

and, by (Dm)v(nm)v and (Dm)v ZZO:O E(k) = O()‘t)'

This means that if one assumes (IZ19) for k = N — 1
and (I4:29) holds then for all k > K (X), the (I£19) holds
with

Ry (k) = Ry(k +1) + e(k) (14.48)

Hence the ultraviolet stability will be proved as soon as
one shall have been able to check (I£29) for k = N —1—
i.e. to obtain an estimate of

/ V@ =) pp), (14.49)

In the latter case the V((=N)) is just the sum of the
trees

and £0 (36)

ie.
y (SN)y 4 ge — (22
: cos(oup5 Ydé+v € — (5) .
A A
./dgdn(ea%éfm _ T a4 BN,
A AEQN
- (14.50)
<))y
cos(ap +vy -
/A : |A| Z
_Z )\7( AN,
where h is
/ BN @GN (1 e KAy )
AxXA |A|

Hence in the first step one does not have to worry
about Dy /Dn_1, because there is no obstacle in using
Lemma 2 to evaluate the integral (IZ49): assumptions
(IZ38) and (IZ39) are satisfied with Hy = V) =V, by
([I£50) and (I4.51); i.e. in the first step there is no need
to worry about the smoothness of V) in order to get
the asymptotic freedom bounds, as explicitly remarked
in Sec. [XIII (see comments following (I3.13))).

The validity of the inductive hypothesis for k = N — 1
is completed by checking that

<pyW-n (14.52)

which is proved as (I£48) by ([421) and (I452) written
for k=N —1.

This completes the proof for a? < o7

There would be no problem in applying the above tech-
niques to evaluate the integral of eV
fixed order ¢t > 2.

If o? € [136,671') still nothing , basically, changes in
the above scheme of proof except that the series of the
errors, both in the upper ad lower bounds, will converge
only if ¢ > 3; the positivity of the “bad terms” was used
in an essential way in the above proof in two steps and
now it can be used in the same way. In fact the two
steps were, first, to remove the region Dy_; from \A/A/Rk
(done in (IZ37)) and, second, to “rebuild” V*=1) (done
in (I£45) and (I£52).

The just mentioned two “positivity steps” are now, for
a? e [1—3?, 67), carried through in the same way, because
it turns out that no new positivity property is needed
on V) besides the one, already pointed out and amply
used, present in the second order part of V() the second
order dominates in the inequalities necessary to control
the third order terms and its positivity properties are
enough for the estimates.

The situation changes for a? > 67: now the second or-
der dominates only in the inequalities necessary to carry

to an arbitrarily
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out the first of the two steps of the proof where the pos-
itivity is needed. In the second step it is not known
whether it dominates; in fact the proof has been carried
through in the interval [67, (v/17 — 1)7) and, later, up to
3—527r by using other ideas slightly improving on the above
ones, based on detailed properties of the effective inter-
action to fourth order in (Benfatto et all, [1982) and in
(Nicolo, 1983).

In order to obtain ultraviolet stability up to o? < 87
some new idea seems necessary, and the paper (Nicolo,
1983) seems to go in the right direction; see also the
comment after (IZI2) above

The above difficulties are also an indirect consequence
of the fact that the large—fluctuations problem has not
been solved in a naive way, by free field domination (see
comments after (I£21])), and a better understanding of
this point seems important and desirable.

The techniques used for the sine-Gordon equation can
be used also to treat the exponential interaction (B.5) for
a? < 4 (see (Frolich, [1976)); the exponential interaction
can be treated also for a? >> 4, for d = 2, or for d > 3,
which are cases in which it can be proved to be trivial
(see (Albeverio et all, [1979)).

XV. THE COSINE FIELD AND THE SCREENING
PHENOMENA IN THE 2-DIMENSIONAL COULOMB
GAS AND IN RELATED STATISTICAL MECHANICAL
SYSTEMS

Before studying the * fields it is appropriate to con-
clude the theory of the cosine fields by pointing out their
“surprising” connection with the two—dimensional classi-
cal statistical mechanics of Coulomb systems and Yukawa
gases.

The “neutral Coulomb gas” and the “charged Yukawa
gas” describe charged particles of charge +1 presenting,
for some values of temperature and density very interest-
ing and non trivial “screening phenomena”.

In general a system of charged particles interacting via
a potential C, will be defined by the grand canonical
partition function Z1(A,b, \)

— Ayn 1
Syt
n=0 O1,eeny on

(15.1)

with o; = &1, or Z2(A, B, \), for a priori neutral systems:

(15.2)
The cases which can be studied in terms of the cosine
interaction are

(a) The “regularized Yukawa gas”, with Cy, given by

43
, 1 1 dp
ComoM ip(z—y) _
zy /e (mg T2 M2 —I—p2) (27)?
(15.3)
(b) The “regularized Coulomb gas” given by
mo,M) _ ~(0,M 0,m
vimoM) = ¢OM) _ ¢(0mo) (15.4)

where the r.h.s.
m, M m,m
oGt — oy

has to be interpreted as the limit of
asm — 0; i.e. as

dp M? m3
— —Y)— —— 15.5
/(2#)2(M2+p2608p(x Y) m(2)+p2) ( )
Note that when the regularization parameter M is let
to 400 it is:

V(;mhM) N 1

o 5 (15.6)

log(amo|z — y|) =

where a > 0 is a suitable constant (a = log2 — g, g being

the Euler-Mascheroni constant). We set g def amg.

The partition function for the above systems can
be easily written in terms of a Gaussian random field
RN sum of N + R + 1 independent fields:

g = Z v

j=—R

(15.7)

and in terms of the functions

(—=R,N) zc(mo "MmN)

seosanpe T gy = ei® cosoa/)g(_R’N)
(15.8)

def 1
where my = moy"N

The covariance C'V) of the random field ¥¥) will have
Fourier transform (of a free field with open boundary
conditions, see Sec. [[TI))

1 1
Mgy + P mEyTHE 4 p?

(15.9)

Then one checks that the regularized Yukawa gas par-
tition function Zy y(A.B.N) s, if we set o = /B, M =

m07N+17
/e)\ f:cos awéfR N P(d’(/J(N))
(15.10)

while the regularized Coulomb gas partition function in
the neutral grand canonical ensemble and with potential
@54) with M = meyV*! and with mg replaced, for

VA p(aypTR) L
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notational convenience, by mgy ™!,
by

is Z&N(A, B, ) given

M Jreos v v d py (<R p(dg™))

(15.11)
It is convenient to introduce also the auxiliary partition

function Z¢ 5 (A, B, \)
P(dy™)

/e)\ f:cos awéfR N)
(15.12)

which will be called “infrared regularized (non-neutral)
Coulomb gas partition function, and (I5.I1]) can then be
written

lim
R—o0

VA PR L

Z%,N(Aa ﬂa A) = Rh—1>r<l>o Zé,R,N(Aa ﬂa A)

Finally we remark the following relation between the
Coulomb gas and the Yukawa gas (see (I5.10)):

(15.13)

Zyn=Z&on (15.14)

The proof of (IEI0)-({I5IH) has essentially already
been explained in Sec. [XI| (and called there the “mul-

tipole expansion”); however the interpretation work nec-
essary to derive the present statement from Sec. [XI]is
such that it is simpler to derive the above relations from
scratch.

Consider the integral in (I5.I0) and expand the ex-
ponential in powers: calling, for simplicity, C(—%N) =
C(mor™"mor™™) the covariance of 1(—FN)

ngpl Z 30 pCUN]/d:rl...da:p~
u iao (DN) AP
-E(He iV, )E Z 2pp!/d:1:1...-

=1 p20,01,...,0p
_ 1 2
2 = ZL (A, BN

because the diagonal terms (“self energy”terms) in the
sum Ef j—1 are canceled by the exponential factor out-
side the integral; in the first step of (I5.IH]) the formulae
for the Wick ordering of the cosine and for the expecta-
tion £ of the exponentials have been used (see Appendix
and Sec. [XT).

Recalling that the cancellation was due to the expo-
nential factor due to the Wick ordering, we see that the
evaluation of the integral (I5I2) by the same technique
will lead to expressions of the r.h.s. of (I5.12)) as

g /dajl codxy
1 o? —R,—1]
Elj 1P Ii,lj

, we see that

J 0i0;C, 00

(15.15)

(15.16)
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because the : - :yy in (I5.8) is a “partial Wick ordering”
and therefore it can produce the cancellation of the diag-
onal terms of only the “ultraviolet part of the potential”,
. (0,N)
ie. Czy .

Expression (I5.16) can be rewritten as

a2 o)
Z /del..depe oD iy o170

2oy

6750‘2(213

2 (RN) (RN)
. @ ZI<J( TiTj )O'Z(T e 2

with Qs = >, 0;. In this way one obtains an expres-

sion for Z} o(-rny Ba. (@5I2), implying (ILII) with
Coulomb potential V™M) with M = moyN*t!, my =
moy~ ! (the later choice is a matter of notational conve-
nience, v being fixed).

It is expected that the
scribed by

“neutral Coulomb gas” de-

is a well defined thermodynamical system, exhibiting
some kind of screening phenomena, for a? < 4m; basi-
cally it should behave as a neutral Yukawa gas with my
determined by )\, a (and M = +o0) at least for a? small
(see (Brydged, [1978), (Frolich and Spencer, 1981)).

For o € [4m,87) one expects that the Coulomb as
“collapses in the ultraviolet”, remaining nontrivial in
the sense that the collapse produces just a background
of multipoles on which free charges move and interact
through nontrivial screening phenomena (note that in
two dimensions the Coulomb gas interaction does not go
to zero at infinity and, for o? € [4m,87) it even diverges
too fast near zero, making the partition function infinite
because it involves integrating the non summable factor
| — y[~o7/2m).

The same collapse is expected to happen to the Yukawa
gas in the same region of o except that no screening in
the infrared is necessary in order for the system to exhibit
well defined thermodynamic behavior (in fact the poten-
tial decays exponentially at infinity as a consequence of
the choice mp > 0, which gives a meaning to my L as
a natural screening length); however screening phenom-
ena are expected to occur in the ultraviolet region where
the Yukawa gas should collapse in the same way as the
Coulomb gas, i.e. by producing an infinite density back-
ground of multipoles on which free charges move.

In other words the conjecture is that the Coulomb gas
(nonregularized in the infrared and in the ultraviolet) and
the Yukawa gas (nonregularized in the in the ultravio-
let) with parameters A, &, mo describe the same physical
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phenomena, or at least have partially overlapping physi-
cal interpretations, if the Yukawa range mg 1is suitably

chosen as a function of A, a for a? € [0, 8).

For a? > 8 it is believed that the nonregularized

Yukawa gas is trivial (i.e. it collapses “without hope”)
and the Coulomb gas no longer exhibits infrared phe-
nomena of any kind; at least not so strong to produce
exponentially decaying effective interactions or correla-
tions.

The work done in Secs. XIl and XTIl on the cosine in-
teraction allows one to make rigorous some of the above
conjectures, though much work remains to be done to-
wards the complete understanding of the whole theory.

In the case of the Yukawa gas the above mentioned con-
nection (the sine-Gordon transformation) between the
Yukawa gas and the cosine field allows one to translate
the properties of stability of the Yukawa gas in the re-
gion o? € [0,327/5), where the cosine field stability id
under control. And for « € [37,327/5) the above men-
tioned interpretation of the Yukawa gas as a gas with
infinite density of collapsed dipoles (for o? € [4m,67))
and of dipoles and quadrupoles (for o? € [6m,327/5)),
with zero total charge, emerges quite clearly. 1 do not
enter here into the details of this interpretation of the
results of the theory of the cosine interaction: the work
begun in (Benfatto et all,1982) and (Nicold, [1983).

In the case of the Coulomb gas some of the above con-
jectures also follow as corollaries of the theory of stability
of the cosine field, but the connection requires some ex-
planations.

The first remark is that the problem of studying the
Coulomb systems with “no infrared cut-off”, i.e. with
R = 400 can be reduced to the theory of the cosine in-
teraction in the ultraviolet regime by the following chains
of identities and arguments.

Rewrite (I5.12), using the factorization ' : e*t¥ :=

[P

e” ::eY: for x,y independent Gaussian variables:

Zé(R,N (A, B, A) = /P(dw(o)) . P(dy™)y.

[ [ Pavtm) pant e[ [ ae
— Ja

——a2C( ’,—1) . iaaw(D’N) . . iaou/)(fR”fl) .
(56 et ) el e H
= /P(d¢<0>) . P(dypM)y .
' /P(d‘p(o))'--P(dso(R’”)exp[Z/A s

o Y

ioap @D
Ao,R(E) €70 : ”

(15.19)

—

where ¢ = &~F and goé(,) F=D = (-R-1) 5o that
©©-F=1 has the same distribution as a sum of indepen-
dent fields 9):
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DU
L

gag,) A1) = wéj/) (15.20)

<.
Il
o

with covariance C’W ¢~in Lhis follows immediately from

the definitions by computlng and comparing covariances:
R—j)
¢(

Rel Furthermore, in

actually one could put gpg

@519) Ao N (&) means

- iaoy©@N)
Ao () = ganPlem e VR (1501
The interpretation of
(0,N) —
Ve ) — /P(dw(o))~-~P(dga(R—1))~
011 (15.22)

is, clearly, that of an effective interaction in the sense
used in the preceding section on field theory; it should
describe the Coulomb gas on scales m ! (through an
equivalent gas of multipoles; see Section [XIII] for this
interpretation; see also below).

To describe ([I5:22) one can try to find an expansion
for Vo (¢(©N)) in powers of \.

The work for such an expansion has already been done
in Sections[XIland [XTI] because the integral in (I5.22)) can
be interpreted as an integral of the type studied here.

Using the results and the notations of Sections [XI] and
[XIIl one expresses it in terms of trees:

(15.23)

V.= /dSZZ 3

o vy:o(y)=o

&(v)=¢

where the V() are computed with exactly the same rules
of Sect. [XI] provided that we interpret the elementary
trees

X to (37)
as Ao,r(£) defined by (I5.21), rather than $X; the index
o is 1, while the index 0 is not allowed, because in the
exponential in (I5.22)) there is no cosntant term.

All the results and bound in Sec. XTIl carry through
with essentially no change, besides the mentioned change
of interpretation of fig. (37).

One therefore finds that V() can be expressed, to a
given order in A\, as

(15.24)

(ﬁ)\gij(gj)) WV(&? s 7571)
j=1

and W, will satisfy (see (I2.4),(I2:8),(T2Z9), and (IZI4))
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n

(Lhoj —1)
Wy (g1 &) < A5 ([T et ),
J=t (15.25)
. ( I1 e*%azmv—hm%ﬁ)eﬁm’lvd*(e,m,)
v>r
where N? depends only on the shape of v. Actually, one

will be interested only in expressions like (I5.24]) summed
on the indices of 7: in particular one is interested in the
summations of ([5:24]) ove the different indices o, € that
can be appended to the endpoints of otherwise identi-
cal trees . In this way the charge symmetry is used and
some modifications appear, as explaines in Sect. [XII|
which allow one to to improve the boumd ([[5.25]) by re-
placing ?—; by (f—; +2(1 — €)dq,0) if v > vy = (first
nontrivial vertex of the tree); this cancellation, in fact,
takes place already when one sums only over the charge
coinfigurations which attribute the same absolute charge
to each vertex v and integrate ove —¢&.

According to the discussion of Sect XI| the Lh.s. of
([I522) can be interpreted, via (I5:23)), as the Boltzmann-
-Gibbs factor in a gas of multipoles, each represented
by the trees with the same shape up to the charge in-
dices which vary subject to the restriction that the ab-
solute charge |@,| of each vertex is fixed. The activ-
ity of the multipole will be defined, quite arbitrarily [see
(Gallavotti and Nicold, [1985d) for a deeper discussion]:

ZZ/ dg -+ dE,-
o h 7

“RAX(y—RA)n—1
; (15.26)
(Hj:l A<J'J-,R)VV’)'(€17 e 7571)

- R
: emzj EACLI

where Y. runs over all charge configurations o which at-
tribute gives absolute value to the total charge @, to each
of the clusters associated with the vertices v of v (called
above, simply, vertex charges); the sum ), runs over all
the possible frequency labels that can be appended on
the shape of v, and A is a fixed unit cube.

The collection of the terms with the same vertex charge
is natural for physical reasons (charge symmetry), and
mathematically it produces the just-mentioned cancella-
tions.

If we reexpress (I5.26), by “going back to scale 17, it
becomes

>/ 06y - dE, ("5 7)
- RAX(y-RA)-1

n

e’ o (0,N)
: H s e Zj w‘Yjo : W’y(élv e 7671) =
j=1 (15.27)

=32 /

AxAn—1
2
e W’Y(’YiRéla o afyiRén) ce YN(ny)a

dx (/\,YQngR)n_
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where >° =" 3, | see ([5.26), and

Yn(z1,. ., Zn;01,-., &)

is the Yukawa potential, with ultraviolet cut-off IV, of the
charges s1,...,0, at positions x1,...,Zy.
Therefore the activity of the multipole will be bounded

(by using (I5.24)),(I525) and the cancellation remarked
after (I5.25) and recalling that & > 0 is an arbitrary
parameter which can be chosen as small as necessary)

o2
27—2Rn/ dxs - - da, ()\,Y2R—ER)71 .
o An—1

‘Z W’Y(FyiRgla"'a’YiRgn) : ‘S

Squszwf(gq)an( H )
h

v>v0

(15.28)

A =D (=D 2§ Q2 +202) Saua)ha=hu))

A28 5200 ) o) 17y
where the sum over the frequency indices is of course
bounded by the infrared cut—off: h, < R. For more
details see (Gallavotti and Nicold, [19854).

Before discussing formula (I5.28), let us note that if
N = —1, i.e. if the Coulomb potential has no ultraviolet
part (which is the case usually considered in the litera-
ture), the effective potential becomes a constant and i is
no longer a random variable and it has the interpreta-
tion of (grand canonical) pressure of the gas. Therefore
([I528) becomes a bound on the Mayer coefficients of the
gas (see below for some consequences of this remark).

To examine the remarkable formula (I5.28) one distin-
gushes two cases: either a? > 81 or a? < 87. Below
one uses the arbitrariness of € by taking it conveniently
small.

In the first case the r.h.s. of (I5.28)) goes to zero as R —
00, as can be checked elementarily, for Qv, # 0: the gasis
a gas of “neutral multipoles” (i.e. in the infrared limit one
is in a multipole phase; see (Frolich and Spencer, [1981).
If Qv, = 0 then one can check that the r.h.s. of (I5.28)
is uniformly bounded in R.

On the second case let

2 2 2

« « «
=(——-2n+2=——-2)(n—1)+ —;
p=(—2n+2=— -1+ —;

(15.29)

then either p < 0 abd the r.h.s. of (I28) diverges in
general as R — oo or p > 0 and in this case the bound
([I528) is uniformly bounded in R, and it tends to 0 if
Qu, #0.
The conclusions from the above estimates are

(1) If o® > 8 (hence p > 0), the picture od the Coulomb
gas consisting, as far as its properties on scale mg L are
concerned, of neutral multipoles is consistent, because
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the activity of such multipoles is finite. This will be called
the “multipole theorem” (see also (Erélich and Spencer,
1981)).

(2) If a® > a2, where o2 are the tresholds defined by set-
ting p = 0 in (I5.29), then thinking that the gas contains
several multipoles pf charge p with p < n but that no
multipoles with charge higher than n can be well defined
entities (“molecules”, of course, should be their name)
becomes consistent.

(3) It is remarkable that the above tresholds o2, above
which the Coulomb gas (with ultraviolet cut—off) gener-
ates molecules of p bound atoms precisely coincide with
the tresholds a2 where the Yukawa gas charges colapse
into clusters of p < n particles (in the ultraviolet limit),
see (Frolich, 1976).

This is a confirmation of the above implicitly conjec-
tured “duality” between the infrared properties of the
Coulomb gas and the ultraviolet properties of the Yukawa
gas for o? in [0, 87).

If we call pc (A, B) the pressure of the Coulomb gas with
ultraviolet cut—off, as a function of the charge activity A
and of the inverse temperature 3 = o2, the above analysis
proves, as is easily checked, that if

pe(B) = Y WP (B) + A" RM(N ), (15.30)

p<n

with R(" (X, B) 55 0, then the coefficients fép) (B) can
be shown to be uniformly bounded in the infrared limit
R — oo for a® > o2, and that only the even ones have a
nonzero limit.

In other words the Mayer series coefficients of order
< n are formally well defined by convergent integrals
for a® > a2. The latter property follows immediately
by considering the case N = —1 in which, as remarked
above, the effective potential coincides with the grand
canonical pressure. It should be obvious that the general
case N > —1 (but finite) can be reduced always, and in
atrivial way, to the N = —11 case.

This leads to the natural conjecture that pc(A, 5) is
smoother and smoother in X at A = 0 as 3 = o? grows.

For o? < 47 not much can be said about smoothness;
for o € (4, 6m) the function should have two derivatives

(actually three if o € (7, 6m)); for o € (6m, %)
it should have four derivatives (actually five for o? €

(%w, %w), etc); for a® > 87 the pressure should be in-
finitely smooth at A = 0.

By derivative one means here that (T5.30) holds as an
asymptotic formula with R (), 3) tending to zero faster
than A™ as A — 0.

The conjecture suggests that while a? crows (i.e. as
the temperature decreases), the Coulmb gas presents an
inifinite sequence of phase transitions in which it passes
from the “plasma phase”, small o, with Debye screen-
ing phenomena, to the “multipole phase”, o2 large, with
no screening in the infrared: the “Kosterlitz—Thouless”
regime would be the last stage in a sequence of increas-

ingly complex phase transitions in which bound states
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(“neutral molecules”) of increasing size become possible
in thermal equilibrium.

So far the basis for the above conjecture are the es-
timates of this section ([5.28) which imply the finite-
ness of the coefficients of the Mayer expansion; such es-
timates have been pointed out in (Gallavotti and Nicold,
19850). Further work towards a full proof of (I530), i.e.
with estimates on the remainder in (I5.30), is in progress
(Benfatto et all, [1986).

I think that the beautiful properties of the cosine in-
teraction exhibited in this section justify its i inclusion in
this work, althought they are not strictly an example of a
problem of field theory: they show that field theory is not
just a theory of quantum relativistic systems but that it
can be relevant to very different matters, Coulomb gases
are onle one example out of many more, in solid state
physics and in physics of fluids, for instance.

XVI. NATURE AND CLASSIFICATION OF THE
DIVERGENCES FOR ¢* FIELDS

In order to see how to build the operators ﬁ;ﬂa) realizing
the renormalization of the ¢ field theory Z defined by

<N)4 <N)?2
Vlz/(—)\:goé* ) :—u:goé* ) D —

—a: (BcpéSN))2 : —v)d

(16.1)

it is useful, albeit not strictly necessary, to have a clear
idea of how divergences arise in it and how strong they
are.

I shall consider in detail only the foour parameter in-
teraction (I6.1) in four dimensions, calling \(*), a =
4,2,2',0, the parameters —\, —pu, —a, —v respectively.

If d = 2,3 one could consider theories simpler than
([@I61) which in some cases can be constructed as true
field theories, going beyond the formal theory of per-
turbations, by literally repeating the arguments of Secs.
XITIXIV] [e.g. if d = 2 one could consider the interac-
tion ([B3)), or if d = 3 one could consider the interac-
tion (B.6)]. Some more details on these simple (“super-
renormalizable”) cases will be presented in Sec. [XXII

Suppose that the field with ultraviolet cut—off 4V, v >
1, is decomposed as a sum of independent fields living on
scales v7% k = 0,1,..., N and satisfying ((3.17)(3.20)
with n = 3, (say):

(£N) (=1 (0)

N
Pe =@ T o

+. t e (16.2)
where p(—1 is a degenrate field with covariance C'(—1)
which will be eventually put equal to zero, so that
©(=1 =0, and which is introduced only for the purpose
of unifying certain notations.

The use of a Pauli-Villars regularization of order n > 2
is necessary to give a meaning to ([I6.0)) if d = 4; actually
the third term in ([I6.1]) already requires n > 2 even for
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d = 2, while the first two lose meaning only if d > 4 when
n = 1. Here the choice n = 3 is motivated by the fact
that in the subtraction algorithm built to renormalize
the divergences it will be convenient to be able to say
that the fields have two derivatives and therefore can be
developed in Taylor series to second order included. It
is not impossible that one could perform the work with
n = 2 but it would be certainly be harder : in any case
this question acquires importance when one tries to go
beyond perturbation theory; when one is dealing only
with perturbation expansions it would be even better to
have fields so regular to have derivatives of any order,
e.g. the ones arising from the regularization ([B.2T]).

Fixed A = (=, —p, —a, —v) in [I61]) the effective po-
tential Vl(k) “on scale k7 will be expressed in terms of
simple trees as explained in Sec. [VIt the end points will
be marked by a pair (£, ) with £ € R and a = 0,2,2',4
expressing which of the four terms in ([I6.0]) is represented
by the end point under consideration.

An expression for V() can be found by the same tech-
nique used in the cosine field case in Secs. [XI| and XTIt
namely let a tree v bifurcate at the first nontrivial vertex
vg after the root r into s subtrees vy, ...,7s, and let h be
the “frequency” of the vertex v

Y1
% if)
(38)

As in the case of the cosin interactioc, one has to guess
first the formof V(7), and an obvious guess is the follow-

ing very general one:
ZV 5157§n777P)P(¢(Sk)aa@(Sk))a
(16.3)

where the summation runs over all the possible Wick
monomials of the form P =: (9¢¢)? : if v is a trivial
tree, or

P= gl pp Opg q - 0vg,,

(16.4)
0<g¢g<n1<n;<4

where the derivative d means a derivative with respect to

one of the coordinates of the field arguments; the above

assumption is made only for the trees having nontrivial

vertices. In fact (IG4) is not true for the trivial tree

representing —a : (0 ¢¢)? 1 e ¢ o/ this will

be the only (natural) exception.

Assuming (I6.3) and (I6.4), with the above mentioned
exception, we find the rules for the evaluation of the trun-
cated expectations of products of Wick monomials, see
Appendix C, yield the following recursion relation, de-
duced from diagram (38) after recalling that a tree ver-
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tex has the meaning of a truncated expectation (see Secs.

VIIVTI):

V(k)(gla "7577,7’77 ,’7]7’7]7 )}

Pi,...,.P

Y Y I e SH CE) o)

veEYP TET Aenw/T
connected A=(a,b)

AET
A=(a,b)
where 11, ...,ns are the s clusters into which the points
& are decomposed by ~v1,...,7s, i.e. the s clusters corre-
sponding to the vertices vy, ..., v, of the tree v immedi-
ately following v and such that v; € v;.

Let Tp be the set of graphs obtained as follows. Rep-
resent a Wick monomial P like (I6:4) by drawing ¢
points &;,,...,&;, in R? and ni,na,. .., Ny pairwise dis-
tinct lines, respectively, emerging from each of them, and
m—q points &;_11,...,&,, aline, labeled 0 and emerging
from each of them.

It is convenient to think of the points &,,...,&;,, as
enclosed in a box out of which emerge the lines just de-
fined. For instance the monomials : wgl e, Ope, + and

<p§l @52 Ope, Ope, : are represented as in Fig. 39, where
. stand for &£1,&9,. ...

9 B -

and each of the above objects will be called a “Wick
monomial”. Then, given s Wick monomials P, ..., P;,
the symbol 7p will denote the set of graphs obtained
by joining pairwise some of the lines associated with the
Wick clusters representing P, ..., Ps in such a way that
(explicit examples are worked out in Figures 40-43 be-
low):

(i) two lines emerging from the same cluster cannot be
joined together;

(ii) there should be enough lines paired so that the lines
plus the sets inside the boxes associated with each P;
form a connected set;

(iii) the set of the points associated with P,..., Ps to-
gether with the lines emerging from them and still “free”
(i.e. not paired with the lines) represent, once the points
from which they emerge are enclosed into a single box,
the monomial P.

In the above definitions and constructions, as well as
in the upcoming ones, one has to bear always in mind
that the lines emerging from each point are regarded as
pairwise distinct (and this will eventually give rise to a
combinatorial problem).

Furthermore 7 C 7 with the subscript “connected” (see
([@I6E)) means a subset of the lines of m which still keeps
the connection between the boxes. A line A obtained by
pairing (“joining” or “contracting” will be synonymous of
“pairing” ) two lines is identified by its two extreme points
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together with the field indices (0 or nothing) which will
be kept and appended to the line near the end point from
which they emerge (so that it might happen that a line
carries two, one or no indices J; if it carries only one it
will be appended near the appropriate end point).

Therefore A = (a,b) with a = &b = & represents a
line obtained by joining two lines emerging from £ and £’;
similarly if @ = (£,0), b = & then A\ = (a,b) represents
the line obtained by joining together a nonlabeled line
emerging from ¢’ and a labeled one emerging from &. The
resulting line will be represented by a segment joining &
to ¢ carrying a label d near ¢ (or equivalently carrying
a label J¢); and similar interpretations are given to the
casesa =¢, b= (¢,0) ora= (£,0), b= (&,0).

The symbols C’i') = C(g'b) denote the appropriate co-
variances (propagators)

Ol =l el)), Y = E(pl0,6Y),

CL) = €@t 0})),  CL) = £ 0,00,

if (avb) = (5777)7(57 (77,(977)),((.%‘,(95),77),((.%‘,65),(n,an))7

respectively. Recall that here 0 or d¢ means a deriva-
tive with respect to some component of £ whose index is
omitted for simplicity of notation.

For instance consider Fig.40, where the integer j stands
for j

(16.6)

where the dotted box represents the box corresponding
to P. A possible 7 C 7 is any nonempty subset of the
inner lines, inside the dotted box in Fig.41. Similarly if

and 7 is any subset of the five inner lines which contains

at least one of the first two and one of the last three.
Relation (IG.5]) defines recursively and completely the

coefficients V(¥)(; P) once one specifies the meaning of

V(k)( P) for the elementary trees Yo g ¢ 4.

Of course V) (yp; P) = 0 unless P is : cp<§k)4
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cp(gk)z ;e Bcp(gk)z ;, or 1; and in such cases V*) (yo; P)
is just — A, —u, —a, —v, respectively, for o = 4,2,2’,0 (no
confusion should arise between the renormalized coupling
constant a and the endpoint index carrying the same
name).

To find bounds on V*)(+; P) one can proceed as fol-
lows: first by using (I6.5) one decomposes this quantity
into a (very large) sum: each term of the sum will corre-
spond to a fixed selection .S of one index for every possible
summation arising by applying recursively (I6.5]). One
has to imagine that one such special selection S has been
fixed (say one special choice of P, of Py,...,Ps, of m, 7
etc, with similar choices made for each of the successive
vertices of v which arise while disassembling ~1, ..., s,
etc).

the bases for the bound that will be derived shortly are
the estimates (319).(320) and BIT), and the following
notions which have been already introduced in Secs. [V}
sec(9) above and in the preceding lines of this section, but
which it will be convenient to collect again and organize
in the form in which they will be used below.

(1) Each vertex v of a tree « is associated with a cluster
of end points of 7; this cluster will be denoted &, .

(2) The selection S of the summation indices just in-
troduced permits one to associate with each vertex v a
monomial P, which can be thought of as graphically rep-
resented by a box containing the points &,, with lines
emerging from them and out of the box itself.: some of
the lines may bear an index 0; the lines emerging from
the box represent the graphical image of the monomial
P,.

(3) The number n¢ of lines emerging from the box en-
closing the cluster EU will be the sum nf , + n3, of the
number of labeled lines, n{ ,, and of the number, ns., of
unlabeled lines (e: external 1: labeled 0; O: unlabeled)

(4) A selection S of the summation indices leads to a
graphical representation of the corresponding contribu-
tions to V*) (v; 9).

Out of each endpoints £ of |g emerge either four un-
labeled lines or two labeled lines or no lines at all, de-
pending upon the value of the appended type indices
a = 4,2,2'.0. The case @ = 0 can appear only in the
trivial trees g ¢,0, which will be disregarded

for the time being; in fact @ = 0 corresponds to a con-
stant P = 1 and the truncation of the expectations elim-
inates it unless the tree is trivial, i.e. it indicates no
truncations.

The structure of v encloses the end points into a hierar-
chically arranged sequence of boxes, each corresponding
to a tree vertex v, and it is possible to make the con-
vention hat pairings of the lines are drawn in the graph-
ical representation so that the lines contracted between
the clusters vy, ve,...,vs, representing Py, ..., P, , to
build the monomial P, (v being the vertex immediately
followed by wv1,...,vs) are all contained inside the box
corresponding to v, as in Fig.4043 above.

For uniformity of notation it is convenient to imagine
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that the end points of 7 also represent clusters of a single
point and that they generate little boxes around it (recall
that, however, the end points of a tree are conventionally
not regarded as tree vertices).

For instance, three possible selections corresponding to
the tree

v _ §.4
v &4 (44)
k
P éyz
g2

(where v, v’ are vertex names, p, h, k are frequency labels)
are represented by

<
P
—
N
t
N~—

(if 1,2,... stand for &1, &, .. .).

(5) If in S there is a line paired to another, there will
be a smallest box containing the contracted line, i.e. the
two endpoints (this is enough by the above drawing con-
vention); if v is the corresponding tree vertex and h,
is its frequency index, then one says that thecontracted
line has frequency h, and one attributes the index h, to
each of the two lines giving rise to the contracted line
of frequency h,; the uncontracted lines will be given the
frequency index k = k(y) = (frequency of the root of the
tree); they are called “external”.

So with each box one can associate a frequency index
ghich is the frequency index h, of the vertex v corre-
sponding to the box. As a consequence one can associate
with each line in S a frequency which is the frequency in-
dex of the line. Note that the association of a frequency
index with a line depends on S and not just on the tree
~v. By convention the box associated with the root r of
the tree v is the whole plane containing the tree.

(6) The above set of indices still does not secify com-
pletely the selection S: one has to mark, for this purpose,
each line which belongs to the set called 7 in (I6.3) by
a label, say 0, recalling its origin (as a lineof the set [t):
we call it a “character label”; lines with the label 8 will
be called “hard” or “high-frequency” lines.

(7) It is important to stress, again, to avoid combinatorial
errors, that in the above construction two lines emerging
from the same vertex still have to be regarded as different
and distinguishabe. To keep track of the combinatorics it
is convenient to imagine that the lines emerging from the
innermost vertices (i.e. from the end points) are num-
bered: from 1 to 4 if the vertex represents —\ : ¢* :,
from 1 to 2 if it represents —u : ¢? :or —a : (Dp)? :.
Such labels will be called “identity labels”.

It is also clear that the number of selections differing
just by the identity labels is bounded vy 4™ if the tree
has n end points.

Before continuing it is important to stress that, by our
definitions, a selection S of summation indices yields a
connected graph joining all the endpoints € of v with
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lines marked by

(a) a frequency index,

(b) a character index or no index per internal line: if the
index is missing the line is “soft”; if it is present the line
is “hard”,

(c) an index @ or no index per each extreme of a line,
and

(d) an identity index per each end point og the line (in-
ternal or not).

the frequency index and the character indices cannot be
randomly assigned: they are organized by the tree ~ in
such a way that, if we draw the boxes corresponding to
each vertex of 7y, the lines internal to each box form a
connected graph and so does their subset formed by the
hard ones among them.

The lines that are external, together with the points
out of which they emerge and with the largest (finite)
box, form a graphical representation of the Wick mono-
mial P selected by S.

The reader familiar with Feynman’s graphs will rec-
ognize in such a representation of S something which
can be called a “decorated Feynman graph”, the decora-
tions being the above collection of labels listed in (a)—(d)
above. One also recognizes the connection between the
above decorated graphs and trees and the basic notion
of “forest” in (Zimmermant, [1969). To obtain bounds
on V) consider the contribution to it by a choice of the
summation indices S.

Denoting V (v; S) Pg such a contribution, where Ps de-
notes the Wick monomial selected by S and using (3:19)
and ([320) one finds after some meditation the (“good”)
estimate in terms of € = max(|A|, ||, ||, |V]):

|V (3 8) [ 4" T oM O < 2 (16.7)

. 2h (42+1)h —ry AN
[T [+ [ e

where d > 2, for simplicity, A represents an inner line
of frequency hy associated with S and |A| is the distnce
bewtween the end points of A; regarding the contracted
lines of S as composed by two joined half lines, and re-
garding the external lines also as half lines, we find that
the first product in the r.h.s. is over the half lines bear-
ing no 0 label while the second product is over the half
lines bearing a 0 label. The first nontrivial vertex of -y is
denoted by vy and B,k > 0 are suitable constants.

The factor multiplying the Lh.s. , |[V(v;.5)], has been
introduced for convenience (it will be clear shortly that
it is a natural multiplier in the [Lh.s. of the inequality

The bound ([IG.0) is really trivial “power counting”,
once the presence of the exponential factors is under-
stood. It arises from bounding C;h) contributed by the
hard lines A in S, with frequency index h.

Recalling ([I6.6) one sees, for instance, that there is
B > 0 such that if A = (a,b),a=¢&,b=n
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Y| < (v T )2Be" lel (16.8)
or,ifa=¢,b=(¢,0):
O < (UM e el (16.9)
or, if a = (£,0),b= (£, 0):
IC| < (T H0hy2Bem e (16.10)

while C((lbghfl), contributed by the soft lines, can be
bounded only by [I68), (I69) and (I6I0) without the
last exponential factor (or, rather, with that factor re-
placed by e=*I¢=7l useless), provided d > 2 (if d = 2 an
extra factor h has to be added in bounding C((fh*l)).
One could write the exponential factor in (I67) as

IL, e~ 4*(Xv) using the notations introduced in Sec.
XTI (particularly Eq. ([IZ.0)) to treat the cosine field;
however, this remark has been made only for the sake of
comparison and will not be needed in what follows.

It remains to cast (I6.7) into a more usable form. Se-
lect a vertex v € v and let my 4, M4, Mo, be the num-
bers of vertices in the cluster &, associated with v and
bearing an index a = 2,4, 2’, respectively: ma_, + M4, +
My, = N, = (number of points in &,), and note that
if v is a nontrivial vertex of the tree, n, > 2 because v
represents a truncation operation. For each v introduce
also:

nner

ng'y " = number of lines without 9 label before the con-
tractions, contained in the box corresponding to v but
not in any smaller one,

n{"'" = number of lines with a label 9 before the con-
tractions, contained in the box corresponding to v but

not in any smaller one,

the number of lines being counted before the contractions
means that each inner line of a graph S counts twice in
the evaluation of n*™"¢", and

ng,, = number of lines without 0 label before the con-
tractions, emerging from the box corresponding to v
n{ , = number of lines with J label before the contrac-
tions, emerging from the box corresponding to v

A simple calculation allows us to rewrite (I6.7) as
d— e e
g’yTz k 0,vq /y% k nl,vo ( H Be_’vyhk |)\\> .

A
ho d—2 ninneT
. ( | | r-)/ 2 1,v ),

v>r

(16.11)

where 7 is the root vertex of the tree 7.
Let v have n endpoints labeled &1, ...,&, and let the
external lines of the graph S emerge from the first p

o1

points &1,...,&,, as it can be assumed without loss of
generality. Then one is interested, according to the gen-
eral ideas developed in Sec. [XIIl in connection with the
asymptotic freedom notion and the interpretation of the
effective potential as potential for a continuous spin sys-
tem, in bounding the quantity

Ms(Ar,...,A,) = / V(3 8)|
ApX...XApxXA"—P (16.12)

-sup |PS(80(S]C) .0 ga(Sk)) |d£1 - dE,

where Ay,...,A, are cubes of side size y~P in which
the points appearing as labels to fields in Pg vary in
([@I612): these cubes are extracted from a pavement
Qp of A. The supremum in ([IG.I2]) is over the fields

PSR = E?:o 0 with W verifying (3:20).
denotes B = sup|Ba| (see B20)), one finds (setting
6,05 = No> M0, = N1, N° = NG + ng)

If one

sup |Ps| < 4T knonygkniBn N (16.13)
and the constant A depends only on the degree of the
polynomial Pg (hence it depends neither on j nor on the
degree n of v: in fact ' = O(n!)).

Inserting (I6.I3)) into (I6.I2) one finds that (I612) is
estimated by B™ A times the integral over Ay, ..., Ay x
A""P of the r.h.s. of (I6.7) (and this explains also why the
factor in the r.h.s. of (I6.71) is a natural one to introduce).

The only term in (IG7) which is not constant is the
last factor: its integral over the set indicated in (I6I3)
has already been considered in Sec. [XII (see (I2.IH)) —
see remark following (I6.8)— and the result is expressed
by

Bf( H b (su—l),y—kd> % d(Al,,,,,Aan’ (16.14)

v>r

where By > 0 is a suitable constant and s, is the number
of branches emerging from v in v (see Appendix D for a
roof of (IG.4)).

Using ([16.13)),([16.11) and ([I6.14). we can bound the

integral (I6.12) by

Ms(Ar,...,Ay) <~ 87480 2 Bropy.

—kd, k%52ng L knS+k Lns
cy Tyt R oy TR (16.15)
: ( [ o T e gt o d(sfl))

v>r

The latter estimate can be elaborated by using the iden-
tity >, (S0 — 1) = (ny — 1), see (IZI7). Remember-
ing that the end points of v are not considered as ver-
tices of v and denoting simply ma, ma4, mas, ng, n§, n® the
M2 4o, Md,vg, - - -, T€SPectively, if vy is the first nontrivial
vertex of v following the root, one finds
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Ms(Aq,...,A,) <"B" By~ %

— — S — _ inner d _ ninner
[H”Y Ao =) (s0=1) 5 452 (ho k)" o § (ho—R)n{T }
v>Tr
. *dkz (80— 1) 2k(2m1+4m4 "0) €k (2my —n$) |
7% n() k/yg ’n,1 keff'y d(A ..... Ap) = (1616)

= gnéneﬁn/\/’ef ’g'ykd(Al ..... Ap),yfk (2mo+(4—d)my)

_ — S, — 2 inner d _ inner
{HW Ao =) (50 =1) 452 (ho—R)nG " § (ho—k)nd

v>r

Denoting v’ the vertex preceding v in v and denoting
”m”, j = 0,1, the number of lines before contrac-
tions (i.e. half lines), inside the box corresponding to
(wh1ch is not necessarily the first box containing them;
R > nie in general) and using

Z(hv —k)(sy —1)= Z(hv — hy)(ny — 1),

v>T v>r

S (hy = k) nine =S (hy — ho ) 50T, (16.17)
v>Tr v>r

~inner _— e

oy = 2mo ., + 4my, — 10,4

~inner _— e R

Mp = 2m2'1'U Ny J= 0,1

one realizes from ([G.I6]) that

Ms(As,...,A)) SN BY By e §1dA180)
iy~ (@mat(d=d)ma) H = Po (ho=hyr) (16.18)
o>
with
2 d .

(4 - d)m41'U + dTng,'u + Enl,v'
(16.19)

Therefore recalling that the contribution to V) of the
trees of given shape is obtained by summing over all the
possible choices S and over all the possible frequency
assignments to the vertices of the trees (i.e. over all the
possible values of h, — h, > 0, h, < N), one realizes
that the estimate (I6.I8]) and (I6I9) for (IEI2) implies
ultraviolet finiteness if for all S and all tree shapes it is
pv > 0.

However, clearly, there are plenty of cases with p, < 0
for some v, if d > 2.

The situation would be slightly better if one had
started with a more restrictive interaction Z (see (I6.1]))
—e.g. if Z had been replaced by

Pv = —d + 2m2,'u +

4 2
/A (=X @(SNT s (SN —7) (16.20)

In this case it is easily realized that, in ([IGI8) and
(I619), one has just to take nf, = 0,my, = 0.
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d=2 = p, >0, Yo
d=3 = p, >0
Moy + My = 2, or ng, =0 and Mo, + My, = 0: ie.
the theory (MII) is ultraviolet finite in dimension d = 2.
However if d = 3 it is not ultraviolet finite and one has
to check if it is renormalizable.

Going back to (I6.1]) for d = 4 we discover many cases
with p, < 0; in general it, however, clear that p, > 0 if
there are too many lines external to the box correspond-
ing to v, i.e. if ng, > 5.

The above discussion completes the analysis of the ori-
gin of the divergences and of their strength. In the next
sections the problem of renormalizing the theory (I6.1))
will be studied and solved for d < 4.

A final but, as it will turn out, very important remark
is that the above method allows us to produce estimates
of (I6:12) when the rule to compute V(;.5) is modified
by replacing the A(*) contributions from the end points
of v with constants 7(*) (h;) with h; being the frequency
of the vertex to which the j-th end point is attached by
its tree branch.

Suppose that

This implies { unless ng , = 2 and

(A—d) hdoa+ehdaatdhda.o

(@) (h) = ~ (16.21)

and repeat the power counting argument leading to the
bound (I6.I8)). In this case the result will be, for n > 1,

Mg(Aq,...,Ay) < NBpe 5dA0 807",
. ( H NP (hu—hv,)) . (H F(aj)(hj» (16.22)
v>r j=1
and
d—2 d
Py =—d+——ni,+5ni, (16.23)

i.e. the lines coming from vertices of type a = 2 acquire
the “same dimension” as those coming from the vertices
of type o = 4.

In the bounds (16.22)) and ([6.23) the values o; must
be nonzero so that the factor y*"92.0 plays no role in
deducing them. It has been inserted only for later refer-
ence.

XVII. RENORMALIZATION OF *-FIELD TO SECOND
ORDER

The application of the general renormalization theory
(see Secs. [VITland [VIII)) to cure the ultraviolet instability
pointed pout in Dec. [XVIl follows the same scheme met
in the case of the cosine field, in Sect. XTIl

It is slightly more complex, because polynomials do
not have nice multiplication properties, not as nice as
those of complex exponentials multiplication rules which
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plaid a (hidden) role in simplifying the algebra in the
discussion of the cosine interaction.

However it is still true that, to proceed, one has to
understand in detail only the renormalization theory to
second order, i.e. the definition of the subtraction oper-
ation ﬁ;ﬂao) with 09 = ——<<, the other cases being
easily understandable in terms of this special case.

A detailed understanding of the above simple case is
absolutely essential and the inexperienced reader should
check the minutest details of the following few straight-
forward but lengthy calculations, which are the heart of
renormalization theory (contrary to what is sometimes
asserted about the true difficulties being connected with
the “overlapping divergences”, a term that is not even
defined here).

To proceed as in Sec. [VII] one starts by defining the
trees dressed to order 1: which are just the trees consid-
ered in Sec. [KVIl The one considers the trees of degree
two (i.e. with two endpoints); actually they are

o
{ aq, 2 = 272/54 (46)
k h

€, 0y

They have been estimated in Sec. [XVI} but it is easy to
compute them explicitly from their expressions in Sec[VI}
after integration over the end points position labels &1, &

they contribute to Vl(k)

1 a1 1
§4Kh2ﬂ=5/daﬁy

'5h715h( (al)(%’gh) wéfh)))

A simple calculation which the reader should perform at
least once in his life, in spite of its length (after all non
so bad) gives

(17.1)
Ehg1 -

2\ 2
(1) V22— 2 <1> /5 P12 ¢ Cg) dé12
, 2\ ? k
(2) V(k’2’2) = /LCM(l) / : 5016@2 : (920§2) d§12
+ua2t [ (@) - @l

2\ /4
@)v%M%4MQ)@)/:w@:d?%u

2
+u/\2!<;1>/: ©5 :(Cgh) —C'(<h )

()/ 59018902 3122012

+Oé22!/(61201(2§h —612012 )dflg

/ 2\ (4
(5) VEZA a/\<1) (1) /: D13 : Cg) dé12

(4) V(k2 2)

53
2 2
15 (uCEY” - ai0”)

h
@?%’g : O déa

2
+V()m/w¢ ;d% C@U%m

(] 10

4
+V<4 M/XCSM —oM (17.2)

where ¢1, P2 mean <p(<k) wéfk), and C’l(é) means Cé'l)&,
d§12 = dgldgg, (91 = 651’82 = ai&, (810())2 = 810() .
01C0); the symbol V(*a1.22) denotes V(¥ (y) with ~
given by Fig.46.

Some of the above integrals are not ultraviolet sta-
ble, once appropriately summed over h (i.e. for h €
[k 4+ 1,N]), as it is easy to check using the bounds of
SecXV1l and showing that they admit “good bounds”
(or by direct computation from ([I7.2))); see the following
table where (i),(ii),(iii),(iv) mean “first addend”, “second
addend”, “third addend”, “fourth addend” (When present
in the rows of (I7.2)), and S, U mean “stable” or “unsta-
ble”; d > 2 is the dimension of the theory

(i) (i) (iif) (iv)

(1) S Uifd=4 _ _
2) S Uifd>2 _ _
3) S Uifd=4 _ _
(4 U  Uifd>2 _ _
(5) S Uifd>2 _ _
6) S Uifd=4 Uifd>3 Uifd>3

Using (I7.2) and proceeding according to the theory of
Sec[VIIl we can find counterterms V5 n to Vi so that the

effective potentials V2(k) of V1 + V5 n are ultraviolet finite
to second order.

Following the ideas developed in Sec. [VIIl one can
start by trying to define the operation £; making (C10),
ie. (1 — Ly) applied to (ITI) and summed over h €
|k + 1, N] diverge for & = &.

Therefore one can think of defining £; by specifying
its action on functions F having the form of the r.h.s.
of (IT2) with kernels in front of the Wick monomials
replaced by general kernels w(&7, €2):

F= /w(fl,fg)Pdgldfg (173)

with the restriction that the w kernels are translation in-
variant on A (recall that periodic boundary conditions
are imposed on A) and rotation covariant with respect
to the rotations by 7 around the coordinate axes (which
are the only meamngful rotations on the torus A). The
covariance here refers to the fact that the Wick monomi-
als in (I7.2) may contain derivatives of the fields: each

derivative bears an index denoting to which component
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it refers and hence will bear corresponding indices— i.e.
it will be a tensor; this fact does not explictly show up in
[I72) or in the upcoming formulae because of the conven-
tion used here that suppresses the indices of the deriva-
tives, for simplicity of notation.

Once the action of Ly is specified on the functions of
the form of (T73)) it will be extended to their linear com-
binations by linearity, some more comments on £y as an
operator will be made later after discussing its action on
F’s like (ITT3).

To produce the cancellations of the divergences which
appear once the r.h.s. of (IZ2) are summed over h, gen-
erating expressions which are linear combinations of ex-
pressions like (IC3) diverging for & = o, the action of
(1 — L) should result in replacing the monomial P in
([I73)) by a new expression RP vanishing as &, — & — 0
to an order so high that the integrals are no longer di-
vergent.

An examination of the integrals shows that the follow-
ing choice of RP would produce ultraviolet finite inte-
grals:

R1 =0
R: o100 :=: p1(p2 — o1 — (§2 — &)1 —

—%(52 — &) x (&2 —&)0P¢) 1,

. <p18g02 =D (8902 — 8901 — (52 — 51) . 88(/71) .
: 6@18(,02 = &pl (a(pz — &pl) : (174)

vl ii=v J=v =y

D otes =1 pi(pa—e1)? 1,
: <P1<P§ = @3(%01 —@2)2 o
P =P otherwise

and using (3.:20) (recall that the regularization being used
here has n = 3), one sees that the replacement of P by
RP replaces P by a Wick polynomial which has a zero
of order, respectively, oo, third, second, first, first, zero.

Hence if there is an operation £ such that (1 — Ly)
acting on the integrals in (I7.2) just changes P into RP,
then L has the property that (TI0) is, in the present
case, ultraviolet finite because the above mentioned or-
ders of zero of RP are sufficient, in the worst cases, to
make the expressions ([I7.3) ultraviolet finite.

From (I74) one deduces that the operation £, “which

identifies the divergent parts” of Vl(k) to second order has
to act on the integrals (IT.2) or more generally (I73) as

c / wlér, &) derdy = / wlé, &) dede
Ly, /w(§1=§2)3051(p52 ::/w(§17§2) (231 (3051 +
HE - 600 + 56 - &) x 0pe)

Ly /w(§17€2)@516¢52 ‘= /w(§17§2) Pér (175)

54

((pﬁl + (52 - 51)851 : 69051)
z / w(ér,62) Dpe, De, = / w(ér, &) e, (Do, 2

c / w(ér, &) 00, 002, = / w(ér, &) (pe)*

Ly /w(él,&)a%la@i 1:/w(§1,§2)(@£1)4,

Lr =0, otherwise
so that the action of (1 — L) on the integrals like (I7.3)
is precisely obtained by replacing in them P by RP.

One has to check that L; takes values in the space of
the interactions; this is in fact the basic reason why the
theory is renormalizable.

Possibly integrating by parts or using the rotation in-
variance properties of the coefficients w(1, 2), on can eas-
ily check that the action of £ on the integrals in (I7.5)
is equivalent to the action of the following operator £ on
the Wick monomials inside the integrals (here ¢ = @(=F),
0,6/ =1,2,...,d, 09 = 55, if {9 is the f-th component
of the point §):

£1 =1,

= (&2-6)°

L:pape =i ¢4 — o (Ope)® =1,
L1: 8505165052 == (69051)2 (176)
7.2 2 .., 4.

L PePey =P 5

L: <p51g022 = gaféll =1,

L=0 otherwise

This proves that the range of L is in the space of the
interactions if one takes Ly to defined by acting on ex-
pressions like (I73) by replacing P inside them by LP
(see (IZ)).

The above e analysis shows, also, that trivially the
action of (1 — L) on expressions like (I7.3]) is precisely
the substitution of P by RP.

It is convenient to stop to point out the following. The
operation L defined above is not unambiguously defined
as an operator in the sense of functional analysis: to let
Ly, act on functions like (ICI]) one has, by definition, first
to express them as a sum of functions like (IT7.3)) and then
to act term by term replacing P by LP (see (TZ.5)).

However the expression of (IZ.1]) as a linear combina-~
tion of expressions like (I7.3)) is not unique.

Therefore, in order that the above definition of Ly
makes sense one has also to prescribe how one writes
(IT1), or more generally a function in the domain of Ly,
as a linear combination of terms like (I73]). Expression
([I72) is the prescription used here for the functions of
interest. Also later on we shall have to use a well-defined
prescription for the decomposition of the effective poten-
tials as sums of terms on which the action of the higher
order subtraction operations £(?) is defined. The pre-
scription for the decomposition of the effective potential
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has therefore to be thought of as part of the definition of
L.

Taking into account the above comment we then check
the relation (ZI3) first by verifying that the prescription
to decompose the interesting functions (i.e. the effective
potentials) as a sum of terms in the domain of the L
operations commutes with the expectations £,41 - - - &,
and second by asking whether £ also commutes (in the
sense of ((I3) with them.

Both the above checks are very simple in our case; ac-
tually, the systematic use of Wick ordered interactions
and of Wick monomials has the basic motivation of mak-
ing this check an essentially trivial consequence of ([£2)
(implies by Wick ordering) and the definition of L.

From (I7.0) and (I74) and applying the general theory
of Sec. [VII] (see (ZI4) and (Z.IG)) one finds easily the

following expression of the counterterms V, n; if ¢ =

©=N) it s
1 h)
e[ (2) et

h=0
4
+uA2! (2) (CEW? _ o<m?) 4
4 (<h)2 (<h)?
+OZ/\2' 9 (810 810 )+
31 /42
+/\25(3> (CEW? _ o<m®y 4
1/2
pa (1) 810&‘)} +

2 _ 2
) s

/\235!<3> (&2 gd&) e 12<h)3_0(<h )+

a? 2\ /4
+78120$)}+ : gaféll : /d& {,u)\ (1) (1)05}21) +

A2 (4
+52! (2> (CL=W? - ct<m®)] 4

/ df[ A(CEW® — o) 4

Fua 2! (8,06EM? g o<m?) | (17.7)

2
+ 521 (0120 — 9,017 4

A (A 2(C<Sh>4 c<mh)
RV ;

It should be stressed that for some terms in (I7.2)) the
rule (IZ6) produces needless subtractions, as far as the
ultraviolet stability is concerned; in fact rule (I7.6]) coin-
cides with the “usual rule” in the literature only in the
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“usual” case o = p = 0,d = 4; if d < 4 then (IT0) is
oversubtracting even in this case.

Nevertheless the “universal rule” (I7.6]) will be used for
simplicity of exposition; it would probably be not difficult
to make the theory of Secs. [VII and [VIII more flexible so
that more refined subtraction methods become possible
permitting us to introduce counterterms only for “really
divergent” parts of the effective interaction.

It is easy to compute in the above cases the meaning
of the trees dressed to second order (see Fig. (47))

' {m @)

According to Sec. (see ) the framed tree
represents one of the terms in (IIZH) w1th the summations
over h ranging from 0 to k (rather than to N) and with ¢
now meaning (=) up to a factor 2. Precisely select the
contribution to (IZ7) from the term V(*¥-a1.22) in (I7.2)
(or VFa2.01) whichever is present in (IZ.2)) containing

UJ(\?), a=4,2,2",0, i.e. containing : ¢* :, : ©? 1, : (0 p)?
1; then the frame in Fig. (47) means
r (o, k) o™ (9159, 0050, (17.8)

where the r coefficient is the coefficient of the term in
([T just selected but with the summation over h rang-
ing from 0 to k; here o is a symbol for the tree shape
framed in Fig. (47). clearly 7*) (o, k) is proportional to
A1) y(az)

The unframed dressed tree in Fig. (47) represents, if
we follow the rules of Secs [VIIIVITI exactly (I7.2) with
the replacement induced by ([T4l), P — RP, see ([.IGl).
Thus if we introduce the new fields

def

D51152 = P& — Péas
def

D, g, = Ope = 0pe,

def

5511,52 :j 69051 - (99052 - (51 - 52) : aa(pﬁzv
def

851152 = Y& — Pé — (51 - 52) : 890527 (179)
def

TEl,E2 = Y& — P& — (51 - 52) ) 89052 -

1
—5(52 —£1)% x 8%pg,,

e s . md
where 62 x 82 means, if § is a vector in R,

d

82
Z 5i5jma

4,j=1

then the contributions from the unframed tree in Fig.
(47) to the effective potential VQ(k) due to Vi + Vo v at
fixed h, oy, g are, if p = @(EF)
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1 ,/2\° .

ol (1) tpeTee  Chd, or00=2,  (17.10)
2\° .

Ma(l) : s0515’51251 : 651 05(25)17 a1 =2.09 = 11711)
2\ (4 N

pA (1) (1) : 9021D5251 : 05(25)17 oy, 0 =4, (1712)

2
1 2 .
5042 (1> : Ope, Di,e, 3515205(25)1, ar, as = X17.13)

2\ /4
aA(l) (1> 00,08, 1 06, Cndy, on =20z = 4

and for ay, a0 =4 :
N2 (a\? 3 3 (h)
2 {(1) 11 g, g, : Oy, +
4\* (<h)2 (<h)2
<
+(2) 2! Sﬁ’?l (9051 + 9052)D5152 : (Cg;gl - 05251 )

4\ 2 <h)3 h)3
+<3) 31 e Tee, : (O = CEY)|, (17.14)

A simple way to describe the construction of (ZI0)—
([ITI4), i.e. to interpret the R over the vertex of the tree
in Fig. (47), is to think that the tree in Fig. (47) is
computed from the values of the same tree without the
R followed by the replacement of P by RP in the result.
It is also easy to compute the meaning of the most
general tree dressed to order 2 (see Sec. [VII for the
notation), as with the example in Fig. (48) below:

t

According to the general theory of Secé”ﬁﬂ] the first

act will be to “trim” the tree « of the frame and of its

contents (if there are more frames one trims all of them),

obtaining a simpler tree 7; e.g. in the case of Fig. (48)
the result would be

(49)

t

Then one proceeds to write the trunca%%&expectation
formula for the evaluation of the contribution to V(*) of
the tree 7, ignoring the presence of the R superscript
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(see comments in Sec. [VII] after Fig. (13)). The vertex
bearing the R contributes

« < a <
&7 (v ({2, 0@ () (17.15)
in the above above example
and a similar expression in general; then one just replaces
in (IZI5H) the Wick monomials P by RP according to
(IZ4). Finally one replaces the factor A(* contributed to
the effective potential by the end point (£, a), with the
factor 7'"(0‘) (0,q), o being the shape ——<_ 0, framed
according to (IT.8]).

This completes the analysis of the second-order renor-
malization. It justifies calling (ITZ8) form factors with
structure o.

It will be clear that a detailed check of all the above
formulae is the heart of renormalization theory and there-
fore the inexperienced reader should proceed only after
having well understood the details of the above calcula-
tions.

As an exercise the reader can consider the theory of
renormalization to second order of the following prob-
lems.

(1) Let Zy be

—)\/ st dg (17.16)
A

and show that if d = 2 one can take E,(f) =0, i.e. no
renormalization is necessary.
(2) Let Zy be

/A(—/\ : gpéSNM - gpéSNﬂ :

and work put the renormalization to second order in the
case d = 3, proving that one could use as a definition of
Ly, instead of (7.6, the following

—v)dé  (17.17)

L1=1, L: e pe, :=: wéSNﬂ : (17.18)
(3) Let Zy be
/A(—u : goéSN)z - (6@2SN))2 1) d¢ (17.19)

and work out in detail renormalization theory showing
that, unless a = 0, one still needs nontrivial renormal-
ization. However the theory can be rigorously built if
1, a are small or non negative.

(4) Show that the theory with interaction (C.I7) is not
renormalizable if d = 4, not even to second order, in the
sense of Secs. [VIHVIII (not identical, although trivially
related, to the one usual in the literature).
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XVIII. RENORMALIZATION AND ULTRAVIOLET
STABILITY TO ANY ORDER FOR " FIELDS

Section[XVIThas shown that renormalization to second
order suggests a representation of the effective potential
in terms of Wick monomials more general that the ones
used in Sec. XVI ([IG.4), and precisely as a sum of con-
tributions like

(18.1)

V(v; P)
ZP:/ n) |

where P has the form (here ¢ = ¢(=F) and the symbols

in (TZ9) are used)

(o) (002 (TE0%)
(To22) - (TTste) (T0st2) (TTr)

with n; < 4, pj,mj,nj,qj,rj,tj < 2.

The most naive way to proceed is to define recur-
sively the localization operations L,(CU) associated with
tree shapes of degree p+1 (i.e. with p+1 end points) par-
tially dressed to order p simply by using again the local-
ization prescription (I7.6) and the corresponding renor-
malization prescriptions for the interpretation of the ver-
tices with R-superscripts (IZ4): the idea being that,
as suggested by (I618) and ([I6.I9)), the divergences are
caused by the contributions to V' (; P) P from the ver-
tices v of |g describing a Wick monomial of degree < 4.

However if P is given a general form (82 it is clear
that there will be plenty of monomials of order < 4 which
do not appear in (I74)) and for which the operations R
and £ are not defined yet. The first task is to classify
them.

One assumes inductively that the renormalized effec-
tive potential corresponding to an interaction renormal-
ized to order p:

(18.2)

Ve=Vi+Von+Von+...+V, N (18.3)

is still described in terms of Decorated Feynman graphs
S as

(18.4)

n=1 vy;degree y=n S

where now the graphs .S will bear more decorations (com-
pared to the cases treated in Sec. XVIl to describe the
“effects” of the renormalization.

One checks this inductive assumption in the case p = 2
first, where it can be checked, because V5 x has already
been studied in Sec. [XVTII

o7

Let v be any tree dressed to order 2, e.g. see fig.
48. Trim v of the endframes and consider one decorated
Feynman graph S corresponding to the evaluation of the
effective potential due to the trimmed tree ¥ but ignoring
the superscripts R.

Draw a box B, around the cluster of position labels of
7 corresponding to the vertex v of 7: the box B, will be
drawn so that the lines of S with frequency index h, are
inner to B, but not inner to v’ if v/ > v, as in Sec. [XVII

Therefore, out of each box B, emerge lines of S pos-
sibly carrying 9 labels, as in Sec. XVI will be system-
atically used below; for instance, n{ , and ng, will be.
respectively, the number of lines emerging from B, and
carrying or not carrying a 9 label; n¢ will be defined to
be the sum of the above two numbers.

So each box B, represents a Wick monomial P,, as in
Sec. [RV1l Consider the vertices v bearing in 7 an R: note
that they must correspond to some innermost nontrivial
clusters and precisely to those with two points in them.

Let one such v represent, in the given S, a Wick mono-
mial P,: one replaces it by R P,, see (I[7.4).

If R P, = P, nothing has to be said; but if R P, # P,
one has to interpret that the vertex v contributes, via
the graph S, R P, rather than P, to the evaluation of
the truncated expectations corresponding to 7.

If R P, is a Wick monomial in the fields ¢, ¢, D, D!,
S, 81T, see (IZJ), then one denotes this operation of
substitution of P, by RP, by simply adding an index
0 to the box B,; but in some cases, actually only in
one case among those so far considered, RP, may not
be a Wick monomial in the above fields. In fact the
R: cpgcp,% :is, by (IZ4), : cpg(gofl —cpg) = cpg’ Dype @ +
cpggonDng) ;, i.e. a sum of two monomials rather than a
single monomial.

If RP, is a Wick polynomial, sum of various monomials
numbered from 0 to m, then one attaches to the box B, a
label b, = 0,1,...,m to indicate which term in R P, one
selects in the evaluation of the truncated expectations as
a contribution from wv.

One takes into account this index /3, by changing ac-
cordingly the meaning of the lines of S emerging from

the box B,, e.g. the line representing (o in : 19 is
replaced by Ts1, that representing dpy in @ p10ps : is
replaced by S3, that representing dps in : dp10py : is

replaced by D3, the one representing one of the two ¢2’s
in : p?p3 : is replaces by Do if the index 3, appended
to the box B, (which now takes values 0 or 1) is 3, = 1
while, if 3, = 0 then one of the two lines representing
| f2 is replaced by a line representing ¢; and the other by
one representing Dy (which one is replaced by which is
irrelevant, e.g. one can decide on the basis of the identity
indices appended to the lines emerging from a point, say
lexicographically); in the : 193 : case the line repre-
senting (1 is replaced by by Djs.

Then the evaluation of V(7; .S) proceeds as before with
the consequent change of meaning of the covariances as-
sociated with the contracted lines (when two lines are
contracted, they give rise to the covariance between the
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two fields that they represent, of course).

Clearly at the end of the computation one still has to
replace the A(®) contributed by the end points of 7 (com-
ing from the trimmed end frames bearing inside the shape
0 = —<_ (., and attached to a vertex of frequency
h) by new factors r(®)(o; h) as explained in Sec. XVII|
see (IT8) and the related discussion.

The result of the above procedure is a formula like

([IB4)) for the effective potential V2(k) due to Vo + Vo .

Hence the inductive assumption is satisfied for p = 2.
Assume (I84) for p = 2,3,...,po and let v be a tree

dressed to order pg and of degree py + 1; assume to have

already defined operations E,(f) for all the shapes of de-
gree < po.

Assume also that the result of the action of such op-
erations leads to a rule of evaluation of the trees with
no frames (and possibly some R indices) which consists
in examining successively the boxes B, corresponding to
the vertices of a tree, starting from the innermost ones,
and changing successively the monomials P,, which each
of them represents, into a new monomial in the fields
,0¢,D,D', S, S* T appearing in the polynomial RP,
defined as follows.

If P has one of the forms contemplated in (I7.4), then

RP is defined as in (ITA4), i.e. if p; = oK), 0i; = &—¢&;,

J

R1 =0
R :p1p2 i=1 01101 ¢
1
R : 01002 :=: 915y 11 (18.5)
R : 0p10p2 :=: 0p1 Dy -
R : @lgs i=: ¢iDai+ : plpaDar
R : 195 :=: Doy}

where (I83]) is just a way of rewriting (I74) in the new
notations (I7.9) and the D, S, T.D!, S! fields have indices
4 which mean &7, & and have also frequency indices which
are the same as those of |f and which are not explicitly
written.

With the same notations the action of R on other
monomials of degree < 4 is defined by

R paDyo =1 wTo :

R : p2S12 1= o1 :

R : 1593 :=: D12S23 : + R : 2591 :

R 11812 i=: D12512 : + : DaiTie + + o172 ¢

R :¢p1D3s :=: R : D13D3s : +R : paDa3g :=
=—: 81282 ¢ + 1 S12D32 1 + 1 D12S32 1 +
4+ Do1Tso @ + : (1132 o,

R : Di9D3s := —: 812532 : + : S12D35 : +
+ : D12S30 :

R : Di3D3q :=— : S12634 D3, : + : D12634 D3y
— 1512534 1 + 1 S12D34 1 + 1 D12S34
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R 0p10¢ps :=: &plDél :
R : ©10py :=: p153; : (18.6)
R 0p1Day :=: Op1S91 :
R @D i=: 09153 :
R 3Dy :=: D3;1D3; : + : D13S5 : + : ¢35, :
R 0p1Dag :=: D%3D23 i+ 038593 :
R 19303 :=: D1ag3Dso : + : p193D30
R p10203004 :=: p1D21903004 + + 1 01 D12D3104 :

+ ¢1@2D31(p4 N (p1D12D13D41 :
+ : prpaDisDay  + ¢ prpapsDa
+ @1@%303D41 M-

The action of R on the monomials which differ from the
ones listed above by a sign (e.g. ¢2D21) is that R acts
by changing the

sign of the r.h.s. ; for the remaining monomials one
puts RP = P.

The basic idea informing the definitions (I8X) and
([IB3) is to subtract from each monomial P its “value
at coinciding points” (defined below by the £ operation)
to an order such that RP contains a zero of order

if degree of P =4 and nf, =
if degree of P =2 and nf, =
if degree of P =2 and n{, =
if degree of P =2 and nf, =
if degree of P =0 and nf, =

8}—![\300>—~
— = =

In other words if we call p, the above order of zero
then p, is defined, see (I6:23)), as the smallest integer for
which p, + p, > 0.

Furthermore, the definition of R is such that each of
the monomials on the r.h.s. can be thought of as obtained
by substituting for one of the factors in P an “improved”
factor climbing the chains ¢ - D — S — T or D —
S—TorD— D'—= Stordp — D' — S or D! = S!
or § —1T.

In analogy with the second order case of Sec. XVII|
it is natural to try to define the operation E,(f) on the
contribution of the tree v with shape |s to the effective
potential Vp(ok ), assuming that the tree has degree pg + 1
but that it is dressed to order pg only (this is the situation

that has to be considered according to the general theory
of Sec. [VIII). If this contribution is denoted

(18.7)

Z/V(W;S) Ps de,
S

then, in analogy with Sec. [XVIII E,(f) should act on
(@81 by just changing Ps into £LPs and £ should be
defined so that for any kernel w verifying the trans-
lation invariance and rotation covariance (for rotations
of § around the coordinate axes only, since A is taken
with periodic boundary conditions) it should be [w (1 —
L)Pd¢ = [wRPdE.
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After some thought one realizes that this aim can be
achieved by defining the action of £ to be that of replac-
ing a non local Wick monomial P by its Taylor expansion
truncated to an order p, — 1.

Since P is nonlocal it will have to be decided around
which of the points appearing as indices of the fields in
P the Taylor expansion will be made. For instance one
could choose any of them and then symmetrize the result
over the choices; however it is notationally and practi-
cally simpler to choose one among them giving the sim-
plest form to the result; sometimes this may still leave
some ambiguity; the ambiguity will be resolved by arbi-
trary choices guided by the labels j on the points &;. Of
course this implies that one has to be careful in imagining
to draw the trees on the plane always in a standard way
(a precaution ignored so far), i.e. picking up systemati-
cally one representative from each equivalence class and
numbering the end points also in a standard way (e.g.
from top to bottom).

In the expression below the indices of the fields in

P are always supposed to be &;,,&;,,E,,&;, but the

(<k)

shortened notation ¢; = ¢ will be used as well as

0ij = (&, — &j;)- Also if 6,0" are component indices we

d :
set 075 X 0%, lef Zzﬁ’:l %. Then with the above
6

conventions
L1 =1
_ 1
L prps =1 @1(p1 + 021091 + 5531 x 0%p1) :
L : 00109y :=: 01007 :
L p10ps :=1: ©1(0p1 + 021 - 0 O¢p1) :
_ 1
L: 1Dy 1= 901(521'39014-55%1-3902) :
L : D13Dyg :=:613-9p3 a3 - Dp3 :
L:p1Do3 :=: 6130302303 : +

1
+ ¢ @3(d23 - O3 + 5553 x 0%p3)

Z . D12D34 = 512'8(/72534'8(/72 :

—= 1

L:p18a 1= 3 L1021 X 0201 1, (18.8)
—= 1

L : (plslg L= 5 2902512 ><(92g02 5

— 1

L : (p1523 L= 5 2903523 ><(92g03 5

L: 1Dy =1 1621001 -,

L : p1Dy3 :=: p3dp3-00ps -,

L : 6¢1D%1 = 6@1521 -8<p1 o

L: 8¢1D%3 = 8@3523 8(/)3 b
L:pgh =29t L:ie) =29,
L:prpses i=: ¢

L : p1o00304 = ¢ 5,
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and LP = 0 if P does not differ by just a sign from
one of the above monomials, LP = —L(—P) if P differs
by a sign from one of the above monomials.

If the above is taken as definition of £ one can find
ﬁ;ﬂa) and hence, by the general algorithm of Sec. [VIII]
the counterterms of order py + 1 as well as the meaning

of the tree

o
Recall that one is proceeding inductively and the def-
inition of the counterterms (and the meaning of the
dressed trees) is supposed known for trees of degree < py.

Of course one has first to check that the operation E;ﬂg)
has range in the space of the interactions (see Secs. [VII]
and [VIII). This follows, as in the case of second order
renormalization, by studying the integrals of expressione
like (I8.8)) times kernels satisfying the translation invari-
ance and rotation covariance mentioned above (and pos-
sibly integrating by parts to obtain expressions of the
appropriate form).

It is perhaps worth saying why L,(CU) bears an index o:

in fact £ is defined independently of o. However ﬁ;ﬂa)
acts on the functions of the form (I87) and a function
F' can be written in several ways in the form ([I&7). As

discussed in Sec. [XVII| the operation E,(f) acts on the
effective potential written in the form (I8) as it arises
from the prescriptions of the calculation to be followed in
evaluating the contribution of the graph S to the effec-
tivepotential once the tree v is given (such prescriptions
are the ones discussed in detail in Sec. [XVI): the pre-
scription depends on the shape o of +; hence so does
E,(:). To be more precise in Sec. [XVI| the prescriptions
for the evaluation of the effective potential in terms of
decorated Feynman graphs were given in the absence of
renormalization: but renormalization just allows more
complex Wick monomials and therefore a possibility of
giving to the graphs lines the meaning of more complex
fields and can still use the same graphical rule to build
the evaluation of the expectations via the Wick rules.

Therefore it will be decided to choose as definition of
E,(f) on the expressions (I87]) the action of the operations
L on the integrands. Then, by the above construction,
the action of (1 — £) generates an interpretation of the
R superscripts on the trees dressed to order p, + 1 as
meaning that the Wick monomial represented in a given
graph S by a vertex v of order pg + 1 has to be replaced
by RP defined by (I8H), (IS4).

This means that the inductive assumption is indeed
verified for p = py + 1 and hece for all p. It also means
that L,(CU) depends on o only through the tree shape 7o
obtained by deleting the frames o as well as their con-
tents, a necessary property in order to apply the resum-
mation theory of Sec. [[X] to the present problem.

For later use it is convenient to recall the meaning of
the tree o it is obtained by the rules of XV

see Fig. 18 and 10 and Eq. (&3).

One starts by erasing the frame around the shape s and
its labels &, a. Then one attributes frequency indices to
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the vertices of o which are outside the remaining frames,
and one also attributes position indices to the unframed
end points of |s and to the endframes of o: in this way one

builds a partially dressed tree vdéf (oB, &), because the
first vertex of v bears no superscript R (because before
erasing the frame it was enclosed inside it and therefore
had no R superscript).

Suppose that the indices h are such that the root fre-
quency is —1: h, = —1.

One proceeds by computing, with the rules explained
above, the effective potential V'(v;.S), where S is a deco-
rated Feynman graph,

no R here
— 7 (50)
Os

with enough decorations on every box B, to allow rec-
ognizing which choice among the monomials of RP, is
made at that vertex: as explained above, this is done by
adding an index 3, corresponding to a vertex v bearing
a superscript R and f3, can take only a few values (from
([IB3) and ([I84) one sees that 8, = 0,1,2,3,4,5,6 are
enough in the mostcomplex cases).

Since the 7.h.s. of (I8F)) is made up of local expressions
in the fields and the coefficients are kernels with trans-
lation invariance and rotation covariance (in the sense
considered above), it follows that the integrals over the
position labels of V' (; S)Ps summed over S can be cast
in the form “of an interaction”:

/(1(4)(0h) : <pé_1)4 T+
N ,
+ID () (92

(18.9)

F+1O (o)) d,

and this means that (see ([83)) the form factor corre-
sponding to k_@ﬁ o is

b (@) (gh
) (o, k) ZZIT(U)) (18.10)

h=0 h’

where h denotes the frequency index of the first vertex
of o after the root and h’ are the frequency indices on
the higher vertices (and the root frequency is supposed
to be —1).

Naturally the N dependence of (I8TI0) is in the fact
that the summation indices over h’ run with upper
bounds equal to N; nevertheless, it will appear that
(@) (0, k) admits a limit as N — oo, at fixed k.

This completes the inductive description of the coun-
terterms and of their effects on the tree representation of
the effective potentials.

The final result is that after complete renormalization

60
z / > z %) ps de.
demzes(’g El(cw) 3
v dressed
(18.11)

where the sum runs over the Feynman graphs S asso-
ciated with the trimmed tree 7 (i.e. v deprived of the
outer frames and of their contents), decorated by boxes
(defining the clusters associated with the vertices v of )
bearing indices (3, explaining the selection to be made in
evaluating RP, (the index (3, can take at most seven val-
ues). Furthermore the graph S bears all the other dec-
orations already possible in the nonrenormalized cases
(i.e. frequency, character, identity and 0 indices, see Sec.

It remains for us to check that, with the above defi-
nitions of the subtraction operations, the new theory is
ultraviolet finite.

Given a dressed tree ¥ with no frames (i.e. with every
vertex of v bearing an index R) one has to study, given
©(=F) verifying B20) (with n = 3), the expression (see

the analog (IG.12))

- .
Ay X...XApXAnN—P

|V(77S)| Sup|PS|d£7 A] erupSnu

Ms(Ay, ..
s (18.12)

where S is a given decorated Feynman graph: n is the
degree of v, k is the root frequency.

Clearly the integral (I8I2) is evaluated by just the
same type of analysis leading to the bounds (I6.I8) in
the case of no renormalization. One has only to re-
place some covariances with new covariances due to the
fact that some lines have the meaning of new fields
(D, S, T, D', S").

However a few remarkable improvements are generated
by such changes.

Call a line of S representing fields like (I7.9) a “renor-
malized line”. Below 77 and S will be fixed.

Looking at the graph S one can see which is the vertex
v “causing” the change of meaning of a renormalized line
compared to the meaning that the line would have in the
graph Sy obtained from S by erasing all the decorations
which allow one to interpret it as a renormalized graph.
It must be a vertex v corresponding to a box B,, , which in
So would determine a monomial P, on which R acts non-
trivially (RP, # P,, see (I74),[I835) and ([IX4)). The
actual meaning of a renormalized line cannot be deter-
mined by v alone. In fact, as (I8.6) shows, it may happen
that its meaning is changed again in correspondence of a
vertex v/ < v such that R,  contains two external lines.

But the change of meaning cannot take place more
than four times, because the meaning of the line “keeps
improving” (i.e. the corresponding order of zero in the
RP polynomial keeps increasing): a ¢ line can become a
D or S or T line, a D line can become an S or T line,
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and S line can become a T line, a dy line can become a
D! or S line, a D! line can become an S* line; and R is
the identity when acting on monomials containing S* or
T fields.

So, given 7, S and a renormalized line of S once can
define the first vertex responsible for its change of mean-
ing with respect to the meaning it would have in Sp; one
can also define the vertices vy, ve, ... following v where
the line again changes meaning before acquiring its final
meaning; from (I86]) and (I8X) one sees that this change
of meaning cannot take place more than a fixed number
of times (four). Finally one can define the vertex w where
the line becomes internal to a box B,, for the first time:
w = r = root, of v if the line is external.

Call p, the parameter associated with the vertex v (see
(I6.18),(I6.19)) in the graph Sp. Then it is clear that the
fact that the line has changed meaning introduces in the
basic bound ([I6.7)) an extra factor given, at least, by

By (" d(§,))" = Bay~ vl (e d(g,))
(18.13)
where Bs is suitable and d,, is the variation of the order of
zero, as d(&,) — 0, introduced in P, by the R operation
via the change of meaning of the line under consideration.

Therefore every time a given line changes meaning at
vertices v; > vg > ... new factors like (I8TI3)) arise in
the bounds on Mg(Aq,...,A,), and by construction the
sum over the lines A that change meaning and over the

vertices v of the quantities J,, is such that

SN 00 (he = ha) = > pu (e = huy),
A v >

if v/ is the vertex immediately preceding v in -y, and p,, =
—py + 1if p, <0 and p, = 0 otherwise. Eventually the
bound on Mg(Aq,...,A,) becomes

(18.14)

[fAlx...xAp (HA e_mhk‘/\l) (Hv 7_(h“_h”');”> :
(T, (€))7 de] - (18.15)
E"N B B} Bg"’y% k"fi,uo,y% kni o, .

2 inner h inner

.HU>’I‘ (f}/hvd%HOU f-)/ ”2”01; )

where By is defined by a formula like (I6.13) in which Pg
has the new meaning (and the r.h.s. is changed accord-
ingly in the natural way: note that the new r.h.s. will
contain, in general factors like (I8I3) when Ps contains
renormalized fields and use is made of (B20) to exhibit
the order of zero in the D, S, T, D', S fields; the con-

stant 6, can, in principle, be read by comparing (I8.13)
and (I8I3)).

The exponents 6, can be bounded by the maximum
of py (i.e. three) times the number of times a line can
change meaning (i.e. four at most) times the number of
lines that do change meaning at the vertex v (by (I85)
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and ([I84)): actually this happens only when P, looks
like 19290304, see (I8E). Call T th above bound (T =
324).

Hence for all ¢ > 0 it is, if d(&) is the graph distance
between the points of & = (&1,...,&,)

[ ) < (Lymet X, 7" )

z (18.16)

v

where the 4n arises from the fact that the lines changing
meaning at v can become internal at different vertices w:
at most four.

This is used to choose ¢ so that (T' < +r (—y~'), which
can be used together with the inequality
Zy’“m > (1= AMd(E), (18.17)

v>r
a consequence of ¥ > (1 — 4 V)(1+~y7 1 +~472 + ... +

7~ )4 and of elementary geometry, to bound (I815) by
(see Appendix D for the bound (I6.14]) on the integral)

Sarsna, € "2 ML (v d(e,)) <

KAk 4n
YRA(ALX... XA ! .
<€ 4 ( 1 p)(C)

: fAnfl ’Yikdei% Zk ’Yh’/\|)\‘d§2 “ e dgn

(18.18)

which, inserted in (IRIH) and after appropriate power
counting, becomes

Bre—$7d(ix.xay)

My(Ay x ... x A,)) <ENB™B

.,y—k(2m2+(4—d my) Hv>r ’7_(PU+PU)(hv_hv')

for a suitable £~33, if v’ denotes the vertex immediately be-
fore v in vy and with p, defined in (IG.19), using the graph
Sp obtained from S by erasing all the labels referring to
the renormalization, and

pv + ﬁ'u =—d+ 2m2,v + (4 - d)m4,'u +
+420G, + G0, + 0ng adns 0+ 30ng ,25715 o+

+25n§,y715"{f,v71 + 15 05n1 2 > (18 19)
(here ng, n{ ,,n§, are counted as they appear in Sp).

Actually, for later use, one can remark that if 2ms ,, +
(4 — d)may,, is replaced by 0 in (I8T9) one obtains a new
expression Pl + py which, nevertheless, is still larger than
7= 4. sce (16.20) (523,

Expressions (I819) and (I8I9) prove the ultraviolet
finiteness for the trees which are dressed but contain no
frames.

If v bears frames enclosing shapes o1, ...,0,, m <n =
degree of ~, attached to the trimmed tree 7, obtained
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from |g by trimming it at the vertices of frequency
hi,...,hy, (allow here the convention that the unframed
end points are regarded as frames by a frame containing
the trivial shape, as already done in the previous sec-
tions), then the bound (I8I7) is obviously replaced by

My(Ay x ... xAy) < NBneégefg’ykd(Alx...xAp) )

iy @mat(d=d)ma)k Hv>ﬂ—<pv+ﬁ><m—hw> .
Ty 17499 (a5 ), (18.20)

where the factors r(®)(o; h) are the form factors associ-
ated with the shapes o (see Secs. [VIIIXVII and (I7.8))
defined by (I&I0), r* (o, h) = A®) if the shape o en-
closed in the frame is trivial.

Consider d = 4 and suppose that one could prove that

1) (g3 h)| < P02y toa0 oz 0 (18.21)
where s is the degree of the shape ¢ and
g = max(|A|, |/, [, |v]) = max [A(@)]. (18.22)

Then, as already noted in Sec[XVIl and after (I8.19)
above, the factors 7292 would affect the bounds (I8.19)
and (I8TI9) by replacing p, + py by pl, + p, and 2mg ,, by
0, so that (I8TJ) becomes

MS(Al X ... X Ap) < NBneége_%'ka(AIXmXAp) .
DI | B R | Ky Ny

and the ultraviolet finiteness would follow also for the
frame bearing dressed trees.

It is convenient to remark that the bound (I823) can
be considerably improved at no cost if one notes that, by
the nature of the bounds leading to the d(A; X ... x Ap)
in the exponential, one could have obtained instead the
quantity dg(Ay x ... x Ap), where this is defined as the
sum of the distances between the cubes A joined in S by
a hard line. It is clear that this is a much better bound
for very structured graphs.

It remains for us to prove (IR.2I]); however in Sec. [XIX]
a much stronger bound, compared to (I82]) (easy as
it will appear) will be proved. Therefore the proof of
(I821)) is postponed to Sec. [XIXl

The results of this section basically contain the “Hepp
theorem” ((Hepp, 11966, [1969)): this theorem provided
the first completely rigorous proof of ultraviolet stabil-
ity (see also (Eckmann and Epstein, [1979; [Speern, [1974;
Zimmermann, [1969)).

XIX. “n! BOUNDS” ON THE EFFECTIVE POTENTIAL

It is now possible to find concrete bounds on the coef-
ficients of the effective potentials. In this section we take
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d = 4, for simplicity (the cases d < 4 are similar and
slightly easier).

From the preceding analysis emerges the following or-
ganization of the contributions to V() of the trees of
degree n.

A dressed tree vy will be described by its trimmed part
7. obtained by cutting out of  all frames and their con-
tents, and by the actual contents of the external frames
of v: one per end point of v which bears a frame; for
uniformity of notation one imagines here that all the
end points of the dressed trees are framed so that if
ke ¢q; is an endbranch of v which bears no

frames one imagines to transform it into k_@ﬁ o

The degree of v will in general be larger than or equal
to the degree m of 7, which will be called the “renormal-
ization degree” of .

So a dressed tree v will be described by 7 and m shapes
01,02, ...,0m, which have to be enclosed in frames at-
tached to the end points of ¥ to rebuild 7: if v has degree
n and o; degree n; it must be n = 2111 n;. For instance
the following picture shows a tree 7 together with its
trimmed part 7 and the shapes o1, 09, ..

'7Um;

The number of shapes of degree s can be easily esti-
mated by D§ for some D; (one can tale D; = 2*).

Consider the contribution to V*) from the trees of
degree n:

Viy; S
V(km:/ D DS poge (191
k(y)=k S n(’-)/)
degree v =n
&(n)=¢

where Pg has the form (I82]) and S is a decorated Feyn-
man graph as described in Sec. [XVIIIl The aim of
this section is to show that if &,...,&,, are the end-
frame labels of 7, then there are v—independent con-
stants B, k, D, b such that if B = sup, Ba in (3.20) and
Z = max, [A(¥] it is
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> Z sup |P|-

5Ap) k(v)=Fk

M(Al,...,Ap):/
D(Aq,..

degree v =n PS P
£(v)=¢
|V(77S)| < NBn ne—kY dA ..... ,
n(v)
(19.2)
where’D(Al,...,A)dejAlx Ay xAx...xAora

domain obtained by permuting such faactors; A; € Q
and the supremum of P means supremum over the fields
oSk = Z?:o ©) with o) satisfying (3:20); N depends
on the degree of P only: N' = O((n®)!).

Equation (I9:2) will be called the n! bound: this
bound was obtained in a slightly different form (i.e. as a
bound on the Schwinger functions rather than on the
effective potentials, and in “momentum space” rather
than in “position space”) and with a somewhat different
method in the remarkable work (DeCalan and Rivasseau,
1982). The approach presented below follows essentially
(Gallavotti and Nicold, [1985aH).

The first problem is to find explicit combinatorial es-
timates on the number of terms in (I9:2).

Since S has the interpretation of a decorated Feynman
graph with m vertices, m being the renormalized degree
of v (i.e. the degree of its trimmed part), and since the
decorations consist of finitely many indices attached to
each line and vertex of the graph (see Sec. [XVIIIl for an
explicit description of such indices, each of which can take
a number of values which is finite and graph independent,
except for the frequency indices) it follows that one can
bound the number of terms in ) ¢ in (I3.2)) at fixed v by a
constant of the form D3* times the number of Feynman
graphs, which can be built by joining pairwise 4mg +
2mg 4+ 2msos lines emerging from m = my + mo + mor
vertices out of my of which emerge four distinct lines,
while out of the other mgy + mg/ emerge only two lines,
possibly leaving aa few lines unpaired. This number is
clearly boundeb by (2my + mg + mgs)! 42matmatmy <
(2m)! 2% and this is therefore an estimate of the number
of terms in the ) .

However the above number is too big, and it can be
replaced by a better bound. This is so because the
(2m)!24™ ways described above come from multiply-
ing the <~ m!2*" connectd graphs built with m unla-
beled points (“topologically distinct graphs”) times the
m! ways of labeling such points by &1,...,&,. But the
rules of construction of a graph S associated with a tree
~ are such that if a graph S is given and can arise in the
sum ([I92) for a given |g, i.e. 7, then the same graph
with the vertices relabeled dos not necessarily arise.

Given a graph G with no labels, one can consider the
number N of ways of labeling G compatibly with 7 and
with given numbers n¢ of external lines (of any type)
emerging from the subgraph of G associated with the

vertices of 5. Then N is bounded by n(c)Cre® 2 "
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for all € > 0 and suitable C., if ¢ is the shape of 7
and n(o) is the corresponding combinatorial factor. This
bound replaces an incorrectone in a previous version, and
I am indebted to G. Felder for pointing out the error and
its correction (see Appendix F, vy G. Felder).he bound
will be combined with the remark that the summation
over ¥ can in fact be thought of as a sum over the shapes
o and the frequency labels h assigned to the vertices
of 0. However various frequency assignments h to the
vertices of |s produce the same 7 = (o,h), because of
our convention on the trees equivalence, and the correct
relaton between the sum over § and that over (o,h) is
27 ﬁ = Za’ Zh ﬁ :

Let then v = (09, h, g, &) be the dressed tree obtained
by choosing a trimmed shape oy, labeling its vertices with
frequency indices h, and then choosing m dressed tree
shapes o1, ...,0.,) of given degrees n1, ..., n,;, such that
>, ni = n, frames inside endframes attached to the end
points of o and bearing position indices & = (&1,...,&m)-

Let S be a decorated Feynman graph, compatible with
v, such that Pg is a given P and such that the number
of external lines n{ emerging from the subgraph of S
corresponding to the vertex v of |sp are given. Then
M(-) in (T92) can be obviously bounded, by taking into
account the above combinatorial considerations, as

M(Ala"'aA;D) <

< sup m! D¥ Z 2652 "

OOy T]s-ens
o {me} {ho}

[ aev®Es)suplp| <
(Alx "7AP)

< e—rwkd(Al,...,Ap)

(HZ eny, —(h —h Pv+pu)(H|T

v>r ng

(19.3)

Nm| Dm —ema, vk Z .

Uja j |)

if D3, D4 are suitable constants and the notatios of Sec.
XVIIT are used; furthermore, the summations over n¢
from 0 to oo can be controlled by

Z e —(ho—h ')(Pv+Pv) < Const/}/_(hv_hv’)ﬁ‘i‘%nlv
ne=0
(19.4)
because of (I8I8) and h, —h,s > 1, if € (arbitrary so far)
is chose small enough. Here the notations of Sec. XVIII|
are used: in particular v" denotes the vertex immediately
preceding v in 7.

Therefore the bound ([[9:4)) reduces the problem to that
of the coefficients 7(®) (o, h) which end up, in this way,
playing the central role in the quantitatiove theory of
renormalization.

The theory of the coefficients r(*) (a; h), to a degree of
depth allowing the proof of the n! bound, is in fact easy
as soon as one makes the right guess as to what to prove;
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the guess has to be made by trial and error methods,
and it is pointless to repeat the search here. The result
is that one should try to prove that there exist constants
b > 0, D5 > 0 such that (always for d = 4)

IT Yo, k)| <E"DE~H(n — 1)L
-1

bk)’ 2802+ kb0 (19.5)

=0 '] ’

where 7 is the degree of o and, as usual, Z = max, |A\(%].
Before proving (I35 we shall find it reassuring to
check that (I33) is really what one needs. In fact, in-

serting (T9.3) in (I9:4) one estimates the r.h.s. of (19.4)
by using the remarks following (I8I9) and leading to

([IR20); it follows that

M(Ay,...,Ap) < =R d(AL L Ay)

S () (T -0 32 22820,

mIN D'z Dp=

v>r j p=0 p:
(19.6)
where n; is the degre of o;:
Z nj=mn (19.7)
j=1

This gives immediately (I9.2)) via the inequality

S ﬁ (s~ nil M) <

|
h v>r j=1 p=0 p:
m N~ (bhy)P
< Dg*(n —m)! Z p]!
p=0

valid for suitably chosen b, Dg. The latter remarkable
inequality can be proved by induction on the number of
vertices, and its (simple) proof is in Appendix E.

Coming back to the proof of (I9.5]) one shall again
proceed by induction. Consider a shape ¢ enclosed in a
frame fy and fix it.

Therefore the shape ¢ will have no R superscript on
the first nontrivial vertex. Let oy be the shape obtained
by trimming o of the outer frames and their contents; let
m > m be the degrees of o and og: of course no confusion
should arise with the quantities with the same names
used in the first part of this section. It is convenient to
avoid proliferation of the symbols, but the reader should
bear in mind that what follows is the proof of (9.3,
quite independent of the first part of the section.

If f is any frame in o and if m; denotes the degree of
the trimmed tree inside the frame f, it is

(19.8)
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n—1=> (ms—1) (19.9)

f

where the sum runs over the frames of o and on the frame
fo enclosingo (so that my, =m), which one imagines to
have erased in setting up the computation of the form fac-
tor 7(®) (o; h) as prescribed in Sect XVIIT (see (I810) and
the discussion preceding it). Relation (I3.9) is basically
the same relation used several times (see, for instance,
the comments before (IG.I6) or (TZIT)).

As discussed in SecXVITI ((I8.9) and (I8I0)), it fol-
lows from the general theory of Secs[VIIl and [VIII| that
(@) (o;k) can be estimated in terms of the coefficients
V(y;S) corresponding to the Feynman graphs S such
that Ps has degree 4,2 or 0 and vy = (o, ) is the tree
obtained by attributing to o frequency labels h and en-
frame position labels € so that the root of « receives
frequency index —1 and the first nontrivial vertex of
receives frequency index h < k. Note that + is only
partially dressed, because by construction the vertex wg
bears no R superscript, having been obtained by deleting
the frame fj originally containing it.

Assuming, inductively, that the r coefficients 7(®) ver-
ify bounds (I9.5) when the degree of v is less than n
(trivially true for n = 1), one sees that ([9.4) and (I8.20)
together with the previous counting estimates imply (if
d = 4 and just applying the definitions)

h
1@ (o1 k)| < DymIDy* Y Y FmDE™

(19.10)
hyg=0 h’
m nj—1
= _ bh p
(L v Potoyy=seoto T ((ny — 1 3 L pJ!) )
V>0 j=1 p=0

where p < pi, +py is fixed and p,, > —4+nf,, +2n],, =
—4600 — 2042, see [[6.9]), because the first vertex vy has
no superscript R; hence no improvement on p,, is pro-
vided by the renormalization (“no renormalization is op-
erating on vo”); in (I9.10) h; denotes the frequency of
tl:le vertex at which the j—th endline of o¢ is attached to
oo

Using the inequality (I9.8]) one can easily estimate the
sum over h' = {hy }y>0,. Suppose that at vy bifurcate m
branches, each of degree 71, ..., so that Y 7, = n;
then by (I9.8) being applied to each branch

k
1) (o3 k)| < Dyml Dy~ y#hoeot2hdazgm prom .
h=0

(- S O o

1 p=0 p

(19.11)

s

S

where 77, is the number of end points of the s-th branch,
after trimming it of its endframes: ) m, = m.
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Then one can use the following bound valid for all non-

negative integers ay, ..., a4:
o= (bh)Ty
IT (a>" T) =
s=1 7=0
Zas a1,...,Qq
r |
=S B Y et <
r=0 r J1sees Jq=0 Ji g
1+ Fig=r
Sa.
(bh)"
<O a) ) . (19.12)

s =0

following from the fact that the large parentheses in the
intermediate step arebounded by the square bracket on
the r.h.s. ; a proof of this elementary combinatorial in-

equality can be found by induction.
The bound (I3I2) can be used in [I3II) to infer

1@ (0; k)| < Dym!DyE™ DE~™ DI

k n—m
4kSa0+2kdq (bh)" (19.13)
-y H0a0 Y(n—m)! Z Z 1
h=0 r=0
and using
k k r+
S <k +/ h'dh = k" + (19.14)
P 0 r+
implying
k n—m n—m-+1
(bh)" _b+1 (bh)"
Z Z 7! s b Z rl (19.15)
h=0 r=0 r=0

one deduces the bound

b+1
1) (05 k)| < Dy DJ(EDg Dy D5 1y oo 20
n—m-+1
bh)"
(n—1tm > (r') ,m>1 (19.16)
r=0 ’

where D7 > 0 is a suitable constant.
Thus if D5 is chosen so large that

b+1
b

the (T3] follows by induction: in fact the bound ([I9.3l),
as already remarked, holds for m = 1 (trivial shape of
s), and the above chain of inequalities proves that the
bound holds for trees of degree n, if it holds for trees of
lower degree. The constant b is not arbitrary because it

Ds D7 (DeDyD5Y)"m < 1, Ym>1  (19.17)
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must be such that (T9.8) holds. The constant D5 can be
take Z-independent.

By repeating the same argument and taking into ac-
count that n — m + 1 can be considerably smaller than
n — 1, one could improve (I9:0]) as

|7 (o; k) < EED)" (n—1)!-

; ,
S (bli)J A HRSa0t2k0ar (19 18)
— !
J:O

where f — 1 is the number of frames in o: this bound
shows that the number of frames in |s measures the rate
of growth ofr(®)(o; k) with k, or at least bounds it.

XX. AN APPLICATION: PLANAR GRAPHS AND
CONVERGENCE PROBLEMS. A HEURISTIC
APPROACH

Consider the power series for the effective potentials
and, given a dressed tree +y, consider the contribution
J V(v S) Psdé€, associated with v, to the effective po-
tential coming from a decorated Feynman graph S, as
explained in the previous sections.

Most of the graphs S have a complicated topological
structure and i will be impossible to draw them on a plane
(without causing line intersections which are not, actu-
ally, graph vertices or without enclosing one of the exter-
nal lines inside a region surrounded by internal lines).

For instance the graphs in Fig. (52) are nonplanar (if
the bumpy crossings are not graph vertices)

(52)

The planar ¢* theory is the set of power series for the
effective potentials (as well as for Schwinger functions)
obtained by restricting the summation

(20.1)

Vv, G
S et
vy G

to the planar graphs G only; of course such a restric-
tion also applies in the graphs arising in the evaluation
of the counterterms and of the “form factors” (%) (o; h)
(otherwise one would lose ultraviolet stability).

For what concerns the physical as well as the mathe-
matical meaning of such a planar theory perhaps the best
interpretation id that of “leading order” in a N ! expan-
sion in a vector (¢?)? theory, where ¢ is a N x N ma-

trix with ()2 % Tr (0*)? (see ('t Hooft, 19821, 1983,
1984; [Rivasseau, 1985)).

Therefore in this paper the pplanar field theory for ¢*
will be considered only as a set of formal power series and
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as a prototype of a situation in which the resummation
ideas of Sec.]sec(9) can be applied.

The main property of the planar graphs is that the
unlabeled planar graphs, “topological planar graphs”, are
not too many and their number can be bounded by NJ
where Ny is some constant and n = my4 + mo + Mo
is the number of vertices. One can take Ny = 3% (see
(Koplik et all, 1971)).

Without our entering one more into the details, it
should be quite clear, or at least reasonable, that the
whole theory of the preceding sections for the shape form
factors () (0; k) remains essentially unchanged, except
that facotrs like n!n(y) estimating the number of graphs
relevant for a tree v with n endframes are now replaced
by factors N§n(v).

The basic bound (I9.3]), proved in the same way, be-
comes

(20.2)

where (f — 1) is the number of frames inside o: in other
words, instead of (n — 1)! one finds f! (note that f <
n —1); compare this with the improved bound (I9.I8)) to
understand a little howthis is possible.

The improvement over (I335) and ([I3I8) is clearly
very string when f < n. However f can be as large as
n — 1, and therefore the sums (20.0)) still present conver-
gence problems of a major nature being a power series in
the renormalized couplings A = (—\, —«, —pu, —v) with
factorially growing coeflicients coming from the trees ~
with f of order of the number of vertices of v, e.g. see

Avavavavas il i
L

To understand better the problem of convergence one can
consider the resummation procedures outlined in Sec[[Xl
Precisely consider the pruning oparation 7 (see SeclIX])
cutting out od a tree all the frames. The resulting resum-
mation equation (@) for the fully summed coefficient
(@) (k) (called in SecIXI A(*) (k)) becomes

(20.3)

The simplest, rigorously correct, interpretation of (20.3)
is that it can be used to generate recirsively a power series
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expansion for the functions r(®) (k) in the renormalized
coupling constants.

It is convenient to recall that in the previous sections
this expansion was studied in some detail and led to the
representation

r(@ (k) = X 4+ "l (o k) (20.4)

where o are all the possible shapes of trees (see Fig.(24)).

Clearlym ([20.4) is a power series in X and (%) (0 k) is
part of the polynomial of degree equal to thedegree of o
in the expansion of 7(®) (k).

From the general theory of Sec[[Xlit follows that (20.4)
must verify, if thought of as a formal power series, the
relation ([20.3)) and therefore (20.4) can be generated by
solving recursively (20.3) as an expansion for r(k) with
A as inoput. It is not surpprising that once the coeffi-
cients B in ([20.3) are known one can reduce the problem
of computing > ;.. ccomm r@(k) = i) (k) to a sim-
ple “algebraic” problem; i.e. that of iterating m times
[@03)., retaining only the m—th order monomial in .

From the definitions it is clear that the computation
of the coefficients B is a necessary prerequisite for the
computation of 7(®) (o5 h), since computing the B factors
amounts precisely to computingthe dressed trees with no
frames. In fact, recall that the computation of 7(®) (o k)
for general o is reduced inductively to the no-frame case;
on this fact are based the n! estimates of SecXIXl But it
is quite evident that ([20.3]) provides a very economic and
systematic way of reorganizing the calculations of the fac-
tors (%) (o; k). Equation (20.3) is similar to the Callan-
Symanzik equations (Callan, [1970; ISymanzik, [1966).

From the work of Secs. XVIHXIXIthe coefficients B can
be easily computed for small r and estimated for large r,
uniformly in the ultraviolet cut—off N (in fact they are
N-independent, as the reader should eventually realize,
but they depend on the regularization chosen, as it will
be pointed out later).

The coefficients B can be bounded following the same
procedures used in SecsXVIII and [XIXE one just has to
take into account that only planar graphs will ever be
considered. The work is a repetition of what was done
there, and it will not be reproduced here. The coefficients
B arise from the computation of trimmed trees, i.e. from
trees with no frames so that f = 1, by keeping only the
planar graphs, so that the factorials m!n(y) are replaced
by NJ*n(v). And no factorials arise inthe estimates of B.
It is, see also (Gallavotti and Nicold, [1985ab), for some

Cy

S IBY) o (hihy, . hy):

hi>h
h fixed

> (Ban2+48a;0)h 77(601224»460%0)}1 < O{_l
(20.5)

-
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For r = 2 one can perform some explicit easy calculations
starting from ([T7): the coefficients B((fl)az(h;h, h) are

given by the h-independent constants [3&01‘212 with an error
bounded by O(hPy~2") for some p:

ég) = ( ) /C <h)d527
21 /4
b = 5@ / (CE"? — V%) dea,
(2) _op 2! <4> /((80(<h ) (3C(<h)) )d€
42! — T 5 2 12 12 25
/42
= 2h%<3> / (O = 07 dea,
2 1/2\* [ (&2-&)
522 = —7%5 1) / d d€a,
2
@) _ _anl(2 (&2 —&1) )
50 =7 2(1) / ¥ d€a,
@) _ a3t (4 2/ (& —&)?
A 2d

1--1()() o
@2 [ e, o)
W= Lo [1cl ol ae,

= 321 (@07 - 0cks" g,

1
-3 / (@O = (@*Cy5 ")) dee,

O _ _—al (4, (w4 _ o<t
44 = =7 9\4 41 [ (Ch3 -0 )d§2,

all other B’s with » = 2 vanish or reduce to the above
by B((MLZ = B((féél. It is convenient to introduce new
form factors, more naturally depending on k; they are
“adimensional form factors” defined by

(@) (k) =\ (k)7(26a2+46‘14)k (20'7)
and one can rewrite (203) in terms of new functions

() e (hihi, ... k)

.....

@) (k) = @)y

—(20a2+4daa) k4 Z Z Z (20.8)

BE. (B3 sy )y (M@ 100 TT A ()
aly SO b IR T 1

i=1
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and it can be checked that

def

hmﬂ h’;hla"'vhr)i

O¢17 yaT( (20 9)
def — '

7[3&1 ..... ( _hv"'a

exist if h; — h are kept constant and the basic bounds of

Sec XVIII imply, via (20.5)

h, — h)

SR —he o he—h)<CTh o (20.10)
hi>h
h fixed
therefore if we define
AR 2O ®), wk) Y - 2O (k),
ak) = =A®V(k), v(k) = -2\ (k)
the (20.8) can be written explicitly:
)\+Z )2 + 38 A(R)u(h)) + ...

k
alk) = a— Y (B AR)? — 288 p(h)a(h) +
h=0
+8u(h)?) + ... (20.11)

k
ulk) = iy~ 4+ 3 200 (8 u()?
h=0

285 A(R)u(h) +

+282N(m)a(h) + BEAR)?) + ...
k
v(k) = vy~ + 37 410D (8 u(n)?

h=0

2859 u(R)a(h) + BN a(h)?) + BYAMR)? + ...

and the functions Bk, = Bk, (h;h,h) will have a
well defined positive limit as h — oo, as follows from
@0.8)); the dots denote the “higher order terms”, r > 2.

The limits BQIOQ(
tially fast (O(y~ 2h)) and are not all independent (e.g.
Bii = 8B =385 ...

Obviously, because of the meaning of the truncated
expectations of the trees vertices, it follows that no v(k)
appears in the first three of (Z20.11]). this means that the
fourth equation in ([20.11) decouples from the first three
and determines v(k) completely as soon as A(®)(h) are
known for v = 4,2,2" (because, also, no v(k) appears in
the 7.h.s. of the fourth term in (Z0.IT])). For this reason
the fourth equation is not too important in setting up
the theory of renormalization.

0) of ﬂa1a2 are reached exponen-



20. Application to planar graphs

The power series in (20.TT)) (in the variables A(k)) can
be used, as already mentioned, to generate expressions
of A(k) as power series in A.

As proved in SecsXVIII and [XIX] this power series
has coefficients which are uniformly bounded in the ul-
traviolet cut-off and this also follows directly (but not
independently of the theory of Secs. [XVIII and XIX])
from the bounds (20.10).

However it is clear that the coefficients one gets must
coincide with the ones estimated in Sec[XIX]| and which
grow with the order n as O(n!), even in the planar
case being considered here (because of the contributions
that these coefficients receive from the trees with many
frames, see (20.I0)). One can convince himself that such
estimates are not pessimistic unless some cancellations
take place.

In fact the bounds are reasonable and “optimal” on
each individual graph, as one can easily identify graphs
(planar) and trees giving contributions to the n—th order
coefficients of A(k) which are of the order of n!; this was
pointed out in (Lautrup, [1977).

However cancellations between several big terms can
take place and in various possible senses. A way
of exhibiting such cancellations is to find a sequence
{A(k)}72y = A verifying (0.I1). This sequence could
then be taken as a definition of the sum of he power se-
ries in the @\’s which define perturbatively A(k) as a
(probably divergent) power series in .

To make sense of the r.h.s. of 20.I1)) it seems natural
to impose on the sequence A a decay condition at k = oo,
in apparent contradiction with the bounds ([20.2)) which
are strongly growing with k. So one introduces

Alg 2 sup (1+ k)7[@A (k)| (20.12)
= k>0
The bounds (20.10) allow one to define an operator B on
the \’s with |\, < oo for some ¢ > 0; in fact the bounds
20.10) imply (recall that they hold in the planar case
only) that the operator B,

(B)\ (a def Z Z
r=2 hy,..., hop
Qs ap (2013)
BEY. (s ) TN (i)
=1
has the property
IBAl; < CTH(ChIAlQ)?, ¢=0.1,... (20.14)

and therefore B is well defined on the space [20.12)) if for
some 1 > 0, B > 0 and a suitably chosen K, p and

IAl, <B, and  sup
o E<Ky B

IA(K)| < 8 (20.15)
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as follows from (20.10). Equation ([20.IT]) becomes

A (k) =@y~ (a2 +40a0)k
k
" Z  (h=k)(20. 2480.0) (B ) (@) (1) (20.16)
h=0 -
Le. if M@ (1) %S \(@)y(20a2+4800).
Al (k+1) :/\(a),y—(25a,2+45a,0))\(a) (k)+

(20.17)
+ (BN (k+1), k>-1
and one looks for a solution A such that, say, |A[; < 1
and supy< ., , IA(K)| < 4.

In studying ([20.I7) one is thus interested in solutions
A(k) == 0; therefore it is natural to replace B by its
second order part By for the purpose of getting first an
approximate solution.

Z ﬁalag

1,02

(B22)() (h RN (RN (B)  (20.18)

In turn, since [3&%2(16) —>B<(xoi)az’

(see (20.IT)). o

convenient to study first the relation, k > 0,

it is

A (k41) = A@) (k)y~0a2t4900) 4 (By 1) (@) (k) (20.19)

with By deﬁned as 20.I8) with B, (h) replaced by

their limits ﬁ
is

as h — oco. Explicitly the last equation

O¢IO¢2

VAR + 2855 A(k)u(k),
ﬂ22 "u(k)2 = B k) +

Ak +1) = Xk) +
alk + 1) a(k) —
+2522/ p(k)a(k),
pk+ 1) = 7~ 2u(k) + By u(k)? +

1284 AR) (k) + By AR,
vk + 1) = v *u(k) + By u(k)? + 2Bap (k) (k) +
+Byyalk)? + By Ak)>.

This relation cab be regarded as an iteration of a map T
on R4, or R? if one disregards the last (decoupled) equa-
tion. One can therefore apply the techniques developed
in the general theory of maps to analyze (20.20)).

One looks for data A\, @, 7,7 for A(0) such that A(k)
5= 0. Their existence can be proved by using the gen-
eral theory of the central manifold, (see (Lanford, [1973)
and (Gallavotti, [1983b), Chap.5, Secs.6 and 8 and the
related problems). There exists a surface X, in general
nonunique,

(20.20)
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=A? + LN2 +Tar+ ...
=AP+ LN +Tar+...

o =p(a, A)
v=v(a, )

where the dots represent terms of higher order, which is
invariant under the map T defined by ([20.20) and such
that the T-images of any point X close enough to the ori-
gin evolves under repeated iterations of T' by approaching
exponentially fast the surface ¥ as long as they stay close
enough to the origin.

A simple exercise (“substitute 2021)) in (20.20) to find

(20.21)

A A7) yields
—(2) —(2)
_ 2By _ TP
I= , A=
1—~—2 1—~72
_3(2)
_ 4 (20.22)
1 _ 7_2 ) )
—-(0) —-(0)
A — —Bary I — —Bag
1— 7—4’ 1— 7—4
and the map (20.20) becomes on ¥
Ak + 1) =A(k) + By (k)2 + ..
(20.23)

alk +1) =a(k) = BE AR + ...

where the dots represent terms of higher order. Neglect-
ing the higher order corrections once more, and setting

ﬁdef

44 >0p8 = '3 ﬁ44 > 0, one considers the relations
AE+1) =XE) + BAE)AE + 1),
alk+1) =alk) — B ME)A(k + 1),

which admit solutions with data Xand @ = —3; 871\,
with A < 0:

(20.24)

AE) = —2 _a(k) = —B: 8 AR).

T (20.25)

From general considerations of stability theory it fol-
lows that [@20.23) also admits a solution behaving as

k — oo as (20.28) with initial data A < 0 and @ =

—B'B~' 3+ O(X") and such that A(k) ——= 0 at fixed k.

This means, via (20.2])), that [20.20) admits a solution
with data X < 0, @ = —F'8~ A+ ON), T = O(V),
7 = O(X) which is such that A(k),a(k) = O(k~") and
wu(k),v(k) = O(k=2) as k — oo and such that A(k) — 0
at fixed & when X\ — 0.

Hence one finds a solution to (20.20) depending on one
parameter A such that [[A||; < O((87!)) for —\ small
and such that A(k) is as small as one wishes for any fixed
number of k’s, say k < Kj.
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Hence such A is in the domain of the “beta function”
B defined in (20.13)) and by some more efforts of abstract
perturbation theory it could be proved that there is a so-
lution to (20.17) depending on one parameter A < 0, with

Ak), a(k), u(k), v(k) given approximately by ([20.25]) and
0.21)

Such a solution will not be such that |A|; is small
(rather the above discussion suggests [A\1 = O(371)),
although A(k) at fixed k will be small for small A(0) or
for small values of the parameter —\ on which the solu-
tion depends. This “nonuniform smallness” is related to
the fact that A cannot be found perturbatively, although
it has by construction the correct asymptotic series in X.

Note also that (20.25]) shows that (at least the approx-
imating) A has singularities at points accumulating at
A =0, as a function of \.

The renormalized couplings are defined by the (con-
vergent) series, if —\ is small,

A = =3 (BN (20.26)
k=0

obtained by setting A(*) (+00) = 0 in [@0I6). Alterna-
tively one can use

MA@ (0) =
(BY)(0)

¥+ (BY) ™ (0) =

= A = \@)(0) -

(20.27)
The family of solutions to ([20.T7) constructed above is a
one parameter family; however one could alter the coeffi-
cients in front of the few covariances or their mass terms
so that one has built a many parameter family of field
theories “like ¢} planar”; however, it does not seem pos-
sible to choose @ = 0 nor, by 20.27), = = 0, because
A # 0 in 20.22) if one wishes that a(k), u(k) — 0 as
k — oo.

The meaning of the statement that one has built pla-
nar ¢} theory is explained below and is summarized in
the statement “the resummed tree expansions for the ef-
fective planar potentials converge for small negative cou-
pling”.

The solution to Eq.([20.17) discussed above is roughly
like (20.28) and (20.23), i.e. such that

|Alo = sup [A(k)| = € =—0. (20.28)
- k

A—0
Therefore the effective potential of the planar theory cor-
responding to the above definition of A(k) will be de-
scribed by dressed trees with no frames but with “heavy
end points” contributing to the effective potential the
form factor r(®) (h) = X\(@)(h)y(2a2+4%0)h when they are
attached to vertices of the tree bearing a frequency label
h.
Furthermore, since one is considering only the pla-
nar theory, one evaluates the contributions of a tree -y
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to the effective potential by using the “few” NjM =
NgMn(fy)C’geEZv "o planar graphs compatible with ~

(see Sec[XIX]).

This means that, by the theory of Secs XVIIIand [XIX]
the bound ([I3:2)) is replaced, if Dy is a suitable constant,
by

NB gD d(A80) Nn (20.29)
with no n!, because n! arose for two reasons: one was
that the number of Feynman graphs associated with a
treey were bounded by M n!, where n is the number of
end points in the trimmed tree «, and the other was the
n! in the form factors r(®)(o;h), see ([3), due to the
endframes of o.

However in the planar theory the graphs are far fewer,
and the form factors, still badly dependent on the degree
of the shapes (as pointed out at the beginning of this
section), are “resummed” to yield new form factors:

(@) (h) = X (p)y(#a0+20az)h (20.30)
with A(@)(h) +==0 (this quantity was not only not
small in perturbation theory, but even divergent with
h as h — 00). And at the same time the resummation
leading to the form factors (20.30) eliminates the neces-
sity of considering contributions from trees with frames
to V*) | hence ([20.29) is really a simple consequence of
the estimates of Secs[XIX| (Eq. (I918)) and XVIII (Eq.
(I3.20)).

Since for & small the [20.29) can be summed over n,
one gets the effect, in the above considered planar the-
ory, that the resummed series for the effective potentials
is really convergent for small —\ > 0 (i.e. small negative
A(0), i.e. small negative renormalized coupling). There-
fore, in the planar theory the effective potentials can be
defined beyond perturbation theory.

The series defining the effective potential is a power se-
ries in the resummed form factors (20.30): the form fac-
tors being non analytic near A = 0 (in the sense roughly
expressed by approximation ([20.25]) it is clear that one
cannot expect that the effective potentials be analytic in
the renormalized coupling constant near zero.

The resummation procedure induced by the beta func-
tion allows one to express the effective coupling constants
or “form factors”, (20.30), and provides a well defined re-
summation prescription. It seems highly plausible there
is one which is the Borel sum of its perturbative nonre-
summed series; this was proved inthe casea = u=v =0
(not covered here because I have chosen for simplicity the
initial @, so that A(k) — 0 as k — oo, see ('t Hooft,
1983, 11984) and (Rivasseau, 1985)).

Another interesting possibility is that the series may
converge even for some A > 0: the formula 20.25) al-
lows the possibility that for X > 0 the effective poten-
tials are defined for “most” values of . The resem-
blance with the situation arising in classical mechanics
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in the Hamiltonian stability problems in connection with
the appearance of small denominators seems interesting:
maybe here one needs some imagination.

XXI. CONSTRUCTING ¢* FIELDS IN D = 2,3

The theory of renormalization in dimension d = 2,3
can be done in a much simpler way, compared to the
d = 4 case. Of course there is no problem in repeating
word by word the four-dimensional theory in dimension
2 or 3 (and in fact in Secs[XVIHXX]one had never really
used that d = 4 but only that d < 5).

The real simplification arises when one remarks that
if d = 2,3 one can study much simper theories which
lead, or may lead, to nontrivial fields (i.e. fields with
nonquadratic effective potentials V(k)) of ¢* type.

What is more important is that the simpler theories
(which would not make sense if d — 4) can be treated
rigorously for “small couplings” and really shown to exist
beyond the level of formal perturbation theory.

The theories which make sense if d = 2 and that are
simpler than the ones considered so far are those gener-
ated by the interaction Zn

Vi = —)\/ : @SESNM s d2x (21.1)
A

while if d = 3 a theory simpler than the one arising from
([I6.1)) is provided by the interaction Zy

Vi :/(—)\3 QN SN2 ) dPe (21.2)
A

The main reason ([ZLI),[212) are much simper than
([@I67) is that no resummations have to be devised to
organize the corresponding renormalized perturbative se-
ries, because only finitely many trees lead to divergences.

The renormalizability in the above case with d = 2
follows immediately from the formulae and estimates of
Sec XVl setting n§ ,, = ma, = ma,, = 0 so that (I6.19)
becomes, for all my, > 1

pv=—2+2m>0 (21.3)
and this not only shows renormalizability of the “pure
©* field” but also shows that no renormalization is ever
necessary (this same remarkable conclusion would hold,
when d = 2, for the most general Wick-ordered polyno-
mial interaction).

If d = 3 and (2I.2)) is considered, one can still use the
general bounds of SecXVIl setting n§, = mg),, = 0 so
that

1
pv=—3+3may+ sn5, >0

5 (21.4)
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unless (recall that mg ,+m4,, > 2 in the nontrivial cases)

My =1 Mo, =1 ng =0 impossible
My, =2 ma, =0 ng =0,2 possible (21.5)
My =3 ma, =0 ng, =0 possible

So only trees of degree 2 or 3 need the definition of the
L£9) localization operations, and the only nontrivial case
is myy, = 2,05 = 2 (“mass diagrams”) yielding p, = 0.
and therefore it can be cured by a simple subtraction

Va.n :/r%) c (SN2 g3y (21.6)

Formally £(?) is defined in terms of the action £ on
Wick monomials, as in Secs XVl and XVITTE

L£1=1
Z: SDmSDy L= gDi :

if degree v < 3
sree T = (21.7)
if degree v =2

which leads to a simple expression for V5 n, V3 n, i.e. for
the Counterterms (note that V3 x is a constant and that
the nonconstant part of V4 x must have the form [21.6)):

A2 (4\? (SN)3  (<N)2
Vo= =5 (1) 8 [ OG0 oEV7 s acadea -
)\2
[ e dedea
/\3
Vs n = d§1dés -
(SN (SN (SN
5(§N)( Per T Py C P : )

The theory of Secs RVIHXVIIT now becomes much sim-
pler and one can prove that the effective potential has the
form

) py d¢ (21.8)

[E5E

where S represents the decorated Feynman graphs and
Ps has the form (if ¢ = oK) D = D(R).

HSO H 515/’

where, as in Sec[XVIIl Dg,, = ¢ — ¢y
The same techniques of Secs XVIHXIX] (easier now, in
practice) yield the bound

(21.9)

M(Ay,...,Ap) < Nnlg(ED)" k>

efn'ykd(Al ..... Ap),yfnan (2110)

e
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with the same notations as in Secs KVIHXIX] i.e. n =
degree of v, € = max(|\|, ||, |n|), k = (root frequency of
the tree),

M(Al,...,Ap)E/ de -
Ap X X ApXAX . XA

V&l
2L T wlP

degree y=n Pg=P

(21.11)

where the supremum, of |Pg| = |P| is over the fields
©(=F) verifying p(<F) = O 1M 4 4" and BI5),
(3I6) and B = sup Ba. Finally N is the “adimensional
bound” on p: sup|P| < B (T[;(v*I¢; — Grl)ayEnk)
and N depends om n® only because there are only a
finite number of Wick monomials P of degree n® of the
type 2I.9), apart from the values of the position labels.

The presence of the factor y~" in ([ZL.I0) proves that
the theory is asymptotically free. In the case d = 2 one
replaces, basically, v~"F by y~2"F.

The above bounds were found in special cases and
by using the techniques of the previous sections in
(Benfatto et all, 1978, [19804h); for the Schwinger func-
tions expansions analogous bounds hold and were well
known; see for instance (Glimm and Jaffe, (1968, [1970a,
1981).

Since in the approach presented here there is little dif-
ference between : p* :5 and : p?* :3, I shall focus on the
d = 3 case, (2I2), in this section.

The actual construction of the theory can be easily per-
formed by taking advantage of the asymptotic freedom
just pointed out (see the factor v~"* in (20.11))) and fol-
lowing, basically word by word, the procedure adopted in
the cosine interaction case (which is, in fact, equivalently
hard). For simplicity of exposition it is convenient to
choose the values of the renormalized coupling constants
w and v equal to 0; of course this does not mean that the
three dimensional parameter space in (21.2]) is replaced
by the one dimensional space in (21.1]) but only that the
theory has only one renormalized coupling, namely A, but
still the counterterms can generate nonzero constant and
mass terms (which will be of higher order in \).

The strength of the asymptotic freedom shows that if
the integrals over the “small fields” are computed via the
cumulant expansion, i.e. via expressions like (I3.22)), (see
also (BI3)), the expansion must be carried out at least
to third order, since only the remainders of order, in A,
larger or equal to four give rise to an error of controllable
size; such remainders at order ¢+ 1 are now estimated by
a bound analogous to ([3.25])

Al Z

convergent for ¢ > 3 (if d = 2 one could control errors
of order > 2 so that the cumulant expansion could be
carried out stopping only at order ¢ = 1, in practice a
good simplification).

P(14+p)*log(e+p+ A_l))tJrl”y?’p



22. Triviality and nontriviality

The other hard problem is that of the “large devia-
tions” or “large fields”. The D factors (D¢, = @¢ — ¢5)
are dangerous much as the (1 — cos(g¢ — ¢y)) factors
were in the cosine field case: they are treated exactly in
the same way, because they appear with the right sign
(i.e. the corresponding defective potentials tend to —oo
when the field ¢ becomes so rough that Dg, is too large
compared to its covariance).

In this case there are also other dangerous terms in the
third order effective potential, namely all the others. In
fact, the field ¢ can be very large and make P itself very
large; this was not a problem in the case of the cosine
interaction, because there the fields appeared only in-
side trigonometric functions and therefore in a “bounded
form”.

The large fields have to be treated by positivity argu-
ments. The positivity properties needed in the theory
are that the effective interaction contains the sum W of
the following two terms:

—/\fA : gaégk)4d§

2
()73 (€SN - oMY L DEN? L dedn

3]

corresponding to contributions from the trees

— and
k 13 k h
due to the Feynman graphs

and /-\
5 §Un

The first term being very negative when ¢¢ is large and
the second being very negative when Dg, is large com-
pared to (v*|€ —n|)7; here one uses A > 0,A2 > 0 (which
must be a further restriction, although no restriction on
the size of A is necessary).

The details are essentially identical to those ex-
plained in the cosine case and they will not be repeated
here; and the reader is referred to the literature, see
(Benfatto et all, 1978, [1980ajb). It is, however, impor-
tant to stress once more that nothing is really differ-
ent from the case of the cosine field treated in detail in
Secs XTIl and [XTV] as the reader can check by a glance
at the above references.

The result of the analysis is the existence of a constant
E > 0 such that for all f € C* with support in a set Ay
it is

/eVg,N(«p(SN))Jr«p(SN)(f)p(dw(SN)) < AT EHITZ 1A

(21.12)
which proves, up to technicalities, the existence of the
limit of the “interaction measure” at least on subse-
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quences as N — oo: i.e. it proves the “nonperturbative
ultraviolet stability”.

With some extra work and using the same ideas plus
abstract arguments one could prove the actual existence
of the ultraviolet limit (with no subsequences involved);
this is not written explicitly in the literature but, at least
for A small, the result is known also by other methods.

As in the case of the cosine interaction the other
limit, A — oo, the “infrared limit” has to be treated
under extra assumptions (like A small), because con-
trary to the ultraviolet limit, in the cases considered so
far, it may be affected by nonuniqueness phenomena:
“(infrared) phase transitions” corresponding to the or-
dinary phase transitions of statistical mechanics. Such
transitions have to be expected here, too, as the main
idea of the multiscale approach is that field theory can
be reduced to the theory of a spin system on a lat-
tice of scale 1. And such systems are known to ex-
hibit phase transitions in the infrared limit (also called
thermodynamic limit) A — oo, (Federbush and Battle,
1982; [Feldman, 1974; [Feldman and Ostervaldern, [1976;
Glimm et all, 1975, [1976; Magnen and Seneor, [1976).

Finally let me mention that in some cases with d = 2,3
the theory can be performed completely, i.e. up to the
extent of really constructing a field theory verifying the
Wightman axioms, hence with the proper interpreta-
tion of a physical quantum theory, describing in some
of its states, interacting relativistic quantum particles,
(Glimm et al); 1973, 1978, [1976; Koch, [1980; Ma, [1976),
however this kind of questions go beyond the scopes of
the present review.

XXIl. COMMENTS ON RESUMMATIONS. TRIVIALITY
AND NONTRIVIALITY. SOME APOLOGIES.

The reason one cannot perform the resummations, de-
scribed in the preceding section, in a rigorous way is sim-
ply that the coefficients /3 of the “beta function” 20.13]),
formally defining the resummed “adimensional form fac-
tors” A (k), a =4,2,2".0

(BY)®) (k)< i > -

r=2 hi,..., hop

SLar (22.1)
B (b o) [T 770N ()
i=1

are badly behaved in r as r — oo: i.e. they are bounded
by r!C" (unless one restricts oneself to the planar theory
where (20.10) holds, see SedXXT)). This is in conflict with
the fact that the idea of using the equation (of “Callan-
Symanzik)

Ak +1) = X (k) + (BN @ (k4 1)

(22.2)
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to define the adimensional form factors in a nonpertur-
bative way requires the existence of a sequence A\ =
{IN@(k)}or of form factors for which BA makes sense
and verifies (22.2)). B

Because of the bad bounds on the § coefficients and
because, as emerges from considering only the second
order part of (ZZ2)), a solution to (ZZ2]) cannot tend to
zero too fast as k — oo (see (20.25)), the only way in
which BA could make sense for interesting sequences A is
that there are cancellations in the $’s (which are sums
of many terms of uncontrolled signs) and, possibly, the
existence of such cancellations might depend upon the
sequences A(k) chosen in (22 and not just on the g
coeflicients.

In this section I elaborate on what could happen if
[22.2) admitted a solution verifying A(k) == 0 and
providing the necessary cancellations needed to make
sense of the r.h.s. of (221]) and, consequently, of [222)).

In this situation one should reasonably expect that the
solution of ([22.2) behaves as h — oo exactly as the so-
lution to an equation like (222) but with B replaced by
its second order part (i.e. by the terms with » = 2 in
@21))), see (Coleman and Weinberg, 1973).

Such an equation was the basis for the theory of
the adimensional form factors in the “planar theory” of
SecIXXl and, as discussed there, one expects that it has
a solution in which —\(*)(R) behaves as, see 2LZ3),

A

T (22.3)

k—oo

and similarly should behave a(h), while p(h), v(h) ought
to go to zero as the square of (22:3). Then the following
remarks can be made.

(1) In itself a solution to (22:2) behaving like [223)) does
not yet yield a solution to the problem of showing that
the effective potentials V(%) are well defined as sums of re-
summed perturbation series (see ('t_Hooft, 1983, 1984)).

In fact, the resummation operation just permits one to
describe the effective potentials in terms of dressed trees
“with no frames” and with end points (¢, &) providing an
adimensional form factor A(*) (h) rather than () if h is
the frequency index of the tree vertex to which they are
joined by a branch of the tree.

Although this is a big improvement, as far as the k de-
pendence of V() is concerned (it suffices to recall that the
non resummed adimensional form factors were diverging
with h as powers of an order depending on their degree of
complexity and with no a priori bounds, see (I9.5]) and
([IO18), while the resummed adimensional form factors
even go to zero with the frequency h as h — o0) one is
still confronted with the problem of summing the con-
tributions to V(¥) of the above “simple”, i.e. frameless,
trees.

One finds, in doing so, a power series in the resummed
adimensional form factors (coming from the trees of or-
der n) whose n-th terms can still be bounded only by
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n!. If we use the bounds of SecXIX] the effective po-
tential is now given by an expression like (IO.]) with a
sum running only over the trees with no frames and such
that the contributions from the trees of degree n can be
bounded as in (I9.2)) with the last sum (divergent, a pri-
ori ) replaced by k~™, a rather minor gain as far as the
n dependence is concerned.

The structures of the beta-function coefficients and
those of the V' (v;.S) are obviously related, and “basically
the same”, so that if one is willing to accept the exis-
tence of cancellations allowing giving a meaning to BA
one should also accept that the very same mechanism
might produce cancellations in the expression of the ef-

fective potential in terms of the resummed form factors
A

~ However this cancellation mechanism is totally unclear
(as this time the beta function cannot help, as it did in
the planar case of SecIXX]l to exhibit such cancellations)
and it can only be hoped to exist.

(2) It might be that the parameter - plays an important
role in the theory: for instance, in [22.3) the singular-
ities in A are located at y—dependent positions (in fact

one could check that % =T Bo > 0, by explicit calcu-

lation).

This leads to the possibility that the theory could be

defined for many but not for all X’s near zero, e.g. for the
values of the renormalized coupling constant which avoid
a suitable set of small measure (union of small neighbor-
hoods of the points (8h)~! in the case (22.3)) where the
form factors could be singular functions of . Such a situ-
ation is not uncommon in perturbation theory in classical
mechanics and it might appear also in field theory.
(3) The possibility of the existence of cancellations men-
tioned in remark (1) above is hinted at also by the “triv-
iality proofs” where, via some very special assumptions
on the regularization and the form of the counterterms,
one shows that the adimensional form factors A(®)(k; N)
defined in the presence of an ultraviolet cut-off at length
4~ vanish as N — oo: M@ (k; N) ~== 0

The fact that A\(%)(k;00) = 0 is a property that can
be proved nonperturbatively under very special assump-
tions, (Aizenman, [1982; [Frolichl, [1982), hints at the exis-
tence of nontrivial cancellations mechanisms in the sum-
mations involved in the construction of the effective po-
tentials and of the beta function. Paradoxically the “triv-
iality arguments” might be interpreted as nontriviality
arguments.

If we go back to a slightly more concrete frame of
mind, some comments on the cut-off dependence of
the above discussion, brought up in the last remark,
as well as on the classical triviality arguments of Lan-
dau, (Landau, 1955; [Landau and Pomeranchuck, 1955),
(Thirring,1958) p. 198, (Boboliubov and Shirkov,1959),
p- 528, seem appropriate here. In fact, they hinge upon
the just brought up question of the cut-off and of the
regularization dependence of the whole theory.

The form factor resummations can be studied with no
formal change in the presence of an ultraviolet cut off
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~N. In the previous sections the N dependence of the
form factors was seldom made explicit because one was
interested in properties which were uniform in N.

Contrary to what is sometimes stated, fixing N does
not make the theory well defined; in fact one can eas-
ily see that there is a simple relation between the form
factors of the theory with ultraviolet cut off N, denoted
@) (k; N), and the bare coupling constants. Precisely,
the bare couplings are A\(®)(N; N)y(20a.2+49a.0) N The
reason the bare coupling constants are undefined even in
a theory with cut-off is simply that Ay = A(N; N) are
still power series in the renormalized couplings with only
n! bounds on their coefficients, i.e. they are formal power
series, probably divergent.

One can use the resummation ideas of Secs [[X]and [XIX]
to try to say something about the bare couplings Ay; in
fact, A(h; N) is formally defined by the same recursion
relation as A(h) = A(h; 00):

=+ .. (54)

k &o k Eo k
Ea

(see also Fig.31) the difference being that £ < N and
that everywhere only some tree shapes can appear. Thus
if one fixes a frame and deletes all the inner frames and
their contents, the tree shape left inside the selected
frame has to be a shape which can arise in computing
the effective potentials in the presence of a cut off vV;
for instance

// //
,
,
=on tmpossible if M>N+1
1 2 M

possible if M<N+1

In fig.(55) the first tree is impossible if M > N + 1,
because one cannot attach allowed frequency labels h;
to the vertices of ops with h; < h;y1 and root at —1
(as should have been the case has ojs been a tree which
could have arisen in the presence of a cut off vV).

Note that A(N; N) is a (probably) divergent series, be-
cause there are infinitely many trees compatible, even
with a finite cut off N, e.g.

possible if M<N+1 (55)

and M > h. The equation in Fig.(54) is very similar to
the equation discussed in Secs[XIX] and [XX], and in fact
it coincides with them if one restricts the k and h indices
in 2210 and (2Z2)) to be < N.

It is therefore clear that in hte theory of ([22.2)) per-
formed in the approximation in which the second order
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“dominates”, i.e. in which (2Z2) becomes equivalent to

@019). and hence eventually to 2020)and 20.24)), on

e can manage to find a solution to [20.2)) with

A

for large h (22.4)

which would lead to (setting A*)(N; N) = Ay = bare
coupling) the following surprising relation

—_ AN
A= ——F— 22.5
1+ BNy’ (22.5)
where A = A(0; N) is a “renormalized coupling” ex-
pressed in terms of the bare coupling Ay .
Triviality follows from ([ZZ3]) which implies
A5==0 = A(h;00) =0 (22.6)

no matter how Ay behaves provided Ay > 0.

On the other hand Ay < 0 is obviously not allowed
as this would make the theory in presence of a cut off
undefined. Of course the above argument is based on the
identification of A(N; N) with A(IV; 00) which, to say the
least, is not proved (even in an approximate sense).

To understand better the structure of [2235]) one can
remark that the bare couplings A(IV; N) are a formal
power series in the renormalized couplings (for simplicity
take 4 = v = a = 0 so that there is only one renormalized
coupling),. The coefficients diverge with N as N — oo
like powers of N: precisely as N"~! to order n.

The latter statement can be proved by going back to
([I9I8) which tells us that the bare couplings A(N; N)
can receive the “most divergent contribution” from the
trees v containing the largest number of frames. Such a
number is, if n is the degree of v, f —1 < n. Furthermore
the trees which contain the maximal number of frames,
f =n, really give a contribution to the form factors like
A(AD)"~1(bN)"~1 to leading order in N.

This can easily be seen by observing that f = n im-
plies that each vertex of o is framed and gives rise to
a bifurcation in just two branches (otherwise f < n).
In other words the resummation of the most divergent
contributions is obtained simply by considering what in
SeclIX] was called the resummation of the most divergent
graphs. In the language of Sec[XXl and of this section
this means replacing B by Bs in the beta function (so
that one also finds the interpretation of the approxima-
tion in which B is replaced by Bs: it just means that
counting only trees simplest in structure and completely
framed, i.e. with no renormalization vertex (i.e. no un-
framed vertex) allowed).

Since, as was explained in Sec[XX] one knows that the
well behaved solutions to

Ak +1) = A(k) + (BA) (k+1)

(22.7)
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behave like ([22.4), one sees another interpretation of Lan-
dau’s result: it leads to triviality if one neglects every-
thing except the most divergent contributions to the adi-
mensional form factors.

At the same time it also allows one to compute rigor-
ously the most divergent contributions to the coefficients
of the expansion of the bare couplings in terms of the
renormalized ones. For example Ay has, to order n in
the renormalized coupling, a most divergent contribution
exactly equal to

A(BN)™t (22.8)
while oy has the contribution
—B'B7IAM(BN)" ! (22.9)

with the notations of Sec[XX] see (20.4]).

A more detailed analysis allows one easily to select
the Feynman graphs which, in the evaluation of the
most divergent trees contributions really give the lead-
ing behavior in N: in the language of classical pertur-
bation theory they are the so called “parquet graphs”
and one could find (ZZ8) and [ZZ3)). This involves quite
hard work (see the appendix by Rivasseau in the paper
(Gallavotti and Rivasseau, [1983)). This point will not be
discussed further here because it involves too many new
definitions necessary to establish contact between the for-
malism developed here and the classical language of the
Feynman graphs.

I collect now a few concluding comments to stress some

of the ideas and problems already foreshadowed in all the
sections of this work.
(a) The assumption that the form factors A(h; N) ver-
ify essentially the same equation as the A(k;00) seems
hard to accept (at least if one wishes to claim from this
that A(k; N) and A(k;00) have the “same” properties)
if one accepts that perturbation theory gives correctly
the asymptotic expansion for the beta function when the
renormalized couplings A, a, p, v are suitably chosen (say
as functions of \).

In fact in order that this could be true some impor-

tant cancellation effects must be present (to compensate
the factorially growing coefficients) and the recursion re-
lation for A(k; N) being “slightly different” from those of
A(k; 00) may just miss the cancellations.
(b) It is clear that, once an ultraviolet cut off is speci-
fied together with the bare Lagrangian, the coefficients
A(h; N) are well defined and can be expressed in terms
of the bare coupling constants A(N; N) both as formal
power series or as true functions (of the bare couplings)
or as formal power series in the renormalized form factors
A(0; N) or in the renormalized coupling constants.

On the other hand the functions A(h;o0) are pertur-
batively well defined as formal power series in the renor-
malized constants and, thought as formal power series,
are completely independent of the regularization used.
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The approach in which one prescribes the bare con-
stants A(N; N) and tries to study the renormalized con-
stants A(0; N) looks conceptually clearer; however it suf-
fers from the drawback of necessarily replying on special
assumptions on the cut off and on the regularization and
on the bare Lagrangian.

For instance the well-known “lattice approximation”
in which Oyp is the nearest neighbor difference and the
Lagrangian is is taken to be

’7_4NZ(—/\N : gag D —UN ga? i —vn)dE (22.10)
3
with the free field distribution defined by
—4N
conste™ " 2L (000" +e) Hd<P§ (22.11)

3

has the drawback of making “indistinguishable” the
“main” (9¢)? term from the similar “counterterm”:
whether this point is relevant or not is not known but
it is certainly one of the main properties necessary in the
existing triviality proofs of the lattice regularization of
¢4 (in the sense of (22.10) and @22.11))).

A sign that something might be wrong with the lattice
regularization, with respect to the old problem of finding
a meaning for the perturbation theory formal series, is
that the most divergent contributions to the expansion
of the bare couplings Ay,an in a series of the renor-
malized couplings A\, a, p,v are (when u = o = v =0
for simplicity) all positive for Ay and all negative for
ay, (Gallavotti and Rivasseau, 1983, [1985), hinting at
the possibility that in the bare theory the countert-
erms in (9p)? might be antiferromagnetic and therefore
a detailed description of their form might be essential
(e.g. whether ay(dp)? contains the square of the near-
est neighbor difference or a many neighbor version of it).

This also hints at the possibility that the convergence
of the fields ¢ on the lattice to the continuum fields
might be more complicated than the naive pointwise
convergence of the Schwinger functions, even at distinct
points.

(c) Expression (22.4)) hints at the possibility that A(k; V)
could be defined for some values of X\ which accumulate
to 0 together with other values of A for which A(k; N)
cannot be defined. Such regular and singular values of A
may depend on 7: i.e. the parameter v itself may play a
nontrivial role in defining the theory. The existence of an-
other relevant parameter is somewhat necessary if one be-
lieves that the antiferromagnetic effects discussed above
may have some importance: such a parameter should de-
scribe on which scale such effects are smoothed out (an
event that should happen since the final Schwinger func-
tions, as defined order by order by perturbation theory,
are smooth except at coinciding points).

(d) Of course one cannot even exclude the possibility
that A could be negative (which might eliminate the sin-
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gularities in A for A small, as shown in the approximate
formulae (224))).

In fact from the observation that A(IN; N) # A(N; 00)

there seems to be little (or no) relation between the
signs of A(N; N) = (bare coupling) and those of the ef-
fective form factors A(0;00) (which for small renormal-
ized coupling should have the same sign as the renor-
malized coupling itself, called above \): at least un-
less special assumptions on the bare Lagrangian are
made, see (Coleman and Weinberg,|1973) who prove that
A(0; N) < 0 implies A(N; N) < 0 in a class of nonpertur-
bative lattice regularized ¢* models with a ferromagnetic
kinetic term; see also (Aizenman, [1982; [Frolichi, [1982) for
a rigorous version of the same result.
(e) If d = 2 or 3 one could still perform the (mostly
unnecessary if d = 3 and totally unnecessary if d = 2)
subtractions that one would perform in the case d = 4,
as described in SecsXVII and XVIIIl Contrary to what
is sometimes stated, the problem is far from being easy
in spite of the strength of the asymptotic freedom.

The bare couplings are still given by a priori noncon-
vergent series and the same happens for the form factors.
The only gain is that the dimensionless form factors are
bounded or grow with a power of the frequency index at
any fixed order of perturbation theory and the power is a
number independent on n However the dependence of the
perturbation series coefficients is, at order n, bounded by
nl.

Understanding whether, in spite of this, one can make
sense, beyond perturbation theory, of : ¢* : fields in di-
mension d = 2,3 with the subtractions of : ¢* :4 would
help in understanding the role of asymptotic freedom in
constructive field theory. By “subtractions of : ¢* :4” one
means here essentially the usual zero-momentum sub-
tractions “to first order for the four-external-lines dia-
grams and to second order for the two-external-lines di-
agrams”. This problem, surprisingly, does not seem to
have been considered in the literature.

I apologize for this section, which has a somewhat dif-
ferent character from the rest of the work, mostly dealing
with open or ill-defined problems. The main reason for
including it is to stress a fact that I think is a rather
important one, namely that the problem of the construc-
tion of a nontrivial : p?* :4 field theory, or a proof of its
triviality is still wide one and hard.
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Appendix A: Free fields covariance: hints

Let Hguantum = —%AA + V where A is the Laplace

operator on the space LQ(R(L/a d) def?—[ A= #GD, see
(TI4). The operator Hyyantum = H has a simple lowest
eigenvalue, because V' — oo at infinity, see (ILI4): there-
fore if ¢, denotes also the multiplication operator on H
by ¢g it is

Cen = (eo, pzTrogeo) = (eo, TrpzTrogTr—ie0) =

= TlLH;Q Tr (TrozTiogTr—t) = 7_hﬁngo (A1)
TT( P—7 SOO) ( )_Tt((POa ‘Pt) ((pt)u :
Tr—i(pr, p—7) dp—rdipodepy

where ¢ = (92 )seargee and € = (7,0), 7 = (7, 1). Using

Trotter’s formula, see comments before (Z7), one finds
(if b > 0 and 27/b = N is an integer)

2EqgT

bA _
Cf"_Tli}H;O%I_)I%e a /( 2e bv) (-7, 0) -

(po)z(e T 2e™)F (o, 1) (A.2)

_ (r—t) .
(e)g(e T 2e™) 5T (pr, pr)dp_rdipodip, = lim
f H;vzo (G%A(Lptj ) Llotj+1) Lp( O)Lp(y t) dcptj)

f HjVZO (e%A(Qotj ) ‘Ptjﬂ)e_b‘/(%j) d‘Pﬁ)

(‘Pt])

where t; = —7 + bj and one assumes that 7/b is also an
integer and the fields in the kernels have been denoted,
for reasons which will be soon clear, with a “time index”
t; rather than by j itself. Also one writes (@g)z = @(z.9)
and ¢ = (¢Yz)zeziqua- The denominator within the last
~2Both™" being. after the limit b — 0,
# Hquantum  Using the explicit

limit is essentially e
equal to the trace of e~
form of the heat equation kernel

N bA
H eTA(Lptj ) Lptj+1) =
=0 (A.3)

_Eﬂ ZJ OZIEA(S"“ —Pa, t:l+1)

bV(‘Ptj)

and including the factor ij:o e one gets

1bau

ZIEA ZJ 0,i=1 a2 ‘pz+ael t; ~Partae;,t ]Jrl)

e (m) Y T (en)?

(A.4)
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If € denotes a point on the d = D + 1 dimensional lattice
with spacing a in the first D directions and b in the last
one, and if e;, 7 = 1,...,D,0 are unit vectors in the
lattice directions, one finds that the integral in (A2) has
the form

lim const /efé(Q“"’“’)gﬁg(pn Hd(pw (A.5)

7,b

where the constant is a normalization constant and Q=
(Qg,,)5 e where A is (AN Zda) X ((—7,7) N Zb) with
“periodic boundary conditions” and ¢ = (T, 0), n = (7, t)
is given by

2
def W Péteqb — P
(Qp.p) = ﬁbaDZ((—( e e,
. A i (A.6)
(‘P§+eja - ‘Pé) (m002)2
+¢ Z a2 )+ 52 90?)
J=1

But the integral (AF) is simply anl and Q' can be
easily found by explicit diagonalization: because of the
periodic boundary conditions the eigenvectors of @) are
complex exponentials. In the limit A — co,7 — oo the
eigenvalues fill the Brillouin zone and Q! becomes, if

p= (p7p0) € RD+17

. h %d %d
an B (QW)dM /—g p/_% bo-

etP(€—m)

"(moc?)? 1—cos bpo ox~D 1l—cosap;
-t e e )

and (2.8)) follows from (A7) by letting b — 0.

Appendix B: Hint for (2]

For the proof of (2.I0) one proceeds as in Appendix A.
Everything is the same up to (A4]) where, in the present
case, an extra term appears:

baD
— 25t EI(‘Pi)

e (B.1)
Setting T' = 7 one sees that the proof of (2I0) is the
proof of admissibility of the interchange of two limits.
This problem should be studied by the reader as a test
of understanding of the theory of Brownian motion. On
a heuristic level the reader can accept (2.10) and proceed
to see what is done with it. The identity of the P in
@I0) and @II) is a byproduct of the above discussion.
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Appendix C: Wick monomials and their integrals

Let z1,...,z, be Gaussian random variables with co-
variance matrix

Cij = 5(1‘1,@]) (Cl)
One defines, for any of the above variables x,
def 2\ 2 X
caP = (28(2%)) 2 Hy(———— C.2
(28(x7)) p((28(x2))5) (C.2)

where H,, is the p-th Hermite polynomial (with leading
coefficient 1) defined by the generating function

oo

p
S S, (6) = ¢ Het e (C.3)
p=0 P
More generally one defines inductively
: :1771“+133;L2 Ce TP = x]try? Ty —
(C.4)

P
—ZC’ljnj syt ...3:?]'71...:172? :,

=0
interpreting the last term as 0 if n; = 0 and setting

Vo) =1, i) apa = (C.5)
Expressions (C4) and (CH)) are a natural extension of the
recursion relations for Hermite polynomials expressed by

(if C = &(2?)

"= 2" —nC o™ (C.6)
Note that if z1 = 2o = z it is : 2] 25? :=: 2™ "2 .. The
expression (C4]) implies by induction
p g
DIRTISED St
P wi ! (C.7)
wit . wle aft L ale

which id the “Leibnitz rule” for Wick monomials.

The basic property of the Wick-ordered monomials is
the “Wick rule” for the expectations of products of Wick
monomials. Let Dq,..., D, be s subsets of (1,2,...,n)
and let

(C.8)

txp; = H Ty o

acD;

then the integral E([];_, : x4, :) is computed as follows.
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Draw, say on a plane, s clusters of |D1|,...,|Ds| points
each and arbitrarily label the points in the cluster D;.

Draw one line out of each of the vertices o € D; and
think of it as representing the variable .

Let Z be the set of the graphs obtained by joining
pairwise alla such lines in all possible ways so that no
lines constituting a pair emerging from the same cluster
are ever joined together. Denote (a, 8) the elements of
m € T obtained by “joining” (or “contracting”) a line
emerging from the vertex o with a line emerging from
the vertex 8. Then denoting («, §) the lines in 7 joining
a and 3, we have

(C.9)

E(H 1 Tp, :):Z H Cog

el (a,B)ET

Equation (C9)) is the “Wick rule” and it is easily proved
by induction from (C.4]) and its special case when D;
contains one point for each j.

The latter case is treated directly from the relation

|
q=0 q i
_ WIS ey = (C10)
nyl- - ng! ! y
ni+...+ns=q

_ 5(62: wiwi) _ 6% Zi,j wiw;Cij

where the last integration is the general integration for-
mula for the exponential of a Gaussian variablez: namely
E(e”) = e36@)

The formula that one is seeking follows from (C.I0) by
developing the last exponential in powers and by identi-
fying the coefficients of equal powers in the second and
fourth terms of (CIQ) and then interpreting the result
graphically.

But the most remarkable property of the Wick mono-
mials is related to the possibility of simple formulae for
the truncated expectations (c.f. (BI0)). In fact

EM(ap, 4.y ap, 581, 8p) (C.11)
can be computed via the following rule: draw s; clus-
ters of |Di| points each, s clusters of |Ds| points each,
etcand label the points in in them by the elements of
Dy, Dy, ..., D, respectively plus another index identify-
ing which cluster is being considered among the s; clus-
ters of |D,| points.

Then consider all the possible graphs m obtained by
joining pairs of such points, avoiding drawing lines join-
ing points belonging to the same cluster and with the
property that each graph m would be connected if all the
points inside each cluster were considered identical or,
the same thing, connected (i.e. 7 should be connected
“modulo the clusters”).
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Then, if A is a line in 7 joining the pair of points
(o, B) = A, it is

ET(:ap, ...

JITD, 5381, ,5p) = Z H Cap (C.12)

T AET

In particular it is remarkable that 8T(-) >0if Cop >0
(which, however, is a property not necessarily true be-
cause C' is constrained only to be a positive definite ma-
trix).

The (CI2) can be generalized to the case where z; =
y; + z; with y; and z;, ¢ = 1,...,p, being two sets of
independent Gaussian random variables with covariances

C7; and Cj;, and one considers

ELGap, 4.y ap, 581, 8p) (C.13)
where & means expectation (i.e. integration) with re-
spect to the z variables at fixed y.

Let Z denote now the set of the graphs obtained by
joining pairs of points of different clusters as before but
now allowing that some points stay disconnected from
the others provided the set of lines joining the points
still makes the set of clusters connected (if each of them
is regarded as connected), let : z, : denote : [[} z, :
where the product is over the points which in 7 € Z are
left unconnected with other points. Then

Er(:ap, e ey 1XD, B 81,...,8p) =
= Z ‘Yrt Z(H Calzﬁ)( H Cgﬁ) (C.14)
el TET NET Xenm/T

TE

where the second sum runs over the subgraphs of = which
are still elements of Z (i.e. which still form a graph con-
nected modulo the identification of the points in each
cluster).

One first checks that (CI4) is an immediate conse-
quence of (CI2) by writing z; = y; + 2; and developing
the sums using the Leibnitz rule: actually it is convenient
to note from the beginning that (C.I14) is true in general
if it is true for s; = s = ... = 5, = 1. This is seen by
using the identity valid for the truncated expectations:

Tp, .., Tp 1 1) =

..y 8p)

ET(xy,...,x1,...

T( ! ' (C.15)
E (txp, ..., XD, 351,
if z; is repeated s; times in the Lh.s. of (CIH). Then
one checks that (C.I4) follows from (CI2]) by developing

the summations mentioned above in the case s1 = ... =

sp = 1.
Finally one checks (C.I12)) as a consequence of another
remarkable formula (in the case sy = ... = s, = 1, which

is not restrictive as noted above):
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ET(e™ ™. . rer®r 11, ...,

=2

TEL* AEm
A=(a,B)

1) =

(erWBCaB —1) (C.16)

where Z* is the set of graphs with lines joining p points
and forming a connected set in which there are never two
lines joining the same pair of vertices. Below the notation
A = («, B) is used to identify a line with its end points;
and one also defines

oo

wP k —Lw2C
D e = Z o txti=e2W T e (C.17)
=0
where the latter equality follows from (C.2)) and (C3)).
More generally, if x; = y; + z; and y, z are independent
with covariances C°, C'!, respectively,

EF( e ™. cer™ i 11,...,1) =

(AL ) 3 ety (O

j=1 TEL* AeT

as a consequence of (CI6) and, see (CI7), of

e =1 e e

(C.19)

Equation (CI2) follows from (CI6) by expanding both
sides in powers of w and identifying equal powers of w.
Therefor the only formula that one must prove is (CI6).
One possible proof of (C.I6) can be given as follows. Con-
sider

- / 2= ¢ Py (C.20)
where P(dx) is the Gaussian distribution of x and A; > 0

wj € R and ¢ = v/—1. Then expanding in powers of A
one finds:

(g Ay e — 1
zznz_o/ . p(dx>:nz:05.

n!
E ———— AT AT
Nl ony!

ni+...+np=n p*

E((: €™ )m | (: erTe )me) =

_ Z )\1'...)\1)' /5(ei2jwjzj)'
ny:---Np-

M1y Mp

-e% >, miwiCs P(dx) =
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Therefore one has to study

oP
OX1 ... 0N,

=ET(etnm . e 100 1)

log Z =
& (C.22)

and one realizes that, for this purpose, one can replace
Z by Z' defined as

S [ave Siooamncis _
J

- Z ( H )\5) e Z(s,n)ex Cﬁnwswn, ’
XC{1,...p} £€X

where the last sum is over the pairs (§,n7) in X C
(1,...,x); this fact follows from the last expression of
(C2T) (because n? —n; = 0if n; =0,1).

One realizes that Z' defined by (C23) is the grand
canonical partition function for a system of particles with
variable activity A¢ sitting on a finite set (1,2,...,p) and
interacting with a pair potential C¢nwew,.

The theory of the Mayer expansion teaches that the
logarithm of Z’ can be expanded in a series of the ac-
tivities and the coefficients of this series are well known
and can be obtained via a graphical algorithm: the coef-
ficient of A1 - - - A, (which in any event is easy to compute
independently of the theory of the Mayer expansion) is
precisely

¥ [l -

TEL* NET

(C.24)

which proves (C16) replacing ws by iw, (the imaginary
unit has been introduces in (C20) to avoid convergence
problems in the definition of Z as an integral).

Appendix D: Proof of (16.14)
One has to show that

(7o) = /nﬂe‘%“*“'dﬁl...d@ <
A

< [ABP [ ), s 1

v>r

(D.1)

which is clearly equivalent to (I6.14]). Here one imagines
to have fixed a tree (with no decorations or frames but
just frequency indices n and position labels &1,...,&, at
the end points). The vertices v of he tree organize the
end points into a hierarchy of clusters &,.

The lines A are drawn so that the ones which join pairs
&,n € &, which are not both located inside any smaller
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clusters (i.e. imagining that the points inside the smaller
clusters are connected): for such lines A it is hy = h, =
frequency index of the vertex.

Define I(y9) = |A] if n = 1, ]ie if the tree is trivial.
Assume that the tree g has root frequency k and has a
first nontrivial vertex vy where it bifurcates into s sub-
trees yi,...,7s, S > 1.

Clearly in proving (D) it is not restrictive to suppose
that the lines connecting the clusters &,,, ..., &,, associ-
ated with the vertices immediately following vy in ¢ do
the connection in a simply connected way; otherwise one
just deletes the extra factors in (D.JJ).

Once this is supposed it is clear that one can perform
the integrals in (D.I)) by keeping first all the points in
&uy- ..., &, fixed and the positions of the points in the
first cluster fixed relative to the point ¢ which is linked
by a lineA to the other clusters; here one is supposing
that &,, is one of the (at least two) clusters connected to
only one other cluster (which is no loss of generality).

The result of the integration, followed by the integra-
tion over the remaining coordinates, yields the inequality

I(70) —(/e%’Yh'Pdp)I(ﬁy/)Il(XT) <

I(v)I(Y) —dh
Al

(D.2)
<B

where 7/ is the tree obtained from vy by deleting the
branch 7; and B;y~?" is a A-independent bound on the
integral in (D.2)); in deducing (D.2)) the translation in-
variance of the problem has been used; furthermore the
above inequality holds even if one of the trees in the r.h.s.
is trivial provided one defines, as above, I = |A| for the
trivial tree. Hence by iteration

I(y1) ... I(vs)

I(7o) SBf71 |A[s—1

(D.3)

Obviously (D.3) implies (D)) for o if (D) is supposed
valid for v1,...,7s; hence the theorem follows by induc-
tion being true, by definition, for n = 1: note that here
the relation used several times ) ,_ (5o —1) = n, — 1,

is useful, see (I217).
Appendix E: Proof of (19.8)

Given a tree shape o without any frames and with
m > 2 final lines each carrying an index nj, so that
>_jmj =n, nj >, consider the sum

Z ( H v—mv—hv)) ( ﬁ ((n

h v>r Jj=1 p=0
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where m is the degree of o and h is a frequency assign-
ment to the vertices of o with root frequency k. Consider
first the case in which o is as in Fig.(56):
n

no (56)

Nm

In this case one has to study, changing for convenience
of notation n; to n; + 1,

tj1+~~~+jm_rkr
i+ ...+ Jm—r) —

m MN1y..3Mm
IO
00 Jit.tim 'y_ﬁt t]1++]m_rkT

i+ ...+ jm—1)!

[1J:!

and for all § > 0 the r.h.s. of (E.2)) is bounded by

m N1y Mm b

Jittim ji)!
<(I[»H > @' (12—[:51,)

Jj=1 J1sedm

00 Jit.tim (Gk)’”

. —pt 0t
oy

r=0 |

so that if yPe? < 1 and b < 6,

(3, ma)! ™R (0k)”

1— 7—969 — 7!

Eq.(E3) <y P’

)

q>r L. im

(E.4)

Pef ML (k)T by 1

et n (G T S

0
1—~"Pe =
7P ()t R (0k)
T 1—yPel 1 —0bo"1 r!

r=0
(E.5)

where we have used the inequality (to be proved by in-
duction)
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nyleony! Mo tm q!
<1 E.6
(n1+...+nm)! h,,;n:o gl gm! T (E6)
J1tFim=q
Vni,q. Finally let
def 7y Pe? 1
Dg = (E.7)

1—yPe?1—00-1

and (@8) follows with b = £ suitably chosen (e.g. b =
glog v) and with Dg replacing Dg*, which is correct in
the special case just considered.

Consider next a general tree,
ni

UP)

ho n3
n
hy ! (57)

ns
h h ne
ny
ns

Using recursively the bound found in the case of Fig.(56),
one reduces the problem of estimating (I9.8)) to the prob-
lem of a similar estimate for a simpler tree. In fact sum-
ming over h,, where v is one f the highest vertices of the
tree, and if m, > 2 is the number of branches emerging
out of v, we find the estimate (T9.8]) to be reduced to that
relative to the tree o’ without the vertex v and with the
line v'v joining v to the preceding vertex v’ being a final
line bearing an index ), n;, where the sum is over the
end points indices (of o) of the end points linked to v by
a final branch of o. For instance in the case of Fig.(57)
one gets, if v is taken to be the vertex with frequency hs,
the tree in Fig.(58):

n1+n2+ng+n4

ns

ng

nr

ng
Every time the procedure is repeated one gets a factor
Dg and an expression similar to the one to be bounded

but for a simpler tree. Since in m — 1 steps at most one
reaches the trivial tree (I9.8) is proved.
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Appendix F: Estimate of the number of Feynman graphs
compatible with a tree

This appendix is due to Giovanni Felder, Ziirich, who
proves the following

Lemma: Let G be an unlabeled Feynman graph with n
vertices and let |g be a tree with n end points. Then the
number N(G,~,{n¢},ey) of labelings of G' compatible
with |g and such that for all vertices v the subgraph of
G corresponding toMwv has nf external lines, is bounded

above by C""n(c)e” 2. " foralle > 0 and some constant
C., if o is the shape of the tree 7.

Proof: Consider G, v, {n§},c fixed. Let v, be the sub-
tree of v with root v, and N,(j) the number of ways of
choosing and labeling a subgraph of G compatible with
v» and having an external line connected to the vertex
j of G. Furthermore, let vy,...,vs, be the vertices fol-
lowing v in 7. Since the subgraphs G.,,...,Gy, cor-
responding to vy, ...,vs, have to be connected together,
there exists at least one tree diagram T, with vertices
v1,...,Vs, Whose lines correspond to propagators con-
necting Gy, ...,Gy, . Let d,; be the number of lines of
T, emerging from v;. We have the estimate

No(j) < ( maXNvi(j’)) : (F.1)

eG
i=1"

_1y  Su(Sy —2)!
> (L)% )m’

dypsendyg, 21 i=1 1=

Zi(dvi—l):sv—Q

where the last ration is the Cayley formula for the num-
ber of roted trees T, with fixed coordination numbers
(see J.W. Moon, Enumerating labelled graphs, in Graph
theory and theoretical Physics, edited by F.Harari, Aca-
demic Press, 1967) and []:*, (n¢ )%:~' is a bound on the
number of ways of choosing external lines of G,, corre-
sponding to the lines of 7;. The sum over d,, can be
performed explicitly:

Sv

N,(j) < ( maxNvi(j/)> Sy (Z ngi)sv—2, (F.2)

i'eG
i=1"

and using 2% < kle Fes* 3~ (s, —1) =n — 1, we get

e

NG {nfhues) < T ([T suhe 2™ (F3)
vey
But Mo =t [, 72— (where t;, are the multi-
n(e) T Lvey [T ! “Y

plicities of the different tree shapes that start from v)
is just the number of ways of drawing the shape o by
choosing at each vertex how t order the trees starting
from it: this number is bounded by the number of ways
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of drawing all the trees with n end points, which, by the
same argument used to count the trees, is bounded by
C" for soome constant C.

Appendix G: Applications to the hierarchical model

A very simple and particularly interesting example of
field theory is the ] f* hhierarchical model.

Tis model is defined by an interaction like (5.6, i.e.
“pure ©?”. but with a different interpretation of the free
field (=) and with d being an integer < 4.

In this appendix I discuss the minor changes necessary
to treat this new case; in fact it will be a useful exercise
for the reader to check the statements made below, while
reading various oparts of this paper.

To define the free fields p(SV) with cutoffs at scales
v~ one introduces a sequence Qq, Q1, ... of compatible
pavements of the unit cube A: the pavement ; is built
with cubes of side size =7, where v > 1 is the “scale
parameter” (an integer).

Each point £ is in one cube A € Q;, for j =0,1,....
with the obvious (and trivial) exception of the points in
the boundaries of the cubes. Then one defines

k
k d—2 . d—2
<pé§ ) = E v Tl = E [A|27 24 (G.1)
Jj=1 ASE
INESRLE

where Aj is the cube in Q; containing £ and the {a are
Gaussian independent variables with covariance % except
forone among them, za, corresponding to A=A € Qy,

which will be assumed to have covariance m

The fields (=N behave roughly as the Euclidean free
field with cutoff at y—.

Hierarchical models in field theory were introduced
in the papers of Wilson, (Wilson, 1971, 1972)3 and
(Wilson and Kogut, [1973), as approximations to the Eu-
clidean theory and the equations to which they lead are,
therefore, called “approximate recursion formulae”. In
statistical mechanics they were introduced by (Dyson,
1969, [1971)) and studied also by (Bleher and Sinai, 1973,
1975) and by (Collet and Eckmann, [1978).

The mode (G.)) is not the one studied in the above--
mentioned papers; its relevance and importance for field
theory were pointed out in (Gallavotti, 1978, [1979a/L),

3 See in particular footnote 8. This paper introduces a hierarchi-
cal model and deals mainly with pg; other similar hierarchical
models had been introduced earlier in (Dyson, 11964, [1971) and
later in (Baker, [1973) in statistical mechnaics and in (Gallavotti,
1978) in field theory. A general theory of the recursion rela-
tions associated with certain hierarchical models can be found
in (Collet and Eckmann, 1978), where the work initiated by
(Bleher and Sinai, 1973, [1975) is extended

82

and it was applies to constructive field theory for Eu-
clidean fields in (Benfatto et all, 1978, [19804). Tt is
mentioned earlier in (Wilson and Kogut, 11973), p.120,
line 11, see (G3) below for comparison, without com-
ments except perhaps the implication that it may be
not too relevant. Many of the results that follow
would apply as well to the hierarchical models consid-
ered in the above-mentioned papers after some obvious
changes; for papers on such “classical” hierarchical mod-
els see (Gawedski and Kupiainen, [1980) and the refer-
ences therein.

The theory of the ¢* fields with interaction given by
(E8) for d = 4 can be pursued exactly as in Secs. XVI
XIX] with a few remarkable simplifications: the results,
and the simplifications just mentioned , are listed below.
The reader who has followed Secs[VIIX] and XVIHXX] will
find them very easy to prove; their proof is however very
instructive, as it shows the true nature of the problems
of perturbative field theory deprived of most technical
complications which accompany them.

(1) Classifying the divergences leads to the same re-
sults of Sec[XVIl provided one sets everywhere my , =
0, n1, = 0, thus disregarding the d¢ fields (which are
not defined in this model and which are absent from the
interaction).

(2) The renormalization is also done along the same lines.
It is, however, much easier in practice because the effec-
tive interaction (very peculiarly for this model) remains
“purely local” on each scale: i.e. the effective potential
on scale k£ has the form

o0

V{sk) = Zw(k,n)/ (SR 2 gy =4
o ! (G-2)
=N a(Xa)
AE€Qy

def  H=M
where XA = T (<ol
2(Eps )2

(<k)

step use has been made of the fact that ;=" is condtant
over boxes A of side size y~* The function Q. (z) and the
coefficients w(k,n) are defined implicitly by (G.2). The
normalized field is introduced for convenience.

(3) In fact one can see, indpendently of perturbation the-
ory, that the functions |Oy are related by a recursion
formula; namely it is Qx = TQg41, £ > 0, where T is,
(Gallavotti, 11979h), for d > 2

if x € A, and in the second

z

2 d
(TQ)(x) zvdlog/emo‘”ﬁz)e*z — (G.3)

™

with a = (1 —ﬂQ)%,ﬂ = ’y’%. The case d = 2 is
slightly different (and easier) because d — 2 = 0 and the
(G.3) needs to be reinterpreted appropriately, (Gallavotti,
1978, 119794): for this reason we do not discuss it.
Therefore Q = TV FQy if k > 0, and a simple cal-

culation shows that the interaction — [, (Ay : cpchN)4 :

-HLNQDECSN) ® 4 vn)da can be written as (G2) with
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Qn(z) = — Ay INC Hy(2)+

(G.4)
+ uny 2N CEHy () + vyy ™),

where C' = (1 — ”y*¥. The reason why k = 0 is special
is that za, for A € Q), has a slightly different covariance.

If za, A € Qg had been taken with ovariance %, too, then
(a, B) in (G3) would, however, have turned out slightly
k dependent.

(4) Because of remark (2) the £ and R operations of
SecXVIIT need only to be defined for 1,: ¢? :,: ¢} : and
are simply

L1=1, L:¢2 =192, L:gh=:¢t:
L:pt:=0ifn>4

R1=0, R:¢?:=0, R :¢*:=0
RS(P?1:5SD?: ifn>4

(G.5)

No D,, fields arise: because of the locality remark (2)
above z would be equal to y so that D;, = 0. Since the
D, fields vanish there is no need to increase the order of
subtraction, because D, “has clearly a zero of infinite
order”.

Therefore the above theory is renormalizable, in spite
of the absence of (9¢)? terms in the interaction. This is
a proof of a theorem by Wilson, see (Wilson, [1972) line
26 from bottom at p. 424, who proved this result (just
by stating it)in ¢§ theory (and hence in ¢} theory also,
the argument being the same in the two cases). It seems
that this deep result went almost unnoticed, probably
because he failed to stress its interest, very high in my
opinion. The difference between the models used here is
irrelevant and the above proof can be repeated verbatim
for the “classical” hierarchical models.

(5) Finally consider the resummations. The equation for
the form factors, see Fig.(32), and formulae ([@9]) and
[@08) can be written in terms of the “beta functional”

BN E) =D Y

o h,hy, >k+1

end point of o

Bk +1;h, &)
(G.6)

where we have explicitly exhibited the decomposition of
the ]b-coefficients of (20.8)) in terms of the contributions
from the various trees. Then as the reader can easily
check, the bounds on 3 are, if vg = first vertex of o,

~

1B (k + 15 b, @)| < Clnly~ v ?

H 7 (ho=hy—1) (G.7)
V>V
with the usual notations and with Cy > 0, p = —d +

(6 — 5)%, ¢ > 0. The 6 in p is explained by the fact
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that the vertices of o carrying a superscript R generate
(because of (G.H])) only Feynman graphs with at least six
external lines (in fact the R operation just deletes the
contributions from nontrivial Feynman graphs with two
or four external lines emerging out of clusters generated
by the vertices of the tree o).

Expression (G7)) suggests that the hierarchical model

may have a “y~! expansion” for the beta function B in

(G4). One sees that the r.h.s. of (G1) is of order O(1) as
v — oo only for the trees which have only one nontrivial
vertex vg, which we can call “simple” trees. For the other

trees the bound (7)) contains terms of order O(y~*).

Therefore it might be of some interest to analyze the
equation for the dimensionless form factors (G.0) in the
approximation in which only “simple” trees are consid-
ered in the r.h.s. of (G6). This approximation is not
equivalent to taking an order by order dominant term in
the y~! expansion of the 3, for the o of given order n,
because even for simple trees ¢ the 8, depend on v and

have subleading corrections in v~ .

Hence the approximation has the same character of
the “leading log” or “most divergent graphs” resumma-
tions discussed in Secs[[X] and XXl However it in some
sense to be clarified (one hopes) a deeper resummation
as, unlike the case of the “most divergent graphs” or the
“planar graphs” resummations, its beta function has an
asymptotic expansion which has zero-radius of conver-
gence: the contribution from the tree with n end points
being proportional to n!, see (G.1) and (G.8) below.

But the really interesting aspect of the above resum-
mations is that the beta function can be computed “ex-
actly”. In fact from the graphical interpretation of (513)
and (.I4) in terms of “simple” trees one can easily recog-
nize that the contribution of the simple trees to the r.h.s.
of (GX) is just the power series expansion By(A(k + 1))

in formal powers of A(k + 1) and Béa) (AD A@) is

20 2 dx
Bg()\(4),/\(2)) :”ydac_e/Hg(x)e_w —

. VT (@)
. (/6_222629/>“9 lc? He/(aerﬁz))

™

where § = 2,4, C = (1 -7 T )%, a = (1 —1?)%, B =
d—2

QAR

Thus if we setA = —A®) (k+1) C*, p = —\? (k+1) C?,
N = - XD(E)CH, 1 = -2 (k) C?, it follows that the
dimensionless form factors of scale k are expressed in
terms of this on scale k + 1 simply by
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/H4

—>\H4 (az+Bx)— qu(az-i-,Bm))

22
v 2 /H2

efAH4(az+ﬁm)f,uH2(az+Bz))

This formula (which I derived, with some algebraic errors
later corrected by Nicols, from the remark that (513
and (5.I14) imply that B, can be summed explicitly) gives
a recursion relation somewhat interesting in itself. But
more interesting would be to see in what sense (if at
all) the above resummation provides a good resumma-
tion rule up to O(y~!). Such problems have not been
investigated yet.

References

Aizenman, M., 1982, Geometric analysis of ¢*fields and
Ising models, Communications in Mathematical Physics
86, 1-48.

Albeverio, S., G. Gallavotti, and R. Hoegh-Khron, 1979, Some
results for the exponential interacton in two or more di-
mensions, Communications in Mathematical Physics 70,
187-93.

Baker, G., 1973, Ising model with a scaling interaction, Phys-
ical Review B 5, 2622-2633.

Balaban, T., 1982a, (Higgs)s,2 quantum fields in a finite vol-
ume: I. A lower bound, Communications in Mathematical
Physics 85, 603-703.

Balaban, T., 1982b, (Higgs)s,2 quantum fields in a finite vol-
ume: II. An upper bound, Communications in Mathemati-
cal Physics 86, 555-594.

Balaban, T., 1983, (Higgs)s,2 quantum fields in a finite vol-
ume: III. Renormalization, Communications in Mathemat-
ical Physics 88, 411-445.

Benfatto, G., M. Cassandro, G. Gallavotti, F. Nicolo
, E. Olivieri, E. Presutti, and E. Scacciatelli, 1978, Some
probabilistic techniques in field theory, Communications in
Mathematical Physics 59, 143-166.

Benfatto, G., M. Cassandro, G. Gallavotti, F. Nicolo
, E. Olivieri, E. Presutti, and E. Scacciatelli, 1980a, Ultra-
violet stability in Euclidean scalar field theories, Communi-
cations in Mathematical Physics 71, 95-130.

Benfatto, G., G. Gallavotti, and F. Nicolé, 1980b, FElliptic
equations and Gaussian processes, Journal of Functional
Analysis 36, 343-400.

Benfatto, G., G. Gallavotti, and F. Nicol6, 1982, On the
massive sine-Gordon equation in the first few regions of
collapse, Communications in Mathematical Physics 83,
382-410.

Benfatto, G., G. Gallavotti, and F. Nicolo, 1986, The dipole
Phase in the Two-dimensional Hierarchical Coulomb Gas:
Analyticity and Correlations Decay, Communications in
Mathematical Physics 106, 277-288.

Bleher, P., and Y. Sinai, 1973, Investigation of the critical
point in models of the type of Dyson’s hierarchical model,
Communications in Mathematical Physics 33, 23-42.

84

Bleher, P., and Y. Sinai, 1975, Critical indices for Dyson’s
asymptotically hierarchical models, Communications
in Mathematical Physics 45, 247-278.

Boboliubov, N.,; and D. Shirkov, 1959, Introduction to the
theory of quantized fields (Interscience, New York).

Brydges, D., 1978, A rigorous approach in Debye screening
in dilute classical Coulomb systems, Communications in
Mathematical Physics 58, 313-350.

Brydges, D., J. Frolich, and A. Sokal, 1983, A new proof of
the existence and non triviality of o3 and ¢4 field theories,
Communications in Mathematical Physics 91, 141-186.

Callan, C., 1970, Broken sale invariance in scalar field theory,
Physical Review D 2, 1541-1547.

Callan, C., 1976, Introduction to remormalization theory, in
Methods in field theory, ed. R. Balian, J. Zinn-Justin ,
41-77.

Cammarota, C., 1982, Decay of correlation for infonite range
interactions in unbounded spin system, Communications in
Mathematical Physics 85, 517-528.

Colella, F., and O. Lanford, 1973, in Constructive Field the-
ory, ed. G. Velo, A. Wightman, Lecture Notes in Physics,
Springer-Verlag 25, 44-70.

Coleman, S., and S. Weinberg, 1973, Radiative corrections
as the origin of spontaneous symmetry breaking, Physical
Review D 7, 1888-1910.

Collet, P., and J. Eckmann, 1978, A renormalization group
analysis of the hierarchical model in statistical mechanics,
volume 74 (Springer Verlag, Lecture notes in Physics, Hei-
delberg).

DeCalan, C., and V. Rivasseau, 1982, Local existence of the
Borel transform in euclidean ¢}, Communications in Math-
ematical Physics 82, 69-100.

DiCastro, C., and G. Jona-Lasinio, 1969, On the microscopic
foundations of scaling laws, Physics Letters A 29, 322-324.

Dyson, F., 1949a, The radiation theories of Tomonaga,
Schwinger and Feynman, Reprinted in Selected papers on
quantum electrodynamics, ed. J. Schwinger, Dover, 1958,
p- 275-291; original in Physical Review 75, 486-502.

Dyson, F.; 1949b, The Smatriz in quantum electrodynamics,
Physical Review 75, 1736-1755.

Dyson, F., 1969, FEzistence of a phase transition in a one-
dimensional Ising ferromagnet, Communications in Math-
ematical Physics 12, 91-107.

Dyson, F., 1971, An Ising ferromagnet with discontinu-
ous long range order, Communications in Mathematical
Physics 21, 269-283.

Eckmann, J., and H. Epstein, 1979, Time ordered products
and Schwinger functions, Communications in Mathemati-
cal Physics 64, 95-130.

Federbush, P., and G. Battle, 1982, A phase space cell cluster
expansion for Fuclidean quantum field theories, Annals of
Physics 142, 95-139.

Federbush, P.,; and G. Battle, 1983, A phase space cell ex-
pansion for a hierarchical p3 model, Communications in
Mathematical Physics 88, 263-293.

Feldman, J., 1974, The : ¢* :3 theory in finite volume, Com-
munications in Mathematical Physics 37, 93-120.

Feldman, J., and K. Ostervalder, 1976, The Wightman axioms
and the mass gap for weakly coupled : ¢* 3 quantum fields,
Annals of Physics 97, 80-135.

Feynman, R., 1948, Space-time approach to mnonrlativistic
quantum mechanics, (reprinted in Selected papers on quan-
tum electrodynamics, ed. J. Schwinger, Dover, 1958, p.
321-341); original in Reviews of Modern Physics 20,



References

367-387.

Frolich, J., 1976, Quantum sine Gordon equations and quan-
tum solitons in two space-time dimensions, in Renormal-
ization theory, Erice Lectures, ed. G. Velo, A. Wightman,
Reidel, Dordrecht 23, 371-414.

Frolich, J., 1982, On the triviality of A5 theories and the ap-
proach to the critical point in d (> 4) dimensions, Nuclear
Physics B 200, 281-296.

Frolich, J., and T. Spencer, 1981, The Kosterlitz-Thouless
transition in two-dimensional abelian spin systems and the
Coulomb gas, Communications in Mathematical Physics
81, 527-602.

Gallavotti, G., 1978, Some aspects of the renormalization
problem in statistical mechanics, Memorie dell’Accademia
dei Lincei 15, 23-59.

Gallavotti, G., 1979a, On the ultraviolet stability in statistical
mechanics and field theory, Annali di Matematica Pura e
Applicata 120, 1-23.

Gallavotti, G., 1979b, The stability problem in ¢* scalar field
theories, In Quantum fields, algebras, processes, ed. L.
Streit, Bielefeld rencontres in Physics and mathematics,
Springer, Vienna , 408-444.

Gallavotti, G., 1981, Elliptic operators and Gaussian pro-
cesses, In Aspects statistiques et aspects physiques des pro-
cessus Gaussiens, Colloques Internationales C.N.R.S, St.
Flour 307, 349-360.

Gallavotti, G., 1983a, A criterion of integrability for perturbed
nonresonant oscillators. Wick ordering of the perturbations
in classical mechanics and the invariance of the frequency
spectrum, Communications in Mathematical Physics 87,
365-383.

Gallavotti, G., 1983b, The elements of mechanics (Springer-
Verlag, New York).

Gallavotti, G., and F. Nicolo, 1985a, Renormalization theory
for four dimensional scalar fields, I, Communications in
Mathematical Physics 100, 545-590.

Gallavotti, G., and F. Nicolo, 1985b, Renormalization theory
for four dimensional scalar fields, II, Communications in
Mathematical Physics 101, 1-36.

Gallavotti, G., and F. Nicolo, 1985c, The screening phase
transitions in the two dimensional Coulomb gas, Journal
of Statistical Physics 39, 133-156.

Gallavotti, G., and V. Rivasseau, 1983, A comment on ¢}
Euclidean field theory, Physics Letters B 122, 268-270.
Gallavotti, G., and V. Rivasseau, 1985, *-field theory in di-
mension four. A modern introduction to its open problems,

Annales de I'Institut Henri Poincaré B 40, 185-220.

Gawedski, K., and A. Kupiainen, 1980, A rigorous block spin
approach to massless lattice theories, Communications in
Mathematical Physics 77, 31-64.

Gawedski, K., and A. Kupiainen, 1983, Block spin renor-
malization group for the dipole gas and (V$)*, Annals of
Physics 147, 198-243.

Gawedski, K., and A. Kupiainen, 1984, Rigorous renormaliza-
tion and asymptotic freedom, in Scaling and self-similarity
in Physics, ed. J. Frolich 7, 227-262.

Glimm, J., 1968a, Boson fields with a nonlinear self interac-
tion in two dimensions, Communications in Mathematical
Physics 8, 12-25.

Glimm, J., 1968b, Boson fields with the : ¢* : interac-
tion in three dimensions, Communications in Mathematical
Physics 10, 1-47.

Glimm, J., and A. Jaffe, 1968, The A\(: ¢* :)2 quantum field
theory without cut-offs. I, Physical Review 176, 1945-1951.

85

Glimm, J., and A. Jaffe, 1970a, The A(: ¢* :)2 quantum
field theory without cut-offs. II, Annals of Mathematics 91,
362-401.

Glimm, J., and A. Jaffe, 1970b, The A(: ¢* :)2 quantum
field theory without cut-offs. I11. The physical vacuum, Acta
Mathematica 125, 203-267.

Glimm, J., and A. Jaffe, 1981, Quantum Physics. A functional
integral point of view (Springer-Verlag, New York).

Glimm, J., A. Jaffe, and T. Spencer, 1973, in Constructive
Field theory, ed. G. Velo, A. Wightman, Lecture Notes in
Physics, Springer-Verlag 25, 132-242.

Glimm, J., A. Jaffe, and T. Spencer, 1975, Phase transitions
ofr ¢* quantum field theories, Communications in Mathe-
matical Physics 45, 203-216.

Glimm, J., A. Jaffe, and T. Spencer, 1976, A convergent ex-
pansion about mean field theory, II. Convergence of the ex-
pansion, Annals of Physics 101, 631-669.

Guerra, F.; 1972, Uniqueness of the vacuum energy and Van
Howve phenomenon in infinite volume limit for two dimen-
sional self coupled Bose fields, Physical Review Letters 28,
1213-1215.

Guerra, F., L. Rosen, and B. Simon, 1975, The P(y)2 euclidea
quantum field theory as classical statistical mechanics, An-
nals of Mathematics 101, 111-189.

Hepp, K., 1966, Proof of the Bogoliubov-Parasiuk theorem
on renmormalization, Communications in Mathematical
Physics 2, 301-326.

Hepp, K., 1969, Theorie de la renormalization, volume 2
(Springer Verlag, Lecture notes in Physics).

’t Hooft, G., 1974, A planar diagram theory for strong inter-
actions, Nuclear Physics B 72, 461-473.

’t Hooft, G., 1982a, Is asymptotic freedom enough?, Physics
Letters B 99, 474-476.

't Hooft, G., 1982b, On the convergence of the palnar diagrams
expansion, Communications in Mathematical Physics 86,
449-464.

't Hooft, G., 1983, Rigorous construction of planar diagram
field theories in four-dimensional Fuclidean space, Commu-
nications in Mathematical Physics 88, 1-25.

’t Hooft, G., 1984, Planar diagram field theories, Progress in
Gauge Field Theory. NATO ASI Series, Ed. by G. 't Hooft,
A. Jaffe, H. Lehmann, P.K. Mitter, .M. Singer and R.
Stora 115, 271-336.

Jona-Lasinio, G., 1975, The renormalization group. A priob-
abilistic view, Nuovo Cimento B 26, 99-119.

Kadanoff, L., 1966, Scaling laws for Ising models near T,
Physics-Physique-Fyzika 2, 263-272.

Koch, H., 1980, Particles exist in the low temperature 3
model, Helvetica Physica Acta 53, 429-452.

Koplik, J., A. Neveu, and S. Nussinov, 1977, Some aspects
of the planar perturbation series, Nuclear Physics B 123,
109-131.

Kunz, H., 1978, Analyticity and clustering properties of un-
bounded spin systems, Communications in Mathematical
Physics 59, 53-69.

Landau, L., 1955, On the quantum theory of fields, In Niels
Bohr and the development of Physics, ed. W. Pauli (also
in Collectd papers, ed. D. ter Haar, Gordon-Breach, 1965,
p.654-657) , 52-59.

Landau, L., and I. Pomeranchuck, 1955, Convergence of Bo-
goliubov’s method of renormalization in momentum space.
Reprinted as On point interactions in quantm electrody-
namics, in Collected papers, ed, D. ter Haar, Gordon-
Breach, 1965, p. 654-657. Original in Doklady Akademia



References

Nauk 102, 489.

Lanford, O., 1973, Bifurcations of periodic solutions into in-
variant tori: the work of Ruelle and Takens, Nonlinear
problems in Physical sciences and Biology, ed. 1. Stakgold,
D. Joseph and D. Sattinger, Lecture notes in mathematics,
Springer Verlag 322, 159-192.

Lautrup, L., 1977, High order estimates in QED, Physics let-
ters B 69, 109-111.

Ma, S., 1976, Modern theory of critical phenmomena (Ben-
jamin, Reading).

Magnen, J., and R. Seneor, 1976, The infinite volume limit
of the p3-model, Annales de I'Institut Henri Poincaré 24,
95-159.

Nelson, E., 1966, A quartic interaction in two dimensions, In
Mathematical Theory of elementary particles, ed. R Good-
man, I. Segal , 69-73.

Nelson, E., 1973a, Construction of Markov fields from quan-
tum fields, Journal of Functional Analysis 12, 97-112.

Nelson, E., 1973b, Probability theory and euclidean field the-
ory, in Quantum fields and Markov fields, ed. D. Spencer,
American Mathematical Society 23, 413-420.

Nelson, E., 1973c, Probability thory and euclidean field theory,
in Constructive quantum field theory, ed. A. Wightman, G.
Velo, Leture notes in Physics 25, 94-124.

Nicolo, F., 1983, On the massive sine-Gordon equation in the
higher regions of collapse, Communications in Mathemati-
cal Physics 88, 581-600.

Osterwalder, K., and R. Schrader, 1973a, Azioms for Fu-
clidean Green’s functions, Communications in Mathemati-
cal Physics 31, 83-112.

Osterwalder, K., and R. Schrader, 1973b, FEuclidean Fermi
fields and a Feynman-Kac formula for boson-fermion mod-
els, Helvetica Physica Acta 46, 277-302.

Park, Y., 1977, Convergence of lattice approrimation and in-
finite volume limit in the (\p* — a@® — ) field theory,
Journal of Mathematical Physics 18, 354-366.

Pauli, W., and F. Villars, 1949, On the invariant regulariza-
tion in relativistic quantum field theory, Reprinted in Se-
lected papers on quantum electrodynamics
, ed. J. Schwinger, Dover, 1958, p. 198-208, original in Re-
view of Modern Physics 21, 434-444.

Polchinskii, J., 1984, Renormalization and effective Lagran-
gians, Nuclear Physics B 231, 269-295.

Rivasseau, V., 1985, Construction and Borel summability of
the planar 4—dimensional scalar field theory Communica-
tions in Mathematical Physics 95, 445-486.

Riissmann, H., 1967, Uber die normalform analytischer
Hamiltonsher Differentialgleichungen in der Nahe einer
Gleichgewichtlosung, Mathematische Annalen 169, 55-72.

Schwinger, J., 1949a, On radiative corrections to electron scat-
terig, Reprint from Selected papers on quantum electrody-
namics, ed. J. Schwinger, Dover, 1958, p. 143-144, original
in Physical Review 75, 898-899.

86

Schwinger, J., 1949b, Quantum Electrodynamics, 111 the elec-
tromagnetic properties of the electron, Reprint Selected pa-
pers on quantum electro dynamics, ed. J. Schwinger, Dover,
1958, p. 169-196, original in Physical Review 76, 790-817.

Seiler, E., 1982, Gauge theories as a problem of constructive
quantum field theory and statistical mechanics, volume 159
(Lecture notes in Physics, Springer Verlag, Heidelberg).

Simon, B., 1974, The P(¢)2 Euclidean (quantum) field theory
(Princeton University PRess, Princeton).

Speer, E., 1974, The convergence of the BPH renormaliza-
tion scheme, Communications in Mathematical Physics 35,
151-154.

Sylvester, G., 1979, Weakly coupled Gibbs measures, Zeit-
schrift fur Warsheinlichkeittheorie 50, 97-118.

Symanzik, K., 1966, Fuclidean quantum field theory, Journal
of Mathematical Physics 7, 510-525.

Symanzik, K., 1970, Small distance behavior in field the-
ory and power counting Communications in Mathematical
Physics 18, 227-246.

Symanzik, K., 1973, Infrared singularities and small dis-
tance behavior analysis Communications in Mathematical
Physics 34, 7-36.

Thirring, W., 1958, Principles of quantum electrodynamics
(Academic Press, New York).

Westwater, J., 1980, On FEdwards’ model for long poly-
mer chains, Communications in Mathematical Physics 72,
131-174.

Wightman, A., 1956, Quantum field theory in terms of vac-
uum expectation values, Physical Review 101, 860-866.
Wilson, K., 1965, Model Hamiltonians for local quantum field

theory, Physical Review 140, B445-B457.

Wilson, K., 1970, Model of coupling constant renormalization,
Physical Review D 2, 1438-1472.

Wilson, K., 1971, Renormalization group and strong interac-
tions, Physical Review D 3, 1818-1846.

Wilson, K., 1972, Renormalization of scalar field theory in
strong coupling, Physical Review D 6, 419-426.

Wilson, K., 1973, Quantum field theory models in less than
four dimensions, Physical Review D 7, 2911-2926.

Wilson, K., 1983, The renormalization group and critical phe-
nomena, Review of Modern Physics 55, 583-600.

Wilson, K., and J. Kogut, 1973, The renormalization group
and the e-expansion, Physics Reports 12, 75-199.

Zimmermann, W., 1969, Convergence of Bogoliubov’s method
of renormalization in momentum space, Communications
in Mathematical Physics 15, 208-234.

REVTEX

e-mail: giovanni.gallavotti@romal.infn.it
web: http://ipparco.romal.infn.it
Piscataway, NJ, July 2004.



	Introduction
	Functional integral representation of the Hamiltonian of a quantum field
	The free field and its multiscale decompositions
	Perturbation theory and ultraviolet stability
	Effective potentials: the algorithm for their construction
	A graphical expression for the effective interactions
	Renormalizability to second order and renormalization 
	Counterterms, effective interaction and renormalization in a graphical representation (arbitrary order)
	Resummations, form factors and beta function
	Schwinger functions and effective potentials
	11,The cosine interaction model in two dimensions, perturbation theory and multipole expansion
	Ultraviolet stability for cosine interaction and renormalizability for alpha2<8pi 
	Beyond perturbation theory in the cosine interaction case: asymptotic freedom and scale invariance
	Large deviations: their control and the complete construction of the cosine field beyond alpha2=4pi 
	The cosine field and the screening phenomena in the 2-dimensional Coulomb gas and in related Statistical Mechanical systems
	Nature and classification of the divergences for fi4 fields
	Renormalization of fi4-field to second order
	Renormalization and ultraviolet stability to any order for fi4 fields
	``n! bounds'' on the effective potential
	An application: planar graphs and convergence problems. A heuristic approach
	Constructing fi4 fields in d=2,3 
	Comments on resummations. Triviality and nontriviality. Some apologies.
	Free fields covariance: hints
	Hint for (2.1) 
	Wick monomials and their integrals
	Proof of (16.14)
	Proof of (19.8)
	Estimate of the number of Feynman graphs compatible with a tree
	Applications to the hierarchical model
	References

