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Abstract. The renormalization group technique is used to study rigorously the
AV¢)* perturbation of the massless lattice field ¢ in dimensions d=2.
Asymptoticity of the perturbation expansion in powers of 1 is established for
the free energy density. This is achieved by using Kadanoff’s block spin
transformation successively to integrate out high momentum degrees of
freedom and by applying ideas previously used by Gallavotti and Balaban in
the context of the ultraviolet problems. The method works for arbitrary
semibounded polynomials in Ve and Ad.

1. Imtroduction

During the last fifteen years renormalization group (RG) has become one of the
main tools in both quantum field theory and statistical mechanics. Still, compared
to the numerous works devoted to a variety of heuristic applications of this
method, see e.g. the articles [1] and references therein, the rigorous results
concerning RG are rather few, dealing with very simple models or attempting a
rigorous formulation of the problems [2]. Here an exceptional position is
occupied by the work of Gallavotti and collaborators [3, 4], where RG ideas were
employed as a tool to prove ultraviolet stability of ¢% quantum field theory. This
allowed to turn RG into a powerful method in rigorous study of more complicated
superrenormalizable field theory models, see [5] for an announcement of results
concerning gauge theories.

In this paper we modify the technique developed by Gallavotti et al. and apply
it to an infrared problem, namely the lattice model with hamiltonian density
LV )? + (V)" in dimensions d 2 2. The method works for arbitrary “irrelevant”
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(with respect to the Gaussian fixed point) polynomials involving V¢ and A¢. For
simplicity we consider only the least irrelevant case. Our modification goes along
the lines suggested by Balaban [5] who proposed to use Kadanoff’s block spin
transformation version of RG in the context of the ultraviolet problem. The main
result of the present paper is establishing of asymptoticity of the perturbation
series in powers of A for the free energy of the model mentioned above. We hope to
be able to obtain also information about correlations and their decay using similar
ideas and to extend the results to more complicated models, such as the dipole gas,
in the future.

To understand why the standard techniques which would work if we added a
mass term $m?¢? to the hamiltonian fail here, write the free energy in unit volume
{pressure) p(4) as

(fl)—hm " |10g5 exp[ A XZ(V%)“VNG(@,

where dug is the lattice Gaussian measure with covariance G=(~4)"! (which
makes perfect sense in d = 3). We may generate the perturbation expansion for p(1),
together with the remainder, by writing (formally)

p(A)= lim —- MI jdt logjexp[ Y. (P, )| dug()

A174

= g A~V ). (L.
where
{Du=[-exp l —th Z(%JT dug(@)/f eXp{ —th Z(Vcéx)“] dus(9), (L2)

and subsequently integrating by parts using the formula

OF(Fg)
HZ

Performing (1.3) sufficiently many times we can generate from (1.1) the per-
turbation series to arbitrary order 1 together with the remainder, which is a sum of
terms of the form (we suppress indices in V)

ity T VVGxx)jdz<ﬂ(l7¢ )m> (1.4)

X1yeies Xn (fors jo)

(78, FVd)dus(p)= Y. 7V G, )f dug(). (1.3)

with lines (i,,j,) forming a connected graph joining all points x,, x;, ..., x,. Then,
assuming one could bound the expectations in (1.4) {e.g. using superstability of the
interaction), summability of the propagators

YIVVG

X1

(1.5)

xox1|

would imply finiteness of the remainder and hence asymptoticity of the per-
turbation expansion for the pressure. The problem, however, is that (1.5), which is
obvious in the case of massive free propagator decaying exponentially fails for



Rigorous Block Spins 33

massless G where, although Z VG

wva, . l= O(lxo—x,179 for large {xq—x,]. It should be remarked that this gives
rise to no infrared divergences in the perturbation series which is finite as one
easily infers through momentum space analysis, but invalidates the above
argument which provided an estimate for the remainder.

The idea we will follow in this paper is to save the argument by applying it to
the integral over the high momentum degrees of freedom (rather than to the total
integration at once) and then repeating the procedure many times. The re-
normalization group transformation we use here is Kadanoff’s block spin
transformation and it consists of two steps: integration over fluctuations within
square blocks of 3¢ spins, keeping the average spins in the blocks fixed, and
rescaling the distance by 1/3 and the spin variables according to their canonical
dimension, ie. by the factor 3¥~2/2, Hence, the first block spin transformation
may be written as

exists it does not converge absolutely since

XpXy

Y )t

[o(¢'—Coye dug(@)=e""Pdpg (4, (1.6)
where
2y
(Ch=32 7 2 bi., 1.7
3 o

gives the (rescaled) block spins. V;(¢') is the effective interaction for the new
distance scale (the old one multiplied by three), and G, is the new covariance
(defined as the one which would appear if 1=0).

(1.6) is now iterated yielding effective hamiltonians V,, describing the system in
scale 3", and covariances G,. The point is that formally the transformation drives
our measure to a Gaussian fixed point. Namely, the canonical dimension of our
coupling (in units of length) is d. Thus, heuristically one expects the effective
coupling for distance scale 3" to be ~37"] and thus ¥, to go to zero. This is not
quite, but almost, what happens. In fact, ¥, will approximately have the form

V(¢)=(¢—independent term)—O(4) > (Vg,)*

xe3 "4 (18)
=375 Y (P, )*+“smaller” terms
xe3 "4

and the covariances G, tend to a massless Gaussian fixed point

(Golyy= [ d% | d¥(—4)7'(%.7), (1.9)

4=y 40)

where A(x) is the unit cube centered at xeZ* and 4, is the continuum Laplace
operator. G, has long distance behavior identical to that of (—4)™'. Note that
(F¢)* in (1.8) has the expected 3™ factor (thus being “irrelevant”) but we also
obtained a quadratic (“marginal”) term which does not disappear as n— o0. This
corresponds to the fact that there is a continuum of Gaussian fixed points for
Kadanoff's transformation, namely uG_, x>0, and the one corresponding to our
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interaction with A0 is different from the A=0 case. The transformation thus
generates terms which take us to the correct fixed point, (1+0(A1)G .

In practice it is convenient to perform the block spin transformation by
realizing the Gaussian measure du, as a product of two measures, one corre-
sponding to the block spin degrees of freedom and the other to the fluctuations
within the blocks. Then the block spin transformation consists simply of in-
tegration with respect to the second measure. This brings our formulation quite
close to the setting of [3].

The problem with implementing the above procedure is, of course, that
formally V, is an infinite series of arbitrary many body interactions and in order to
obtain the perturbation series for p(4) up to order A* we want to retain at least all
the terms of order less than or equal to 7, and preferably to be able to ignore the
rest. However, it is not obvious that we can do that since the spins ¢ are
unbounded. Here we apply the ideas of Gallavotti et al. which allow to eliminate
large gradients due to their small probability assured by positivity properties of
the effective hamiltonians. Now we can compute V, perturbatively to order t by
integrating by parts with respect to the fluctuation measure as in (1.1)~(1.4). The
remainder can be estimated since the fluctuation covariance has exponential falloff
(the high momentum cutoff provides an effective mass) uniformly in n and the
external fields (block spins) are bounded. The bound for the remainder will be
0(37™)r+Y), 37 coming from contraction of interaction volume in subsequent
effective hamiltonians. Sumiming over n would then give the O(A*"1) bound for
difference between p(A) and its perturbation expansion up to order 1, thus proving
asymptoticity of the latter.

Actually slight problems arise from the marginal terms in V,. Namely those of
order higher than 2 eventually pick log(cutoff)~n contributions due to mainly
technical reasons. These would eventually spoil the positivity properties of ¥, and
we have to stop the iteration when ni*~1 ie. n”'~1 However, then our
interaction lives in the volume 37™|A|~ 3~ %*A| and it turns out that a brute force
argument suffices to complete the estimation.

The paper is organized as follows : After Introduction, Chap. 2 gives a detailed
description of the model and of the block spin transformations and states the main
results. Chapter 3 establishes a lower (easier) bound for the difference between p(A)
and its perturbation expansion to order t and Chap. 4 the (more involved) upper
bound - they are separated because the arguments used to eliminate large spin
variables are different in both cases. Detailed properties of effective hamiltonians
used in the estimation are proven in Chap. 5. Finally, Chap. 6 contains proofs of
probability estimates used to eliminate large spins. We would like to stress the fact
that the technical core of our estimates is based on combining integration by parts
with Ruelle’s superstability estimates [6]. This distinguishes it from the technical
part of [3] which dealt with continuum fields and used in an essential way the
Markov property of the measures, lacking here, and hard results of the theory of
elliptic boundary value problems [4].

After this work was finished we obtained a paper by J. Bricmont, J. Fontaine, J.
Lebowitz, and T. Spencer proving asymptoticity of the perturbation expansion for
pressure and also for correlation functions in the same model by a different
method.
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2. Block Spin Transformation

In this chapter we define our model, formulate more precisely the main result and
discuss some properties of the block spin transformation.

We work with periodic boundary conditions. Let A denote the set of integral
N 1N

points in the periodic box [—- 535 d=2. This will be our initial lattice. We

shall also use lattices A, consisting of integral points in the periodic boxes
3N -n 3N —n

d
5 —T} ,n=01,...,N,and A":=3""4. Notice that/iz/l():AO.Points in

A, will be denoted by letters x, y, u, v, ..., and those in A" by z. For any two points
in one of these lattices the magnitude of their difference with subscript p will
denote their periodic distance.

Let 4 denote the lattice laplacean on 4, ie. (¢, —Ad)= Y (p,—¢)* 4

x,yed
x=ylp=1
has a zero mode and we shall define the massless Gaussian process ¢ on A as that

with covariance G, inverting — 4 on the subspace orthogonal to the zero mode.
More precisely,

1 P
(GO)xy:m Z /’l(p) lelp(x y)a (21)
0% pelf-z4
[Pl sn

where

u(p)=2Y (1—cosp,).

Let dy, denote the measure of the process. It is concentrated on ¢’s orthogonal to
the zero mode. Denote the lattice gradient by ¥ and consider the random process

(V¢,)*, where we use shorthand notation (V¢ )*" = (Z (Vud)x)z)m. The periodic free
B
energy density (pressure) p(4) in volume A is defined for 220 by

1

p(2):=—log| explal ZA(Vqﬁx)“

=i dyig,(9).- (2.2)

Our main result consists of showing that the perturbation expansion for p{4) in
powers of A is asymptotic, uniformly in A. This yields asymptoticity of the
perturbation expansion for the infinite volume free energy density in the thermo-
dynamic limit. Throughout the paper we shall always assume 4 to be bounded
from above.

It is convenient to define for DCA

T (*l)k

VE)D::“A Z})(V(bx)“‘mk:lﬂzc—!—- Z D
Vo)t i) 03)

where (...>g denotes the truncated expectations with respect to dug,. The
truncated expectations on the right hand side of (2.3) give the first T orders of
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perturbation expansion for the free energy in volume D. Now our main result may
be restated as

Theorem 2.1. For each © and for small A

ﬁlogf exp Vg'dpg,| =001 2.4
uniformly in A.

Remark. (2.4) will be deduced from two bounds

e O M < [ exp Vitdp,, < 0% 214 (2.5)

proven to hold uniformly in |A4| in Chaps. 3 and 4. Of course (2.5) yields
immediately (2.4) with “=0(A*"1)” replaced by “ <O(A"*/?)". However, the latter
with 7 higher by one implies (2.4) in its original form. From now on we shall
consider 7 fixed.

As stressed in the Introduction, in the proof of (2.4) a critical role is played by
Kadanoff’s block spin transformation [7]. We shall describe it in detail now.

The block spin variables are defined exactly as in the Introduction and the first
block spin transformation consists of integration (¢ = ¢°)

fo(¢! — Co°) exp[V5(¢°)1dpg,(6°) (2.6)

with C given by (1.7) but now transforming finite dimensional spaces R*—»R*'. In
the case when A=0 (2.6) is easily computable yielding

Lemma 2.1,

A, [o(¢* — CP°)ps ($)=dug,(91). @7
where
G,:=CG,CT (2.8)
(CT denotes the transposed operation mapping R4 R4,
Proof. Immediate, since
e #* Mgt {6 — C§°)dpg(#°) =¥ Pdug,(¢°)
=exp[—1(h, CG,CTh)], (2.9)
where (-,-) denotes the scalar product. []]
Denote by E the projection on the constant sequences in IR*. Explicit
computation, see (A.1), shows that ER"! is the zero eigen-subspace for G, and that

G, is invertible on (I — E)IR*1. With a slight abuse of notation define G ! to be the
inverse of G, on (I — E)R* and to annihilate ER“*, Notice that

G,G;'=I—E. (2.10)

We shall compute (2.6) by perturbation expansion around the 1=0 case (2.7). To
this end it is convenient to realize the Gaussian process ¢ as a sum of two
independent ones, corresponding to block spin variables and fluctuations inside
blocks respectively.
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Let ¢! be the Gaussian process indexed by the points of 4, with covariance
G,. Let us also consider another process, £°, living on A:=/4-34,, that is on
points of A which are not centers of the 3X ... X3 blocks. £° will have the
covariance

I:=R(Gy— G,CTG['CGyRT , (2.11)
where
R:RASRA (2.12)
is the restriction.

It is shown in Appendix (see Proposition A.3) that I is a strictly positive
operator on R%, Let now 4, : R4 —IR* be given by

Ay:=G,CT G 1 (2.13)
and 0 :R*>R by
Q&)= & i xed - (2.14)
=Y &, if xed\A.
re=0,%1

We have

Lemma 2.2. The process ¢° may be written in terms of the two independent
processes ¢* and £° as

PO=A,0" +08°. (2.15)

Proof. We have to show that the covariance of A,¢'+Q&°, which is 4,G, A7
+QI,07, equals G, By (2.10) and (2.13)

AyG, AL =G,CT(1-E)G; *CG,=G,CTG{'CG,. (2.16)
On the other hand by (2.11)
QFOQT =QR(GO“‘ GOCTGIICGO)RTQT - (2.17)

Now G,— G,CTG;'CG, maps on sequences in R* with vanishing averages over
the blocks since by (2.8) and (2.10)

C(Gy—GyCT Gy 1CGy)=CGy—(I— E)CGy=ECG,=CEGy=0  (2.18)

as E is the zero mode projection of G,,. But on sequences with zero-block-averages
OR acts as identity. Hence

Q0" =(Go — GoCTG; ' CGRTQT =Gy — G, CTG 1 CGy . (2.19)

(2.16) and (2.19) prove our assertion. []
To see that the decomposition (2.15) realizes the splitting of the process ¢ into
the block-spin and the fluctuation parts insert it to (2.6). This gives

(2.6)=[5(¢" — C(40" + QE) exp[ V(A" + 0N Idpg,($")dpr (£°)
=[6(¢' —(I—E)d") exp[ V(Ao +QE)1dpe (& )dpr ()
=dpg,(¢")[exp[VA(Aod" + Q&N ]dpr, (%), (2.20)
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where we have used
CAy=]—E, CQ=0 (2.21)

and the fact that dpg (¢*) is concentrated on @' such that E¢* =0 since E is the
zero eigen-projection of G,. Thus in the language of realization (2.15) of ¢° the
block spin transformation consists of integrating out £° Let Fe L'(dug ). Define
T :Ll(duGo)—»Ll(dyG‘) by

(T,F) (") =[F(Ayd" +Q&)dur (£°). (2.22)
We have an obvious formula
deﬂGozf:qu#G, . (2.23)

T, gives the first block spin transformation. The next ones will be defined similarly
by induction. Put

P t=A,_ pm+QEm L, (2.24)
where
Ap-1=G,_C7G,* (2.25)
with G, the covariance of ¢™, being
G,=CG,_CT=C"G,(CTy" (2.26)
and
G,G.'=I-E. (2.27
£™ has covariance
I, .=RG,_,-G,_,CTG,'CG,_,)RT. (2.28)

@™ is indexed by the points of 4,, and ™ by those of A, =A,,—34,,, ,. We get
analogues of (2.22) and (2.23)

(LF)(¢™) =[F(4,, _¢"+0&" Ydu, ("), (2.29)
de,qu_l =|T, Fdyg . (2.30)

Certain F’s are reproduced in their form under 7,. Introduce a kernel ., for

ze A™ and ye A, (see the beginning of this chapter for the notation)
(d_"_z.)m
Ly =32 V(A4 Ay Damg - (2.31)

mzy

Put
p" =L, 0", (M=, Q0 (2.32)

so that the random processes ™ and {™ are indexed by the points of 4™ As we
shall show in Appendix relations (2.32) are “almost local”. With

VT =3"W - me, = 97) (2.33)
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and f dz denoting the Riemann sum 37" )" for DCA™, consider the general local

zeD
ka monomials of degree M in Fyp™:
LA | H R, (2.34)
Am i=
Lemma 2.3
M_
pret 37 " (2.35)
Proof. By (2.24), (2.31), and (2.32)
42
wy =3 2yl (7t (2.36)
and consequently
-4
Pprot=3 2Pyl VTt (2.37)

Since the Gaussian processes V,y}' and VVC’""I are independent, we have

M
[Il Vﬂiw?_l :(;m~1: Z H3 2 v, w2/3 G * H?iCZ’71 :I'm~;' (238)

IC(l, ..., M} i¢l

Under the dy, _, expectation all terms but the one with =4 vanish. Hence

T.Br L =iert dun, (71
d gl M_
H(3 Ty ) s, dz=3 4 1>P;;§_“W. 0

A'“ 1=
Corollary 2.4
—d(—M——1> n
T.T,_, ...Tlej =3\ Pl s (2.39)

Lo

If the terms of the type P) . appear in the initial hamiltonian then in the first
order approximation the block spin transformations reproduce their form, as
(2.35) and (2.39) show, except for an overall factor 37 #M/2= 1" This is driven to
zero for M >2 (irrelevant hamiltonians) and stays constant if M =2 (marginal
ones). Thus it is natural to write our hamiltonian in volume D given by (2.3) in
Wick ordered form

=—AY M, [ VvVl dz—A[ (Tp)) s dz
uv D D

+ field-independent polynomial in A4 of order ©

starting with a /? term, (2.40)
M,,=20,,3 [V d2Vdlduc,+ 4|V, oV $dug,
=28, (1~ A" )+ 4 V,620,6%dug, (2.41)

The first term on the right hand side of (2.40) is marginal, the second irrelevant
according to the above analysis. However, the information about how the
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hamiltonian behaves under the linearized renormalization group transformation is
not sufficient. We shall have to trace the effect of the transformation beyond the
first order of perturbation expansion, in fact up to order 7. To this end define
inductively for DC A™

T j’k dk
VP = k;o a a—kL: . log T, exp V22, . (242)
lterating (2.42) gives
b T ik dk -
=) ] LT " 243
n k=0kl d/{kl=010g7117—;1~—1 lexp VO ( )
Notice that V2 =0, where N defines the volume A.
By (2.29)
(T,T,y - T exp V3 P) (¢ = [ exp [V (Ao . A, 1§
Ao Ay 08T QM (€Y dpp (€0). (244)

Thus by cumulant expansions formula

. 1 ¥ .
Vnz)zk;lﬁa/g RIS e Z@:I‘m’ (2.45)

where (...>%, denotes the truncated expectations with respect to
dur, (€71 ... dup (£°). To compute the right hand side of (2.45) it is convenient
to use the random fields v” and ("1, ..., (° [see (2.32)]. Iteration of (2.37) gives

d 4 4
Vpd=3 z“VﬂwZz_HH 2 ”Vuc*;z__ll+ AL AT (249)
Notice that the fields on the right hand side are independent. Together with (2.40)
and (2.45), (2.46) allows an effective computation of ¥” by use of Wick’s theorem.
The results, after the change of variables z—3"z, may be expressed in terms of
(generally non-local) Wick-ordered polynomials in random variables Fy™ We
shall divide these polynomials into three groups writing

Ve=Vlot V410, (2:47)
V2, includes the terms that are of the first order in A:

V2o=—A4Y M, lj) VWl dz—37") lj) (Pl dz. (2.48)
#,v

Note that (2.48) is identical in form with the first two terms of the initial
hamiltonian (2.40) except for the factor 3% at the quartic term. This is in
agreement with the previous analysis of the linearized renormalization group
transformation given in Corollary 2.4,

V.2, groups all contributions to ¥?— ¥,?, which are Wick-ordered monomials
of non-zero order in Vy’s and V,fz all Vy-independent terms. A diagramatic
analysis gives the following result:
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Proposition 2.5, VD + VD may be written as a finite sum of terms

15) Slw) 21 -2 H H Vi, 6,42, . dz, (2.49)

g=1 a=

with 2<r<r, 0<a,<3 and D-independent I's satisfying for each 1=9,=<r the
bound

Voo Mgy @ w2l T dz,S27C(1+n9). (2.50)
4n An e*eo

Moreover, for I's corresponding to terms contributing to V.2, i.e. such that ) o,>0,

g=1
(2.50) holds also with I...{z,,...,z,) replaced by I ...(z,, ...,z,)exp[ed(z, ..., 2z,)] for
small >0, where d(z,, ...,z,) is the length of the shortest connected graph joining the
points (zy, ...,z,) in the periodic lattice A™.

In Proposition 2.5 as throughout the whole paper C and ¢ denote various
constants which are independent of 4, 4, and n. They do not have to stand for the
same constants even when they appear several times in the same formula.

The proof of Proposition 2.5 will be deferred until Chap. 5. Here let us mention
that the main input are the estimates giving a uniform exponential decay of I',, ..
and resulting decays for <V{I'V(75 . and {FylVyl)s (exponential and poly-
nomial ones respectively) proven in Appendix, Proposition A.7 and A.8.

3. The Lower Bound

In this chapter we shall prove the first (lower) bound of (2.5). This will be done
inductively by inserting suitable characteristic functions under the integral and
integrating out the fluctuation field. The characteristic functions will cut off large
values of the fields Fyp™ and V{" in a 1 dependent way: the smaller A the higher the
cut-off. Let

B=blog(1+1"1), 3.1)

where b, independent of n, 4, and A, will be chosen later. Denote

7= I vzl <B).

zeA®

Let for n=0,1,...N—1

Z,={xs(Pp") exp V" dpig,
Z,={ V", (3.2)
Zy=Zy=1 (N defines the volume A).

We shall prove

Proposition 3.1. There exists 60 such that for A small enough and
n=0,1,...,min({A7°]—-1,N-1)

Z,zexp[-3""CAr*YAZ,, . (3.3)
(3.3) holds for all n=0,1,..,N—1if Z is replaced by Z'.
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Given Proposition 3.1, we can prove the lower bound easily. Iteration of (3.3)
gives
Zyzexp[— CAl YA Z, ;0 4yt s (3.4)
where n(4, 4): =min ([A~°]— 1, N—1). If n(4, 4)=N —1 we are done since Z,=1.
Suppose that n(4, 4)=[1"%]~ 1. Using (2.47)(2.50) of Proposition 2.5 we obtain
the bound

VIS CAL+n)BIAT i [Py <B (3.5)

(the Wick-ordering of the F'y” monomials causes no trouble since {(PyVy} > is
uniformly bounded, see Proposition A.8). Thus,

Vi im0y S CAL+([A7°] = B3 A S CA 214, (3.6)

Now we may replace Z,, 4.,; on the right hand side of (34) by Z, 4.,
increasing C and continue iterating (3.3) in the Z’ version until n=N —1 when it
yields the lower bound (2.5).

Proof of Proposition 3.1. First let us notice that in order to get rid of large values of
| Py"] it is enough to restrict both || V" || and || F{"}|. Namely (2.37) gives

xs(Vyp™ = Py 1))(;B( ver) (3.7)

in the obvious notation.
Moreover, since by (2.32)

Vir=v,0&
and the kernels «7,,, have a uniform (in 4 and n) exponential decay, as shown in

Proposition A.6, in order to restrict V" it is enough to bound &":
12 MZG 7 (N (3.8)

where B=yB with y independent of A, 4, n. (2.37), (3.7), and (3.8) together with (3.2)
allow to write

Z,z [ g™ Y ([ xp(E exp V" dpy )dpg - (3.9)

To extract from the dy,,_integral the desired exp V4’| " term, the integration-by-
parts argument sketched in Introduction is applied. We write

i
n d ¥
Vazexp V" duy, =exp “ di-log | xgexp (V;"ur, |- [ xsdur,,
0

1
—exp {4V Vi, (3.10)
]
where
Coo=[apexp V,)dur /§ xpexp ¢V )y, - (3.11)
The integration by parts is performed according to the formula
] VA Slogys
FE, =Y T (= + it + B)F “> 3.12
CUCDED y<(5£; i L) (3.12)
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log ¥z
s

function (&) < B) in the numerator of {-», by the sum of é-functions ~~—=X="

where the 4

term should be understood as replacing the characteristic

5 <B)
IS
Since V4" is a polynomial in the &" field we may apply (3.12) to {¥;2">, or to any
polynomlal-hke term produced by the earlier integrations by parts. The
log y5
og]
A larger than t will not be transformed further. After a finite number of steps all
terms are of this form. Then we may write

. .0
£*-independent terms, the terms with

or the ones with the overall power of

1
log | xgexp Viduy —log| ysduy, = [dt{V> =V + [dt (R (1),, (3.13)
0

where VA" groups all ¢"-independent terms of order <t in A and R,(f) ali terms
log x5
o}
terms reproduce exactly V4" is easﬂy seen from the inductive definition (2.42).

The structure of R, follows from Proposition 2.5 and the method to generate it.
First write the £ dependent part of ¥ as a combination of terms

. . .. 0
either of order > in 4 or with

contributions. That the £"-independent

VDY C NS M AN Hé (3.14)
X1yeees Xs€EAR
undoing the Wick ordering in (2.48), (2.49) and using (2.37) and (2.32). Due to the
uniform exponential clustering of V.eZ,, . see Proposition A.6, and Proposition 2.5
f’s satisfy

Y Uy, o X V" THIS CA+RY L+ P ) (3.15)

Xg€hAy
agFog

Now the integration by parts either
A) contracts &7 with &}  replacing it by I',, ., within one or between two
expressions (3.14) or
dlogyz
B) contracts &"_ of (3.14) to ;’?‘B
In case A} we produce eithery another term of the type (3.14) or a
£*-independent term

Xj(ryp™™h) (3.16)
with
(7" DS CA+nC)Y L+ | Py A, (3.17)

as easily follows from the uniform exponential decay of I',’s. In case B we obtain a
term

élo
Y g ax sl,xs,Vw”“)l_[é” 55;"3 (3.18)

Xi4eees xsedy, o= 1

again with j satisfying (3.15).
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Summarizing, R (f) is a combination of terms (3 14) and (3.16) with rzt+1
and of terms (3.18). Since on the support of Xs(F¥" " *)ys(¢")
[7p"* !« <B and [¢&"|,.<B=yB

we obtain finally using the bounds (3.15) and (3.17)

1 _
<C(1+n9B°IA,| (W 4 sup <‘5 gégnx,;

>t), (3.19)

where “sup” on the right hand side is over Py"* ! with |Fyp"* 1|, . <B, xe A, and
tef0,1].

To complete the proof of Proposition 3.1 we need the following estimates
which express the fact that probability of large values of the £" fields is small. They
will be proven in Chap. 6 together with their counterparts used in the proof of the
upper bound.

Lemma 3.2. Provided that b in (3.1) is large enough and 1 is small enough

sup < > <e~CB (3.20)
t

§ xadup, z e 1A, (321)
Using (3.20) together with e < CA**! we get from (3.19)

dlogyz
oL

and

<37®C(L4+n)BATT AL 37CATT 2 4] (3.22)

for n<A72if & is chosen so that AY3(1 + 47 ?C)B¢ <1. Now (3.9), (3.10), (3.13), (3.21),
and (3.22) give

Z,2Z, exp[—3""Ci" l/sz}]e_C"*CézMnT
2Z,, exp[—37"CAT 4]

which is (3.3).
The version of (3.3) with Z replaced by Z' follows from (3.21) above. []

4. The Upper Bound

In proving the second inequality of (2.5) (the upper bound) we shall use a slightly
different argument, also borrowed from [37, to eliminate the large values of the
fields. Namely, we shall exclude the interaction from the regions where the fields
are large. To this end define

d
D, ={zeA™:|Pyi|ZB}, D,:={zed™:|Vy}|233 2B}, (4.1)

where B is the 1-dependent constant given by (3.1) with b large enough.
The manipulations with the interaction region will be based on the following
estimates using the positivity of the leading terms of the interaction hamiltonians.
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Lemma 4.1. Let b of (3.1) be large enough.
A) VS VAo, (42

Moreover, there exists 6 >0 such that for small A, n=0,1, ..., min([1"°], N—1) and
B,cD¢

B) Vi<V if C,CD,. (4.3)
C) |VEn— VE\C < CAB*B,NC,| forany C,CA". 4.4

Proof. A) First notice that the difference of the field-independent terms in (2.40) for
D=/ and D=A\D, is by virtue of Proposition 2.5 a combination of the terms

j ff j f Hzy,...,2)dz, ... dz

A Do A\Dg /1\1)0

and, as a result of (2.50), is bounded by 22C|D,|. However, the difference of the first
two terms in (240) for D=A and D=A\D, is ecasily seen to be less than
—ACB*D| if only b in (3.1) is chosen large enough so that the negative quartic
term dominates,

B) Similarly as in A) (V21 +V23)— (V21 + V.23 is a combination of the
terms

.00 7 o I, .. )H(le v dzy ... dz,

B, B,, BynCy,, B,\Cy, B.\Cy

[where we suppressed the p subscripts of (249)] and is bounded by
CA*(1+n%BC|B,nC,] because of (2.50) and the bound | Vy"|| £ B holding on D;.

Now in V%3 — V%5 the quartic term is negative if b in (3.1) is large enough but
it is suppressed by the 379 factor. However, the quadratic factor is also negative
[M,, is positive definite, see (2.41)] and is bounded above by — CAB?*|B,nC,| for b
large This dominates CA*(1 +n)BC|B,nC,| if n=A~° for small § and if 1 is small
enough.

C) This is proven as B except for the term V% — V;23\“» whose magnitude is
bounded by CAB?+3 *B*B,nC,| which dominates again the
CA 1 +n%)BC|B,NC,| contribution yielding (4.4). [

Remark 4.2. For proving (4.3) we have used the necgativity of the marginal
quadratic term of ¥? to dominate the other irrelevant terms. In other (Fy)*"
models the quadratic term coming from the Wick ordering does not have to be
negative. However, we may extract a small negative O(4) quadratic term from dp
and use it to the same end.

Define now

Zr: =fexp V" Prdpg 4.5)
for n=0,1,..,N—1 and
ZN =1, (4.6)

Here is the upper-bound counterpart of Proposition 3.1.
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Proposition4.3. For 6>0 small  enough, 1 small enough oand
n=01,...min([A7"]—-1,N-1)

Z"<exp [37CATT V2 A[]Z 1. (4.7
Now, since by Lemma 4.1A
fexp Vy'dug,=2°
the iteration of (4.7) gives
fexp Vg'dug, Sexp [CA 124201 (4.8)

similarly as in the proof of the lower bound, compare (3.4). If n(4, 1)=N —1 we are
done again. In the other case

2 fexp [P, - o dpg,
<exp [CABA™D, [Tl,- ;- Sexp [CAB*3 ™4 7|4]]
Sexp [CA124]], (4.9)
where we have used Lemma 4.1C.(4.8) and (4.9) give the upper bound (2.5).

Proof of Proposition 4.3. We start by inserting a partition of unity to Z" in order to
control the range of the values of & at each point. Denote by p a collection of even
integers {p,} .1 - Let x, (&}) be the following characteristic functions

1p&): = 1Eel(p,—1)B,(p, + 1)B)), (4.10)

where B=7yB and y will be specified in 2 moment. We denote also

150 = T 1,069

xed,

Given p, define
U {zeA™:lz—x|,<b'B*log(1+|p,]). (4.11)

xedhy,

We have
2" =3 (§ xpexp V" Prdpy Jdpg,
P

=2 J( rpexp VP Ry ydp | exp[CABHR,[],  (4.12)
p

where we have used Lemma 4.1C.
The purpose of the elimination of the interaction from R, becomes clear
because of the following

Lemma 4.4. Ify in the definition of B is small enough and b’ in (4.11) is large enough
then

|V <437 12B for z in RS, (4.13)

Proof. By virtue of (2.32) and of the uniform exponential decay of V&7, .. s
Proposition A.3,

Ve < Y CBe ®= *l»(1+|p))+ CB. (4.14)

xpxF 0O
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But if p, +0 then, since zeR;, |z—x|,= b B*log(1+|p,]). Hence

1
Y, e T (i4ip )< Yexp| —ele—xl,+ pmglz—x], SC 0 (415)

XipeF 0 x

if b' in (4.11) is large enough. (4.14) and (4.15) yield (4.13) if y is small enough. [
The next step in estimation of Z" will be to remove the interaction on the right
hand side of (4.12) from the region 3D, ;. Notice that on Rin3D,

4

4 4 4
IPwr =23 2|t it — IPe 23 2B—43 2B=43 2B

by virtue of (2.37) and Lemma 4.4, so that Rin3D, ., CD,. Hence we may use
Lemma 4.1B in order to replace in (4.12) VA" PnoRa) by pA™\Dno3Dns 1R,
Moreover

D,CR,V3D,,, (4.16)
or equivalently
RiN3D:  CDE

again by (2.37) and Lemma 4.4. Hence we obtain
Zm< Y [(fxpexp W CPne s vRdy Ndpg  exp[CAB*R,[1. (4.17)
I

Notice that the interaction region A™\(3D, 1\,_)R,,)E;l” in (4.17) does not depend
any more on £™s over which we integrate in the »’th step of the block spin
transformation. As in the proof of Proposition 3.1 we compute this integral using
integration by parts. Write

-~ 1 -~
fxzexp ¥V, duy, =exp [f AtV t} Fxsdur 4.18)
0
compare {3.10). As in Chap. 3

(4.19)

bt

1 N 1
[deV™, = Vi "+ JdiCR (D)
1} 0

where R,(t) is again a combination of the terms (3.14), (3.16) with n=t+1 and

(3.18) (with log y; replacing log ). Now js satisfy a modified version of (3.15) and

(3.17). The modification replaces j in (3.15) by jexp [g Y dix,, A" |and |7t Leo

c=1
in (3.15) and (3.17) by ||Fy"* || o in- This is clearly possible since £" enters ¥,
only via V{"[ ;» to which it is connected by an exponentially decaying kernel, and
V"t only via Vyp"* 11 ;.. Notice that since large values of |£"] may appear only for
x far from A,

e—ed(x,/i"}lé f e‘s‘ﬁx’Rf"lé 1
X X

e ERDB(L+|p,))
e—sb’leog(1+|px|)(1+|p |)

A IIAHIA TIA
@)
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if b' in (4.11) is large enough. Also

Pyt “Lw(jn) =B.
Hence,

élOgXﬁ

<C(1+n9BY4,) (W 1 +Supe““"x"i")< 52

g dt{R,(t)), ;

L)
(4.20)
compare (3.19).
We need the following probability estimate which will be proven in Chap. 6:

Lemma 4.5. Provided that b in (3.1) and b in (4.11) are large enough and A is small
enough,

sup e“8d<x,ﬂ“)<%£>w§e’“§z (4.21)
and
Fxs&Mdpr, s exp { —CB? gl’i} . (4.22)
(4.20) and (4.21) give
E di{R(0); | S37"CAT12)4], (4.23)

compare (3.22). (4.17)44.19) and (4.23) yield in turn
Zr< Y JexpVi dug,, - [x,0ur, - exp[AB*R,|+37"CA T V2| A]].
F

Now 37 1A"=A"""\(D,,,u3"'R) and we may restore the interaction in
(A"*1\D,, )n37 'R, in order to obtain Z"*! using again Lemma 4.1C. The sum
over p is controlled with help of (4.22) which shows that non-zero values of p have
very small probability. Thus,

Z"<ZMY Y xpdur -exp[CABHR,|+3~CA™ 12| A]]
P

ézrwl Zexp

r

'6Xp[3—d”Cf+ leIAﬂ
<zt Zexp{— Y CEprCJ exp[37"CA V2 A]]
P x

Y. (AB*2b'B*log(1+p,|))'— CB*p2)

xech,

§Zn+1 CXp[e_CBZIZn' +3—dnC),T+ 1/2M1]
éZ"’* 1 exp[3'"d"Cl”' 1/2!/1[] ,

where we have used the estimate [R,| < Y (2b'B*log(1 +|p,]))? and have assumed A
xedy,

to be small. This completes the proof of Proposition 43. [J
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5. Effective Interactions

In this chapter the graphical representation of the effective potential V? is derived,
which allows us to prove Proposition 2.5. We recall here the basic formulae for V”:
Z VR, VP T,@l L= DotV + VD, (245),(247),

oy m

n=EQ

where

VDi=—iM,, |V, WV dx— 437 "df (Vp™y*:dx  (248)
D

and thus by (2.3) and (2.40)
A R
k=2

We also defined ¥?, such that {V}?;>; =0. Thus by (2.45), (2.47), and (5.1)

Voo s Voo k,- (5.1)

T

ha=e= X AL VB, Do, = VR V5.0 26,]

=1
and (5.2)

i 1 n n
VP, = kZL X VoL Ve ey, — VP o —constant. (5.3)
We can now easily write down the “Feynman rules” for V2, and V2, using (2.48),
{(5.2), and (5.3) together with the decomposmon of Vy° given in (2 46).
Namely consider vertices v,, carrying indices p,,...€{l,...,d} and z,eA"
(which for brevity we suppress):

Volzo H
vg - /’{Q > Q< KQ = A5”@"695"919
4 [4
or

Zg

Ko vgleM R

where M is defined in (2.41). Build connected graphs y by joining pairs of legs of
v,’s, each element in the pair coming from a different vertex, to form lines of either
of the following two types:

(1) hard lines

Z Z)— Z 3" dn<’7(:3“ "y v§3"‘ mz’ >I‘m (54)

coming from integrations with respect to dugy ,
(2) soft lines

Sz, 2)=3" "V wi e, (5.3)

arising during Wick ordering with respect to dug_of the result of integration.
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Denote the subgraph composed of all vertices of y together with all hard (soft)
lines by H(y)(S(y)), and the end points of a line [ by z,_ and z, . For a vertex v, let a,
be the number of legs which are not contracted.

Given now such a graph y, we assign to it the interaction ¥,

5 (_l)r(y) #{y)
V =A—3d”"(y)lj;...lj; U}Ue n H(Zl_,Zh) n S(Zl-azl+)

n,y
! ¢ IeH(y) 1e8(7)

i
=TT B 2pyr ey dzy . dzy,

g:a,>0

EJIJM})IY(Z“ s Zygy) | DO(Vw:g)as;Gndzl dz,,, (5.6)

where for simplicity we have not written explicitly summations over indices of the
gradients gy, v, ...

V2, and VP, can be now described in terms of ¥, as summarized in the
following

Lemma 5.1. Let %, ={y:H(y) is connected and ) a,22} and 4,= {y:H(y) is not
connected, Zagzo}. Then
4

Vo= Covp,, i=12, (5.7)

ye¥;

where C(y) are combinatorical coefficients.

Proof . Because of truncation, the first term on the right hand side of (5.3) produces
connected graphs of hard lines. Wick ordering does not produce new vertices, so
H(yys will be connected. The resulting vacuum graphs will cancel the constant in
(5.3) so Zaggl This settles i=1, Similarly, in (5.2) the first term of the summand
involves only y’s with H(y) connected which are cancelled by the second term since

n—1
upon expanding G,=G,® ( Pr ;n) it involves all y’s. The factor 3”@ arises from
m=0
the change of variables used in (2.46) z—3"z. [
Proposition 2.5 follows now from (5.6), (5.7) and the following claim:

Lemma 5.2. A) Let ye¥%,. Then for all 1 <p,<r(y)

[ ;fnfly(zl, szl T dz, 270 C(1 40 (5.8)

A% e*00

Jor C independent of n, A, 1.
B) Let ye%,. Then (5.8) holds also with I, replaced by

Lz, sz [1 expelz; —z; |,
leH(y)

for some &> 0.
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To prove Lemma 5.2 we shall need estimates for the falloff of the hard and soft

lines:

1
KVwZVwioe, I =C — (5.9)

KV, LV p, | S Cem 2%l (5.10)

(5.9) and (5.10) are proved in Propositions A.7 and A.8. Proposition 5.2B follows
now easily. We replace every soft line (5.5) by 37%C, every hard line (5.4) by

n—1
C Y 37%mexp[—3""™elz, —z |,]

m=0
and every vertex by CA obtaining
IIyl < Clr(y)sdnr(«;}—dns— 1/2dnE Z H 3—dmze* 3nTglzy -z, v, (51 1)
(my) 1eH()
where § is the number of soft lines, E that of external ones. By taking smaller & we
can extract the extra convergence claimed in Proposition 5B. Since (recall D CA")

3—dm j‘ dze~3"*mslz[péc3—dn
AVI

and H(y) is connected one easily gets from (5.11)

§ oz, g [T dz, SCAO3manS—12aE 3

an4r e¥go (m2)
But E=)a,>2and ) 1=n° which imply the claim.

(my)
Remark. Notice that for y with E=4 we get much better bound CA(1+n%)3~ %
The worst behaving terms are the marginal ones producing gaussian corrections to
the measure.
In Proposition 5A we cannot use the exponential falloff which made 5B easy.

However, ye %, are vacuum graphs and thus one particle irreducible. We proceed
as follows. First replace hard lines by

"il 3~m;de—s3”*ml{z;, -z} ,
my=0
soft ones by (5.9) and vertices by AC. Fix m, for each hard line and proceed with the
following three steps:
1. Use the bounds
j‘ dz3 -dme- 3"‘ms/z—z’|p3 —-dm'e~ 3nm ey’ -2, § C3 —dn3 —dm’e— gn-migiz—-2",
* msw, & <g),

B 3—dn C3-dn
d r3-dm —3n-mglz—z| < —dn g
;n ? ¢ 1+l =29~ 1+jz—2)%
j‘ i 3—dn 3—dn an C3—dn
z . > e
S RN PR A E P Lk 1+]|z—z"*"*

(& >¢)

to get rid of two leg vertices v,, g% g,, obtaining a new graph with only four leg
vertices and lines decaying slightly slower.



52 K. Gawedzki and A. Kupiainen

2. For four leg vertices without self contractions (these may arise in the first
step) we use Schwartz inequality

12 4
fdz H IL(z—z)| < (jdz H |IL{z—z )tz) (fdz H3 [La(z—za)F)

together with the estimates

1/2

j dz/(3-dme— 3"‘”‘s|z—z’|3-dm’e— 3n-—mg z’—z"])Z}l/Z
n

e
<3 2 C3—dme—3"""e'|z*z”| (m§m’),

_ ) 3wdn 211/2 _ptm —dn
j‘dzz(?)—dme—’y' Mefz—z'| 1 _8) } 3 d 2 C 3
An

T+ 2F Trp—7F

fIA

1/2

j‘d ) 3—¢3n 3-:214 2 <3—dnC 3—dn
N2 47 —277) | =7 T

We can represent this pictorically by

z, Zy z; 24
- (5.12)
Z, Zy z, Zy

We pair z, in (5.12) so, that the graph remains connected. This is always possible
for a connected vacuum graph.

3. For four leg vertices with self contractions, i.e. 2 , the loop is easily bound,
giving C or 37™C depending on whether it is hard or soft. The resulting two leg
vertex is treated as in 1.

After these operations we end up with coor o depending on whether g, is a

Qo Qo
two or four leg vertex. Now apply 3 again and the result is the estimate
§ o iz, ..., Zyp) ﬂ dz, <O C3 “""(H— D 1) (5.13)
Aan 4n e¥go (m1)

where x is the number of soft lines disposed of in step 3. We started with at least
two soft lines and at least one of them enters step 3. Hence x=1 and (5.13) gives
the claim since ) 1=nf [J

(my}

6. Probability Estimates

We will prove in this chapter the probability estimates for the fluctuation integral
stated in Lemmas 3.2 and 4.5. The proofs are simple adaptations of the super-
stability estimates of Ruelle [6]. Our situation is, however, slightly different from
that of [6]; this chapter will hence be self-contained.

Note that the characteristic functions y in (3.8) are a special case of X5 1n (4.10),
namely yz=7y,_o- We can now treat Lemmas 3.2 and 4.5 on the same footing by
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considering

< dologx, (&)

> =z71 ¥ JeoG-mb) [] 1,0 ]1de

56; Bt m=pyt1 x*y x
=S"(p,,E)+ S (p, E), (6.1)
where
UHE) =tVEG™ PPyt + V) — 1/2&, T, 18 (6.2)

and in the case of Lemma 4.5 E=A"=A"\(3D,,,UR,) whereas for Lemma 3.2
E = A" and in both cases the Vy"* ! occuring in (6.2) satisfies || Fy" " || 5 < B. Now
(3.20) and (4.21) of the lemmas follow from

Proposition 6.1. A) Let E= A" or A". Then for b large, A small $*(0, E)<e™ %,
B) Let b and ¥ be large enough and 1 be small. Then
sup e 0 ANgE(p A <em B
p.t,y:py*0

We shall perform a translation in the integral (6.1) so that all the characteristic
functions are centered at the origin ie. £—&+ Bp. Denoting {we suppress n)

UX(&)=U"¢+ Bp)— US(Bp) — (&, u"), (6.3)
where .
yE= 5 s, (6.4)
we obtain
S*(p,, E)y=e*BF 7271 [ ™ Op(d 5 ). (6.5)
In (6.5), to coincide with the notation of [6], we have defined
Hde )= H X Je=EdE, (6.6)

and ¢ in UE(£) s restricted to be equal + B at y. Denote also by £, the configuration
with £_ put to zero for xe A°. We will need the following properties of U®:

Lemma 6.2. Let U denote UE with E either of the sets in Proposition 6.1 and let . be
sufficiently small.
A) There exist constants A, A,>0 such that

—A, Y ELUCEHS—4, 2 & (6.7)

xeB xcB

for all BC 4, _
B) Let A,BC A, and define

W(£A> 53)= U(éAuB)— U(CA)““ U(éz}) . (6.8)
Then for some C, >0
W, Epl=C AZ Be"g'x'y'”(5§+€§)- (6.9)

Remark. (6.7) and (6.9) are the standard conditions for superstability and regularity
[6]. The case of E= A" p=0in Lemma 6.2 would now follow from the estimates of
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[6]. For the other cases however we must slightly modify the arguments in [6] due
to the fact that for some x uf in the single spin measure (6.6) can be very large.

Proof. The change of variables ¢ —¢ + Bp induces
V>V AV =V + V(4 QBp), .
Now Vn’i" involves only {, for ze R¢ (in case of V", p=0 and so {'=0). Thus for
py*0|z—yl,2b'B* log(1+Ip,)

and as previously we get for b large | V(|| £ 1. Absorbing V(' to Vy it thus suffices to

prove the lemma for

5U®
4

when [Vl o = B+1and ]|, = B. The “free” part of U, —1/2(¢, "~ &), satisfies
A)and B)since 4>1""! = 4’ >0 and has exponential falloff (see Proposition A.3). It
is easy to infer from Proposition 2,5 that U+ 1/2(6, '~ 1¢) is a sum of terms

Ay T, %) Ul £ (6.11)

U = 05()— T¥0)— (

r 5) (6.10)

xiedn

where for n< 17° with § small enough |Je*=::-+*9| < ACBC. Since |¢ |<Band s =2
because of the subtraction in (6.10), we can bound (6.11) by

ACB* Z e‘s|"_y|§x£y. (6.12)

X, yed,

Thus (6.10) is regular and for A small enough does not change the superstability
when added to —1/2(£, T %¢). [
Let us now prove Proposition 6.1B: From (6.5) we get using (6.6) and (6.8)

B An B . -1 B
Si(py,A")=€iB”y V(&) r§y2i1§< j_déeéuy +U(§)) 71
~B

. j ,u(di’y)eU(‘:ﬁ') j‘ #(déjn\y)eW(é'y, AW TUEAN)
Wty Ea0) — W(E, £4,)) rgy B (6.13)
Since ||¢]|,, < B, we can use Lemma 6.2A and B to estimate

UG T (G, 8200 = W £2,0) < oCB? (6.14)

Thus by (6.13), (6.7), and (6.14)
S*(py A1) S eI dge T <1+ fuf]eF (6.15)
We write u" using (6.4) and (6.2) as
o = sV
ul’ =~ B(I'p),+1t 52 (6.16)
y 1&=Bp

As in the proof of Lemma 6.2 [ V{1,_ 5] is small since ze R and the second term in
(6.16) can be bounded by one (say). Hence, to obtain the claim we have to prove

sup e A 4 |B(I~1p).[]eF < e B, (6.17)
y

y:py =0
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Using the exponential falloff of '™ " we get
e MO A1+ B p),[]

Se~5b13210g(1+|py|)<1+g Z e—ad(x,/in)!p !e—slx—ylp
= x
X P+ 0

<CBe "% (6.18)
choosing b’ large enough (6.17) follows from (6.18). []

Proof of Proposition 6.1A. Following [6] we insert a partition of unity in the integral
of (6.5). For this purpose, let 0 <y, <y, < <1p andlet V,CV, C...CV,= A, be

cubes in A, centered at y such that y,|V,|= B?, Y, 1 = B? and P, > B2 Cons1der the
sets
{i PIRSE=TAI AN 532:<wx1+k11/;+k19k>0}' (6.19)
xe¥y xeVgrr

{R,}, <, forms a partition of unity since |¢,| = Band || €], < B. Thus (we denote ¥/,
by ¢ for brevity)

Z7t [ eaude )

p—1

=Y Z7' | eUEDtUGD T W GH e S T W SNy (g
q=1 Rg~1
FZ7T [ Um0 H UG 0 WG 5 - 0 -1 de -0 "W -1 8\ 0 (dE Y

Rp-1
-1

:pz S(q)Z 1 j 2Utea) (df/ jeU(ép\q)+W(éq Ep\g) (dé )
g=1

+ep)z™! J UG -IpdE, ) felCre 0t WG nide-0pde ), (6.20)

P

where 2 is {£,:[{,[=1} and
&gy = j" e"’Ai”‘ﬁ‘i”%y(dfq)( 5 ev(éq)u(diq)yl sup e2WCaral
Zs

Heq- 132 vg-1Vg-1 cAquR,y
’ (6.21)
¢(p)= j e"”“l”:y—l”%u(dép_l)( f eU(ip—l)‘u(dfpml))*l
Hep~1l3zuwp-1Vo-1 Zp-1
sup 2P Cr-vio-n) (6.22)

Zedy - 1URy -

We denoted by 4, the set {¢:]{,]l, <1 and ||éq+k||§<wq+k1/;+k}. It will be shown
below that for b sufficiently large we can choose {,, V,} such that

e(g)<27% (6.23)
¢(p)S27Pe™ P, (6.24)

and thus from (6.5) and (6.20)
S*(0, )< e*BuFe B (6.25)

Let first E=/". As in the previous proof we only need to consider the contribution
to uf from 1/2 (¢, I ~1&)ie. — B(I'™ 'p),. Again, sinceye RS |y—x| = b'B* log (1 +|p.))
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and by the exponential falloff of I'"* for b’ large |B(I'"*p p),I<1. So
S0, A7) < e~ B

which is the claim. In case of E= A" p=0and only V*" in (6.2) contributes to UZ%.
Again, for A small [uf|<1 and

Si(O, An) <e” CB?
completing the proof. Finally let us prove (6.23) and (6.24). Note that by (6.6) and
(6.7)

1
[ e"Cude )= VT | ede = ClVdl
Zq

xeq — 1
1
since | e*dé>1. Hence from (6.21) and (6.22)
-1

Bg) SCVale=Cva-Va sup Wt [ (de ), (6.26)

edqURy

Sl(p)éclvp—lle_CWp—le—l sup e2!Wp-1.8pp - 1)l f,u(df B 1).(6.27)
fedp-1URp—1 ?

By (6.9) and {¢|,, <B we also get
{W(fp—lsfp\p— 1)1§CE218%_1i (6.28)

and

(W Ep)ISC Y e+ D)

xeq

yer\q
Y ez Y emelodlgzy B pmelxoslg
xeqg— 1 xeg\g— 1 xeq
yep\q yep\q yepr\q
=W, +W,+W,. (6.29)

Let us now choose y,’s and V’s. We set y_=(q,+4),
Vi=y+[—ro=qr,ro+ard

and p as the largest integer such that g,+p—1=<B. Also, g,=B""* and
ro=1/2(B)"* and thus y,|V,| = B? as required. r, will be chosen in a B independent
way below. Let {eR,_, (the other case (e A, _, is similar). Noting that

dist(g,g+k\g+k—1)=r(k—1)
for kz 1 we estimate the W, in (6.29);

W, SCp, Ve, (630)

W, = Clp Vol =w,-1Vg-4), (6.31)
p-g-1

Wgéc Z Z e~sr1{k—1)§§

k=1 yeqg+k\gt+k—1

+Clav|B2e ™ mam D) (6.32)
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Denoting ) &2 by E,,, we get (g<p—2)

xeqtk
p—g-1 p—g-1

—eryk— 1) 2 -~ gry{k— 1),
e ! &= Z e (Eq-!-k_Eq-i-k—l)
k=1 yeg+kg+k-1 k=1

E E & kE Vv P k +k+1' +k+1]
—er — (Y /

E qg+1 q kzl € ! q+k+1§— u‘q~1’ q—ll kzl e i qw |I/‘1 |
= = g—11"g—1

FWgr Vo 1l =0y Voo D+ W Vol —w, 11V, ). (6.33)
From the definitions of v, and ¥, we obtain

1Pq+k+1|Vq+k+1!=(1 k+2 >2< (k+2)r, >d

s S 6.34
Py Vil go+q—1 rot+{g—1r, (639

1+i \? L+dr, )\
quIVqu_wq—1]Vq~1|:wq—1|V;~1|Kl*}“ ’——“) (1+ ——(-—~)—> —1].

dot+q—1 ro+(g—ry
(6.35)
Inserting (6.34) and (6.35) to (6.30)6.33) we deduce for g<p—2:
—zr 1 rl
W, Ep=Cle” T+ —+ =y, (V]
do  To
+C(ry+gr ) 1B~ ilpmam D, (6.36)

The second term in (6.36) is bounded easily by (recall that g, +p= B)

I (p+gq,—2)°
Cy, V. _.| e
a1 17’0"“:17‘1 (@o+q—1)

Recalling that g,=B'? and r,=1/2(B)* (6.36) and (6.37) inserted to (6.26) give
for r, large enough

—erile—4-D < CB- E/qu_ V-4l (637)

e(g)Se vamilVasl [ u(dg). (6.38)
Similarly, from (6.28) '
IW(E,_ 1, Epp- NS CB*p~ 1V, |SCB 'y, [V,
and thus
gpyse” e Vet fydz, ). (6.39)
Now

§uldé, )< CBWa-il sup exp [Buf|V,_ 1.

xeq—

Now recall that by the choice of p, max |x— y| < CB. On the other hand, for any u,

xep—1 .
ly—u|zb'B*log(1+|p,l). Thus as before, for b’ large enough [u"| is small for all
xep—1 and

fude, ) CeBWailg<p. (6.40)
(6.38)~(6.40) imply now (6.23) and (6.24).
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In above we have assumed, that the boxes V, ..., V,_, are entirely inside /1_,,.
The case when it does not happen is even simpler and necessary modifications are
left to the reader. [

Finally, we wish to prove (3.21) and (4.22) of the lemmas. To this end notice
that

] Xs(i")dupfeXp - fdﬂ 1n§x(|é“l<ﬂ)dur
I 2§38 - P 1] WEI=pyny,

_ B ood FFEx
exp| - [df 3 TITAI5I= e,

=exp|— fdﬁ 2, 2271 oG —pe” [T W= T]ae), (6.41)

x€dn y¥Ex
where U, is superstable and regular. Similarly,

JIL 2 Eur, =] T1 20, (BB, T o~ fdr,

yipy* yipy ¥

—-f H xpyﬁ)dﬁ -Z” 1[ H (s ﬁy)eUOdej. 6.42)

y:py¥ yipy*

By [6] we can find C>0 and & such that
z" lfné(f" Be’e1dg, eXplZ( Cﬁ2+5)}

and the same holds if the domain of integration over £J’s is restricted to an interval.
Now (3.21) and (4.22) follow easily from (6.41) and (6.42). [

Appendix

We shall prove in this Appendix the various properties of the covariances G,, and
I',, and the operators .7, and V.s&Z, needed in the text.

Let us start with G,,. A straightforward computation using (2.1), (1.7}, and
(2.26) yields

i sin?2u
2
Go=iig. T ¥ ]
mx A &2 37— Ngpd Mezd . 2rM
Ml loﬂlélzn z <32 X 32'"sm2—-—-—p“+ ?fn B
2-3
m (P+2nM 1 — )
{32 < 3m ) IA‘ Z G (p)ep( y) (A“
OFp

-1
where we recall that u(p)=2 Z (1—cosp,) [(A.1) is easiest to derive by first

computing it in infinite Volume and then periodizing]. We will consider G D) as
defined on the periodic box [ —=,7]% Notice that it is non-vanishing and finite
except for p=0. This shows invertibility of G,, on the subspace (I — E)R*" (i.e. on
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sequences with vanishing means) and allows us to define G,, ! as the inverse of G,,
on this subspace:

1 - ;
(G sy =7 Y Gp)terty. (A2)
4, loa;pTangm Nz
Puls®

We gather in the following LLemma some properties of Gm needed later.

Lemma A.1. The functions G, have the following properties:

+27g \?
1+2cosp—“-~—(Zﬁ

D Grilp)= 3726, (2T 2y

q:9.=0, 1 3 I3 3

b) Gm has a unique continuation to a meromorphic function of complex p, for any
P=(py, . »py_ el —m w]* "t with two simple poles at the py’s satisfying

RepOzoa Imp0:3mShl(i_ Z Sinz—pﬁ;’;). (A.4)
[ n¥0 2-3

¢} There exists an >0, independent on m, such that for {Impy|<e and all
pel—m,n]""!

C 3 u(3mp) " £1G, (I S Cl3*mu3 ™ p) (A.5)

where C,>0.

Proof. (a) follows from translating the infinite volume version of the first equality
of (2.26) to momentum space. (b) follows by inspection from (A.1), the zeros of u
providing the poles. (c). Consider the function

A sin”1/2p, tp)
f(p)”‘,u(p)Gm(p)_ Méd H32m sin2 1/23—-m(pu+27rMﬂ) . p+27‘CM '
1M, £ 372 T

f(p) is analytic in p, for (Re py, p)e[ — 7, n]%
3m
Let now |Im py]<ch™'(1/2). Then for M +0, |M,, |< -

2mM
32'"#(?-%@-)‘ gz32m< Y (1—cos3fﬁ3miﬂ) +1

u>0
o Repo_;mZ'RMg hI _po)>c(1+M2)
and
2 R 1
Sinpzi sin? ;p" +sh? n;p" 3 c
moo Ppt2mM, | o[ Rep,+21M, g2 1Py T1+M
3 51nm2'3m 37| sin D +5s 5. 3m
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Thus,
[f(PISC for [Imp,l<ch '1/2

and hence by Cauchy’s formula

df
dp,
Since f(p) is strictly positive for p real (A.6) implies that | f(p)|> C, >0 for [Imp,|
small enough. [J

We can now turn to study the decay properties of the various kernels. We start
with

<C for |Impy|<1/2ch 11/2. (A6)

Proposition A.2. There exist C and ¢ such that for all m and A

(G Dyl SCe™ x=vlp (A7)
Proof. By Lemma A.1(b) and (c) Gm(p)'1 is analytic in p, for {Imp,/<e and
bounded uniformly in m, Re pe[ — =, n]? and A. Thus

& ~ & -1
j ePE=NG (p)"*dp= j eip(x—y)e—glxo—yolp(;m (pj:iwzweo) dp
lpulsn lpplsn

which establishes exponential falloff of this kernel in zero direction, by symmetry
in all coordinate directions and by |x— y| p§Cm§1x{x“— ¥, in all directions. But

Gohy= Y @m¢ [ &PBG (p) ldp
Le3t=mzd ipulsn

and (A7) follows. [
Let us next consider the fluctuation covariances I',,. Their main properties are
gathered in

Proposition A.3. A) I',* can be written as
r,'=907G,'0, (A.8)
where Q is given by (2.14).
B) I',,* and I',, are strictly positive and satisfy
(T D)l
(7 )l
Proof. First note that R” :R4 R4 and Q7 :RA=—R4™ are given by
if xed
(R7 &)= {g it xed N\
Q" ¢)=0.—¢,.
y being the point in A, \1,, nearest to xe A,. Thus by the definition of I, (2.28)
07G'0r, = 0TG- 'QR(G, — G, CTG1,CG,)RT . (A.11)

} < Comle, (A9)

(A.10)
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As in the argument following (2.17) we can dispose of QR in (A.11) thus producing
together with (A.10)

07GQr, = Q" (I—- E)RT— QT(I-E)C'GE, ,CG,RT.
Now, it is obvious from (A.10) that
Q"RT=] and QTE=QTCT=0.
Thus
"G, 'or, =1
proving (A) since I',, is self adjoint.
(B) The claims for I',;! follow immediately from (A), the positivity of G*

(A.7). Also, we get that I', ' is bounded from above and hence I',,>0. We are thus
left with establishing (A.9) for I',.. It is enough to prove the falloff for the operator

r,=G,—G,CTG,1,CG,.

Explicit computation gives the momentum space representation of I',,,

n ~ 2nr
Ty = 376, (p)el?== — .
mxy /1 Z (p) ; S 1 32Gm+1(3p)

142 (p + 2an)
cos ok
1 1+2cos P 3 e—i%ryeip(x—y)
. 3 ’

(A.12)

where Z’(Z”) denotes the sum over

14 14
O0%pe2n3 ¥""7¢, Ipl<= (pe3~N*"Z%, |pls=m, 3pe2nZ’).

Consider the functions

n - 2rr
8. (G, (p+ —)

» Y G ( - A
Lalp)i=6ul0)= L2555
1+2 (p +2m")
cos =
1+2cosp 3 -2
\ L 7. (A13
I1 3 3 e (A.13)

K

Lemma A4, [ WD, ¥) are analytic in p, and uniformly bounded on

{(po PeCX R :Impyl<e, p) <7}
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Proof. Again, given pand y, I {p,¥) is meromorphic in p,. To bound it uniformly
we write

. G,.(p) 24 2 (1+2005pn>2}
— o 3p) — .
Fm(p9 y) 32Gm+1(3p) [3 Gm+ 1( p) Gm(p)j[;[ 2
- A 2nr 2nr
—— 14+2cosip,+—=
Gm(p)Gm<p+ 3 ) 1+2cosp, + cos(px 3 ) —iZEry
4 Z = H . {(A14)
<o 3°G,.,(p) 3 3
By (A.3) . 2
+2cosp,
57y~ a1 (2520
2mr, \\
1+Zcos p ")
2m' 3
= ) H
O$r:r,<=0,+1
so that
G, (nG, 1+2cos pK 7;?")
I (p,y)= .
P2 326m+1 ) H
+2cos|p. + —=
1+2cosp, -iZn ( 3 )
) . A5
3 + 3 (A15)
- 27y
6,0+
By Leroma A.l is uniformly bounded for r+0 (poles of the

G,+,(3p)
numerator never coincide and get canceled by the zeros of the denominator). [

From (A13) we note that [,(p,y)=G,(p) for 0=3pe2nZ® since

. i +2
G 1(3p)"1=0. Also I, (0, y)=0 from (A.15) because 1 +2 cos = = 0. So we can

write

1 .
o= 2, €™y

f-AmI pe2r3 ~Niemyd
[pulsn
and the exponential falloff follows from Lemma A.4 as before. [
Now we pass to the study of the operators </, and V./,. By explicit
computation

1 o ) +2nMN]
(&/m)zxzm ZN+ ePE—y) Z Zn;Mz{Gm(p)_gzmﬂ(p 3m )
mhospp et
+27zM +2?zM
TsinZe 70 amsin P20
3
=L Z )Pz~ (A.16)
{A,]

0%p
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and

(Vﬂ'ﬁ{m)zx = ,Aml -1 Z €ip(z—x) Z e27riMz
pe2n3 —N+myd
|pwl=n

|Gutor 32T

M M| < 5

-1
. Dt 2nM,
[[sin 5

K

wlam - Pet2mM N1 .p,+21M,
3 (3 sin A ) explT—l
=47t % VA, p,z)e =, (A.17)

Lemma A.5. Mm(p, z) and th/gim(p, z) are analytic in p, and uniformly bounded when
IImpe| <e, [pl =T

Proof. For fixed pand z ./, and V:;/ are meromorphic in p,, so it is enough to
establish uniform bounds. Proceeding as in Lemma A.1:

37237 mp) !
G, (p)

lIA

|/, (p, 2)| < 01 C

o N\
and similarly for V,.z,. []
Again, Lemma A.5 leads to

Proposition A.6. There exist C, >0 such that the kernel

(Ap)=IA4,"1Y  PTA (p,2)

peln3 - N+mya
satisfies
[EZAMNE e (A.18)
(Vst)), ) <Ce#~2ls. [ (A.19)

Note that in .27, we also sum over the zero mode p=0 whereas in .«7,, this term
is excluded. However, 7, and &/, coincide when acting on ¢™ and Q&™, both
living in (I — E)R“™. Propositions A.3 and A.6 give

Proposition A.7. There exist C and & such that
KPLEvEmyy, | S Cem i, (A.20)
Proof. We have by (2.32)
v, =W 2,00.0% V),
and (A.20) is obvious by virtue of (A.9) and (A.19). [
The last result concerns the decay of {Vy['Vy > .
Proposition A.8. There exist C and ¢ such that

1

byl =C——. .
I< lpz Wz >Gm|_C1+IZ'—Z,|ﬁ (A21)
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Proof. By iteration of (2.37) we obtain
TV, =<VVEDr, + 3"‘i<VC_N_N'z'_f_VCE>rN .
3N~ i 3N-1

F3TIV NNl Nl (A.22)
3N~-1 N .

IN -]

Hence, because of (A.20), (A.22) follows from the easy estimate

Y 37%exp-3Fa<C(1+ah"t. O
k=0
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