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Abstract. In this paper we consider massless systems which are strong
perturbations of the massless lattice free field. Under quite general assumptions
on the potential, we prove that the continuum (scaling) limit of these systems is
Gaussian.

1. Introduction

In this paper we study the (continuum) scaling limit of some massless models of
classical statistical mechanics. The main particularity of the systems considered is
that their correlations are not absolutely summable; typically they have a
clustering like |x| "¢ in d dimensions. Such a situation arises for the low temperature
rotator model [1] or for the lattice dipole gas [2]. These systems are rather well
approximated by the following model of an anharmonic crystal, defined on Z¢ and
described by the Hamiltonian [3]:

H=3)(V.$)*+ /4 1. (V.9)*, 1)

where ¢ is a real random variable uniformly distributed on the real line. For small
coupling 4 the (block spin) scaling limit of this model can be obtained using the
machinery of Gawedzki and Kupiainen based on rigorous renormalization group
arguments as announced in [4] (see also [5] for related results by Magnen and
Sénéor). For large coupling A, the question of the scaling limit is, so far, totally
open.

In [6] we developed a method essentially based on correlation inequalities to
obtain bounds (uniform in A) on the long distance behaviour of general correlation
functions of model (1). We feel that those bounds should be useful to study the
scaling limit of this model for arbitrary A.

In this paper we consider a simplification of model (1): the Hamiltonian that

we choose is
H=1Y (V$)*+ /4 (- 4y¢,)*, 2)
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where 4 is the lattice Laplacian and «>1. Using the method of [6], we are able to
show that for arbitrary A, the (continuum) scaling limit of this model is Gaussian.
In the case «>7%, the dielectric constant of the system is A-independent. This is
precisely the fact which makes this problem simpler than the case « =1 [which is
equivalent to model (1)]. Indeed, in the case of model (1) the dielectric constant is
renormalized by the interaction, see [6, 5]. We finally want to mention that model
(2) has been studied in the weak coupling limit by Malyshev and Tirozzi [7], and
Federbush [38,9].

The paper is organised as follows: in Sect. 2 we give a precise definition of the
model and of its properties, in Sect. 3 we present the results, and in Sect. 4 we give
the proofs.

2. The Model and its Properties
2.1. Definition of the Model

Let ¢ (xeZ%d=3) be a real random variable. To each region A (4 is a
parallelipiped of side lengths 21,,...,2l,) is associated an Hamiltonian H, with
periodic boundary conditions on 04 :

H,=3) (G¢)+4/4 ) (—4,0¢.)",

xed xeA

where

Vf¢=¢(x+e§)‘¢(x)a {eé}‘é=1
is the canonical basis of Z"(eé =0,,1=1,...,d). Here (— 4,)"=46 , is defined by 6 ;¢
=2 BAx=¥p,,
y

Ba0)=Cm)~ A" Y [eXpiPXJP;(l—COSp,g)r.

ped*

p:=p-e; A* is the dual lattice associated to 4, i.e.

{plp.=2nn,/l; n.= —1,, —l,+1,...,1},
and |A| is the cardinality of A.
We also introduce the Hamiltonian:
HA’m=HA+m2/2 Y ¢ (m=0).

xed

For m+0 expectation values of functions g of the type [] ¢, are defined via
icd

<g>A,m=Z/I,}n ,f gexp _HA,m 1—[ dd)x’
Ri4l xed
where
Z,= | exp—H, ,[]de,.
R4l ied
Here A is a “subset” of A ; in order to avoid exponents we allow repetitions of the
same element in 4, which is why we used the word subset in quotation marks.
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2.2. Brascamp-Lieb (B-L) Inequalities and Definition of the States

2.2.1. Definition. A function F:R"—>R, is log concave if F(¢p)=exp f(¢), and f is
concave. (It is understood that f can take the value — c0.)

2.2.2. Let A be a strictly positive symmetric n X n matrix, and denote by { ), the
Gaussian measure associated to it:

(Oo=[fexp[—HP, AP)P] ™ [ - exp[ (P, AP)]dD ;
consider a perturbation of { ), by a log concave function F:
Op=Jexp[—3(P, AP)]F(@)dP] ™' [ -exp[ —3(P, AP)] F(P)dP ;

¢, xe{l,...,n} denotes a component of . We can now state the basic theorem:

2.2.3. Proposition [ 10]. The covariance matrix MF ={$.9,)r— <P Db,y satis-
fies the inequality M% <(A™"),, in the sense of fo; ms. (This will be denoted by B-L
inequalities.)

(—4) ) (6,¢.)*is a concave function on R!, because the matrix of its second

xeA
derivatives is positive. For any h :A——)lR,

Y (0,00

zed

Z (5A¢z)2IBA(x —2)By— Z)}

zed

(0,49.) (Z B a(x = 2)h( X)> ]

Z h(x)h(y) 5=~

645 <I5
=12 h(x)h(y)

X,y

2%

zed

We can therefore apply Brascamp-Lieb inequalities to show:

NI 1S X S GICH ).

where ¢(f)= ), f(x)¢,, and f: A—>R; C"(x, y) is the kernel of the operators (—4,,
+m?)~ 1L

We shall use the notations C™(x, y)= /}im C™(x,y) and C™"~%(x, y)=C(x, y).
Because of the properties of the Gaussian model and because of (2.2.3), one can
define the limits (possibly via subsequences)

lim lim <g),, ,,=<g> (d=3). 3)

mi0 At o

For d<3 the limiting state is only defined on functions of the type [] (Vi¢),
(x,8)eAd
where 4 is a “subset” of A X {e,, ...,e,}. For more details see [3]. In what follows

{ > will denote any of the limiting states obtained from (3). If f is a real [? function
defined on Z4, its Fourier transform is defined by:

S )= flx)expipx.
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2.3. Bounds on the Two Point Function

We mention two bounds on the Fourier transform of the two point function
S(p)=<{¢y®.> (p). The upper bound is a rewriting of Proposition 2.2.2; the lower
bound is a kind of Mermin-Wagner bound [11].

2.3.1. Proposition -1

2 i (1 _Cospe)

() S(p)= ; 4)
(ii) S(p)>{ i (1—cosp,) B —3iw(p), )
where

W(p)=[2 Y. (1—cosp,) " ((00)*>

e=1

which is finite in any dimension.
2.3.2. Remark. (5) is based on integration by parts formula that we now recall.

Let {¢,}!_, be a set of Gaussian random variables and u be the corresponding
Gaussian measure with covariance C,,. We have the formula (see [12])

fo,F({¢.})du Z C, yjd¢ F({¢.})du. (6)
2.3.3. We introduce the set

:{f:Z"

(x, )<oo}.

2.3.4. Proof of 2.3.1 (ii). As we shall see, it is convenient to introduce the notation
cxf=y. For any f in ./, after using (6) twice, we have:

Y )3 <Db,>
=Y f)f)C(x, )
=31 Y () fexe— 29y —2)<6¢,)*>

Z,X,y

2 Y SXfOhx—2hy—2) (64, (0¢.)°) . (7)

z,z',X,y

The third term of the right hand side of (7) can be written as
A? <[Z Jx)y(x—2) (5¢z)3r> z0. O

3. The Results

3.1. Definition of the Continuum Scaling Limit

3.1.1. For any integer 6> 1, we introduce the scaled fields:

=a(0),,
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where o(f) is a function of the scale parameter 0, that will be specified later, and
xeZi-,={yeR|0ycZ"}.
The scaled correlation functions are given by:

Gylxy, - X,) =0(0)" Py, - Py, 5
o(0) is chosen such that lim Gy(x,,...,x,) exists. The weak limit of the random
06— 0

fields ¢? as 6— oo is called the continuum scaling limit of the theory. We refer to
[13-16] for an introduction to the concept of scaling limit and for other
definitions.

Given any fe #(RY) (the Schwartz space on IR?), we shall denote its restriction
to Z4-,, by f°. It is convenient to smear out the scaled fields:

o= Y 07%f(x). ®)

d
xeld

Equation (8) can be rewritten as:

(1))=Y 07 0.0 'x)

xeZ4.,
=9(fo),

where fi(x)=0"«(0) (0~ *x).
For obvious reasons we shall always use the notation ¢(f;) instead of ¢°(f9).

3.1.2. Scaling Limit of the Lattice Gaussian Free Field. In the case 1 =0, it is easy to
show that the scaling limit exists; we have to choose a(f)=0“"2"2. Define

k=074 % f(x)exp(ikx), ke[—n0nrb],

xeZd_,

0702 C(x,y) 1071 01 )

x,yeZ4
=070m ™ | 17720 —cosp)| .
After scaling pf—p, this becomes
(2m) ™1 ?elf"”(lﬁ)lz [9222(1 —COSPQ)}”d"p,
which converges to

2(2m)~¢ _f |/ ()I*p~2d'p=(£,Df);

F)= I feexplipadp.

This shows that the continuum scaling limit of the lattice massless free field is the
continuum massless free field.
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3.1.3. Remark. A similar computation would show:

lim Y CHx, ) folx) f(0)=0,

00 x yezd
where C¥(x, y) denotes the kernel of the operator
(=)~ (e>0).

3.1.4. The main result of the paper is that the continuum scaling limit of the theory
with A arbitrary is the continuum Gaussian free field. Again in this case o(6)
=0"“"2/2 This is expressed in the

3.2. Theorem. Choose a(0)=0“"2'2, For any >0, and any fe #(R%):
(i) JLH; [o(f)1*>=(£Df),
(ii) 6113.10 L)1) =2nl(n12")" (£, Df)"

3.3. Remarks

3.3.1. Even though all our results have been formulated for d=3, they extend
trivially for any d. In the case d <2, we have to use thescaled fields Vp? =6Y%(¢,_ . ,

- ¢9x)~

3.3.2. Our results also extend to more general interactions: 2/1(5¢>x)4 can be for

instance replaced by AP((d¢,)?), where P is a polynomial with positive coefficients.

4. The Proofs

As will be shown below, Theorem 3.2(i) is a direct consequence of Proposition
2.3.1. To derive part (ii) we shall use methods developed in [6], where we were able
to combine Brascamp-Lieb inequalities and the method of duplicated variables to
get bounds of the type

2 [ f D) K 9)' (70> = LWod) > 1= fll 2

where ¢ is a A-independent positive constant.

Caution. In the whole paper, ¢ will denote a positive constant which can take
different values at different places.

4.1. Proof of Theorem 3.2(i)

Using Proposition 2.3.1 we obtain the bounds:

D) <D= Y Clx,y) folx) foly),

x,yeZd

i) <AUH>Z Y )0 [Cx, ) —34(8¢e)*>Ci(x, Y],

x,yeld
with ¢=20—1>0. Section 3.1.2 and Remark 3.1.3 imply that, in the limit 8— oo,
the upper and lower bounds coincide with (£, Df). O
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4.2. The Scaling Limit of the 2n Points Functions

4.2.1. The main part of the paper concerns the proof of Theorem 3.2(ii). It is based
on two propositions, the first one being obtained using methods developed in [6]
that we now recall. Let us introduce a new set of variables {¢’, x€ Z"}, which is just
a duplication of the set {¢ , xeZ*}. Consider the unnormalized density

exp {Z [—3($.. — 46,) = 1/4(06.)* — 3., — Ad,)— /1/4(5¢'z)4]} : ©)

Using the variables
v, =3, +¢)),
v, =36, —¢),
(9) becomes
Gly™,p7)= exp{2Z[~%(w§, —4yp,)
— A )t = 30w ) Oy, )
— 37, —Aw] )~ /4w, )4]}~ (10)

(> will denote the normalized measure associated with (10). We also introduce the
notation:

H(p™,p”)=exp {22 (=3, . — Aw;)—/1/4(510';)4—%i(éw:)z(fSw;)Z]}.

For any f and ge #/,

v =l (N1
4.2.2. Proposition. For any f, ge o/ :
W@ =< () w9
S3Kp TP [l @)Pwp)dp, (11)
where w(p) is defined in (2.3.1)
Proof. <p*(f)*"p~(9)*> can be written as:
Fdp™p ™ (N dy~ v (@*HW " v ) ([dy Hyp ", p7) ™'}

Jdw G vzt

We used the notations: dy* = [[ dyS, and Z,={dyp*dy G(p*,p~). For any

xed

configuration of y™,
23 [A/40w ) +320w, ) (0w, )],

is convex. Therefore, using Brascamp-Lieb inequality (2.2.3), we have:
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p ()™ éZ% (x, 1)gIgO) W (S

So
P9 =< ()P L™ (9%
< Y 39(x)g(y) [Clx, y) = p(x)p()>T<w (1)) .

Now using the lower bound on the two point function of Proposition 2.3.1, this
last inequality finishes the proof 4.2.2(1). [

4.2.3. Remark. In the case of a purely Gaussian theory (1=0) we have
()M~ (@)D =< ()P w9,
and this translated into the ¢ and ¢’ variables, expresses {(¢(f)*"**> in terms of

{P(f)*> (2 <k =2n). Therefore using this relation in a recursive way we get Wick’s
theorem.

4.2.4. We shall first use Proposition 4.2.2 to show {[@(f;)]*"> < ¢(f, n), where c(f, n)
is f and n dependent but § independent. This last result will be used in Proposition
4.2.7 to get a lower bound on {[¢(f,)]*". Finally combining Proposition 4.2.2 and
4.2.7 with an induction, we shall prove Theorem 3.2(ii).

4.2.5. Corollary.
VieZ(RY and YneN, {(P(f)*">=clfin),
where c(f,n) is 0 independent.

Proof. The proof will follow from an induction on n. Let P(m) be the proposition:
(HUfPPy =c(f,p) for 1Sp<m. Assume P(m), we want to prove P(m+1).
Proposition 4.2.2 expressed in the ¢ variables yields:

DS T O U G
# 3 4 () cotmrmm ot
[Z (o= <o,

34 1P wpd'p, 12)

where a, , are positive numerical factors [we have dropped the negative terms that
should appear in the right hand side of (12)].
Using the induction hypothesis we get:

U2y Sy (,2m+ D¢, 2402 | 1f )P wip)dp. (13)

Remark 3.1.3 implies that the second term of the right hand side of (13) goes to
zero as 60— oo. Therefore (13) yields P(m+1).

Since the induction hypothesis is true for m=1 [it is Theorem 3.2, Part (i)],
the corollary is proven. []
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4.2.6. Remark. As a direct consequence of Proposition 4.2.2, Corollary 4.2.5, and
Remark 3.1.3 we have:

Jim [ ()"~ ()*> = v (f)* <w™ (fo)*>1=0.

4.2.7. Proposition. lim {P(f,)*"> =2n!(n!2") " (f, Df)".
60— 0
Proof. Using the integration by parts formula (2.3.2),

(PUfp)"> =2n=1) (fo, CLo)<P(fo)*" 2>
—4 Z Jolehye—2) {o(fp)*" ™ 1(66.)°>,

(an Cl)= Zfe(X)ﬁ)(y )C(x — y))

It is convenient to use the notations

g(2)= Y flxwx—2); g (p)=0“"2"f"(pb) [2 Y. (1—cos pe)J“ -1

(60)*(9)= X 9(2) (69.)*. (14)
By Schwartz inequality :

CDUf)*"> Z2n—1)(for C L) PS>~ 2> = AL(fp)*" ™ )12 {[(3)*(9)]*> 12
(15)

We now remark three facts:
@ (fo CL)Z < f)*>
by Brascamp-Lieb inequality.
(ii) <p(f)*" "2 =c,
where ¢ is a f-independent constant (see Corollary 4.2.5).
(i) lim [(6¢)*(9)1*>"*=0
This is a consequence of the following argument:

Z g(x)g(y) {(08)° (x) (5¢)*(y)) =cllgllZ,,
where ¢ is A-independent; this result can be derived as in [6].
Finally, lim gl ,22=0 [see (14) and Remark 3.1.37.
60—
Inequality (15) and (i)—(iii) imply:
Glijn ()P Z(2n— 1) {P(f)*) <P(fp)*" 2 (16)

A recursive application of (16) yields Proposition 4.2.7. []

4.2.8. Proof of Theorem 3.2.(i1). The proof is by induction on n. Let us first remark
that Theorem 3.2(ii) is true for n=1 since this statement is Theorem 3.2(i). Let P(p)



428 J.-R. Fontaine

be the following property:
olim (P(f)*"> =2nl(n'2")" (£, Df),

for 1 =n=p. Given P(p) we want to show that P(p+ 1) is true. Using Remark 4.2.6,
we have:

lim [Cy™ (f)2Pw™ (o)) — <w " (f)*") <w™ (f)*)1=0.

0- 0

Going back to the ¢ variables, this yields:
lim {p(f)?P* 2> < im Y B
60— 0

020 cd=1,..,p
ctd=p
e=0,1

LD <S> {P(£)*D}

where f3,,, are numerical factors, positive or negative. If we now use the induction
hypothesis to

‘}im P> LD fp)*
we have:

Jim ()72 =P fp)Hr 1 (17)

Note that ¢ is independent of A, and that for A=0 (17) has to be an equality;
therefore c=(2p+2)!/[(p+1)!12°"1]. We thus have:

lim <o) "2 S[2p+2Y(p-+1)127 )] lim (P

this combined with Proposition 4.2.7 proves the validity of the induction
hypothesis P(p+1). [

4.2.9. Remarks. Consider a field theory (in dimension d) described by a set of
Schwinger functions satisfying the Osterwalder—Schrader axioms [17]. Suppose
that the field theory is a scaling limit of some lattice theory. Newman showed that
if the two point (Schwinger) function S(x) of the field theory behaves like |x| ¢~ 2
for large x, then it is a massless free field [187. In our case we do not know a priori
whether the scaling limit of the model we consider exists and satisfies the
Osterwalder—Schrader axioms. So even though we know that the scaling limit of
the two point function has the required behaviour, we cannot use the result
described above. However, our proof has the same spirit as Newman’s theorem. In
particular Proposition 4.2.2 shows that the correction to Wick’s formula is
bounded by the difference between the scaling limit of S(p) and the free massless
two point function.

Acknowledgements. 1 would like to thank the referee and J. Frohlich for suggesting to consider the
continuum scaling limit instead of the block spin scaling limit, as was done in a previous version of the
paper.
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