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Abstract. The ultraviolet stability for the cosine interaction in two dimensions
and finite volume A is rederived for values o? € [4n,32n[ and proven for the
remaining o* € [4n, 8x[ by using renormalization group methods developed in
[G,GN1] to portray renormalized effective potentials arising from a multi-
scale decomposition.

1.1. Introduction

The two dimensional sine-Gordon model has been widely studied as an interesting
model in quantum field theory as well as in statistical mechanics. In constructive
quantum field theory, its interest is mainly due to the fact that by varying the
parameter « in the cosine potential

VolA]: =4[ :cosap,:dé, ACR?, (1.1)
A

we encounter either a finite, superrenormalizable, renormalizable, or non-
renormalizable theory. In fact, Frohlich showed in [F] that the theory remains
finite for «?€[0,4n[. Furthermore, for «®e[4n,8n[, the theory can be re-
normalized by subtracting an ever-increasing number of field independent
counterterms (cf. [G]). Ultraviolet stability was proven by Benfatto et al. in
[BGN] for the interval o2 € [47, 2n(]/ﬁ— 1)[, and subsequently extended in [N 1]
to the interval «? € [4n,32n[. This paper proves the ultraviolet stability for all
values o” € [47, 8x[. The crucial ingredients for the proof are the application of the
tree expansion developed by Gallavotti and one of us (F.N.)in [G, GN 1] as well as
a general strategy to solve the large fluctuation problem which arises as one
analyzes (1.1) in the framework of Euclidean scalar field theory. This strategy is
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different from the one used in [N1]; however, as we will show in [RS], the
technique developed there can also be extended to prove ultraviolet stability for all
values a? € [4n,8xn[. In classical statistical mechanics, on the other hand, the
potential (1.1) describes a two dimensional gas of spinless particles with Yukawa
interaction in the grand canonical ensemble.

The charges of the particles are +e, the activity is A, and the inverse
temperature of the gas is such that a? = fe?. For fle? < 4m, the gas is stable, whereas
the situation in the interval Be? e [4r, 8z[ can be interpreted as a sequence of
partial collapses in which infinitesimal neutral clusters composed of an ever
increasing number of particles are formed. At fe® = 8n one expects full collapse (cf.
[F, BGN, N1, N2]). The methods developed for studying the interaction (1.1) may
also be used to study a two dimensional, neutral gas of classical, spinless particles
with Coulomb interaction, where a similar interpretation of the phase transitions
holds (see [G, N1, N2, GN1, GN2, NRS]).

1.2. The General Strategy

We use a multiscale decomposition of the cutoff field ¢=M:
N
¢é§”)r=h.§0 oP, &ed, (1.2)

defined as the gaussian field with covariance
CEM:= (1= ) = (P =), (13)

where y > 1 is a scaling factor chosen close to one and 4 is the Laplace operator in
R2

The fields of frequency h, ¢, are independent gaussian processes whose
covariances are given by

1

(2n)

Writing & for the expectations with respect to the measure P(dp=™, we define the
truncated expectation of order n,

Cg:,)= J"dp eip-(i—ﬂ)[(y2h+p2)— 1 —())Z(h+ 1)+p2)—1] ) (14)

n

0
E™(fis s S = 5 0BT oy (L)
1. 07,

where fi, ..., f, are n random variables. Note that &7(f;q): =&"(f,....f) (q
times).

Similarly we define expectation &, and truncated expectation & with respect
to the measure P(dp™). Finally, we write &), for &;- ... &, . We will prove the
following theorem:

Theorem 1.0. Let
VeM[A]: =4 :cosapEN : dE, (1.6)
A
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n=2
(even)

t
then the renormalized cosine potential <n0te here that when t is odd the sum Y. runs

over the even integers from 2 thru t— 1)

t
VOLAL: = VAL S 6TV n) (1)
n=2 1.
(even)

is stable in the ultraviolet limit for t an integer satisfying
i 2)@t+1)+2 1.8
LA S P <0. .
<4Tc ) 1) (1.8)

That is, there exist two positive constants E _(1) and E | (1) independent of the cutoff
N and the finite volume |A|, so that

e E-Wl< [ oV MUMIP(p(EN) < o+ ExD1AI (1.9

Moreover, it easily follows from the proof of (1.9) that
lin% E (WA ET9=0 (1.10)
for some 7>0. o

For fixed a2, inequality (1.8) defines a minimal integer t,(c*) such that for t >,
it holds. On the other hand, we encounter an infinite number of thresholds

atz:=8n<1—%) (t=2,4,6,...), (1.11)

which means that in the interval [, a2, ,[, the interaction needs renormalization
up to counterterms of order ¢ (even).
In the Yukawa gas interpretation, these thresholds correspond to the critical
2
e t .
temperatures T,= Sk (t—1>’ t=2,4,6, ... (where k is the Boltzmann constant) at
TC -
which neutral clusters consisting of ¢ particles collapse (see [BGN,N17).
We now introduce the “effective potential” on “scale k™ or at “frequency k”” by
defining recursively for k=0, ..., N—1:

eV U@ [ gV VLA R D) p(gplk+ 1))

and
VOIA (0 =V): =V®™[A] for k=N. (1.12)
Moreover, let the “truncated effective potential on scale k” be
VO[A]: =[V®[A]ls, (for k=0,...,N), (1.13)

where [ -], will stand for truncation of the power series in /4 at order .

The basic idea for showing the inequalities (1.9) is to use the concept of effective
potential to perform the integration with respect to P(dp'=") frequency by
frequency. In fact, due to the simple scaling properties of the fields -

(pg‘) = (p(y?()é (1.14)
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it will be enough to perform a generic step of this interative procedure. In order to
do this one step, i.e. to perform an integration of the truncated effective potential at
frequency k with respect to P(dp™®), we use a lemma which has been previously
proven in [BCGNOPS] and adapted to the sine-Gordon problem in [BGN].
This “Main Lemma”, which reduces our problem to one in perturbation theory,
will be explained briefly in Sect. 2.3. It turns out that integration with respect to
P(dp™) results in an expression of the following type (see also [BGN])

<t

) V(k’P(d<p(k))<exp<[ t é”(V“” n)] +R* () |/1|>» (1.152)

Iewwp(dw))gexp([z —E n)] —R0() |A|), (1.15b)

=t

where R*~1)(}) is a remainder of order ¢+ 1 in A independent of the volume | 4] and
the ultraviolet cutoff N. Actually, for the sum Z R®(J) to remain finite when

N—oo [and thus prov1ng inequalities (1.9)], it 1s necessary to restrict the fields
=" to be “smooth”, ie. to be Holder continuous of given modulus (B,) and
exponent (1 —¢) [cf. Eq. (2.1)]. This is easily achieved in the case of the lower bound
by just introducing the appropriate characteristic functions restricting to such
“smooth” fields. Then by using the estimates for the effective potential in Sect. 2.3,
it is an easy task to prove the lower bound in (1.9) precisely in the spirit of [BGN].
For proving the upper bound, on the other hand, it is a priori not legitimate to
introduce any characteristic functions.

Nevertheless, let us first discuss how the integration of the “smooth” part of the
effective potential can be performed: Instead of ¥®[A] we consider V®[25],
where Z is the complement of the region %, in which the field ¢‘=¥ is “rough” (i.e.
not “smooth”). As we will see in Sect. 2.1, the letters Z,, Z;, etc. actually symbolize
sets of field dependent regions. Writing 2, or Z in the argument of V®[.]is only
meant to be a suggestive notation for the “rough” respectively “smooth” part of
7®[A]. This new effective potential V®[Z¢], being the “smooth” part of the
effective potential ¥®[A], would be the natural object to be integrated with
respect to P(dp®). The field-dependent region %%, however, introduces an
additional complicated ¢‘=¥-field dependence in the effective potential on scale k.
But since the large fluctuations (that is, the “roughness”) on scale k are related to
the ones on scale k—1, we have the following relationship:

DC Dy URy s (1.16)

where 9, _ | is a region in which the field p=*~Vis “rough” while %, is a region in
which the field ¢® is “rough” [the precise definitions and the proof of (1.16) will be
given in Sect. 2.1].

Inclusion (1.16) motivates the idea to consider V®[25_, %] instead of
V®[2¢] as the “smooth” part of the effective potential which is to be integrated
with respect to P(dp™), since the ¢®-field dependence introduced by the set %
(the complement of %,) is now manageable (% being a collection of squares on
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scale k). Thus, instead of (1.15a), we prove the following inequality

b b VR[DE_ RS k
jX@ﬁX@ke [Zhe=1n k]P(dQD( ))

<exp ([z SN ); n)] RN |A1) (1.17a)

é
and, for the lower bound,
J‘ X(b)ke‘;(k)[A]P(dqo(k)) > X(b)k— le;?(k— DA =R~ 1D(A)[A] , (1.17b)

where Q, is a pavement using squares of side length y ~* and with suitably defined
characteristic functions y5e, 75, (cf. Sect. 2) and R*~1(2) a controllable remainder.
In order to set up an iterative procedure for the upper bound, it would be
sufficient to show
(i) thatitis possible to reduce the expression on the right-hand side of (1.17a) to
a term like:

oV VIR 11+ R0 D) 4]
with, as before, a reasonable remainder R%*~1)(J).
In other words, it would be sufficient to control

_ co1 - ol
A% ”[@k~1]2=[Zlﬁgrf(V“‘)[@i—l];n)] —VE g1, (118)

n= <t
provided the passages:

(i) from VOV~D to VN[5 _ ]
and

(ifi) from VO[Z¢] to VLD _ NS, VKN —1
are allowed.

The first step is the most difficult one. Unfortunately, one cannot show in
general that A®[2,] is negative as one would like to in order to prove the upper
bound. The crucial reason behind this difficulty is that the iterative procedure
envisioned by steps (i), (i), and (iii) only “transports” the smooth part of the
effective potential from one frequency to the next. The second step is possible since

yN-h_pN-irge 1<0, (1.19)
and the third since
VOLDna]— VLD, - 0] <0, (1.20)

and VW[ 2¢n#,] is again a term which can be safely put into the remainder (see
[BGN]).

Inequalities (1.19) and (1.20) are properties of the large fluctuation part of the
effective potential and are proven in Sect. 2. The crux of a correct iterative
procedure, is the “transport” of a large fluctuation part of the effective potential
from one frequency to another allowing us to use in step (i) as well a part of the
negativity exhibited in (1.19) and (1.20).

Calling W®[2,] this “transported” large fluctuation part of the effective
potential at a generic level k, the iterative mechanism we are going to apply will
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essentially proceed as follows: Start at a generic level k:
1)
U9 =PO[2]+ 492+ W21,
UN-D=PE=D[ 4],

2a) Transform it using step (iii) and the “large fluctuation transport”
mechanism into

(1.21)

VOLZs _ 0B+ W V[, 1. (1.22)
2b) Apply the Main Lemma: [integration with respect to P(dp™)] obtaining
Ut D=V*Ig;_ 1+ 4% V2, 1+ W* V[2,_.].

[The precise version of (1.21) is given in Sect. 3.]

In Sect. 4 we describe as clearly as possible how all the theorems and lemmata
proven in the foregoing sections contribute to the proof of the announced result,
namely Theorem 1.0. We thus urge the reader to follow this guide attentively while
reading the next sections, so that in the midst of so many trees he will not lose sight
of the forest.

1.3. The Effective Potential in Tree Notation

We write the cosine interaction V{V[A] as a sum of exponentials:
V§VAl=% % Al:ew TdE, (1.23)
c=+1 4

where the Wick-ordering is defined by

1€ e2 5o e, (1.24)
The parameters ¢ will in the following be referred to as “charges.” Using (1.23) and
recursively applying the formula (1.12), we get a “tree expansion” for the effective
potential defined in terms of the tree notation introduced in [G, GN1, GN2,
NRS]:
PO %, S e dE 0.0

n=1)k)= k a Ar
v(0)=

P

¥ i i L a5 P00, (1.25)
()

where 0 is a tree with definite frequencies at each bifurcation, k() denotes its root
frequency and v(6) is the number of final lines. The number n(f) is the usual
combinatorial factor (see [G,GN1]) and ¢ =(04, ..., 0,), 0;= * 1, are the charges
of the final lines.
The sum Y, runs over all different trees with n final lines and root frequency k.
{

The second sum ¥ differs from the first in that the frequency of the lowest

{
bifurcation, hereafter called h(6), runs over frequencies from zero to k instead of
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frequencies from k+ 1 to N as in the first sum. Note that we will generally reserve
the letter k for depicting the root frequency, while & will be a running frequency.
The second term in (1.25) corresponds to the parts of the counterterms which had
not yet been utilized, having gone from scale N down to scale k. (See [BGN] and
[NRS] for an explicit discussion of the counterterms.) We now decompose the sum
> pin the following way: We fix the shape s of the tree, then we fix the absolute value
of the charge at each vertex (bifurcation) v of the tree Q,=0 (a vertex can also be
thought of as a cluster of charges whose average size depends on the frequency h,, of
the vertex). Finally, we call {Q,}, a compatible vertex charge configuration for a
tree 6 with shape s.
Therefore, we can write

PYIDICEDINDY 0 Dg o (1.26)
KO)y=k g v(s)=n {Qu}s [ s(0)=s {Q.}sfixed
v(@)=n {k(9)=k

where s(0)=s means that the tree 0 has the shape s and Y implies that the
Qs
absolute value of the charge of the vertex v has the value Q,. Next we decompose

> in the following way: We call ¢ = (o3, ..., 0,) satisfying the constraint {Q,}; an
{Qu}s
“admissible configuration” and associate a label y, to each vertex v such that when

0,=0, u,=+1, while 4,=1 when Q,>0. Then we fix an “admissible configura-
tion” for a given {Q,},:6=(64,...,d,) and define:

ai=5iH_Hv, (1.27)

v3al

where v i means that the i™ endpoint of 6 is inside the cluster 6, (i.e. those points
pertaining to a vertex v). It is clear that the sum over all admissible configurations
of a tree 0 with fixed s and {Q,} can be decomposed as a sum over a suitable family
& of admissible configurations ¢ times a sum over the other configurations g
which can be obtained from a fixed ¢ by just summing over the set of u,-labels {u,},
and dividing by a factor which takes into account a possible double counting.

Therefore
(o)
2 Z={ s X Z&—} 2}
kO=k ‘a  (ve)=n Qs & N(S) {s(9>=s G
v(@)=n k(0)=k fixed
= Y ST (1.28)
5.0 0) ¢

where n(6) = n(s) only if when we sum over the frequencies we do not impose any
constraints between frequencies of different branches. Now we can write

Vora]= i > 3 V(0,§)—[counterterms; k], (1.29)

n=1 (5,{Qv}s:3) {i((g))z_i
where
v (o, §)=Auj(0) dé, ... d¢,, ;mu} 700, 059, {1,}). (1.30)
fixed
Remarks. i) This decomposition is such that each term of thesum Y satisfies

(5,{Qu}s, @)
the estimates we need. To prove them we need to use important cancellations

provided by the >, ..
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ii) We do not explicitly write the second term of (1.25) because these parts of
the counterterms do not play any role at level k. A piece of them will be extracted
and used when we go to the next level k—1.

We are still free to change the names of the final lines, changing the names of the
coordinates, and therefore to require that ¢ always appears as

¢=(+,—,...,+,—) when Q(0)=0 and n=2m,
=(O-1, ey O'-n)
g=(+,—,....,+,—;+,*,...,+) when |Q0)|=p>0

=(G1ss02m;0omi1s--02m+p) and n=2m+p,

where Q = Q(6) is the total charge of the tree 6. (Hereafter when Q <0 we write g for
g.) This can be done by ordering the bifurcations hierarchically as follows.

(1.31)

Definition of Hierarchical Ordering of Vertices (Bifurcations). A vertex v is called
of order ¢ if and only if there is at least one subtree pertaining to v whose lowest
bifurcation is of order £ — 1 and no other subtree has its lowest bifurcation of order
>¢ —1; furthermore, a vertex is of order zero when its subtrees are all trivial, that
is, they have no bifurcations.

We start by considering all the vertices of order zero and we arrange the names
of the coordinates in such a way that the charges of the ¢ configurations associated
to that vertex are (+, —, +, —, ..., +, —)=¢ if the vertex is neutral. We do the
same for the non-neutral vertices, but in that case we label only the neutral part (for
example, if in a vertex of order zero three lines merge with charges (+, —, +) we
label the first two only). We go on by considering the final lines of the order one
vertices which have not yet been labelled and we proceed as before, order by order.
With this choice ¢ appears as in (1.31) and in each vertex the lines with opposite
charges always have adjacent indices.

Now we decompose: cosap(f,6)—1:=:cosa Y, (4,0)—1: into
=1
:cosa(z A,(p) —1:=1yeledie. . pla0dme 1 -
=1 4
=3>":T1 (cosacd,p +isinacd,p)—1:= Zg P(0):, (1.32)
g =1 | even

where 2 is a subset {/4,...,7,} C{l,...,m}, 0=qg=<m, |§’|=q and

q
Py(p): =il ( I1 Sinfﬂ'zﬂ’) I cosadyp:,
j=1 s¢P

(1.33)
(Pyp): = :(1‘[ cosozA((p> -1
é=1
using the following conventions
Ag(p:z(péz"L‘_(P§2!, (1.34)

for Q=0:

¢(0,0): = Z G, = Z 4,0, (1.35)
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and for |Q|=p>0:

2m+p

0(0,8): = Z Tipe,= Z A, +signQ Z Perm ;- (1.36)

We now observe that Py(¢) is odd under the exchange ¢,,, <&, , V/;€ 2, and
even under the exchange &,,_ &, Vs¢ 2.
Therefore we can define the following operations for fe C(R"):

Si(f(il’ [RR) 5n)): zé{f(éla cees £2i—13 éZi’ L) én)
+f(§1’ creo éZi—Zaélia ézi—la [ARE] én)} >

Ai(f(éla sees 5n)): =%{f(él’ (] éZi—la éZi’ (RS én)
_f(él, (ARE) €2i—23 §2i9 521‘—17 sy én)} s

as well as the operation:

Op(f): = (g&j@%)f- (1.38)
Of course,
; O0(N)=f, (1.39)

and moreover, if f satisfies for all i

f(éls 52, (AR 521‘—1, £2i’ '~->én—1’ én) Ef(éz, éla (AR 521‘9 éZi—la (RS ém én—1)7

(1.40)
then WIZ@ 0,(f)=f. (1.41)
Thus it is possible to prove that we can write
N _ ), 2m
V(0,0)= <§> MZ@ Afmdé 1Py(9): Fy 5(¢,0;0=0), (1.42)

where the explicit expression for Fy 4(...) can be inferred from the proof of
Theorem 1.1.

For non-neutral trees we proceed in a slightly different way; we divide the
coordinates ¢ of the final lines of fin two groups: we call £ the 2 lines which merge
at some neutral bifurcation of § and { the p remaining ones. Then we decompose

0@ a5 follows:

ia

');2l A9 . 5 . A
@000 — o 0T QR EO) P () O (1.43)
N

n P
where P _o(p): = [T cosad,p, and o(L(0)): = Y. 0,50, and A is a subset of
=1 s=1

{1, ...,m}. Therefore, analogously

70,5)= @Wﬁz [ dEdL: P (p)e* @ Fy (£ (,5;0+0).
N A2 p -

m+p

(1.44)
The relations (1.42) and (1.44) follow as a corollary of the next theorem.
The decompositions (1.42) and (1.44) are useful as we have a recursive expression
for Fy p(¢,¢;0=0) and Fy (Z.{,&;Q+0):
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Theorem 1.1.
Fo 4(£,6;0=0) =, > > [@g’u(@lu oWy (&, 9)

Lo Ps N1y NE
|2;| even

x 1 Fo, 5,(E%,69;0,=0) T] Fg, 4 (89,7, 3; Qj#O)],
i=1 i=1

Fg (8, (,0;0+0)= X 3 [O‘MA(%U“_U”E)(V%(Q—,Q@ (1.45)
Tiaa ot

X I—[l Fei,g’i(é(i)> Q-(i); Qi = 0) 1—[ ng, ./Vj(é:(j)v é(j)a Qﬁj); QJ:':()):| 5
i= j=1

where O, operates only on the & coordinates. (1.46)

We have assumed that at the lowest bifurcation h(6) (h(f)), s neutral trees
64, ...,0,and §non-neutral trees 8, ..., O; merge as in Fig. 1. The symbol 4 in ZAY
stands for the symmetric difference (2\%)u(%\%), thus when £ € 249 we know
that the function 0, ,4(f) is odd under the exchange &,,_;¢&,,.

The function W is associated to the truncated expectation at the lowest
frequency; its explicit expression is given in the proof of the theorem. The set 2’
and the operation Oyp. 45, .. ,.4, Will be defined in the course of the proof as well.

Proof. We first consider the case when Q =0: starting from the lowest bifurcation,
nB)=k+1, the tree 0 looks like:

9'l
s
6 k h(B)
Ho
é‘l
Fig. 1 _
Oz

Given the subtrees 6, ..., 6, and 0., ...,0; we assume the expressions (1.42) and
(1.44) for V(6,,¢%) and V(8;,5Y):

17(0, Q_-) = Z ng+ 1(17(913 g_(l))a (AR 17(635 Q-.(S))a 17(6_19 /J'Oa:(l))’ s 17(9_57 MO?E)))

po==x1

2m
= X <i1> fdEW .. dE[dZW ... dZPdLD ... d(®
Biagy e\ T TR R

X#Z 1Py (@D L Py (9 SHF Y
0

:P,,l((p(é“l))ei“"“"(f‘) Lyt P/,_(q)(ékJr 1))ei<zuo<o(3’§))
X[ [T Fo,5.(£9,69;0;=0) TT F5, 4 (EV,{?, V5 Q;+ 0)] » (147)
i=1 j=1

where %;=%(0;) [cf. Eq. (1.43)].
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We remark that Fj , does not depend on p, as it is left invariant under the
simultaneous change of sign of all charges of .
Moreover, from definition (1 33), we can write:

P (q)(<k+1)) 2m Z T eiau0£.4¢(§k+l)_6g,@’ (1.48)
te{—1,+1}m
where 1=(t(, ..., Ty Tp =Ty, " Ty, ... * Tp, fOr P={{,,...,{,}, and
T g = 5 74,0/, (149)
£=1

and further,
1 <k+1
P (q)“"“’)— Z T oot 4o ) (1.50)

where 7, T, A, and T - 4 are defined analogously. The — 1 present in Py has been
neglected since it has no effect in the truncated expectations.
Recalling the relation

jap(Sk+ 1) (sh) (k+l)
(e i= e EY gl (1.51)

and using (1.48) and (1.50) to compute Zé"kTH( -) of (1.47) we get

Z@@kﬂ( )= Z COSO‘( AeEP + 2 <P(<k)($)) T Ty o T Wi (6o D)
j=
) (1.52)
winere
=@ .. OO ... ®, (1.53)
and
1 (k)0 0,0 01 (s), g(1) ()
(0)(5 T)_W, UER)(0y,...,05,01,...,05;2(D), ..., 20, 7D, .., T(9))
X ET, (e Aot et et D
:eia(i_(‘)~4tp("+ D+ okt (gy)) eyt eia(i(§)~4¢“‘+ D+ okt (L)) :)
s N
C("_%V_ﬁ)::z mi+ Z mja (155)
i=1 i=1

where U=M(...) is the interaction energy between the clusters 0, ...,040,, ..., 0)
and 79(7"”)) the vector defining the charges of 6,(8,) with coordinates £(&) (j odd).

Finally, we decompose : cosa | 7- dp=P+ 3 ¢=9(Z)) |: once more follow-
=1
ing Eq. (1.32) and obtaining:
1cost- AP SR 41 ApEP): = zg, Py(@F9): 15 +1. (1.56)

2| even

The +1 will be cancelled by the corresponding part of the counterterm, and
P {1, ...,m}. Note that

P . =Pn(subset of {1,...,m} in which 1, is present). (1.57)
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We have
Z(ngH('):lg’IZ@ 3P9((P(§k))32(79'ﬂ%~~T%Tm~--ff/§)W(o)(§, 7). (1.58)
no even T

The equalities (1.45) and (1.46) are proven using the explicit expression of W(Q%
given in Eq. (1.55): From this expression we recognize that changing the sign of t¥
is equivalent to exchanging &§,_ ;&%) in the function W (&, 7). Therefore

> (T4 Ty TpThry - ng)WEa)@, )~ @9’41(9@ VPO (U uﬂg)(m(éa )
T

(1.59)
and
Fo 5(&,0;0=0= X > [@Q’A(ﬂlu...uﬂg)(%(é’ )

Py Ps N1 N5
|2;] even

X H Fei,%(g(i)’ Q-(l); Ql=0) 1—[ Féj,ﬂj(g(j)’ g(j)a Q-=U); QJ*O)] .
i=1 j=1

(1.60)

Remark. The operator Oy 45, ..., 4 1S @ Symmetrization or antisymmetrization
operator only with respect to those variables in the 4,¢’s which are multiplied by
the ©’s [cf. Eq. (1.56) and Eq. (1.59)]. Thus, Egs. (1.45) is proven; the case when
Q=0 [Eq. (1.46)] is proven analogously. [

2.1. The Smooth Part of the Effective Potential

The smooth part of the effective potential is defined by subtracting from the
regions of integration in ¥®[A] those parts in which the fields are insufficiently
Holder continuous. We first define the basic field-dependent sets of which these
regions consist; they describe in terms of pairs of variables (£,,_;, &,,), where the
fields are insufficiently Holder continuous (with respect to a given modulus B,):

< .o _,
Dg’k)(@(:k)): =DY: = {(ézz—n &) e A7 szAAD(ék) >B(Y2r—1—E2e)! } )
and 2.1)
RP(e™): =RP : = {A €Q,3¢;€ 4, ne A such that y¥é;—n|<1
and
.o B _
sin (o) — o) > Z£(GHEr— )~ (1+7¥d(4, A))} : (22)

where Q, is a pavement of R? on scale k; e.g. a set of squares 4 with side length y %,

The constant o > 1 is to be chosen sufficiently large subsequently [cf. (2.19), (3.6)].
The strictly increasing succession {B,} is chosen as in [G] with B>1and a>2
arbitrarily fixed:

B,:=Blog(e+k+A" Y (1+k). (2.3)

Note that B,>1 and B, ,/B,>1 for all ke N.
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In analogy with Eq. (1.29) we write

t

VOZ]:=% 3 3, V(0,9)[Z], 24

=1 (5,{Quv}s, 0 0)=
‘ n=1 (s,{Qv}s, &) {’st(w;:i
with

2m
17(9,6)[9i]1=<%> Yo | dl:Pa(@'=N):Fy 9(¢,6;0=0),

2 |2| even 2£(2)

Pan= ()8, [ AR Fy G L7040, 0

N DN)x AP
Remember when Q #0, we write & for ¢; and remark that when =0, : Py is
thought of as decomposed in the following way:

:Py(@):: ={§1 1Py (0):: =£§1 :(cosdp—1) T] cosd;p:.

j=t+1
Furthermore, we have
DP): =A% % ... x AP\DP x ... x ANDP x ... x A2, (2.6)

and a similar definition for 2Y«(A"); 25 stands symbolically for either Z(Z£) or
¢(A"). Note that when 2= we use the above decomposition and define

@) :=A%x ... x AADP x ... x A%.
From (2.6) it follows for the complement of 2§(%), i.e. for the region of
insufficient Holder continuity
q
DP)= A% x ... xDP x ... x A?. (2.7)
=1

Similarly we define:
q
RdP): = {(Ax ... XRpp_1 X oo X AUAX .. XBRyp X .. x A)}. (2.8)
i=1

We thus have:
BYP)=ABUP)=A* x ... x {(A\RS), _1) x (A\RF))} % ...
X {(A\R‘Z"}q_l) x(A\R(Z"}q)} X ... x A%, (2.9)

Furthermore, we define:
q
AP = A% x ... XRY) 1 xRY. x ... x A%, (2.10)
i=1

We note that R(P)C BYP). (2.11)

Formulae (2.7) thru (2.11) obviously hold for A4 as well.
Let us now prove an important lemma.

Lemma 2.1. For all integers k and all sets of indices #={{,,...,{,}, we have:

DAP)C Dy (PYORI(P). (2.12)
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Proof. The proof is easily reduced to that of an analogous inclusion for the sets
defined in terms of pairs of variables (omitting subscripts):
D®cDE=HYRM?, (2.13)

We show the converse, that is, for (&, 1) ¢ D*~ DUR®’ we show (£,1)¢ D®:

¢Eme¢D Y = Slnz(fpff D—l=k D) <B, _(FHE—n)' T8, (2.14)
and
(& meA \RY «
either
sins (o — o) < 2 4z~ (215)
or

PlE—nzl = Bk(V"l'f—nl)‘_szBpl- (2.16)

The latter, however, immediately implies (&, ) ¢ D®. For the former we apply (2.14)
onto the triangular inequality

sin— ((p‘<" D_ (=R D) 4 Isin ((p(k) o)
2 smz((p‘gé '—EY), (2.17)
and thus
By, —., Bt -
B kjg 1—ey Tk kg 1—¢
By DR le =l R0 1)
sin (<p‘<"’ P ER), (2.18)

which implies (&, %) ¢ D%, since we can pick a finite ¢,(6,) large enough so that for
any 0, such that y"?"9<6, <1,
- 1
—B’%+—§91 for all ke N and all 6>0,(0,). (2.19)
B,y g
The statement of Lemma 2.1 is illustrated in Fig. 2. [
3 As already mentioned in Sect. 1.2, Lemma 2.1 suggests that we consider
VOLZ;, _ n ;] as that part of the effective potential to which the Main Lemma (cf.
Sect. 2.3) is applied. V®[2;_,n%¢] is defined in complete analogy to V®[%¢],
Just replacing [2;] by [Z;- ;%] Furthermore, we note that the difference of
V®O[2:] and VR[ 25 _  nZR] can be written as [cf. (1.20)]:
VOr2]— VL2 A R]=VOLDn D, R+ VOLDinR,], (2.20)
where [2,n 9, _,n%;] again symbolizes either
{DUPIND (PINRP)}
or
{DUN)ND (N )NRY(N )}, (2.21)
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Fig.2

and [2;N%,] is to be understood analogously. Observe that (2.20) is true because,
due to Lemma 2.1, 2,n9; _ nA;, is the empty set.
Furthermore, we remark that the sets in [Z2{N%,] are of the form:

q
DUP)NRU(P)= ) {42 x ... x A2\DP x ... x(RY),_y x AN\DP x ...
i=1 ,
X ANDE x L x APUA X L x ANDP X
X (AXRENDE X ... x A\DPx ... x A%}, (222)
We finally give an explicit expression for A¥[2,] defined by (1.18),

t

A2]1=% ¥ Yo A%0,9)[2.],

n=2 (s,{Qu}s, @ {8(0)=s
k(6)=k
h(®)=k+1

where (for Q=0)
4%9(0,6)[2:]

l n
=\n 2.9 21 %Zm,,...,ms R f R R d¢
2) |#ieven (|12 even DRP1)X oo X DIAP ) X DR(N 1) X o X DRN 5)

Py(@=Y) 1 Oy [@@'A(@,u ceoars(Wo(&, 0)) - 1:[1 Foi,%(‘;(i)a d?;0,=0)

X TT Fg,, (9,09, E"";Qﬁo)]
j=1

— [ dE:Py(p'EN): Fy (&, G, Q=0)}, (2.23)
D)

and a similar expression for the non-neutral case. Note that the only difference
between the two terms in (2.23) consists in their regions of integration.

Recalling definition (1.18) of A%[2,] and the fact that all trees with root k

having their first bifurcation at a frequency h>k+1 come from the simple
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expectation &, ;(V**V[2¢]), it becomes clear that 4%[2,] does not contain any
of these trees. [For these trees the regions Z,(#), 2,(./") already have their correct
“position.”] In other words, all trees in A¥[ 9, ] have their first bifurcation fixed at
the frequency k+ 1. This fact will turn out to be crucial in the following.

2.2. Estimates of the Effective Potential

In this section we give essentially three types of estimates, all of which will be useful
for the proof of the iterative procedure discussed in Sect. 3. The first type is mainly
used to provide an estimate of the smooth part of the effective potential which
shows that the Main Lemma can be applied to it and that the remainder terms are
well behaved. The second type of estimate serves to “factorize” certain tree
contributions from A4®[2,] and [VE[ZiNZ]—VP[D:_,n&]] of order
greater than two into a second order tree and into a remainder onto which the first
estimate can be applied. The motivation for this operation becomes evident in the
context of the third type of estimate which is the easiest one, since only neutral trees
of second order integrated on a large fluctuation region are concerned. The third
estimate shows that these terms are in fact negative. In the iterative procedure they
will be used to go from (1.21) to (1.22) in the scheme presented in Sect. 1.2. In other
words, we will show that these second order trees render the large fluctuation part
of the effective potential negative. The second estimate makes sure that the second
order trees actually dominate the higher order contributions to the effective
potential.

Consider the contribution (6, §)[25] to the effective potential of frequency k
as given by (2.5). All zeroes of the field dependent part are effective. They can be
estimated by (for Q=0)

(const)B?1y¥1?11 =9 zeroes, 2]

(and, obviously, we have a similar expression with £ substituted by 4" for Q #0),
where [zeroes, 2] is defined by (2 ={/y,...,Z,}):

q
[zeroes, 2]: = 1 €az,-1 = Ear ™. (224)

The quotient

: Po(9="): |
[yFP10 = zeroes, 2]

does not have any zeroes, and as we consider a region in which the field ¢‘=" is

Holder continuous with modulus B,, it is in fact bounded by (const)B”!. For 2 =)
we define

[zeroes, 0] : =921 79(d(&))>E 9, (2.25)

where d(¢) is the length of the shortest polygonal connecting the points &, ..., &, ).
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In order to further analyze the factor 0,(F,) in (1.42) only depending on the

covariances, we use (1.45) and (1.55). First, we rewrite (1.55) in the following way

Wi, )= Vs L

<g ?@+20”@»

(§0W©+ZOWU»ﬁmn

We use the definitions:

(2.26)
= 2 6,6,C=(E ¢, (2.27)
and <k = -'l o =k 2 0
C5(0): = i,éo 6,6;C=9(0,0)=Q3(k+1)C(0), (2.28)
where i and j run over the indices of all the final lines of the tree 6. Let us further
define:
UER@O,,...,0):=UER@0,,...,0; D, ...,79) (all coordinates equal)
that is (229)
UEROy, ... O) = — = Zz s Ca:(0), (2.30)
2 fxs
where /, s both run over (4,...,s) and (7, ...,5) and 6, can be either 6, or 0,
depending on its index.
We also introduce:
U(<k)(91, 1;(1) -(s)) __U(<k)(91 T(l) . f(é))_ Ugék)(gl’ ,9_5)
Using these definitions (2.26) becomes 231
VV(())(éa 0= PUERO, 0520, 7)) T ?%3"’(0) 1

’ Hcm.m) =1
(l

(<k)(o) § <_’<(0)
X H e? IlLe 2
i=1 j=

L. ng+ 1
~Z.ciz00) s G00) S L)
— 2 "6 5”{(9)(6 "L') ]._[ 9(9 . H e2 0,0,

. (2.32)
j=1
With this expression for W, (&, 7) we can rewrite (1.45) (and analogously the non-
neutral part):

Fo 9(5:0 0=0)=

)(
eZoe

0)
291 P Zml N5 [0y AP1U.. ums)(éwo(éa 7))
2P| even
s % ecsw(0) o
x[Te* o Fol,gii(é(')» d?;0,=0)
i=1

§ L

& cesh(0
x TT e2 . F
j=

—-

(89,09, 89;,0,40). (2.33)
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Using formula (2.33), the estimate of
{7109 zeroes, PIF, (¢, 63 Q=0)}

(respectively {y*"1® ~9[zeroes, #1F;5 (&, {, &; Q=+0)}) can be performed recurs-
ively provided that we previously prove the following fundamental lemma:

Lemma 2.2. Let h(6) = h be the lowest bifurcation frequency and k(6) =k the root of
the tree 0, then

P92 [(zeroes, Z1Fy »(£, ;0 =0)
and

YO zeroes, A TF5 (& (.G 0+0)

have at each neutral bifurcation v>vy a “zero” of second order, where by “zero” we
mean that in the estimates of these functions at each neutral bifurcation — different
from the lowest one—we have a factory~2*v =10 =8 gy =2 (=8| £ £ \where ' is
the bifurcation immediately following v (going from top to bottom) and h,, h, are
the associated frequencies.

Proof. The proof will be by induction; we assume it true for the trees with final
bifurcation of order n and we prove it for a tree with final bifurcation of order n+ 1.
Let 0 be such a tree (Q,=0) as drawn in Fig. 1. Let us consider a generic term
[(Z, ..., P, N, ..., N;] of the sum (1.45) defining Fy »(¢, 65 Q=0):

’yhl@, ¢ _8)[261'068, g] [(gl! srey gs’ ‘/Vh Tty %)]

_ { yHI21 e [zeroes, 2]
@23l TT 4@l I'T [zeroes, Z;] 1 [zeroes, A7]
i=1 j=1 i=1 j=1
X O0p a@,0...on9Wal&, c_f))} (2.34)

s N
x | TT y*1210=9[zeroes, 2] - [] 7@+ 10~ 9[zeroes, JV,-]J
i=1 j=1

a3

X

1

[ Fo,5,(9,69,0,=0) I1 Fg, 4 (9. (9,870 ,-4:0)] s
1 ji=1 -7

where

q:;=h0); i=1,..,s
{qj=h(9_j); j=1,..,5 (2.35)

We have to investigate the {...} factor of (2.34). 0,4 (W,y(&, 8)) is symmetric
under all the exchanges &,,_<¢,, for £eP'N(P v ... uAN;), whereas for
e P AP v ... N it is antisymmetric, and therefore has first order zeroes in
(E55—1—&,5.)' % Therefore

(99'4(...)(%@3 g')) — yh[lg”\(--.)l +CN2(A —e)
x [zeroes, 2\(...)] [zeroes, (...\?1G(¢,6),  (2.36)
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where G(&, ) does not have first order zeroes anymore. We have:
HIP G+ 1270~ e L@+ (NPT (L =)
s 5
H vqx'lg’il(l —¢) H ylijM’jl(l —¢)
i=1 j=1

x [zeroes, Z'\(...)]1*G(¢, 6)

(2.34)) ="

N
<H (h—g)|2.) (1~ 8)1_['},(’1 anla,la- S)X[yhlg’\( (1 —¢)

[_zeroes 2\(.. )]]2G(f, )
é.l_—l a2 =P\~ zeroes, 27(..)])? - G(E, 6). (2.37)

If 2,40, |2, =2, and we have produced s second order “zeroes” associated to the
neutral bifurcations h(0,), ..., h(0,). If some Z,=0, there are two possibilities:
either a zero associated to the bifurcation h(6;) is in (y"1# Ol =9 zeroes, 2°\(...)])?
and is again of second order, or neither in 2’ norin (2, U ... U./;), there are indices
associated to the coordinates of 0; in which case [recalling the definition of Wy(¢, 6)
and Eq. (1.47)] there must be a zero of second order (y"d(£®))** =9 in G(¢, g).

This completes the proof of the lemma in the neutral case (the argument for the
non-neutral trees is completely equivalent), provided we prove the inductive
assumption for the trees with only one bifurcation. This is trivial as they do not
have any zeroes at all. [

The final estimate is now an easy consequence of the next lemma.
Lemma 2.3. The following estimates hold for a generic tree O(h(6)=h),

PFIA =9 zeroes, F 10 4(Fo(E, G; Q)

a . <h) <hy
—=-C(=R)(0) - o2 [C}5(0)— € EM0))
Z(const)e 2 °° . Jle z OO
- v>vo
n ﬁ(j(Sh,)v)(O)
x[Tez ]y oD [T y~ 20 -9ke=huoe,o
i=1 v2vo v>vg
exp. decay factor at h,
X Q, < MEETTORES R (2.38)
v2vo

where & stands for both # and N.

Following the notations of [GN 1, GN2], we have:
i) 0, is the subtree whose lowest bifurcation is v.
ii) TT y~ 2" =1 are the volume factors due to the exponentially decaying

v2vo

factor present at each bifurcation; s, is the number of lines entering into v (from

right to left).
iii) [T y~ 2@ -9®e—hdo , are the “zeroes” (of second order) discussed in
v>vg
Lemma 2.2,
iv) The exponentially decaying factor at a generic bifurcation is

exp(xy*d*(x,)), where d*(x,) is the length of the shortest path connecting the
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clusters (bifurcations) v, ..., v, which come immediately before v (from the right
to left), kx>0.
V) v; is the vertex where the i"™ final line merges.

Proof. The proof follows immediately from (2.33) noting that Lemma 2.2 is still
valid with 6W,,(&, 7), instead of W,(£, 7), such that in 6W, (&, 7) of Eq. (2.32) there
is an exponentially decaying factor exp(—wxy"®d*(x, ) with k>0. O

Now we are ready to state and prove the first estimate.

Theorem 2.1. Let A; € Q,, (k=k(0), h=h(0)), then for all shapes s, for all {Q,},, and
for all §, we have for Q(0)=0=0,

AV B
029 (§> o | y dé, ... dE (Y211~ zeroes, 7]
{z(zg);;i 1% . X4y

X |Fg,5(¢,6;Q=0)[} £ C,Aigr(k)e ™ 7140, (2.39)
where, as in [BGNT, A (k)= M(H" D%, for 0(B) =040,

A\ .=
. (5) ey g1 aeroes, A IF A& L3 Q0]
figs ™ o

<C A (k)y k0 VA k) (2.40)
Proof (sketch, for details see [GN2]). We first observe that
Ci5M(0) =05 C'=1(0) = Q5 (k+ 1)C(0) = Q7 (k + 1) —logy, (2.41)

and
> (s,—)=n—1=n,—1, (2.42)
where v, is the lowest bifurcation and n, the number of final lines which finally

merge into the vertex v.
It is simple to realize, choosing n, =n, Q,=0=0Q,:

n
i Yo yRETRUO [ gE, L dE
2 {s(0)=s ALX oo X A "
k(6)=k
v(@)=n
x y1 =P zeroes, 2] - |Fy 5(£,6,Q=0)|
A\ —[(2 )(nu—l) ~—+—Q2+2<1 9)dg,, o](hv—hul)
<(const)( = 2=k 1=,
_( )<2> {hzu:}y vl:ll)oy
2 2 2 — kyhud*(x,)
— (2= ey =+ 08 e
X7y { 4 o 4n  4n 0] 0 .!' délomdén l—I et ,
A1 X ... X4, vZvo ')’ v

(2.43)
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and, as discussed in [G,GN2],
{(2.43)} <(const) |A]e ™ F7 4140 < (const)y ~ 2ke TRV AAL s An)

Thus, we get:
Lh.s. of 243)=C1* Y '};2("—")(1 —8)|A|
{ho}

—[(2—:—2)(':,,— 1)~Z—2 +Z—2Q£+2(1 —6)5QV’0] (ho—hyr)
x| Iy " R (2.44)
v>vg

—[(2—“2)- P —RY%d(A1, .. A
X'}) an (ny, ) 4an 47[Qv0 WX e Rykd(44,..., n)’

where C, is a constant depending only on the number of final lines and Y is the
(o}
sum over all possible frequencies associated to the bifurcations of 6. Since «* < 87,
2 2

we have Z_n —2(1—¢)dg,,0— Z_n Q%<0 as £>0 is arbitrary. Therefore, we finally

obtain: Lh.s. of (2.43) < (const)(k)e ©*d(di-an (2.45)
The proof in the non-neutral case is completely equivalent. [

As already mentioned, the second estimate we are going to perform is used to
control the expressions V®[ZND, _ ,n%;] and A¥[2,] arising from passages
(1.21) and (1.22) of the iterative procedure. Both of these terms can be dominated
by certain second order contributions to the effective potential. In the case of
VOLDND, _ &), they are already present, whereas in the case of A¥[2,] they
have to be partially brought down from higher frequencies. In any case, we now
restrict our attention to the contributions of order higher than two. We will
estimate them as second order terms multiplied by a suitable finite constant
depending on A. It is sufficient to explicitly consider only the case concerning
4A®[9,], as it is the more complicated one due to the more intricate dependence of
A%[2,] in its regions of integration.

t
We recall that we can go from [ > —ITé"kﬂ RUAMR K7 R n)] to V®[2¢] in
two steps [cf. (2.23)]: n=1he st

a) We eliminate the dangerous regions of : P, :, where the “zeroes” are not
effective because they lack sufficient Holder continuity.

b) We put back those regions Z(2,), ..., Z(Py), Di(NY), ..., Di(AN3), which
are not useful anymore.

Thus, the desired estimate of A®[9,] is attained if we prove Theorems 2.2a)
and 2.2b):

Theorem 2.2a). Let 2,, ..., 2, N},..., Nyand P ={{,, ..., ,} be arbitrarily fixed.
We write (in the case Q=0):

Fi=Px ... x I3 =(A""\D(P)) X ... X (A2 x AP+ PNG(N?)),

2.46
where I; can be A* or A*\D® depending on i. (246)

ADP) =% ... xZ\DP x ... x Z\DP x ... x[2. (2.47)
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Therefore,
~ q
InGUP)=U (Bx ... x G, xDE XL i x ... x1}). (2.48)
j=1
Then we have:
A\ <
% (5) J 4, ... d5,: Polp'=):
{s(9)=s I§X...><I,2_IXD<}‘?><...XI}“x...XI,%.
k(@) =k g g g
h(@)=k+1
v(6)>2

X Op [(99"4(...)(Wo(§, ) I=—[1 Fy,»(£9,d9;0,=0)

X lil Féj’ﬂj(g(j)’ éf(j), g=(i); QJ=|= 0)]
j=1

2

.o 0 < <
<(const)2? [ de, dés sin® 3 (05— pf5")
2

N
X/lgf_fz(k) Z eazcizq)(eazcig)_l)y—Z(q—k)(l—s)'
q=k+1

(the case Q=0 is analogous).

Theorem 2.2b). For any £ € (P, U ... UN' )N\P’ (inthe case Q =0), we have (the case
Q=0 is analogous).

dgy ... d¢,: Py(p=Y):

l n
o )
s(0)=s 2) #2x . xPro1x OXLpi1X .o X Lo
K(0) =k
hO)=k+1
v(9)>2

X0y [@gu(...)(%(é, N ITF 0,20, 095 0,=0)

% TT Fa, 4 (&, {0, 75 Qj:#O)]
j=1
< (consi” | de, de; (16, — &)

N
xHg2k) T (e 1),
q=k+1

where now the regions ¢ are implicitly defined and such that the zeroes of
: Py(0 =) are all effective.

Proof of Theorem 2.2a). We observe, first of all, that the zeroes of : P,(¢p=¥):
associated to the indices £ € #\(Z, L ... U} are not “effective” as the field is not
forced to be sufficiently Holder continuous in the corresponding regions.
P +0; the case 9=(Z)>

: . (Sk)N. : .
Therefore we estimate : P,(p'="): in the following way: < is simpler
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Assume £;=1, then in D¥:

i (=0.p ( (ék)): |
. (RN . (< sinad, ¢ 200 )\P
|- Po(@™=7): 1= C(k) PFA=9I70CI zeroes, 2(...)]|

x yH =20t zeroes, 2n(...)]<C- sinzgdl(p<§"’ 2.51)

Py )@= |yt -91?0Colzeroes, 2(...)]
b,k(l D120 zeroes, 2N(.. )][ Ao — g [T

A ptsh P1=a120C Il zer0es, 2N(...)]
21 PO =&l e ’

where : P, ) is that part of : P,: which gives effective zeroes.
The left-hand side of (2. 49) can be estimated by

C-2? I déldézsm 3 1<p(<"){2 ) dé\dé, d¢,

(P12 % x px X2

Oy W&, a
x [0 910N zeroes, 20(...)]] 0({ ”;‘éi‘fg‘[‘gf:)(ézfi(i 7

x T1 Fo,2(E9,69;0,=0) [T Fy, 4 (£, (9,59, Qj:i:()))}'
i=1 j=1

There are now different possibilities to investigate:

i) The final lines associated to &,, ¢, merge into a neutral bifurcation before
the lowest one.

ii) The only neutral bifurcation the final lines &,, £, meet is the lowest one (we
are assuming the tree to be neutral).

§5‘-sin2

] (2.52)

Case 1). Here there are two different possible situations,

either: a) (£,,&,) belong to a neutral subtree 0,
or b) (,,¢,) belong to a non-neutral subtree 7.

We start by considering the case i) a): We rewrite {(2.52)} in the following way:

{252= %, a2 [ dENdE, de,
s(0,) =s, /(1l)2>< x/((x) X ... x/;l_)
{k(o‘) k+1 ’ !
h(0;))=q>k+1
x (Y1 =1202i[zer0es, PP ]y 212\l [zeroes, P\P,])
X Fo, 59, d9;0,=0)- AT § d&\dg®
0;,2:\> s(e\(%:g\s"\'s, X M R 2 =
{k(‘,):k 12X e X (02X X002 x L x 2
h(®)=k+1
(Og'd(.@1u...u.//;(m(§’ 6’))
k(1—s)l.@lu...u/_;\ﬂ’l[Zeroes’ (“.)\'@r]yk(l—e)lil _ézll £
x T[T 9" [zeroes, Z5]Fy, (9, 6%; Qs=0)]
§*i
X ]._[ [yk(l - I'/le[ZCI'OCS, '/V:;] : F@j,mj(é—(j)> (;(j), E(j); QJ*O)]>} s
j=1
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where one has to remember that (¢;, {,) are associated to an index ¢; which does
not belong to £.. The expression {(2.53)} can now be estimated as in Theorem 2.1
obtaining

{(2.53)} =(const) (Aeg(k))" ™™, (2.54)
and the first part of (2.53) as
Ze,- y_(Qi_k)(l =82, gni—2 . f . dé(i)\déldfz
{s(ﬂi)=si (/10)2 X ... x],(l_) X ... x/(’l“)z)
k(@@)=k+1 ’
W09 —ar=k+ 1 (2.55)

Xyttt =) |@i|[zeroeS’ 2] Fei,@i(é(i), ;0,=0)

N
<(const) 3 @ RU-aIPd. 2090w 080 1) () (k)2
4. =k+2

which globally gives, as |2 is even, [for =0 remember definition (2.25)]

((2.52)} <(const)A? [ d&,dé, sin? % 4,05
byo
N
X > el (e — 1)y 2@ (3 (k)2P-D - (2.56)
q=k+1

Remark. If |2, =0 (2, =0), remembering the remark following Eq. (2.5) it is easy to
recognize thatin Op 45, ... ,.45(Ws), there is a second order zero which can again

be estimated by
y—Z(q—k)(l—s) (2‘57)

due to the (cosdp—1) factor present in each term :Pg,: of :Py(p=**1):,
producing the same estimates.

Case i) b). In this case we rewrite {(2.52)} in the following way:

{(2.52)} = e, A2 ) dZVd{onNd¢ d&,
s6,)=s,” 1P % X 0% oxgent ST
h@)=q,2k+1 d i

X Op (4O zeroes, NDFy, (&0, (9,5 Q4 0)
x { S, A f de\dEdLY

z(g\éj}‘:s\sj 2 T 1) /2
= X ... X X ... X .. %
Mo =k+1 ! ! " "

> @@’A(ﬂlu uﬂs)(%(é, Q'-)) :l

PO T zeroes, (. )\ P 1A E — &l

s 5
x [T /4917 [zeroes, #]Fy, o(E0,60;0,=0) JT 41
i= S+j

1

x [zeroes, N;]Fs, 4 (&9, (®, 590+ 0)}) :

The {...} factor is again estimated using Theorem 2.1. The first part can be
estimated considering now 0; as the whole tree and iterating the previous proof if
the lines (1,2) are in one of the neutral subtrees which merge in the lowest
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bifurcation of 8, otherwise one iterates the procedure as many times as needed to
arrive at such a situation.

Case ii). In this case (£, £,) merge together only in the lowest bifurcation (this case
is trivial) or in a non-neutral bifurcation and then the line going out from this
bifurcation still merges in a non-neutral one and so on. Therefore, neutrality is
only restored at the lowest bifurcation. This is an easier case; in fact, there will be at
least one line of coordinate (say £;) merging into the same non-neutral bifurcation
of frequency q as &,, £, which therefore is at a distance [£5— &,|~7 2 from (&4, &,).
The integration over &, gives a factor y~ 24,

But if &5 is associated to &, in 43¢ only at the lowest bifurcation it will be
enough —in order to get the usual estimates — that ¢ be at a distance y~** ) from
&, and that the integration over it gives a factor y~2**1; that is, a factor

y~24-h (2.59)

has been gained. This argument can easily be generalized to all possible situations
of case ii). The non-neutral case can be worked out in a similar way both for the
case 1) and for the case ii), and we do not report it here.

This completes the proof of Theorem 2.2a). [

Proof of Theorem 2.2b). (The regions ¢} are such that the zeroes of : P, : are all
effective.) We mimick the proof of Theorem 2.2a) and call &,, &, the coordinates
associated to the index ¢/ which we assume to belong to the subtree 6. Again, for
P+0,

¢ %, @) f . dE:Po(p'=):

s(0)=s 2 LIX L XLPXDI X PR X X
K@) =k ¢
h(0)=k+1

X0y [(99'41(...)(%@, a)) Ij1 Fy, 5(£9,69;0,=0)

x I Fo,,0 (§9,09,59; Q,-#O)]
ji=1
<(const)A? (fk) A&y dg,(y1E, —&,)*" 70
Dl

* {Z{?g;x .;,[ xg,zndé\déldéz (2.60)
l 1 Py(p'=9): Op 4. (Wy(&, 9)) |

[y*0~9[zeroes, 2] A= AIZ A zeroes, 2°A(.)]|

% (,yk(l _s’lg"\(""’[zeroes, @\(” .)])27)1((1 —&)|P1U ... UPU ... UK

x[zeroes,@lu...u@u...u%]ZF,,,@(...)]—[Fo » (.0
I+i ¢ =1 7

(yk(l ~91%zeroes, 2]

—2(g—k)(1-¢) 2(g—k)(1—¢)
5 Fo,, i(m))v }
(€, — &2 s
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At this point we proceed as before. But the last factor y2@~®1 = cancels a factor
p72@"h1-2) of (2.59) and we get

{(2.58)} <(const)2? I df1d§z(7k|fl—'fz|)2_e
Aoge (k) Z ea2c<<q>(ea2c<q) 1). (2.61)

The other cases in which Z,=0 or in Wthh 0 is not neutral are treated in a similar
way and we do not discuss them here.
This completes the proof of Theorem 2.2b). O

Remarks. 1) The method we use is slightly different if 22,= 0, due to the fact that we
have split: P, _¢: into a sum of different terms [cf. remark after Eq. (2.5)]. We
leave the details to the reader.

2) Tt is completely trivial to extract from F,_,, a factor y“" ‘e rlei Gl 1o
extract a factor e’C"%(¢#C) _ 1) requires a little more work.
3) If6is a non-neutral tree the last factors in (2.57) and (2.61) appear multiplied

2
by an extra factor y_i_nsz according to the estimate (2.40) of Theorem 2.1.
The third and last estimate of this section is concerned with second order trees
integrated over a large fluctuation region.

Theorem 2.3. For a region ICD® or {(I\R®W) > AD* " VDW}: b, keN; h>k, we
have:

< > fdE dE,e*Ci3P (% — 1) 1 cosad,; =P —1:
<- <§> I[ dE,dE,e™Ci5 " (exCs — 1)sin2§A1go<§">

2« 2 2C(<h o2 h —
_<§> [ d,dg,e" (et — DBEGHE — 5D

{1 for IcD®

0%(c) for IC(\RW)PEADE=N\D®’ (2.62)

where

By 1
9(0).—g?{3kv1_8 }>0.

Proof. In D®_ it follows

(cosad o= —1)= —2Sin2%A1<P(§k)§ —2B{OME =&Y (2.6))
In {(D%~ N\D®)~(NR®)?}, we have:

. L0 < e
(cosad; o= —1)= —281n2§4'1<0‘="’§ —20%(0)Bi (7M€, — &) 9. (2.64)
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The relation (2.64) is attained as follows: For
(€1,8,)eD* ™V, (M =& D TP <yt B <,

and therefore

Bk kig —&
<X~ ED!

sin%Alq)(")
must follow for (¢,,&,) e (I\R®)?. Applying the triangular inequality

> (sk=Df _ sin%Al(p"‘) (2.65)

singAlgo(é") sin%Al(p

immediately gives

.o < B, _ 1 s e
siny 4, é{#—;}&(v"lél—ézl)l 2 0(0)B(HE — D' .

We now write
cosad; =0 —1: =2 €5~ cosad =P — 1)

<k)_ (= Sk)—C(2 : %

(e CECE) 1) = o CER ) ( —sin? 3 4,0 gk)) (2.66)
) s N/ _ k) — (=

+ &2 €5 " sz‘k))li—smzzlh(/’(ék)"‘(l—e G Cgfk)))]

For B large enough we have in /:
e CE <02 O~ C(5).

Using also
k ko
CEY—C39= 3 (C—CIS T CoMe—&)™
K=0 K=0
<COME - &), (2.67)
we see that the square bracket in (2.66) is negative for B sufficiently large.
Furthermore, ¥ (s ~¢5") > 1, therefore we finally get

Lo O
ZCOSOCAl(p(ék)—l 1< _SlnziAl(p(ék),

from which the theorem follows. [J

2.3. The Main Lemma

In this subsection we restrict ourselves to a brief presentation of the central
inequality needed to prove the Main Lemma. How one is reduced to it is explained
in complete detail in [BGN] and [NRS]. The proof of the lemma can be found in
[BCGNOPS].
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Consider a function H[/] of the fields ¢p® at fixed =¥~ for an arbitrary set
/CA’ t n
H[1(p®):=HY[/]:= % %

n=1m=1 Pi,):qnq'fli<

i,

x {/1” § 0pqm(E1s s E) X j= <cos 5 q)ff"’) (sm 5 go(;")) (2.68)

m
(=k)y _ (ék))
Enr

m

sin— ((p
“E (v"léj—éj»l)“e ’

i*j

letting 0 <e <3 and y> 1 be the arbitrarily fixed parameters of Holder continuity
and scaling. Assuming that Q, is an exact pavement of / C A on scale k, e.g. a set of

squares A with side length y ¥ so that (J 4=/ and letting d(4,, ..., 4,) be the

AeQy
length of the shortest path connecting the squares 44, ..., 4,, we require that the

v-functions satisfy bounds of the following form (A, are arbitrary, positive
constants)

g o N0pn(Cr s CME, - dE

A1 %X ... XAy,
—Kkykd(44, ..., 4n)R2 7 ,—Kykd(44,..., An
< Ae” A B (k) < Hye ™7l o)

where H, may be picked independent of n as H - A (k) B?; (with H a positive
constant) for >0 sufficiently small.
We now further introduce the P(dp®)-measurable events

(2.69)

B { ® [ o — oy ] 1+y*d( (2.70)
E;:= su 4—5 <B(l1+y A,/} 2.7

A R el o e )

whose characteristic functions we call 5. Defining
)Zg =1 _Xg >
and
ng\(i: = 1_[ Xg5 )ZG: = 1—.[ iAs (2'71)
4eQi\G 4eG

we have the following decomposition of the identity
1= 78 x3uG- (2.72)
GCQx

We are now ready to formulate the Main Lemma:

Lemma 2.2. For every integer t 20 there exist constants B*, D, g, g’ depending on &,
v, t, and K, so that for B> B*

j )ZBXB eH[/\G](w"")p(d(p(k))
<exp{d(B, Hk)vz"lll +0'(B, H)y*|Gnl|}

XeXp[ > L EHIT(9"); p)] -(J 78P(d@™)'?,  (2.73a)

st
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and
[ 87" OP(de™) 2 exp{ — 6(B, H)y* |/}
(o1
X exp L;l;é"f (H[/] (<p"");p):l , (2.73b)
where
8(B, H,): = D{(H, Boe"xBoyi+1 | o=9'B+gHiBgy (2.74)
and
8'(B,H,): =D{H,B% . (2.75)

Furthermore, for all ¢>0 there exist positive constants B’, a, and b so that for
B>PB,
[ 78P(g®) TT oottt dan (2.76)

A4eG

for any G C Q,. The latter has also been called the “Tail Lemma.”

Remark. Clearly, one can drop the "-signs on the sets which designate a coating on
scale y~*in [BCGNOPS] by readjusting the multiplicative constants; that is, a set
G on scale k is essentially the same as G.

We now observe that we can use the Main Lemma in our case since we can
identify H®[/] with V®[2;_,n2%;] as Theorem 2.1 shows that V[Z5_,Nn%]
satisfies the estimates (2.69) appropriately identifying the constant factors.

3. Proof of Ultraviolet Stability

In this section we completely present the iterative mechanism used for “transport-
ing” the effective potential from frequency to frequency. As we have seen in Sect. 1,
the main difficulty in setting up this mechanism consists in treating the large
fluctuation part of the effective potential, while the smooth part is taken care of by
the Main Lemma. Since it is not possible to exclusively base the iterative procedure
on this smooth part, one has to create an instrument, analogous to the Main
Lemma, for the transportation of the large fluctuation part as well. It turns out that
the mechanism required for this purpose is actually based on a very simple lemma
which makes use of the relationship of large fluctuations of different frequencies.
The true object of the iteration, in the following called U® for a given frequency k,
consists of a smooth part as well as of a large fluctuation part:

U® = PO[9 ]+ AV, ]+ WH[D,]. (3.1a)
For k=N —1 we have:
UN-1D = - 1)[9%_ ] 4 AN 1)[@N_ J= pw- n (3.1b)

where V®[25] and A®[9,] are defined in Sect. 2. The term A®[2,] is a large
fluctuation part generated at frequency k. By W®[2,] we denote the large
fluctuation part brought down from higher frequencies via the “large fluctuation
transport mechanism;” it will be defined in a moment.
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When going from V®[Z5] to V®[Z5_,n#&S] (cf. Sect.1.2) another large
fluctuation part of the effective potential is generated; namely

VO[D,_ DN .

All of the three large fluctuation parts present at the frequency k will be split into a
fraction which is “used,” i.e. which makes the iterative mechanism work at
frequency k and into another fraction, denoted by the subscript “s”, which will be
saved and transported to lower frequencies. For instance:

W92, ]=WO[2,]- W2+ W2, (3-2)

The precise meaning of the operation “s”” as well as the symbol W® will be defined
in the central theorem of this section. Let us now state the iterative mechanism:
1)a) UO=79[2]+ W9 [2,]+49[2,]
<VO[Z]+ WRL2]+ AP[2:]
= VL, ]+ WP 2+ 4019,]
+VO[D,_ 0 DR+ VO DR, ]
1)b) SVOLZ; 0B+ WP, ]+ AP[9,]
+ VLD DT+ W O[Dy 10 ]
+ [other terms].
2)a) (large fluctuation transport) =
<VO[Zs_ &+ W V[, _ ]+ [other terms].
b) (Main Lemma) =

Uk V=P Orgs_ 1+ Wk D[, ]+ 4% V[2,_,].

Theorem 3.1. We introduce the following definitions:

N .
wolI = Y web[, (3.3)
h=k+2
- k - .
WER]:=C & 0TI+ 05 U (3.4)
=
pii=0 'y T pr=y @7 (0<p<]), (3.5)
L . Bk ,y(l—e) 2
0:= <g?{l— B_. o , (3.6)

where we have the following conditions on p,, p,, and C:

(1=py) (1 =p,)

0<C<
2—(pi+p2)
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(Note that these conditions can always be satisfied for ¢ sufficiently large which is
compatible with the condition on ¢ coming from the lower bound (cf. [BGN]))

k[I] =—c lz —2(1—¢)(h—k)
X deéld£2e“20{§ﬁ)(e“ch’£’—1) sin? 2A LR, (3.7)

VAL = — 42 [ dE,dE,e i (e - 1)
/

X [By(yME =&, 12, (3.3)
N -
WO = > WP, (3.9)
h=k+2
Wb =C Z (P T OYRLI+pE T OV, (3.10)
Aé"’[I]: = WSk, (3.11)
A N H
VEI:= ¥ Wb, (3.12)
h=k+1
[other terms]= — W& V[D,_ "R, ]+ VP[DNR,]. (3.13)

Theorem 3.1. With these definitions the iterative mechanism as described by the steps
1)a), b) and 2) a), b) above works in the sense that there is a finite ko, = ky(A) such that
for all frequencies k with N —1=k=k, the following properties hold:

(step 1)a))

W2, ]1- WP 2]+ 49[2,] - 4P[2,] =0, (3.14)
(step 1) b))
VO[D, .0 DnB]— VLD, 0 DinZE] L0, (3.15)

(step 2)a))
WD+ AP[2 ]+ VLD, 1 nDn B <WE V[, 2], (3.16)

(step 2)b))
[other terms] can be safely put into the remainder . (3.17)

Before proving the Theorem 1.0 we state a lemma which is crucial for the “large
fluctuation transport:”

Lemma 3.1. In D%~ Y~(1\R®™)?, we have:

sin = (¢<<k> PEM) =)/ o fsin 5 ((p“k D piEk- 1) (3.18)
with g defined by (3.6).
Proof of the Lemma. We start from the triangular inequality:
sin%Al(p‘é"_” < sin%Al(p‘é") + sin%Al(p"". (3.19)
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Let £, €4 and &, e 4" (4 and A’ are squares of the pavement Q,), we then have:
(i)  (£,&)eD* D E =& B <1 = & =& l<y7F

for B,_, large enough (y! “*B;}; <1),
(i) (4,4)¢R®’ let A¢R® = V&, &, with &, e A: either y¥|¢, —&,|>1 or

% ® <ﬂ kg £ [Y1-e
(@), (i) = in D*~VA(N\RW)2:

Lo B -
Sln§A1¢(k) §7k(7k|fl*§zl)l £ (3:20)

On the other hand, we have in D®:

>B(YME =& 0,

sin % A,0'=P
and in (D%~ N\D®)~(InRW)2:

o < e
sinz 4,059 26(0)B,(ME — ) (3.21)

Taking (3.19), (3.20), and (3.21) together, the lemma follows. [
Proof of Theorem 3.1.
Proof of (3.14).

N . .
W(k)[gk] - W/s(k)[@kJ =;‘, Z+ ) C{p, Ylhk[@k] +D, Yzhk[‘@k]}

N 4 ~ ~
R 2 C {plcllzy—zu —¢&)(h—k) J‘ déldézeazq;h)(eazcl(g)_ 1)
2 D)

h=k+

><Sin2gA1(P(§k)+Pz/12 ) dfldfzeazqgi)
2 pUo

><(e“ZCf”z’—l)[Bk(yklél—«zzl)“ﬂz} (322

comparing this expression with the estimates provided by Theorem 2.2 and taking
into account that A®[2,]— A®[2,] itself contains a negative second order tree
with bifurcation at the frequency k+ 1, we obtain the desired result for A.(k)
sufficiently small (i.e. for k large enough).

Proof of (3.15). This follows immediately from the fact that
POLD,_ ADAT] — V[ D, | N DENFE]

contains negative second order trees with bifurcations at all frequencies h=k+ 1
and from the estimates of Sect. 2.2.
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Proof of (3.16). We have

Yi[<p; 'Yi (1], (3.23)
and for Ic D%~ Y~ (/\R™)? from Lemma 3.1:
Yi[I]<pi ' Vi, [1]. (3.24)
Thus,
WD+ AP DI WEL RN Dy - 10 D]
+AP[RN D10 D]
<WE  I[RND, -1 D,], (3.25)
and
VOLRNDy -, DTS WE D[R Dy -, 0 D). (3.26)

Proof of (3.17). First we observe that in V®[2¢N%,] all zeroes are effective. But
also —W*"D[9,_,n%,], in spite of being a large fluctuation term, has — by
construction — an “artificial” zero so that it essentially obeys the same estimate as
the first contribution to (other terms): In fact, using the results of Sect. 2, both
terms can be estimated by

(const)AZ(k)Byy*|R® x A,

which can be safely put into the remainder.

Since from (3.14) W 4 A% = (), and applying the estimates given by the Main
Lemma for the remainder terms, we are left at the finite frequency k, with an
interaction which doesn’t have ultraviolet problems anymore, i.e. it is ultraviolet
stable in the sense of (1.9). [

The frequency k, at which we end the recursive procedure had been chosen for
given A such that A..(k,) was very small. Yet, by choosing 4 sufficiently, small we
could even force k, to be zero. Nevertheless, the only need of requiring A small is to
obtain the property that [cf. (1.10)]:

lim EL(1)-A~“*9=0  (z>0).

4
Let us briefly recollect the central results of the most important sections:

Section 1.3. This section is devoted to the derivation of an expansion for the
effective potential ¥® (a “tree expansion,” see [G, GN1, GN2]) which is
appropriate for defining “smooth” and “rough” parts of ¥® in such a way as to
have good control of each of these terms. The central results are the expansions
(1.29), the explicit expressions for (6, §) and 7 (8, &) [Eqs. (1.42) and (1.44)] as well
as the recursive relation for their coefficients given in Theorem 1.1.

Section 2.1. This section is devoted to the study of the smooth part of the effective
potential (see the discussion in Sect. 1.2 as well). The effective potential V®[ 5] is
defined in Egs. (2.4) and (2.5) and the composition of the “rough” regions &, is
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given explicitly. Finally, V®[ 25 _, %] is defined (following Fig. 2). These defi-
nitions allow us to write down explicit expressions for

(VO[] —VP[D5_ . n%]] [Egs. (2.20) and (2.21)]
and

‘o1
4¥[Z,]= [ )y Eéakj; (v “)[@i];n)} —VO[2{] [Eq.(2.23)].
n=1171l. <t
The control of these expressions is essential to perform steps (i) and (iii) as
discussed in Sect. (1.2).

Section 2.2. In this section the estimates for A®[2,] and [V®[2n%E]
— VO[5 _ %] are performed. The first one is the more difficult one, once it is
proven the second one is proven similarly but with fewer complications. The
estimate for the O(A”?) part of A®[2,] is obtained in Theorems (2.2a) and (2.2b),
that is [A%[2,]| is bounded by the sum of the right-hand side of inequalities (2.49)
and (2.50). The estimate for the O(4> 2) part of [VE[ D n#] — VP[ D5 _ N %] ] is
not given but may be obtained proceeding as in the proof of Theorem (2.2a) with
the few relevant modifications discussed following that proof. The result is that this
part is again bounded by the right-hand side of (2.49) with D substituted by
(A\R)>D*~ D\D®,

Section 2.3. Here the “Main Lemma” is briefly discussed. It has been proven in
every detail in [BGN, BCGNOPS]. This lemma provides inequality (1.17), that is
it allows us to perform the integration of the “smooth” part of the effective
potential VO[ 25 _, 5] with respect to the fields ¢® on a generic scale k. The
two parts of this lemma (i.e. the two inequalities) are one of the main ingredients
used to prove the upper and lower bounds of ultraviolet stability. The way one
reduces the proof of the upper and lower bounds (1.9) to the proof of this “Main
Lemma” together with estimates of the “rough” parts of the effective potential (for
the upper bound) is described in detail in [BGN] and [NRS]. Observe that the
estimate of V®[2{n%,] is incorporated in §'(B, H,)y**|Gnl| of Eq. (2.73) with
appropriate notations.

As discussed in Sect. (1.2), the proof of the upper bound of Theorem 1.0 is
completed if at each level k we can reduce it to the proof of (1.17a) which in turn
followed from the “Main Lemma” in a straightforward way. To do so we must be
able to control the terms O(4” 2) of [V ®[ 2251 — VO 25 _ i ]] and 49[2,],
which are produced at each level. But as was remarked in Sect. 1.2, (see also
Theorem 2.3) the O(4%) parts of these terms are negative and thus natural
candidates for dominating the O(1”?) parts which are smaller due to their
dependence on A (k) [see Egs. (2.49) and (2.50)] and recalling that |A.(k)| is very
small when k is large. This idea is correct but the difficult task is to keep track of all
the negative O(4?) parts which were produced at previous levels. How these
negative terms can be brought down to a generic level k without integrating them
by using the relationships between the large fluctuations on different scales is the
content of Sect. 3. Therein a new type of effective potential U® is defined (= V™~V
for k=N —1), and it is shown that while the smooth part of U® on each scale k is
transported to scale k—1 by integration with respect to P(dp®) through
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application of the “Main Lemma” [see Eq. (1.17)], the other terms A® and W®
associated to the “rough” parts are transported to level k — 1 using in a delicate way
the negativity of their O(A?) parts and the relationship between large fluctuations
coming from different levels (see Lemmata 2.1 and 3.1).

To summarize, the proof of the upper bound of Theorem 1.0 is attained in the
following way:

a) We reduce the integration with respect to P(dp®) to a sum over the regions
R, composed of terms like on the left-hand side of inequality (1.17) where the
exp V™® is substituted by U® [Eq. (3.1a)]. This requires some manipulations which
are given in detail in [BGN] and in a more general setting in [NRS].

b) Before performing the integration we transport to scale k—1 the “rough”
parts using the transport mechanism discussed in Sect. 3.1, hence one is left only
with the integration of the “smooth” parts.

c) The integration with respect to the smooth part is performed using the
“Main Lemma.”

d) We reconstruct from the right-hand side of (1.17a) V%~ Y[ 25 _, ], and prove
(again in Sect. 3.1) that the terms newly produced together with the ones
transported down reproduce W# D 4 4*~ 1),

The iterative procedure is now complete; at the lowest level, the “rough” part is
dropped because of its negativity. This completes the proof of the upper bound.
The lower bound is much easier as only step c) above has to be performed. In fact,
in this case we can introduce appropriate characteristic functions preventing the
fields = and @® from being “rough” for all k. This was again discussed in detail
in [BGN] and [NRS]. Finally we remark that the proof of the “Main Lemma” can
be used to prove (1.17a) and (1.17b) since VH®[ 25N %;] satisfies the appropriate
estimates which allow us to identify it with the H[/] of the “Main Lemma.” These
estimates are the ones provided by Theorem 2.1 in Sect. 2.2.
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