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Abstract. We present a renormalization group approach to the renormaliza-
tion theory of @3, using techniques that have been introduced and used in
previous papers and that lead to very simple methods to bound the coefficients
of the effective potential and of the Schwinger functions. The main aim of this
paper is to show how one can in this way obtain the n!-bounds.

1. Intreduction

Recently we developed a new technique to construct field theories without cutoffs
[1] and our method came to play an important role in several papers, where they
have been combined with new brilliant ideas [2, 3].

The possibility of treating situations as complex as that arising in the
ultraviolet stability of the Coulomb gas [4] in two dimensions relies on the
effectiveness of our method of performing the renormalization which allowed us to
avoid completely the consideration of unboundedly large orders of perturbation
theory in dealing with the construction of superrenormalizable field theories, in
contrast with what was done in the previous breakthrough papers [11].

We shall illustrate in our work how this method can be naturally applied to
derive some of the deepest mathematical results of the formal perturbation theory,
namely Hepp’s theorem [5] and the de Calan, Rivasseau n!-bounds [6]. The
experts will recognize in the discussion below most of the intriguing difficulties met
in [5,6] and the ideas used to attack them; they will also recognize a somewhat
different pattern of solution of the problems and several technical differences
which, we hope, make our presentation something more than a rewriting of old
results.

We perform our discussion in “coordinate space” rather than in the usual
“momentum space” because we think that it is much easier and we study the
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“perturbative effective interaction” rather than the renormalized Schwinger
functions, which is a new result. We follow the method outlined in [1], in the d=3
case, for third-order perturbation theory, showing that it leads to a very natural
organization of the cancellations appearing automatically in a form which allows
us to avoid the introduction of “Hepp sectors” to check finiteness. Our method is
not special for scalar field theories, and we hope that it may be useful to treat
renormalization problems in more structured theories, like gauge ones; it is also
clearly built in order to be fit for a renormalization group study of the above
models.

We present our discussion only for d =4; this, of course, implies that the same
method would work for d =2 and d = 3 with many complications disappearing. An
explicit adaptation to the harder sine-Gordon problem will be, hopefully,
presented elsewhere. A similar approach to the renormalization theory has been
recently produced by Polchinski [7].

Let us now briefly describe the content of the next sections: Sect. 2 contains the
formulation of the @j-field theory problem, its perturbative solution and our
results on the “effective potential” which implies both Hepp’s theorem and the
de Calan Rivasseau n!-bound. Sections 3—5 just set the definitions and the
formalism to be used later on; although nearly purely definitory they cannot be
skipped, as the concepts introduced there are a bit unusual; the notion of tree is
given there in detail and it shows its resemblance to the notion of forest introduced
by Zimmermann [14].

Sections 6 and 7 are the central ones. In Sect. 6 the general algorithm to build
the counterterms of a generic order in g is given, the central notion of £ and .¥
operations is introduced and the general idea of the proof of our version of Hepp’s
theorem is presented. In Sect. 7 this proof is explicitly stated; then the remaining
part of the section is devoted to the proof of the n!-bound.

The possibility of partially resumming the divergent perturbation series will be
discussed in a second paper, hereafter referred as (II), where some more technical
details on the problems discussed here will be also provided in the form of
appendices. There also the proof of the Borel summability of the planar @3-field
theory [13] is sketched.

2. Notations and Formulation of the Renormalizability Problem

Consider the probability measure P on the space of distributions on R* (“fields”)
which is gaussian and has covariance

1 PUA .
C@]:(Q,T)"'thmd p. (21)
The problem is to give a meaning to the expression
N {exp - £ (Arof:+p:pf+o:(0p)*: )d“f} P(do), (2.2)

where the Wick product : : is defined as

X" =)/ 2 H(x/)/2x*)), n:0, 1., (2.3)
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where H, are the Hermite polynomials, for any gaussian random variable with
dispersion {(x?*).

Obviously {¢?>=+ o0, {(0¢o)*)>=+ o0 if ¢, is distributed as a gaussian
random field with covariance (2.1). The first step to give a meaning to (2.2) is to
“regularize the field.” We find it convenient to define a regularized cutoff field by
using a Pauli-Villars type of regularization because it has a simple recursive
structure. However, the simplicity of the recursive structure not being too
important, one could use other regularizations if desired (e.g. the lattice
regularization).

The regularization we shall use stems out of a few trivial identities. Let y > 1 and
observe the following relations:

1 :§< 1 ) _3 (7 — )y
1+ 2 Ok p2+,y2k p2+y2(k+1) k(p +,y2k(,y +1)p +,y4k+2)

=(y? “DZkV Zh(

1
p 'f'VZk('}) +1)p +'))4k+2'))4h

)
p2 +,y2k(,y2+1)p2+,y4k+2.y4(h+ 1)

P* =D —I)Zkzh

2k, 4(k+h
Y 'Y( )

(p® + A(k, h)p® + B(k, h)p* + C(k, h)p* + D(k, h))

=’ =D (*=1D %k y?* gh yHETD) 24)

® 1
'%:l<p8+Ap6+Bp4+Cp2+,y8(k+h+l+1)

1
-—-pg+Ap6+Bp4+Cp2+,y8(k+h+l+2))

w q t
=2 (=1 (y* - DYDY %ﬂ"z"v"z‘v“”

1 1
'<k8+ﬁk6+§k4+6k2+y8 B k8+ﬁk6+§k4+€k2+y16>’

where A=y2"(y_2‘2(})2+1))EV2qz‘L
B=y*(" "2+ D4y ¥0P+ DD =y"B, 25)
C=y%(y~ 2y 2>+ 1) (y* + 1)) =y*C,
Therefore k=y~"p.
lP'(é"I) () w© () w q )
— ((0) — q = U
(277:)4\‘. p p2+1 '_Cé,n “%: (és”)—%q %tc (éu’?)
o q t
=320 CahE, ), (2.6)
0O 0 0

where C@, €@ ¢@.t) can be easily written down explicitly looking at Eq. (2.4).
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To put the cutoff means, here, to truncate the sum over g in (2.6) up to N,
obtaining

J‘ d4keFriE—m

1
(N) - 2q 2t —A) 02002 1) (vA —
Z Y Ztv Z Y {v G =DO*— (2 )

1 1
. ~ - - — - < ~ 2.7
<k8+Ak6+Bk4+Ck2+y8 k8+Ak6+Bk4+Ck2+y16>’ @7
which defines the covariance of the cutoff field
(<N N g t ;
=N Z ¥ = %q %Jz %z Yy~ 2y HZGD, (2.8)
where the covariance of Z(;? is

y-zq 21,))41C(q b l)(f ;/I) ;‘lé y‘h]’ (29)
and

2 2
(t,1) (Y "1)()) —1) 47, ik(E—1)
I, ~—(2n)4 d*ke

: 1 (2.10)
K+ A+ BK + Cko+9° K+ AR+ BK + Ck 4y
It is clear that, being {->=[ P(dp'=™), we have

PEMR, QO™ (@M, (e,
L@ =M, LOuseEM?, (=40 P9EM)?) <o,  (2.11)
Ve>0,

and therefore it makes sense to define
exp— J {An (@M 4y 1 (M) oy 1 (00FENM)? 4 vp}d e (2.12)
with respect to the measure:

N N t A
P(dg'=M=[T, P(do'") =TT, [T, [T P "(dZ), (2.13)
0 0 0 0

where P@*%" is the gaussian measure with covariance L&), In fact if 1y>0, it
makes sense to consider (2.12) as a density function with respect to the measure
(2.13) because it can be shown by classical methods [8] that it is a L,-function with

integral=.A4""' < + o0.

Remarks. a) It should be clear that the regularization used is a “multiple” Pauli-
Villars regularization; the necessity of such a generalization of the standard Pauli-
Villars will be clear in Sect. 6 and comes from the need of having the second
derivatives of the cutoff field ¢!=™ well defined. Nevertheless a careful investiga-
tion of our proofs shows that whatever regularization one chooses everything
works, provided it satisfies the following requests:



Renormalization Theory (I) 549

1) @'=Mis well defined with its derivatives at least up to the second order.
2) C‘N’ the covariance of ¢!=M can be decomposed as C‘N’—Z C@ or
éN]_Z ol and:

I) (p["] is regular on the scale y 79,

1) ¢ is nearly independent on the same scale.

This is fulfilled if C9(¢7) is sufficiently regular and decays exponentially on this
scale, but also a power decay strong enough would be sufficient.

The Pauli-Villars regularization turns out to be really useful in the constructive
theory, see [4], where its Markov property is used. Although in this paper we only
deal with formal perturbation theory we have preferred to use the Pauli-Villars
regularization.

b) We shall assume, hereafter, periodic boundary conditions for the volume 4.
Therefore the field ¢'=* has covariance:

CPEm= 3 C¥&En+nl),

where L is the linear size of A.
The main problem is to see if we can find 1y, py, oy, vy such that

PQ)= {eXp~£ Oy (@M 1+ py: (@E)?:

Foy: (6(p[¢§N])2: +vN)dg} P(dpt=M) (2.14)
admits a limit as N— o0 in the sense that
Jexp ot =M(N)PRUdPU=EN) ——— [exp ()P ,(do) (2.15)

for all fe€ #(R*) and for a suitable chosen measure P, on &’(R*). This problem
has not yet been solved, see [9, 12]. However, it admits a perturbative solution;
namely it can be shown [5,6,9].

Proposition 1. There exist four formal power series in a parameter g, the physical
coupling constant,

In=g+ gk L(N)g*, .uNzgk m(N)g*,

. . (2.16)
Uy = ;k a(N)g*,  vy= ;k m(N)g*,
such that the resulting formal power series expansion of
SIS D)= a5 o8 exp Bt ="/ P = o 217)
has the form
Stw(f;p)= %n 9"Stn.(f:P) (2.18)

and the limits

lim Siy (/) =Si(f,p) (2.19)
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exist Vf e #(R*) and satisfy

IST(f: )]
SR el 19

where || - ||, is the L,-norm.

=(Orn!,  Si(f;49+0, (2.20)

In this paper we give a new proof of the above result and we study also the
“effective potential” in a formal way. Namely remembering Eq. (2.8),

=m]

=" P, (2.21)

024 3

we wish to study

[ expot="Y(/)PN(de="), (2.22)

and we ask whether there is a function V™(p!=™) (the “effective potential”) such
that

fPWt)d(p[éN]) exp(plé"’](f): fp(m)(dQ’[gm]) eXP(V(m)(¢[§m])+ (Plgm](f))

f P('")(dgo[ = m]) exp V(m)((p[é m])

(2.23)

This problem is harder than the former one and is unsolved. However one can
hope that the choice (2.16) leads to a perturbative solution of the problem of the
computation of the effective potential V™.

In fact in this paper we show not only that V™ is well defined as a formal power
series but also that it can be written in the following form:

V()= z, Z | dXV('”)(X a.b,c.d,e, f,9)

{a, efigyar T T T
% (

6 X)”D S4DUTYS -, (2.24)
where
X=(xla"'>>_cp)’ Qz(a17"'>ap)7 b:(bb“‘abp)’
Q={cij}i<j7 d':{dij}i<j9 g={eij}i<ja Zz{fij}i<ja Q:{gij}i<j
where ‘
a;, bv Cijs dt]’ €ijs f;j’ gijEZr\[O 4] q)ﬂ(p[éml’ 6¢=a¢[§m]’
Doy=glEM—glEm, S, = (plEm— gl — (x— 1) - 20",
Ty = (@™ — 0fF™) — (x—y) - 09}F™ = 5(x — ) (x — y)2*@L=",
Dy =0¢lEm—0gl=m,  Si,=00lEm —0lEM — (x—y) - Ppl=",  (2.29)
and
- %(0px)?D$S4DY T){S}(g'
~:TT¢ (00" I‘I D3 Se Disi TS % (2.26)
1 J 1]

Furthermore we have the following proposition which is the central result in the
proof of the renormalizability of the theory.
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Proposition 2. Let’s denote v, ..., 14, the r independent variables of the fields in the
Wick monomials : p%(0¢y)? ... S¥¢: then 3k >0, G>0, N-independent such that

I dngedn, [ dX V(X a,b, ... q)l

41X ... XA,
L m\a;(,2n b~(1’p) mg,m Cijfnyn(nm 2\d;
: T1L~ O™ TT LO™G™ % — X)) 0™ 0™ e — x,) 7)™
1<j
2™ = x D)™ = x D I X — x) 2]
S(lal+ ... +]ghte s DIpl(gG)P 227
where d(X\n) means that we integrate over all the variables except the ’s, A, is a
)4
hypercubic tessera of linear size y™™, i=1,...,r, |a|= > ; a; and similar definitions
1

Jor bl lel, ..., 1f ] 1gl. d(44,...,4,) is the length of the shortest polygonal joining
the tesserae 4,4, ..., A,. Moreover

V(X a,b,...,9l=0 if lal+[bl+ ... +lg|z4p.

This proposition will be proved in Sect. 7.

The integrals (2.27) depend on N but they are uniformly bounded by (2.27) and
have a limit as N — oo if m is held fixed. Estimates like (2.27) have played a key role
in our approach to the construction of the @*-theory in 2 or 3 dimensions [1] as
well as in the Sine-Gordon theory and therefore have, in our opinion, some
interest.

3. Free Field Properties

It is useful to have in mind the following simple properties of the fields ¢! and
@'=9 which follow from standard arguments [10] based on the inequalities
immediately derived from (2.4) ... (2.10),

@)y < Cy(y)y*,

(@ — 9l £ C,) G IE —)Pe ™ e,

<(8fp“”)2> < Ci(ym*,

Q9B — iy < Cy(n)y*(yYE —nl)?e ~RreIe—nl 3.1

(@~ i —(E=1)- 29N < Co 2ol e,
(o' ~g m —(E—1)- 20— HE—n) E—1)- 220

< CAWG e Pe R,
where C,(y) are constants, depending on y, which can be explicitly computed and R
is >0. The probability that V&, ne A, Vg=0,

0= <Bg*y", o —@l=9 < Bg*y'(UE—nl),
[0 — L= — (& —n) - 0pl=9 < Bg*y*(y|¢ —n))?,
0pi="— 0= < Bg*y* (| —n),
lpFE A —@l=a— (& —n) - 89l = T —3(E—n) (E—n) - O* QL=
<Bg*y(yE—nl)?
tends to 1 as B—oo if 4 is kept fixed.

(3.2)
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Therefore the free field will always be thought of as verifying inequalities (3.2)
for some B < + co. This is a property which will not be used explicitly here but it is
important to keep it in mind in order to understand the intuitive ideas behind the
various techniques we introduce.

The proof of inequalities (3.2) goes back to Wiener; in this form it can be found
in [10] and is a more or less straightforward consequence of the properties of the
covariance of the field ¢'=%. The dependence on A of B is not important at this
stage, but should be taken carefully into account in any constructive proof of the
@4-theory. The inequalities (3.2) play a key role in the actual construction of the P,
measure in the d =2, 3 cases. The reason why they seem to be irrelevant here is only
due to the fact that we deal here only with formal perturbation theory and we do
not really construct P,

It is important to introduce some notations for the integrations with respect to
the variables @4,

We denote

= =i ; +1 +
Ea.1=6a.q+1,... p=integration over @, ™1, ole*#l, 53

&b q=6% 441, p=truncated expectation over @i, l4* 1, . pld* P,
where we recall that if & is an integration with respect to some variables the
truncated expectations or “cumulants” are defined in general as follows: If
X1, X5, ..., X, are arbitrary random variables and k,, k,, ..., k, are non-negative

integers we set
akl + .. tks

Ty oo X Ky oo k) = | = S 0x. (34
E(Xqy s Xgs kyy s ky) [69’;1 66,;slogé”<exp;, 9lxl>]e.=...=os=o (3.4
The truncated expectations verify a “Leibnitz formula”

v k! .
co”(;,-iixi;k>= > —Tlli‘...ﬁﬁl’(gﬁ(xl,...,xp;kl,...,kp).(3.5)

kiyoky Kyl ky

Since (3.4) turns out to be linear combination of products of expectations of
N

products of the x;’s, the notion of cumulant (3.4) makes sense even when exp 3 ; 0;x;
1

is not integrable provided &(]x;|*) < + 00, Vj, Vg = 1. Then (3.4) can also be written
formally as T
© &' (x;k
5=, S0,

which gives a concrete way of building the formal power series expansion of the
exponential of a random variable which is a formal power series in a parameter g
with coefficients which are random variables with finite moments of any order.

We shall assume the reader is familiar with the notion of Wick ordering of
products of gaussian variables: the basic property used over and over again is that
given n gaussian random variables x;, ..., x, with covariance matrix C;; the Wick
ordered monomial of degree (ky, ..., k,) is a random variable denoted : xk* ... xk=:
such that if y,, ..., y, are r gaussian variables

£<:x’§‘...x’,§":1;[ya>= > T1C,. (3.7)

ce¥ ueo

(3.6)
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where & is the set of sets of pairs of indices (i, &), (¢, ") such that in every element of
o e ¥ the index i=1 appears in k, pairs, the index i=2 in k, pairs, etc., and each
index o appears in one pair (“set of all the possible pairings”) and C,={x;y,» if
p=(i,a) and C,=y,yp> if p=(a,p).

Since (3.7) provides us with the value of the integral of every polynomial
gaussian random variables times :x}'... x}» it could be taken as definition of
:xkt... xk .. However the natural definition of : x¥* ... xk7 : is such that the following
basic property stems naturally from it

1 s 2 2 s
ET(: x::I’ xj;x’:, :xjj‘f:’... X ):,...,:x:;:) X ’.) SI1C, (3.8)

where A denotes a pair (4, aJ”) and
C,=¢ (xa(ll,')xa(g,']) 5 (3.9)

while G denotes a set of pairs 4 such that no pair A€ G is built with indices ¥, al"
with j=j’, and furthermore given any pair j,j° one can find a sequence

J1=J,j2:J3s - jm=j and pairs

11—(61“ a}z /12—(61]2 a13 '“,)'m~1_‘(ajm 1 a]m ,

g’ a2’ am - 12

which appear in G, i.e. G is a connected graph if the indices relative to the same
Wick monomial are thought of as describing the same vertex.

The interest of (3.8) lies not only in its intrinsic elegance but also in the fact that
it shows that the truncated expectation of Wick ordered monomials of gaussian
variables contains very few terms compared to the number which one might
naively expect from the general definition of truncated expectation.

4. Trees

In this paragraph we introduce some very useful definitions that will allow us to
have a very general formalism to compute the formal power series for the non-
renormalized effective potential. Draw on the (x,y) plane vertical lines at
x=-1,0,1,..., N+1, the last one dotted. Given k= —1 imagine all possible
oriented trees starting with an horizontal line at x =k having the other vertices on

L . . . T
the vertical lines x > k and no branches “coming back”, i.e. forming an angle 6 > 3

or = —g with the x-axis, and finally having terminal vertices lying on the

x=N + 1 dotted vertical line. We also suppose that at all vertices the branching is
non-trivial except at the first and at the final vertices. These trees can be deformed
by letting their vertices glide on the vertical lines on which they lie: trees obtained
by such deformations will be considered equivalent and denoted generically by y.
The degree of y will be the number v(y) of its endpoints. Given y we consider its first
“non-trivial” vertex, i.e. the vertex with the lowest abscissa larger than k. From it
bifurcate s, trees y,, ..., 7, of similar type (with a different k but with the same N);
we divide the trees into g families of identical trees each containing P, ..., P,
copies of the same tree. We define for each tree a combinatorial weight inductively
as

n(y)=1fL- Py, @)



554 G. Gallavotti and F. Nicolo

setting n(y)=1 if 7 is the “trivial tree”, i.e. a tree with only one line (necessarily
ending on x=N+1).

Denote I'(v, k) the set of the trees with degree v and “root” k (i.e. with the initial
vertex on x=k). We imagine drawing the trees y always in such a way that their
lines do not overlap and choosing once and for all a representative tree from each
equivalence class; we label by 1,2,...,v the v terminal vertices of the tree. Each
vertex of the tree y bears a “frequency index” equal to the abscissa of the line on
which it lies.

We fix an index o to label each vertex and we call k, the frequency index of the
vertex o. The label can be naturally defined to be « =0 for the vertex after the root,
a=00,01,...,0q, for the vertices arising from the first bifurcation, « =000, 001, ...
for the vertices arising from the bifurcation following the vertex 00, etc. The
vertices on the dotted line x=N+1 will be labeled 1,2, ... from top to bottom.
Figure 4.1 shows a possible tree.

Fig. 4.1

5. Power Series for the Non-Renormalized Effective Potential
Let o= !=N see (2.8), and let
V®™(p)= —g/{:(p‘g:d“é. (5.1)

Denoting &, the expectation with respect to ¢ we define V™, m<N by
exp V™(p!=") = [ exp V™V (@)P(do™ 1) ... P(do'™). (5.2)

Itis easy to obtain V™'s formal power series in g, starting from (3.6) and using (3.5).
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In fact given yelI'(v,k) with frequencies ko, koo, Koo1s---sKo1s Ko10s -5 Koges
Kogo0s -+-» Which are partially ordered as discussed in the previous section, we

associate to it the following expression

V('))) =g[k+ 1,ko— 1]g[l‘o](gg[{ool(éag[{ooo]( . .), (”@é)[{ood(' . .), .o ) ..
e EET (EEL (D)), (5.3)

where the & denote expectation with respect to all the ¢ with h between the
indices k+ 1 and k’— 1, where k is the index of the &7, following the first parenthe-
ses containing it and k”is the index of the one immediately former. For instance
the first & in (5.3) denotes integration with respect to @+ . glkoo~1 the sec-
ond concerns @lFoe* 1 gplkooo= 1 etc,

As an example let’s consider the tree y in Fig. 5.1

Fig.5.1 3

To it we associate the factor

_ T T g (N
V('))) - éolk +1,ko— 1]g[ko][£[ko +1] e é‘)[koo - ll(g[kool(é[koo +1] g[N] v )’

Ernns s EnV O L), 8ty BV 1,11, (54)
then the formalism is set up to write an explicit formula for V®(pt=H),
v 14
o=y, x Y0 o), (53

T yeltnr) 1(Y)

The proof of this formula is inductive on the index k. In fact (5.5) is obvious for
k=N —1 being the same as (3.6),
£ E.p)
(N=1)( ISN-1] ZINNT 2T
where the identity holds in the sense of the formal power series. Equation (5.6) can
be regarded as a sum over the trees

: (5.6)

=
AN
z
z
1
z

A

Z
T
N
Z— N\
T
N
¥
N

Assuming the validity of (5.5) for N,N—1,...,k+1, it follows that

w1 4 V() )
V(k) [=kl) — g)T ( . , 0 v+1 , 58
@)=%, (S 3 )0t 6
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and we observe that the expectation written in the right-hand side can be
developed by (3.5) as

v 1
Ve =

z X T
p, s res Sy P1se-s¥Vp S), Ceee Oy e
1 P EJU(}’j)Syj_S_D 1 p

éﬂ[{%— 1](V(y1)> A V(')fp), Syp e Sy,,))
n(y)™ ..onp,)™
V()
yel (k) 1(Y)
as the generic expectation written in the intermediate term of (5.9) is just V(y)/n(y),
where y is the tree obtained by joining in a new vertex s, copies of yy, ..., s, copies

of y, and adding an extra horizontal line which ends with a vertex of frequency k
(“the root of the tree”).

=§,, (5.9)

6. Counterterms

We now discuss the algorithm allowing us to construct the series (2.16) or, in other
words, the series (2.24). As it is well known, the idea is to modify V™(@!=M) [see
(5.1)] as

V= VO L APV 4 AOV+ APV ., (6.1)
where A{VV is of order j in g and has the form
ANV =g'2,[r{(N, B): Py(o=N): d& (6.2)
(Hereafter d¢ will always mean d*¢), $=0,2,2",4 and
Po(p)=1, Pip)=¢*, Pr(p)=(09)*, Pulp)=0". (6.3)

The choice of the counterterms as well as their effects and the possibility of
obtaining bounds on the effective potential [see inequalities (2.27)] become very
natural and easy to understand only after one realizes the detailed and delicate
combinatorial mechanism allowing us to express concisely the effective potential
Vi, after Y™ is modified as in (6.1).

Of course (5.4) (5.5) are very general, and they hold unchanged if V™ is replaced
by (6.1); if we now consider V™ 4+ AMV, and we develop a formula like (5.5) for V¥
defined by

exp V(o' =) =[ P(dp™* 1Y) ... P(dp™) exp(Y ™V + APV), (6.4)
we see that
V(=) = % v (6.5)
v n(y)
k() =k

where k(y) is the root of y (the lowest frequency of the tree).

The sum runs over the trees of the same type as those used so far but with some
of the terminal lines marked in some way, say with a little empty frame,———O,
recalling which term, in the expansion of (5.4), after substituting V®™ by
V™ 4 ANV, and expanding the powers of (V™ +AMV), is selected.
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So typical trees of the new type will be like:

Fig. 6.1

For instance the second tree corresponds to
V()= 6 1, mEm(EEp EVIV, APV 1, 1), 6V, 1,1). (6.6)

Note that the tree below, Fig. 6.2, would produce a term equal to (6.6 with V™ and
AV in the inner parenthesis interchanged.

Fig. 6.2 N+1

On the other hand since the trees y considered in Sect. 5 were always drawn in a
standard way selecting one representative per equivalence class, it is clear that the
second tree in Fig. 6.1 and that of Fig. 6.2 would have to be considered different. It
is convenient, however, to keep consistent the convention that two trees, even if the
new type, should be considered equivalent if they can be superimposed after letting
their vertices glide, suitably, on the vertical lines on which they lie. This can be
easily done provided the combinatorial factor n(y) is now defined exactly as before,
taking into account the possible presence of little frames at the ends of the top lines
[in this way the (combinatorial factor) of the second tree of Fig. 6.1 will be twice
that of the unlabeled tree (Fig. 5.2), but this tree will be considered equivalent to the
tree in Fig. 6.2 so that no counting error is made].

The formal degree of a tree y with d decorated tops associated to 4\ Vis |y| +d,
where [y| is the number of final branches of y; to keep track of the power counting
we shall draw inside the little balls at the end of the tree two lines like
so that the degree of the tree : v(y) can be read out of the tree itself by looking at how
many end points there are in it, including those of the lines in frames.
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It is now clear how to describe graphically Vi9(p!=*) defined by
exp VI(@'=4) = [ P(dp™* 1) ... P(dp™) exp(V® + ADV+ ADV+ ). (6.7)

In fact one can use more general decorated trees in which at the end of a top line a
frame appears with n lines in it,

corresponding to the term ANV of the interaction (6.1).

An example of decorated tree is
ﬁ
P
r 3

Fig. 6.3

Fig. 6.4

which symbolizes the expression

BB E G E SV APV Y EV)); EELEAV 6V, 6V)),  (68)

where, to shorten the notations, we used V=V®™ and
(X, Y,Z)=6"(X,Y,Z;1,1,1).

The combinatorial factor n(y) associated with a given tree y with several decorated
tops will be computed with the same rules used so far. With the above conventions
we can represent the result of the integral (6.7) exactly with the same formula as
before but with the new meaning of the trees

140
n(y)’

which also provides the formal series of V#(p!=*) in powers of g, easily. In fact the
terms of order ¢" are exactly obtained by collecting together all the trees with n
final lines, including those which appear inside the decorations.

It remains to choose appropriately the counterterms AV their choice will be
dictated by the requirement that the sum of the terms of V,&kl’(@[é"]), of a given order
in g, for k fixed, is “finite” as N—oo (see Proposition 2 of Sect. 2). As usual in
perturbation theory, this choice is done inductively: given ANV, APV, ..., ANV
one will define A%) | Vby requiring that the contribution to V{ of order (m+ 1)ing
is “ultraviolet finite” i.e. does not diverge as N — oo. The first task is to define 45VV.
This is done by requiring that V{ be ultraviolet finite to the order g*. V¥ is given,
up to second order in g, by the sum of the contributions associated with the

W)= 3

v
k() =k

(6.9)
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following trees

z

1 N+1
Fig. 65

[SN] 55— [<KI]

or, in formulae, if p=¢'=", ¢=0¢

—gf: (P.g df+5[>k](A(N)V)+ Zh 2 féapk]g[h](@@( ‘P; D), 6 oy Ddédn .

(6.10)
The first term is obviously ultraviolet finite; we rewrite the other ones as
gz N (hy_ ~h—1). %3 3
5 (3 viacancy-ch o
+ (5) 2azanccty - ct 023
4 2
¥ <3> 31§ dEdn (CY—CYy V) Gy
4 2
+ (4> 4! j dé dn(C(”)"' (h 1)4)} + & >k](A2 V)
after summing over A,
g’ (4\* ' M) _ ). 5353
=T\ ) 1Hdedn(Cq)—CE): ¢35
gz 4 2
2 (3) 2 deancer -y atar:
gZ 4 2
- 7@ 310 dEdn(CY? = C8): Gy
-i-g2 < > 41JdE dn(CE* — CENY + 6,5 1 (ADV), 6.11)

where CY) is the covariance of the random field o!=".

The combinatorial factors are not developed explicitly to help the reader to
recognize their origin (from the Wick ordering computational rules). Clearly the
second, third and fourth integrals are divergent with N logarithmically, quadrati-
cally and quartically respectively even if @, is treated as a smooth field verifying,
for some B, the inequalities (3.2). Inspection of the divergent terms of (6.11) shows
clearly that to eliminate these divergences (let’s concentrate mainly on the
divergent parts which are field dependent, as the constant one is easy to cure) we
would need for the logarithmic divergent part a zero in (¢ —#) of order ¢ >0 and for
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the quadratic divergent part a zero in (¢ —#) of order > 2. There is a simple choice
of ANV which produces exactly the needed zeroes and make the above expressions
ultraviolet finite.

This choice stems out from the following trivial relationships,

w?co,? —ot= QD,?D,,;*F (nganné )
00, — 32+ D) +3(E—n) - 0p,)? =352, =Sy, D., (6.12)

where
Dy=¢c:—¢,, Su=(p:—¢,)—(E—n) J¢,. (6.13)

In fact these identities tell us which has to be 4V to transform the Wick
monomials of the dangerous terms of (6.11) in the right-hand-side terms of (6.12)
which have the needed zeroes in (¢ —#). Therefore we define

4 2
APV =~ <2> 2[dEdnCq? : ot

I

NS R[S NS

4 2
@ 3 jdfdncg,‘,’”[: 03— 3 ()00, :]

4 2
<4> 41fdeanCiy*, (6.14)
which is useful to rewrite as

2 (4
A(ZN)V=[ 972<2> 21 [ dE dn(C2 — CR2):

I\)lf—‘

__gi( ) 3'fd€d (C(N)3 (k)3)[
2\3 1
g9’ (4
2 \4

H(E=n) 09,)? 2}

)2 41§ dé dn(Cch — W)}

2
+ {_%i<4> 21§ deanC®?: ¢ } (6.15)

With this choice of 4{"V the 0(g?) part of the “effective potential” V¥ becomes

2 4 ~3 o~
V,gf;gz)zﬁ’z.< ) 1] dgdn(CY)— C8): 333
2

4
+L ( ) 2] dE dn(CRY* — ) : 32D, o+ 626,

2
g2 4 2
+{~7<2) 2z5d¢dncg,>2;¢g:..} (6.16)

with obvious notations.

1o o~
+ :"—<3> 317 dE dn(CY? — €415 8 =Sy Dy
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Let us describe a way of constructing A%V which will have a natural
generalization for the higher orders in g: let us introduce a fictitious field of
frequency —1:¢." ' and compute the order g*> of V™! (starting from the
potential V™, the result being (6.11) without & _,(45"V), and with ¢=¢' "L
Expand the result in Wick monomials and select those of order 0, 2, 4 in the fields,
change sign of them and localize their expressions, i.e. replace the constants by
themselves and Y . B

LGEL by L(4iy )= ¢%:
1 Geyi by L( Py ) =3(: 92 +: ¢ —5:(E—1)-09,)*:,

if £<#n and with ¢ and 5 interchanged if y<¢&*', then substitute everywhere
@ =t~ with ot=M,

Before going to higher orders in g let’s elaborate a graphical rule for the
evaluation of V¥ as defined in (6.4). As previously discussed, see (6.5),

o)
ny)’

(6.17)

o= ¥
v
k(v)=k

where the sum runs over the decorated trees which are the trees introduced before
with some of the terminal lines, possibly none, of the following type ————2)
(see, for instance, Fig. 6.1). It is easy to realize that to a final line

O

corresponds, in the truncated expectation, the term

Fig. 6.6

‘D@[>p]A(2N’V=—g (4> 21 Z Idﬁd”(c(h)z (;, 1)2) ¢[<p]4

4)2 'Z dfdﬂ(c(h)"' (h 1)4)

2/4
+ {— %( ) 21 zhjdqu(c"ﬂz CO-12); plsre. } (6.18)
Let us call 49, f=0,2,2,4 the four monomials in the { } of (6.18) defined as in

(6.3). The contribution of each of these four terms will be indicated, graphically, in
the following way

Fig. 6.7

1 Where the ordering “<” will be defined later
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Let’s consider now the first sums of (6.18)

l g* [4\? , . -
p;lj [ — —2—<2> 21[dEdn(CY)* —CY 2 pl=r. } . (6.19)
Foreach j the associated term of the sum can be put in a one to one correspondence
to the contribution to ¥(y) from the subtree

Fig. 6.8

where the lines which bifurcate from j are final branches.

Therefore collecting together the contribution associated to the subtree of
Fig. 6.8 and the term of index j of (6.19) in any tree y for any p and j we have the
following result: each contribution V(y) to V3¥, where y has some final bifurcations
as in Fig. 6.8, for some p and j is similar to the previous one for V®, with the only
difference that in the truncated expectation the bifurcation of the type of Fig. 6.8
corresponds now to a sum of Wick monomials which is modified according to the

following rules: :P: = :P:if Pis a monomial of order >4,

(0P, = R PPy =388~ Se Dy (6.20)
[GR0R: = R R0E) = 93D+ 20Dy
if £<#, otherwise with ¢ and y interchanged. To remember this an index R will be
appended to these bifurcations.

This prescription, together with the introduction of framed parts (see Fig. 6.7),
tells us that the contribution of order n to V¥ will be described by all the
undecorated trees with » final lines but with a letter R hung to each of vertices of
the tree which bifurcate in two final lines, plus the trees obtained by a dressing
operation. The dressing operation consists in drawing a frame around some
(possibly none or all) of the branches of the tree which arise at a final bifurcation in

two lines, then erasing the frequency index of that vertex while writing near it an
index $=0,2,2’,4, which selects the term in the { } of (6.18).

Fig.69
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B,
Fig. 6.9 (continued)

“dressed” trees to second order

A tree, dressed to second order, will look like those of Fig. 6.9, the meaning to
attribute to it should be clear from the above discussion; the combinatorial factor
to be given to each dressed tree is computed with the usual rule, taking into
account all the various labels and frames to recognize identical trees or subtrees.

It is now easy to build AYV; we discuss it now in detail as it will turn out that
this case has nearly all the features of the general one. Let’s examine the various
steps to construct it:

1) The order g> of V¥ [see (6.4)] corresponds to the sum of the contributions of
the following dressed trees:

> oh
h + Shyp
ket K h kel het K
9
g
N
Yh
F i K h
O'3
Fig. 6.10

where with ¢;, i:1,2,3 we indicate the “shape” of the trees irrespective of their
frequencies. Therefore let’s compute the order g3 of V¥ for k= —1.

2) Isolate from these contributions the monomials of order 0, 2, 4, change
their sign and “localize” each one of them with an operation % [see Eq. (6.17)] that
we are going to define.

3) Substitute the “fictitious” fields ¢ = ¢!~ 1! with @!=M,

4) Lety be a dressed tree (with well defined frequencies) of shape ¢, or g, or a5;
let’s call 4§V (y) the expression obtained applying the rules 1), 2), 3) to that part of
Vi associated to y. Then let us define

ANy =3, A8V (ay)
where n(o:)
A9V (a) APV ()

= s 6.21
n(o;) kc(r(v) = n(y) ( )
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and Y, means the sum over all the trees with different frequencies but the same
a(y)=a;

shape, and n(o) is computed exactly in the same way as n(y) with the prescription

that two trees have to be considered different if and only if their shapes are

different.

Exactly as it has been done for V¥, the contribution from 4{"V can be split in
two parts, one giving rise to new framed parts, the other producing an index R to
the lower vertex of the subtrees of shape ¢,, 0,, 05 which are not framed.

Therefore the graphical rules to represent V¥ to a given order in g are the
following:

(V39 is defined in the same way as Vi¥ namely [see Eq. (6.4)])

exp Vi@ = [ exp(V™ + APV + APV)Pdp¥ T 1. P(de™).  (6.22)

One just has to consider all the dressed trees built in the analysis of V¥, then look
at all the final branchings of these trees which have one of the shapes o; of Fig. 6.10,
surround some of them by frames while writing an index R at the lower vertex of
the others; one does it in all the possible ways obtaining the dressed trees to the
third order. One erases all the frequency indices inside the new frames and
introduces in it a new f§ index which again can assume the values 0, 2,2, 4.
Once the family of all the dressed trees to third order are defined we have to
specify the computational prescription associated with them. For the subtrees of
order 3 enclosed in frames their truncated expectation has to be substituted by

A5V ()

1
Ao N)= Y, & (6.23)
n(o) 3473 N) i(y);zy; ()

k)= -1

where o is the shape of this subtree and the index f tells us which monomial one has
to select. g(y) = o means that the sum is over all those subtrees with the same shape
g, h(y) 1 that the frequency of the last bifurcation of these subtrees has to be
smaller or equal to [. Let’s give a more explicit expression of these terms

B

= Ag?ﬁ(JﬁN) _ 1
n(o,) n(o,)

1
%:h E>0L 8V Dy

%
B
Ag)ﬁ(az'N) 1 X
=22 7 & PEL
l , n(o,) n(o,) o wFl AT Tm
(EV, ERE[H(EV;2); 1, 1), (6.24)
_ A494(a3, N) 1 L2 T
S R TR

(EV, 6L EL(EV, Dlps 15 D,
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where the way in which & operates over all the Wick monomials which can be
produced at order g> has still to be defined. The index f tells us which monomial
one has to select among the ones produced by .#, and the N is to remember that
A9 4(o; N) has still an N-dependence but is uniformly bounded as N— 0. The #
appearing in the second line of (6.24) has been previously defined by Egs. (6.20) as it
refers to a bifurcation of order g2

We have now to specify the .# operation and simultaneously to give a meaning
to the index R appended to the vertices from which unframed subtrees with shape
6,,0,, 05 start. This index will correspond again [see Eq. (6.20) for the order g*] to
a well defined operation we still call # to be applied to the Wick monomials
associated to these order g> subtrees.

The # and ¥ Operations

The % and % operations discussed in dealing with the order g* of V® were
produced by the presence of the appropriate counterterms and had the effect of
making the order g2 of V® finite in the limit N — co. The same has to happen at all
the higher orders. In fact the counterterms are constructed once we have defined
the appropriate . and £ operations. To do that we have to realize from general
arguments which Wick monomials in the expansion of ¥® have coefficients
diverging as N— 0.

Therefore we discuss the general ideas behind all that and the general prescrip-
tions for these operations. The rigorous proof that with these prescriptions
everything really works will be given in the next section.

VW™ is a adimensional quantity: [g]=1°, [¢'=M]=1"1; therefore each term of
any order in the formal series defining V™ has still to be of dimension zero.
Nevertheless what really matters is the dimension of the Wick monomial with
respect to a certain scale. Let’s give the following

Definition. Let F(p'=) be a function of the field ¢'=, we’ll call “k-dimension” of
F(¢'="), and we denote d,(F) the coefficient o appearing in the following
expression

((F(gi=kn)2y~ yhe 2

For instance dy(¢!=") =1, d,(0p'=")=2. In V™ the terms of order g*> have the
following dimensional structure [see Eq. (6.11)], written symbolically,

N
V=SV~ IS P (o= (6.25)

B is the order of the Wick monomial. The (length) dimension of F® must be 4 —q,
where « satisfies

a+f=4-2=8. (6.26)
2 If F(e'=*)= =M — ¢l=H, we have

(F(@H=)?) = (@M — L =My ~ K E—)2

and therefore dy( = —@[=*)=2
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The only (length) frequency dependent dimensional quantity in F§ is y ™", and in
:(@!=*)#: is y~* Therefore each term of (6.25) can be estimated i m the followmg

way:
[V, ol ~ 14| E{’ GO (6.27)

In general the terms in V® of order ¢g" can be written as (6.25) but now the
dimension of FJ is [see the proof of Theorem 1 in Appendix A of (II)]

[FPl=4(n—1)—a, (6.28)
where o satisfies
a+p=4n, (6.29)
and the analogue of (6.27) is
Vil 141 TG00y (6:30)

It is clear that, if >4, (6.27) and (6.30) give finite contributions in the N — oo limit,
while of =4 their contributions are divergent. The counterterms transform the
Wick monomial : (!=¥)?: into Z(: (¢'=¥):) [see Eq. (6.20)], which has the same
dimension but a greater “k-dimension” which will imply in Egs. (6.27) and (6.30) a
greater value of f and a smaller value of a. Then if the “k-dimension” of
A(: (1= :) is >4 it follows that the estimates (6.27) and (6.30) are now finite.
From (6.20) it is clear that

d(SEN)=6,  dy(SEMDLEM) =5, (6:31)

To extend this kind of argument to build 4§V we have to recall that the presence
of 48"V has produced in V;* new fields: S and D=4, which cannot be undone as
they bring the appropriate zeroes in (¢ —#) needed to make the order g* terms
finite. These new fields can produce, in the lower frequency truncated expectations,
new monomials with “k-dimension” =<4, which therefore have again to be
modified with new £ and % operations which in their turn will imply a well
defined counterterm A{"V. Let us therefore examine which are the monomials
which can be produced with these new fields, with “k-dimension” <4 and how we
have to modify them.

Monomials of second order “k-dimension”
L=k H[<k].
CPE Ty 2
L 00Ny [<k]‘
QLK £k
: SEKgpl=hl:
. <k <k].
: DMK
. DISKIpI<K].
: D MDE:
. pLSKIQI=KI .
1D USTE:
[SKIQI<K] .
Sy St

AN N WA W

Therefore the counterterm 4{"V has to modify only the first five monomials; the
first one has been found already at the order g2, and therefore the % operation, and
also the # one, have been defined before. We have to do the same for the next four
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monomials. Let’s discuss explicitly the third one: one has to proceed, as in
Eq. (6.12), starting from the following relationships:

Sen@e=SeyDey+Seyy - (6.32)
As the “k-dimension of §,,D,, is 5 we have to worry only about the last term

Sey@n=(0:—@,—(E—n)-0p,—3(—n)* - *0,)0,
+3E=n) 20,0, = Top, +3(E =17 220,90, , (6.33)
where

E-n? 00 =X Z (E=mi&=n);050,- (6.34)

Therefore as the “k-dimension” of Tgf“ is 4 we have
L(: S et )= 'i(f—ﬂ)2 “0%Qy0y)
A(: S[<k1 [<k] = [<kl(p[§k]:'

Let us collect all the results one finds, proceeding in a similar way, for the other
monomials to “renormalize”, omitting the index [ <k]:

R Pepy)=%:8%:—:85Dey s

R(C0Pepy) =008,

R(:Seye:)=:SeyDey: + R(: Sy 0y7) 5

R(:Sey@y:)=:Teypy:, (6.36)
R(:Deyp.:)=R(: D, D )+ R(: Dypy:) s

R(: D)= Tepy

R(:DgyDy:)=:8g Dy +:8;Dgy: — 1858 i —(E—n)-0p,(t—0) - Dy

(6.35)

where
D};=(29,~09,). (6.37)

As ¥ =1-—4, it follows:

L@y ) =301+ 107 ) —3:(E—1) 09,)%,
L(00epy:)=:((n—£) 00)00:: +: @00:,
L(:Sep. ) =L (S0, )=5:(E =) 020,00,

L(Deo)=2L(:De,Doy )+ Z(: Dy, ),
L(:Deyp,)=:(E=n)- 00,0, +5:(E—n)* - 2%0,0,:,

L(:DegDy)=:(E—n)0¢,(z—0) 0o, .

Looking at Egs. (6.36) and (6.38) the careful reader will notice that the # operation
is not defined in a symmetric way. For instance %(: @.¢,:) is different from
A(: @, :); this ambiguity is eliminated by giving a well defined prescription of
which coordinate of the generic couple (x, y) has to play the role of £ and which
that of 7 in the prescription on the first line of (6.36) and for all the other ones which,
otherwise, are ambiguously defined.

(6.38)
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Let us remember that the contribution of order g" to the effective potential is
made by a sum over dressed trees with n final branches, each one associated to
—gldt:@=M*: Call the corresponding coordinates &,,¢,,...,¢, which we
consider ordered by their indices assigned in a definite way, from top to bottom,
to the final branches of the tree which are not allowed to change their relative
position. Therefore we say ¢,<¢; if i<j. Now the prescriptions (6.36) and
consequently (6.38) have no ambiguity if we assume {<# in Z(: ¢.,:) and in
Z(:Dg0,:), and (<1, 1< in X(: D¢, D, :). If the monomial to which we apply %
differs by a sign from one listed above then the # operation commutes with the
(—). For instance let’s assume &>, then

R(: Dey@y:) =R(— :Dyepy ) = — R(: Doy 2)
=—[R(:DyDye:)+ A(: D, 2)].

Some remarks are now appropriate: it should. be clear that the # and
& =1—2 operations must satisfy these constraints:

a) They cannot destroy the zeroes of the monomials over which they are
applied.

b) The £ operation must always produce a local term between these possible
ones : ¢f:, 19F 1, (09,1, 1.
(a) is a technical property which will be clear later on during the proof of finiteness
(Theorem 1). The idea is that we want to estimate separately the coefficient of any
Wick monomial and prove that it is bounded in N. As these zeroes are crucial for
that, we cannot destroy them, once they have been produced. (b) follows from the
general properties the counterterms must satisfy. For the second order monomials
in Eqgs. (6.38) it is clear that (b) is satisfied as, after all the integrations are
performed, these counterterms will be of the following type:

§dn{T;n): 0:0,0,0,: + Ti(n): 0:0,0,: + T(n): ¢ :} (6.39)

and using rotation covariance (in the restricted sense valid on a torus) and
integrating by parts, we get the expected result.

c¢) Let us observe that different prescriptions from that in (6.36), (6.38) could
have been given, also suitable for renormalizing the theory. For instance one could
choose a more symmetric prescription which does not require any choice of
ordering between the coordinates; let us give an example:

A: 00, D=5 Sgn'sé‘ﬂDﬁﬂ ) +%(:%S'2"§—S”5D"§ oF
which implies (£ =1— %), '
L oepy ) =30 08 + 107 ) —[(E—n) - 09,)* +(E—n) - 09)°].

Fourth Order Monomials

Looking at the “k-dimension” of the new fields produced DL>41, L=, it is clear that
if a fourth order monomial has a D or an S between its fields, its “k-dimension” is
>4, and therefore the # operation acts as the identity (¥ =1—%=0). The only
difference for the fourth order monomials produced at the order g* or higher with
respect to those produced to the order g is that the ¢’s in it can be all computed at
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different points. Let therefore &, #, {, 0 be such that, with the ordering discussed in
remark (c), E<n<{<0, then
R(: 030, )=:03D,:1;  R(@ip7)=:9iD,:+:0ip,D,::,
R 90y )= @EDye: +: 020, Dy: +: 0@ Dy,
R(: 0}, 0:) =" @D, + 1 9Dy,
R 0:030;)=: QED, @i+ 0Dy 4 000Dy s (6.40)
R(: 9epy0? )= QEDyep 2 + 1 9EDe: +: 0P Dy
R(: 920y PPo) = PED Pyt +: PEDge +: PP PoDye s
L(: Q0 P P01) =1 0%
Remark. Also this prescription is highly non-unique; for instance one could
completely forget about the previous ordering between the coordinates and define
A(:@ip,)=:03D,;::,
R 920} )=:03D, +:0%0,D,::,  E>1,
R 02,0 )= @D, + 193Dy,
R(: 9Py Pe) =" PEDy:pq: + 1 @2Dgs + 1 0 PoDye

The possibility of changing in many ways the prescriptions just discussed is the
reflection of the possibility one always has of changing the renormalization
procedure by a “finite renormalization”.

Equations (6.37), ...,(6.40) with the associated remarks, nearly conclude the
definition of the # and the # operations; at higher orders in g there are still some
monomials of second order produced with the new fields that have appeared now,
namely T;, and D}, that still need the application of 2. Nevertheless they are in a
finite number and they don’t produce under the £ operation new fields which
require any renormalization. Let’s indicate these monomials and let’s define the
operation on them.

A(:D4yp.:)=:DEDyy: +R(:Dyoy),  E<1,
R(:Diypy:) =S50y

%(IQ(.%Q(D" )= ZQq’gD;g oo €<,
R(:0¢:D,.:)=:DiD,.:+:09.8,.:, n<rt,

(6.41)

where . .

and again if the monomial .# is — /", where /" has been listed above, then Z(.#)
= —RN),
LDy )=:E=1) 20,0y,
L(:0000,:)=:0000,:, (6.42)
L(:0¢Dy ) =00 n—1)- 0. .

Remarks. a) The “k-dimension” of S3I=*is 4 and therefore it will not produce any
new monomial of second or higher order in the fields to be renormalized.
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b) The £ operation can be thought of as defined over any Wick monomial,
being the identity when not explicitly stated differently.

¢) Due to periodic boundary conditions, all the integrations are on a four
dimensional torus and for the choice of the covariance, see remark (b) after
Eq. (2.13) our expressions are translation invariant. Therefore this property has
not to be spoiled by the # and the # operations. As ({—#) is not translation
invariant on the torus, each time it appears it has to be interpreted as a symbolic
expression for

2 E-ntnl) f(E—n+nl)="(E—n)", (6.43)

where n=(n,, ..., n,) and f(r) is a function € C§(R) with support [ —4,0],=1 in
[— g, g], and L/2<d<L.

The above discussion immediately leads to the general formulation of the rules
for computing the counterterms as well as to find the formal series of VM= V™
+ ANV + ANV + ... . In fact to compute 4™V, Vs, the procedure is the following:
starting from V), compute all the dressed trees of order g* with root k= — 1, then
to the final monomials in g=¢!™ 1, d¢=0p! "', D=D"1, ... T=T"!1 apply
the #-operation, change the sign and finally substitute @, 0@, D, S ... with @!=N,
Opt=M DI=N1 Q=N The sum of the contributions of all these trees, with these
prescriptions, is AMV. Recall also that all these trees of order g° have at any
bifurcation, except the final one, either an index R or a frame with a label f.

In general, given a shape g, we have, for the corresponding framed subtree [see
(6.21)]

A% N) _ o AP0, N) _ 5 ANV ()
n(o) ’ n(o) o= Nn(y)
h(y) <k
k(y)=-1
=1 o3 k): Py(pt=H):, (6.44)
B

where h(y) is the frequency of the lowest bifurcation of y, and n(o) is defined as
after (6.21) for any possible shape.

Let us discuss now, on more general grounds, the way of computing the formal
series of Vi(p!=H) in terms of dressed trees just recollecting all that has been
explicitly done for V% and V{¥. A dressed tree is obtained from a simple tree y by
enclosing into frames indexed by an index =0, 2,2’, 4 final branches of y in some
arbitrary ways; after drawing the above “first generation frames” one can draw
again new frames enclosing terminal branches of any of the trees constructed in the
first step and appending an index f’ to each of them etc. The frames are drawn in a
hierarchical fashion so that no frame ever overlaps with another one. Once a frame
is drawn all the frequency indices inside it are erased. Then one proceeds to build
the “third generation” frames, etc. All the above framings are done in all possible
ways. Once a tree with several framed parts is built one puts indices R on each
unframed vertex, the resulting trees are called “dressed” trees. The contribution to
VP from a dressed tree y,, is given by the following rule: To each frame with inside a
shape ¢ (which itself may contain frames with shapes inside, but which is not
enclosed in a larger frame) we associate a term, depending on the index f3, of the
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fourth order polynomial [see Eq. (6.44)]
A% (a; N)
n(o)

and we replace with it the truncated expectation which corresponds to ¢ in the
formula we would build for V(y,) [see (5.5)] if y, were an undressed tree with the
shape o. Furthermore we modify (proceeding in the ordered way prescribed by the
tree, from top to the root) the truncated expectations corresponding to the
bifurcations with an index R by the rules explained in (6.37), ..., (6.42), after having
developed them (the expectations) into Wick monomials. This completes the
description of the counterterms and of the “renormalized effective potential” V.

= 2o k): Py(@'=):, (6.45)

Remarks. a) As it should be clear the notion of “decorated” trees does not play any
role and has been introduced just to make clear that the renormalization can be
thought of as due to a change in the action, i.e. it is a “Lagrangian renormalization”
as opposed to other possible ways of removing the divergences.

b) The dimensional argument to build the counterterms is nearly a proof of the
finiteness of the coefficients of the formal power series of V¥, as N — oo ; this will be
clear looking at the proof of Theorem 1 of Sect. 7.

To prove the estimates of Proposition 2 more work is still needed.

7. Finiteness and the n! Factorial Bound

7.1

The goal of this section is to prove estimates (2.27); to achieve it we still need
various preliminary notions. In particular we are going to introduce the Feynman
graphs to compute the truncated expectations; nevertheless it should be clear at
the end that their role is here completely auxiliary and also that their use could
be completely avoided paying the price of being more formal.

We want to study the formal series (6.9)

W=y 5, 0

w k=k n(y)’
o =n

(7.1)

where y is a dressed tree, k(y) is the “root” of y (its lowest frequency), v(y) is the
number of final branches of y including those encircled by frames; therefore
selecting all the y with v(y)=n amounts to fixing the order in g of these
contributions to V3.

Let a Feynman graph & be given: ¢ has to be thought of as a completely
labelled graph (vertices and lines), connected and with no line emerging from a
vertex and entering on the same vertex.

The use of F-graphs is mainly the following, the generic term V' (y) is made by a
truncated expectation of truncated expectations of truncated expectations ..., each
of them being a Wick polynomial times a function which is a product of co-
variances; at the end V(y) can be expressed as a linear sum of Wick monomials
each multiplied by products of covariances. Each F-graph will select one of these
contributions.



572 G. Gallavotti and F. Nicolo

We make this statement more precise introducing the notion of compatibility
between a F-graph ¢ and a dressed tree y. Given a graph ¢ with n labelled vertices
1,2,...,nand a tree y (hereafter we will omit the adjective dressed as all the trees are
dressed) with » labelled final branches 1,2, ...,n let us associate each vertex of ¥
with label j with the top line j of y. Having made this correspondance one asso-
ciates to each tree-vertex (bifurcation) a “box” B surrounding a subgraph
of ¢, specifically encircling those vertices of ¢ which correspond to the branches
of y which merge into this bifurcation, and drawing it in such a way that any
line connecting two vertices in the box is also contained in the box.

These boxes are drawn with an iterative procedure, first by looking at the “first
generation” bifurcations of y, i.e. to the tree vertices from which the highest
frequency lines bifurcate and drawing the corresponding boxes, then we proceed to
build the “second generation” boxes by considering the second generation of
bifurcations of y etc., these new boxes possibly containing in their interior some of
the previous ones.

The bifurcations which correspond to a framed part of the tree y also produce
boxes which will be drawn “marked” and will bring the same index of the framed
part. Once this is done, a family of boxes, possibly marked and possibly enclosing
other boxes and all enclosed in the largest one corresponding to the final
bifurcation (of lowest frequency), has been built. For a more uniform notation we
will consider as marked boxes also the vertices of 4 which are not enclosed in any
marked box.

If Bis a box we call ¢ that vertex of 4 contained in B which is the first in the <
ordering previously introduced. Let us give an example of all that in Fig. 7.1.

Fig.7.1

The boxes corresponding to the tree in Fig. 7.1 are described next to it, without
drawing ¥ explicitly but drawing only the hierarchically ordered clusters of
vertices as prescribed by y. If some frames are present in the tree the only difference
would be that the corresponding boxes will be marked. It is also clear that the
hierarchy of boxes around the vertices of a F-graph, induced by the tree y, depends
only on its shape a(y) and not on its frequency indices. The tree y has therefore
produced a family of boxes B, B, ..., B,; each of them enclosing a subgraph of &,
Y5, G, Yp,; then & and y will be called compatible if all the subgraphs %5,,
Yp, .., Y, are connected.
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In Fig. 7.2 we provide a more complicated example to illustrate the above
concepts. 1

Fig.72

The graph ¥ is not compatible with the tree y above: the graph %’ obtained by
replacing 5 by 7, 7 by 5, 8 by 9, and 9 by 8 is however compatible: a simple way to
check this is to draw on the graph ¢ boxes enclosing points as prescribed by the
tree’s structure [i.e. one box enclosing (1,2), one containing the former one
enclosing (1,2, 3), one containing the former one enclosing (1,2, 3,4, 5, 6), another
enclosing (7, 8) and one on (9, 10), one more enclosing (7, 8, 9, 10) and one enclosing
every vertex |; then one checks if the graphs cut out of ¢ by the innermost boxes are
connected (when two endpoints of a line are in a box, the box is supposed to be
drawn so that the whole line lies in it); then one thinks of the innermost boxes as
points into which all the lines converge with only one vertex in the box and one
proceeds to check the boxes next to the innermost ones to see if the graphs (that
they cut out of the new graph obtained after the above identifications) are
connected etc.

It is quite clear that:

a) this notion of compatibility depends only on ¢(p) and not on y;

b) quite a few graphs are not compatible with a given tree, but there are some
very special trees, those of Fig. 7.3, which are compatible with all the the graphs
with the same number of vertices:

Fig.7.3

To use the notion of F-graphs to construct explicitly the terms which contribute to
V(y), for a fixed y, we have to attach to each box an index and a frequency in the
following way:
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a) The boxes associated with “framed” bifurcations will keep the same index f
of the frame.

b) The unmarked boxes not enclosed in any marked box will bring a frequency
borrowed by the bifurcations which have generated them.

No fixed frequency index has to be assigned to the marked boxes or to those
contained in a marked one because inside a frame of y no frequency index is
present.

¢) The frequency of a line of ¥ is the frequency of the first box into which it is
enclosed and to any external line we associate the frequency of the root of y: k(y).

Definition. We shall call a F-graph 4 and a tree y completely compatible when they
are compatible and from every marked box with index f=0,2,2",4 go out 0,2,2,4
external lines respectively and we shall write in this case y(y, 4)=1, otherwise
x(y, 9)=0, the function y being implicitly defined.

We can now describe the contribution to V(y) of a F-graph ¢ with y(y,9)=1,
each internal line of 4 corresponds to a covariance at two points (vertices) of 4 and
can be thought of as the junction of two half lines (fields) going out from different
boxes. Given ¥ it is possible to fix a rule which assign to each half line a field ¢, do,
D, S, T, D', S* with a specified frequency so that when two half lines are connected
the covariance associated to the resulting line is completely determined. If a half
line is not connected to any other half line it will go out from every box of ¢ and will
be a “external line”.

We fix now the rules for the association of the lines with the fields: we classify
the boxes according to how many box boundaries a line, starting inside a given box
and going to infinity, has to cross and call such number the order of the box. Then
we assign a frequency index to all the boxes in the following way: if the box is
unmarked and not enclosed in any marked box it takes the frequency of the
bifurcation which has generated it, as defined before in b). If the box is a marked
one or an unmarked one but contained in some larger marked box we assigntoita
generic frequency g over which we are going to sum later, so that at the end no fixed
frequency will be assigned to these boxes. In this way every box has a frequency.
We start with the higher order boxes which by convention are all marked;if =2, 4
the half lines (we omit the “half” hereafter) going out from the marked box B
represent the field =" and if f=2’ the field dp'="), where ¢ is the point inside B
prescribed by the rules defining # and ¥ =1— % and h is the frequency of the first
box enclosing the line formed by this half line joined with some other half line. We
remark that all the lines going out from the marked box B are associated to fields
computed at the same point, but they can have different frequencies depending on
which unmarked box contains them. The lines inside B keeps the frequency g of B.
If =0 there are no lines going out from B. After the innermost boxes we go out to
the second generation of boxes which are marked or unmarked: for the marked
ones we proceed as before; if B is an unmarked one the meaning of a line emerging
from it is also clear if the line starts from an innermost marked box inside B, in fact
it has the meaning assigned to it before. If the line emerges from a vertex #
contained in B and not in the innermost boxes it has the meaning L= if it is
completely contained in a box of frequency h and if more than four lines emerge
from B.If 2 or 4 lines come out from B, which means that this box corresponds to a
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bifurcation where the Z-operation is, in general, not the identity, [see
Eqs. (6.37), ...,(6.42)], then also to this box we append an index S, which tells us
which elements in the right-hand side of (6.37), ...,(6.42) has to be selected. More
precisely if B has only four external lines emerging from two, three or possibly four
distinct points, &, u, 0, {, we attribute to these lines a meaning which depends on the
index B : it tells us which element in the right-hand side of (6.40) to select. Suppose
then that B has only two vertices &, # with one external line each. This box again
has one index whose different values describe which of the terms produced by the
Z-operation, has to be selected. For instance if f;,=1 both the lines emerging

1
from ¢ and » have to be associated to —2S[<h].

When this procedure is iterated up to the last box enclosing the whole graph G
we have drawn a graph whose lines have well defined “names” and frequencies and
with some of its subgraphs encircled with boxes which also have definite
frequencies. Recall that to each subgraph with all the internal lines specified we
associate a well defined part of the truncated expectation referring to that
bifurcation. Iterating this procedure, we can associate a well defined function of
the covariances and of the fields associated with the external lines to the whole
graph. We have now only to sum over the frequencies q, ..., q; of the boxes
which are marked or unmarked but contained in a marked box with the
following rule: if ¢ is the frequency of a marked box one sums over g from 0 to ¢/,
where ¢’ is the frequency of the first box enclosing it. If g is the frequency of an
unmarked box one has to sum over g from ¢'+1 to N, ¢’ being the same as
before.

The contribution of a graph ¢ with labels 4, represent a particular choice of
such contractions and its contribution to V(y)/n(y) will be denoted:

1 <
2, g)n—ny,g,ﬁg (X3 k): PR (@)1 dX g, (7.2)

where PiF[ (¢) is a Wick monomial in the external fields divided by the
approprlate “factors such that the P f,f] has no zeroes in the coordinates and has
“k-dimension” =0. To obtain thls result we divide the fields @{=, gp'=H, DISH,
SLSH, DUEM, TISH SUSH ok o2k o oM x — D), (0 x—yD? y**GMx—y) by
"(y Ix— D3, p2*(y4|x — y])2 respectlvely dX 4, means integration over all the vertex
coordinates of ¢ and K, 4 5, (X4; k) is a function that we are going to estimate
carefully.
Finally with 8, we indicate the family of indices attached to the marked and to
the unmarked boxes, with a slight abuse of notation as the indices of the marked

box are already fixed in the definition of the dressed tree y. From (6.9)

V;S")(fp[é"])=k()2yk Z x(v,g) nygﬁ (Xg; k) P () dXy.  (73)
2

follows.
The last thing to do before starting with the estimates of the generic term in the
sum (7.3) is to modify the 2, making use of the factor 1/n(y).
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7.2

In the formula (7.3) the sum X, is made over all the F-graphs compatible with a
fixed vy, with labelled vertices and with the fields associated to the internal and to
the external lines specified.

It is easy to show that we can reduce X, to a sum over the topological graphs
& (completely unlabelled, except for the names of the external lines which are
specified).

We prove the following lemma:

Lemma 1. Let 9 be a topological F eynman graph with n vertices and let y be a tree
with n endpoints. Then the number N(Z, 7, {ng} y) of labellings of G compatible
with y and such that for every bifurcation B of vy, the subgraph of 4 corresponding
to B has ng external lines, is bounded above by Ctn(o) expEZnB, for all ¢>0 and
some constant C,, if o is the shape of the tree y.

Proof. The proof is in the Appendix A of (II) and it is due to Giovanni Felder
(Ziirich).
We can rewrite Eq. (7.3) in the following way

VEe'==% ¥, IK, 3(Xz:k): PF(p):dX 5, (7.4)
G k(y)=k
where
- 1, 9)
K, (X3 k)= = ~K.. Xy k). 7.5
iXsk= 2 [ “}Zf n) Koo Xaih) (7.5)

Using the obvious relationship », —— ( ) =3 Z— where h describes the set of
h
Le

o ‘& n(o)
frequencies of the bifurcations of y, and Lemma 1 we have the following

inequality
Y, 1dX5|K, 5(X5: k)|
<3 C X ITe™ sup [dXqlu0,9) Kyg,(Xgi k)l (7.6)
(o, h) {ns}y {B}y . By
% fixed
{{nB}vfixed

which will be used in the proof of Theorem 1.

7.3

All the preliminaries are now settled and we can go into the heart of the matter.
Our goal in the remaining part of this section will be to prove the estimates (2.27).
To estimate the generic term of (7.5) we decompose 3 in the following way: we

Y
call f(y) the number of frames in a dressed tree y [inside a frame there can be other
frames which are also counted by f(y)], v(y), the number of final branches of y [if
v(y)=n, V(y) is of order g"]. f(y) =/ means also that any ¥ compatible (we omit
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hereafter the adjective completely) with y has f marked boxes. Of course
J=v()—-1. (7.7)

We still want to decompose 2, depending on how these frames are included one into
the other and how many final branches (vertices in graph language) are in each
frame. This can be done in the following way: consider f spheres and n points, and
any two spheres can be disjoint or included one into the other. We say that a family
of f spheres is completely determined once we fix a) how many external spheres
there are, how many inside each of them and so on, b) how many points (vertices)
are in the i sphere and not in any sphere inside it, Vi. For fixed f and n the number
of families of f spheres with n points inside: A (f, n), is finite. Order these families
arbitrarily with an index w running from 1 to A(f, n).
We rewrite (7.4) in the following way
V@)= 2 ZZ S V0w, £, 0! )
nf

w g

=ZX% ;I AX 5K .y 3 X7:K) : PEY0):, (7.8)
where
K(",f,w,g)(X@; k) = Zy Ky,?(X@; k)
k(y)=k

where w(y)=w means that X, is over those trees whose f(y)=f frames satisfy,
together with the final branches, the relation prescribed by the family labelled by
the index w.

Remark. It is clear that from the tree point of view a sphere is a frame and a point is
a final branch, while from the graph point of view a sphere is a marked box and a
point is a vertex.

We are now in a better position to give a general idea of the estimates we are
going to prove. The central point is to prove that

j dn, ...dn, A;ﬂd(Xé\”l)IK(n,f,w,é)(Xé;k)‘

Ay X XAy
I (bk)!
= Cconstyu(u 13,0 e, (7.9)
0 .
where x>0, 1, ...,, are the coordinates of the external lines of 4, 4, ..., 4, are

tesserae of linear size y ¥, u(w) is a bounded function of w and b >0, which will be
specified later. Then one has to prove the easier results,

3 1< (const)"*/,

n!
1< (const)"—,
3 sleonTy

(w,fixed)
> 1<(const)",
S

(7.10)

and from (7.8) and (7.9) the estimates (2.27) follow.
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7.4. Technical Part
We want to estimate

VOG0, fw, G, 0= = 3, V¥%(9), (7.11)

V%)= [dX5K, 5(Xa;k): P5Yp):. (7.12)

To evaluate V,*}(¢p) we have to proceed as previously discussed. If f(y)=f, this
means that y has f frames and w(y) tells us how they are distributed. Let’s call s the
number of external frames, s <f, or, in the ?-language, the number of external
marked boxes. They correspond to localized terms; in fact remembering Sect. 6 it
should be clear that: an external frame of y whose next bifurcation frequency is h,
which has at its interior a subtree of shape ¢ and which brings an index
p=0,2,2',4 has to be considered in the computation of the truncated expectation
as a “form factor” times a local term. Remembering Eq. (6.44) we have

B =0’ (trivial marked box =simple vertex)e> : =" :
B=2010,G; hyy*": 9="2
B=2'or0,%,h): (0pE"):,
B=4c1c,G; h): lEM4
Remark. r{(s,%; h) introduced here differs from r{"(a, h) of (6.44) for the extra
dependence on %, but their relation is

0. )= e, F: e,
K3

>

(7.13)

) i (7.14)
gp)=11if p=2, =0 otherwise.
Let us rewrite the sum in (7.11) in the following way
V&, f,w, 9, o=
= ¥, |Z*dX3 K, 05,0 P5"0):
kya)=k | a
v(ya)=m+ts
{ f(ra)=0
N Gl
Lz, Lo @] |, (7.15)
{v(o.)=ni
fe)=fi
w(ai)=w;

where > ;n;+m=n, Y, f;=f and Y}, is the sum over the possible topological
1 1

graphs one obtains by shrinking the s external marked boxes of the ¥’s

topologically equivalent to ; the sum over the subtrees y; with shapes o; is

inside the r{\(o;, 4;; h;) (see the discussion about the counterterms in Sect. 6) and

>, is defined hereafter = 3" >, where h describes the set of frequencies of the
a i
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bifurcations of y,, where ¢,,0,,...,0, are the shapes of the subtrees inside the s
external frames: 9, ..., 9, are the subgraphs of  for a fixed 4, contained in the
corresponding s external marked boxes, A4, ..., h, are the frequencies of the next
unmarked boxes, y, is the previous y amputated of its s framed parts which have
to be substituted with points with the appropriate index , ¢, is, analogously,
where the marked boxes are shrunk to points. A graphical example is the
following one;

Ya By

q
/ B,

Fig.74

Of course [dX,_ is an integration over less variables, part of the integration
being factorized inside the r{"( )’s. The first result that we must obtain is an
estimate of

35 V95 ()= Y35.1dX3 K, 5.(X5,.k):P5Ye):. (7.16)

% fixed % fixed
This is the content of

Theorem 1. Let 9 have r external lines starting from F<r vertices, then, given

e>0: _
25, - dXgz,|K,, 5.(Xz,: k)l
Zfixed AMYS X (41X ... X AF)
P VPED)
= b,
{15}y, { Frived M0,
(nB}\,‘Z fixed
) ) de+s—rd"ll--'dWF]Kya;@a,pg (Xg 0
AMES=Fx (41 % ... X A7) a
<cn +5p kTR, s A7) [T o~ 20w = he) (7.17)
- (B},
where

a) Xy runs over the seven kinds of fields we have introduced ¢, ¢, D, S, D', S*,
T, and d(V) is their “*k-dimension” , where here k should be, more appropriately, h(B"),
but this is unimportant as the “k-dimension” is k-independent, therefore d(p)=1,
d(0p)=2, d(D)=2, d(S)=d(D')=3, d(S")=d(T)=4, nx(V) is the number of
external lines of type V going out from the box B.

b) mis the number of vertices of % which are not enclosed in any marked box, S is
the number of external marked boxes, (m+s)<n.
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c) The ® dependence originates from Lemma 1.

d) e ® M2 450 is part of the exponential decay factors of the
covariances; Ay, ..., A are tesserae of linear size y~*.

e) {B},, is the set of unmarked boxes drawn on %, following the prescription
given by vy,.

f) B’is the first box containing B, h(B), and h(B’), which satisfy h(B) > h(B’) are
the associated frequencies. If B is the largest box h(B)=k(y,).

X(’})a’ a) <C‘m+se8 Z ”B

g) In the last inequality of (7.17) we used 2,
@ fixed n(o-a)
{nBly, fixed

>% and an appropriate C,, which follows immediately from

for an arbitrary ¢
Lemma 1.

The proof of the theorem is in Appendix A of (II).

Remarks. a) The crucial information of the theorem is that, given an amputated
tree y, and a compatible graph %,, the contribution to V(y,) of (y,, 9,, By,) can be
easily estimated just associating to each internal line of vy, (except the final
ones) a convergence factor

y—(h(B)—h(B')) [Ea0ima)—4] (7.18)

where h(B) and h(B’) are the frequencies of the two ends of the line and d(V) is the
“h(B’)-dimension” of V and [Z d(Vng(V) —4] is always = 1.
14

b) Remembering Egs. (7.8),...,(7.14), Theorem 1 and the definition of
r§"(o, h), it should be clear that we have proved the finiteness, when N — oo, of the
terms of the formal series in g of Vi(o!="), if we prove that the r{"(a, h)’s are
bounded uniformly in N, by a polynomialin 4. In fact we are going to prove a more
refined bound on the r")(s, h)’s which allows us to get the more accurate estimates
of Eq. (2.24). This is a more complicated task which still requires some work.

We define N
fgy)(wis gu hl) = ’ ?_:o" rﬂ‘ )(Gz’ %” h ) (7 19)
{f(a§)=f'l
w(ai)=w,
where w; is an index implicitly defined, see Eq. (7.14), which plays the role of w
relative to the shape o; of the subtree y; of y. The second crucial theorem we need
gives us an estimate of 7Y ().

Theorem 2. (bhl)

Wi, @35 )| < fl(w)) f; ‘Z (7.20)
where ji(w;) is a function bounded by a constant independent of N, %, B, h,, f; is
L+ 3 (frames inside the i'® one), b is >0 and will be specified later, insuring the
proof of this theorem which will be postponed for a while.

Remark. The ri{( )’s are the coefficients of the framed parts of the trees; these parts
control the most divergent behaviour in the order n of g" of V. Theorem 2 is
essentially an estimate, not very crude, of the dependence of these terms on their
frequencies (the log of the momenta in the more standard Feynman graph
language) and on the number of the vertices.

We shall discuss these matters in a greater detail in (I).
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From Theorems 1 and 2

) dr]l"'dTIFA’:‘le(XQ\n)IK(n,f,w,‘?)(X@;k)[

AL X ... X A7
" _ =
§e kykd(44,..., A7) . C;n+s
k(ya)=k
v(ya)=m+s
{ S(va)=0
) (- hB)-hBY Ty [ - ,fi (bh;y 21
ITv TT{ 2w fi1 2 m (7.21)
B}y, 1 A

We want to estimate the right hand side of (7.25), obtained observing that,
remembering that every unframed bifurcation has an R, the following inequality
holds, for all B and f,:

[z d(Vyng(V) —4] >1 (7.22)
14

[see the proof of Theorem 1 in Appendix A of (II)]. Moreover, remembering the
definition of y,, summing over all the possible y, with a fixed number of final lines:
v(y,) means to choose an arbitrary set of frequencies with a partial order between
them (which fixes the shape of the tree apart from the position of the final lines), to
sum over all the possible values of the frequencies respecting this partial ordering,
over all the possible sets and, finally, over all the possible ways of arranging the
v(y,) final lines.

ot

Fig.7.5

The tree of Fig. 7.5 is completely defined assigning the partial order between the
frequencies, the value of the frequency at each of its bifurcations and how the
v(y,) =8 final lines are distributed. y, is a tree (amputated) with s final marked ends
and m normal ones.

Perform the 3", in the following way: call § a tree (without frames) with only s
marked ends; for fixed § consider all the y, which can be obtained adding in all the
possible ways other branches so as to have m normal final lines in addition to the s
marked ones. Given y,, call ¢(y,)=7 the “marked” tree obtained deleting all the
subtrees which end with unmarked final lines (Fig. 7.6).

Fig.7.6
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We can decompose Y., in the following way,

Yoe =2 2y (7.23)
k(va) =k k(@) =k e(y)=%

v(ya)=m+s v(§)=s v(ya)=m+s

f(ya)=0 fMH=0

where § fixed implies that the frequencies at its bifurcations are fixed. We call these
bifurcations {p(B)}. Those p(B)’s which bifurcate into final branches are labelled p;.
Therefore

I dnyedn, T XK 0550

Ay X ... X Ap

ézrsn+se—Kvkd(AbmaAr) Z” Hy—1/4(p(3)~p(B’))

¥y

k(y)=k |{B}3

v(p)=s
S()=0

Ya {B}va
e(va) =7
v(yg)=m+s

<H,u(w)f,'z,(?") )( ) m*/wm-m), (7.24)

where the right hand side is independent from 4. Looking at the (Z ) term
Ya
of the right-hand side of (7.24) we want to estimate it, removing the constraint

o(y)=17. This is provided by the following lemma:

Lemma 2. Let y be an undressed tree with at most n final branches, then
S [y 4B -aB) <o (7.25)

v By
The proof of this lemma is in Appendix A of (II).
Using this lemma we have

I dnydny [ dXGIK G, p09(X3: k)]

Ay X ... X Az
<@e)"™ Y, [H 7~ LB~ p(B)
B "@lk {B}5
v(y)
J@=0
FL (u(w,)f 13 (b? Y )] AL A7) (7.26)

Remark. The advantage of the bound (7.26) with respect to (7.21) is that now the

sum on the right-hand side is restricted to those trees with marked ends only.
We want to get an estimate of the right-hand side of (7.26) more useful to us.

Rewrite it in the following way, denoting, as usual, by ¢ the shape of a tree

[rhs. (7260]= 3, 3, @, cz)"'“[n...]
v(o)=s ﬁv{_lé {B}y
{f(%w

2o { 25 1L <I’—L(Wi)fi! %j (b]}il)1> [y V8t =—mBY)

{ v(o) = s {B}5
flo)=

. (Clcz)m+s 2~ H - 1/8(h(B)—h(B’))}> ‘ (7.27)
( .
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(all the terms of the sum are >0). The two { }’s of (7.27) have to be estimated
separately

Lemma 3.

Jit {B}»

{ >, (H oS, f”j'>r1y-“8<h<m*h<ﬁ’”}

s " by
scilLion (34 ;,(j!).

(7.28)

The proof of this lemma is in Appendix A of (II).

Remark. The bound of inequality (7.28) is independent from o.
Collecting together Eq.(7.27), Lemmas 2 and 3 we get

5 dn, ---d’lfA“f_;d(Xz\WHK(n,f,w,?)(X?;k)|

Ay X .o X A7

<ere, [(n ﬂ(wi)> (2 f> 'y, oG k)] L) (709)

which is essentially the inequality(7.9). We are now in the right position to prove
Theorem 2, which is the last result of this section.

Proof of Theorem 2. The proof will be by induction. We have

rﬂl )(Wn gn ql) { ( )Za, rﬂl)(o-v gu ql) (719)
T@)=1,

w(ai)=w;

As w(a;) is fixed = w; it follows that the number of external frames in o; is fixed =s;
(also the number of frames inside these frames is fixed).
Remembering the definition of a “amputated” tree y,, (see Fig. 7.6) we can write

ANWebia)= T, . 10, Fiq)] . (7.30)
v(o.,a)=mi+s, | (0, uflxe
{ f(”x a)= Os {f%dl; fl-
Graphically
: Pﬂi((pléqd) rﬂ, )(Wn gw qi ) Z Z q B,
Fig.7.7 { {

where g, , is, in the picture where we drew a possible g;,

Fig. 7.8 \<
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To compute (7.30) we have to proceed in this way:

a) Remove the external frame, call §; the tree with shape o; and without the
letter R appended to its last bifurcation of frequency h (due to the presence of the
frame we have just erased) and with root k(§;) = — 1. Then compute V(§,) and erase
the final Wick polynomial.

b) Perform the sum over §; as suggested by (7.30), namely first over the §; with
7. fixed and then over the §; ,. As to sum over §; with §; , fixed means to sum over
the subtrees inside the frames 1,2, ..., s; in this computation each line ending with a
frame has to be estimated by #(w; ;,%; ;; p,), which by the inductive assumption

4

satisfies Theorem 2, where w; ;is the index referring to the subtree contained in the

j™ framed part of §; and 4;”,3 ; 1s the corresponding part of the graph @,. Therefore

N 7 . __ .
A, 53 ) = . [Z* [ dXs, Ky . 5.(X5i—1)
v(fi,a)=mi+si LG q AMitS:
{ S(Fi,a)=0
k(¥i,a)= —1

'<I1_[J'fgj)(wi,j’ 9, j;pj)>], (7.31)

where 3> * over §; , means to sum with the condition that the frequency h of the
last bifurcation of §; , has to be summed from 0 to g; instead of from 0 to N and
2%, , is defined.

It should be clear, after a moment of reflection, that apart from this condition
on the last sum and from the fact that the last bifurcation of §;, is not
“renormalized” this computation is exactly of the same type as that performed to
estimate the left-hand side (7.21)

14X 31K g, 1,0,5(X 53 01, (7.21)

where now k= —1 and (n, f,w, 9)=(n;, f,, w;, 4,). Therefore one can repeat all the
steps done to estimate (7.21), except the last sum over h and taking care of the
missing R, obtaining, as it should be clear by looking at the proof of Lemma 3,

~ 4qi _ S _ _
75 (Wi Gy 4:) S 2hcqes (l:L ﬂ(%,;)) (fil- Jsh)

fi i T Js,
( j(b,h) ‘..zj_(b,h) ) (7.32)
o’ Ji! o s !

where m; is the number of vertices of %; not enclosed in any marked box and §; < s; is
the number of lines with marked ends which merge into the last bifurcation of
frequency h, Fig. 7.9.

1

4\4.:2 ¥

Fig.7.9 5

Moreover remembering the definition of f; we have

f,:jezg}il fiis (7.33)
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where 4, is the set of external frames which end in the [ line which bifurcates from
“h”. Therefore ~
Xllz]?l=;jfi,j=fi‘1, (7.34)

where f;—1 is the total number of frames inside the external one associated to
#M(w;,%;; ;). Then, omitting the index i,

%N)(W, G, q)scncs <;jﬂ(wj) (fi+ ... +)!

e G B L P SO 3P P
! ’ . +jl~~js- Jateo s (fl"' +f_'s‘)'
J1

0 0 r!
S e

@1

< [with the use of the simple Lemma 3a discussed in (II)]

s 4 i+ 45 (bh)
<ces (Tlljﬁ(wj)> Gt bS50

Uit AT+ 1) (bg)

gdﬁ@;ﬂ(@) Gt tR S

— [sce (7.34)] —c'g“<n A )) J}' 5, ('3 a8 (7.35)

In order to complete the proof of Theorem 2, the following inequality must hold

r!

fi(w) = cf “H (W) - (7.36)

Iterating this relation we get
fw)ScgTmm0 T T lwy), (7.37)

(innermost)
boxes

where n is the total number of final branches (vertices of the associated graph)
prescribed by w, n,,,, is the number of “vertices” contained in the innermost boxes
or the number of final branches contained in the innermost framed parts, in the tree
language, f is the total number of frames. If we make the following inductive
assumption

Aw) Syt (738)
as for the innermost frames f;=1, it follows that
ﬁ(w)écgr—name—lcr;imécgf~1)+n (7.39)

choosing ¢, >c¢ which shows that the inductive assumption
fiwy eyt (7.40)

is reproduced provided it is true that g(w)=<c?% if this W refers to a frame which
inside has the contribution of all the possible trees without frames (f=1) and n
final lines. This is true and follows from inequality (7.32) with §,=0,
fi=... =f;,=0 and m;=n. Theorem 2 is therefore proved. [J
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We have the following inequality
§ dny ... d”lf j _d(Xi\’?)K(n,f,w,?)(X%k)

Ay X .. X A7
= <C4C C"+f 1f'z (bk)> —xykd(A1,..., 47)
o J!
< réfyz (bk)> —xykd(Al,.,,,A;), (741)

where Cg is a constant uniform in N, k, 4, Be. This is the inequality (7.9) we
promised to prove.

To complete this “technical section” we have still to prove the easy estimates
(7.9) which we state below.

Lemma 4. Y 1<dmn—1) (7.42)
7
wfixed

The proof is in the Appendix A of (II).
Lemma 5. > 1=l (7.43)

w
(n, f fixed)

The proof is in Appendix A of (II).
Inequality (7.41), Lemma 4, Lemma 5 together allow us to write the following
estimate: We rewrite Eq. (7.8) as

V)=, X I dXV¥(X;a,....g)

a,b.c.d.e.f.9}
'%{(a(l’x) D5S% D)l(ng[ S¥:, (7.44)
where ¢ = @!=H (the same for d¢, D, S, ...), X =(x{, ..., X,),

Q'_‘(alv"'van)’ .l_)z(bh"'abn)s _Qz{cij}i<j9

's

(7.45)
d={dijticj,  e={eghic;, S={fihi<j»  9={9i}i<;-
i,j vary over (1,...,n), a; by, c;j, ..., g;;€ Zn[0,4]
L 0% x)*D5SYDETY S
=TT %000 TT D, S%, DI T 818 (7.46

then the following result holds. Let us denote 7, ..., %, the r independent variables
of the fields in the Wick monomial :@%(d¢y)?...S¥: Then 3x>0, G>0
N-independent such that

I dngedn, [ dX\VO(X:a.b,....9)l

Ay X . XA,
n (1,n)
. [l:[ COM VR L], OO e —x D 0 X — x ) %)™

(24 OMx— X D) s — x0)3) 92X — x ,-Dz)g”]
<(lal+ ... +|g)le @Ay (gGyr (7.47)
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which is the estimate (2.27) and
VX sa,....9l=0 if lal+ ... +|g|>4n. (7.48)

7.5. The Formal Power Series for the Schwinger Functions

Let ¢ =@!=M f a test function. The truncated Schwinger function is

or g(eow(f )+ I{é"’)
S(TN)(f ;p)= mt((p(f );p)= WIOgW

0=0

o0 e

© pts .
:% s 51 00707 Slog (DR, g

© 1
:%: ;éa[o N]((th”(f)) JgN),P, >

o 1 &r p! (01 (V) () ;
=%:s; ' ]7]6[0 N](q) (f) Q@ (f) V ’]0’- -’]N’S) (749)

~Jo:
%’m »
= li (O’ZN) i (1211) __1—(ng ([kd(f) [kq](f) (N) 1,1 )
=p: lqk1<.~<kq Osll,...,qu!l]_!-ulq! [O,N](p seees 5 i q)S
di=p

To express {(7.49)} in the tree formalism we proceed as follows: The following
relation holds in general:

We define
IN/(N)ZV(N)+(V1 + e + I{,))
k ~ (7.50)
e )"g[k+1 N](eV( ))a
Py = log &y + 1,N1(eﬁ(m)
(0, 00) 1 a(ll+ ot lgts)
=2 LT Lt 60 . 00aT
. Iogé"[k+ 1,N](361V1+ +quq+1V(N))|9i=t=0
O 1 T N
=ll,.;lq,s5”1!---lq!g[k*-l’N](Vl" () q’V ll"" l S)' (751)
On the other hand integrating frequency by frequency
o= ¥, V(). (7.52)
kD 2k n(V)

where V(y) is the contribution of the tree y to the truncated expectation,
remembering that the final lines can be associated to V,, ..., V,and V™ arbitrarily.
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Therefore
w  (1,p) 1 7(»)
—_&F Voo V. VI 1L 5)= —
%314,...,zqs!ll!...lq! w1V a ool S) ke ()
Lili=p oflgpe(l,Z,...,q) (753)
and ~
1 =21 Vo)
——— S~£’T V..V, v, Ly, .., 1,8)= 7.54
11!.,.1q!% 51 e s a vS)= k(2 k ny)’ (7.4

where {l,, ..., } means that there are [, final lines of type V;, ..., lq of type V, which
we draw wavy.
Define now

Vi=o™i(f), i:l,..,q, V®=yM, (7.55)
then

(0, N) (1,p)

S !
(. p)=p! Z oz, ’ x {kw)& 1 n(y)
Ell p Lseeesl

V(y)} (7.56)

q
y are dressed trees, the potential being ViV + 3", (1) which does not require any
1

more counterterms. The tree y has p wavy lines and an index J running from 1 to g.
The bifurcations where they merge and the following ones do not require any
Z-operation, as we are going to prove.

Before that, expand Sy ( f' p) in a formal power series of g,

1
:{c(y)z—m(y) V()= Z{ Z L n) V@, (7.57)
(z, ...,1.1}

where v(y) means the number of lines (final) associated to —gf d¢: ¢f :, counting
also those included in frames. Then

Sv(f3p) =§n 9"Stn.o(f3 D)

i . p (Oiw (Lp) |1 )
- o"g p';q ki< <kg 11,;,14 g" k()z—*ln(y) VoL (7:5%)
%111 =p {{I(IY,)un q}

We turn now to the estimate of Sy, ,(f; p): The generic tree of (7.58)is a dressed
tree with p final wavy lines
NN NN NN
kg
associated to @1, ..., @!*d, These lines will merge in normal internal lines of y
between two adjacent bifurcations or in a bifurcation together with other straight
lines.

Fig.7.10
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Consider the bifurcation made by a wiggled and a normal line

Fig.7.11

It corresponds to the truncated expectation (g@[{q] between ¢4 and a Wick
polynomial made by the sum of monomials of any order, to those of order <4
being the Z-operation applied. The contribution of this truncated expectation is
proportional to a sum of terms of this kind:

def(X)jdél dﬁpF(qo kq’ 61’ ERRE) Cp)éa[{q]((pgckq] : P[§kq]((P’ a(P, [AEE) Sl > 61’ (RS ] ép) :),
(7.59)

where P=*4)( ) is “normalized” to have “k-dimension” =0 and F(q,k,; &, ..., &)
satisfies
IF(q, ks &qs ooy ISy~ @ Rl = 4], (7.60)

@) when contracted with another field of P'= gives rise to a covariance
proportional to y**°* the y°* being then cancelled by the y°* present in the
denominator of the Wick monomial due to its “normalization.” Therefore it
remains a factor y* but also an exponential factor e~ ?**:% which produces a
volume factor y ~**, The net result is a factor y ~ 3* and the monomial P'=* has now
the degree in fields lowered by one. Nothing really changes if we have a bifurcation
of this kind

Fig. 7.12

It is easy to recognize that this factor y ~ 3*is such that along the whole line from the
k, bifurcation to the lowest frequencies there is no longer need of the # operation.
Therefore extracting from each of these factors, one for each wiggled line, a

factor y % with £¢>0 we can easily deduce the following estimate:
1 -
V < —e(kythkat ... +kg) c—)nn!’ 7.61
w2 1 n() M=y ( (7.61)
v(y)=n
PR
which implies
ISt (LIS Pl £117) (©)nt, (7.62)

which is the promised result (2.20).
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