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Abstract: We study the continuum scaling limit of some statistical mechanical models
defined by convex Hamiltonians which are gradient perturbations of a massless free
field. By proving a central limit theorem for these models, we show that their long
distance behavior is identical to a new (homogenized) continuum massless free field.
We shall also obtain some new bounds on the 2-point correlation functions of these
models.

1. Introduction and Statement of the Main Results

In this article, we study the long distance behavior of (lattice) statistical mechanical
models defined by convex Hamiltonians H(p) which are gradient perturbations of a
massless free Gaussian. Under certain assumptions (see (H-1) and (H-2) below), we
shall prove a central limit theorem for these models and show that their behavior
at long distances is governed by suitable continuum massless Gaussians. The main
idea is that these statistical mechanical models can be expressed (following Helffer
and Sjostrand [8, 12]) in terms of an infinite dimensional elliptic PDE. We develop a
suitable extension of homogenization for this elliptic equation which will then yield
the desired central limit theorem. Along the way, we will obtain new estimates which
are pointwise versions of the Brascamp-Lieb inequalities [1]. When the Hamiltonian
is a “small” perturbation of a massless free field, using the renormalization group
analysis and multi-scale expansions, these models have been studied in [4, 10] and
more recently in [2]. Their methods, when applicable, give more detailed information
than our methods. However, our methods do not require the Hamiltonian to be a
“small” perturbation of a massless free field.

In this introduction, we first define the model and then we state the main results.
Then the notations for the rest of paper are introduced. A brief sketch of the proofs
and organization of the rest of paper conclude the introduction.

1.1. The model. At each point z of the lattice Z, there is a real random variable
() and we consider the following Hamiltonian HA, A = A(L) C Z? a cube of side
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L centered at the origin:

HA@E Y Vi@ - o)+ = Z p(z)

z,yEA €A

Ilz—yli=t
and V € C%(R) is an even function. m in the Hamiltonian will be referred to as
the mass and the second term is called the mass term. The superscript A indicates
Dirichlet or periodic boundary conditions. In this article, the particular choice of
boundary conditions will become unimportant as A T co. We denote by du () the
induced probability measure and for any allowed functional F'(p), we use either of
the following symbols to represent its expectation:

o 1
VA = / F(p)dul(p) & =i / F(p)exp{—H ()} Znp,

where

&4 = exp{—HA(@)}Z)p,
RlAld

is the partition function (in volume A) and

Drp € ] deta).

€A

Note that when V (2) = 322, H,, is a free field Hamiltonian of mass m.
We restrict the class of Hamiltonians by imposing the following lower bound on
their Hessians as quadratic forms (m > 0):

O*HA
Hess HA % [———"’—] > (—6A +m?), H-1
" Op(z)0p(y) ( ED
for some 6 > 0, independent of A. Let us denote the variance of a functional g by
Var g:
def. A2\
Varg = < (g - <g>m) > :
m
and let

(N E Y p@)f@).
We shall frequently use the following inequalities.
Theorem (Brascamp-Lieb Inequalities).
(a) For any C" functional g(y),

99(p) 3g(<p) >
V: < E —= (H z,y

(b)
2
(eteth ) sexp{% (f, (—5A+m)—1f)}.
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For a proof, see [1] (see also Remark 6 below).
We can define an infinite volume massless (i.e. m = Q) probability measure p(yp)
through the following procedure!:

Ny = [ acolh) def. s co(f)y e co(f)\A

(e )= /e du(p) = 3111%<e Yo = 7]}}1{(1)/%1{;@ Yoo (D)
Note that by part (b) of Brascamp-Lieb inequalities (hereafter B-L), the right-hand
side of this equation remains bounded as m | 0 whenever f is compactly supported
(and has average zero in d = 1, 2). The uniqueness of limit is established in [13]. Note
that in d = 1,2, the condition that f has to have zero average means that the class
of allowed functionals is restricted to those which only depend on the difference of
fields at different points of space. ’

One can also use B-L inequalities to prove the ergodicity of the infinite vol-
ume probability measure constructed above. This holds independent of the boundary
conditions.

To probe the long distance behavior of massless models, we introduce the slowly
varying scaled field

P(f) =Y @) fs@) E eV Y p@)fer), feCPRY, €>0.

If f is an approximation to the characteristic function of a unit box, then ¢(f¢) will
be the sum of L% (L ~ 1/€) random variables @(z) divided by the scaling factor
L2 If {p(x)} is a family of independent (or even weakly dependent) random
variables, the correct scaling for having a central limit theorem (CLT) will be L—%/2
but in the massless models, the field variables are strongly dependent and we require
a stronger scaling, namely the factor L~'=%/2, to obtain a non-trivial CLT. However,
the family of random variables {Vy(z)} only needs the standard scaling L—9/2.
Although in d = 1 these gradient random variables are independent, this is no longer
true in d > 1 where even at large separations, gradient fields are correlated and the
correlation functions are not absolutely summable but are bounded as quadratic forms
and allows the standard scaling.

Define V; f(x) def. f(z +e;) — f(x) and let V} denote its adjoint with respect
to the standard inner product of £2(Z%) (see Sect. 1.2 for more details). To cover all
dimensions in a uniform way, and according to the above argument, we choose to
study the gradient of fields and for f € C$°(R?) and an arbitrary integer £, 1 < £ < d,
we introduce

Veplf) = o(Vif) = Y p@Vife(@),  fo@) T ¥ fez).  (12)

Our main results are stated in Theorems A, B and C below. In addition to (H-1), let

Hess Hp,-0 < C for some positive constant C'. (H-2)

1 By A 1 oo, we mean that the size of box A approaches co.
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Theorem A. Fix £ € {1,...,d}. Then under hypotheses (H-1) and (H-2), the con-
tinuum scaling limit of the above models with m = 0 is a continuum massless free
field. In other words, there exists a constant positive definite matrix q such that for all
fECPRY) and t € R,

o _ 0
: t‘P(V fo)\ =
lim (& AVi50 ) = exp[ (f,ax Qo )] (13)
where
Zq”ax, oz;’
i,j=1

and (V7 fc) is defined in (1.2).

Remark 1. The RHS of Eq.(1.3) is the generating function of the continuum Gaussian
probability measure with covariance Q.

Remark 2. 1t follows easily from our proof that if the model is (statistically) rotational
invariant under lattice rotations, the continuum limit will have the full rotational
invariance, that is ¢ will be a multiple of the identity.

Remark 3. For m = 0, all these models enjoy the formal continuous symmetry H(yp) =
H(p+const.). In the presence of the mass term, this formal symmetry will be broken
and the scaling limit will be a white noise Gaussian. In this case, the appropriate
scaling is different from the one given above. For massive FKG models, a result
due to Newman [11] proves the convergence to white noise. Note that in the nearest
neighbor case, our conditions are sufficient to imply the FKG property.

Theorem B. Let m > 0. Then there is a constant m' > 0 such that
{ e(@)p(¥) Y| < Ce~™llz=vll for some C > 0.

Here (- )y, denotes the expectation with respect to the infinite volume massive proba-
bility measure (with mass m), defined in (1.1).

For the massless model, we prove

Theorem C. Let m = 0. Then for the above models in d > 2, we have the following
estimate:
K p@ew)| < Clle—yl>~¢,  for some C > 0.

Remark 4. We can relax the nearest neighbor restriction on the Hamiltonian. For any
finite range interaction, Theorems A, B and C hold. See Sect. 4 for more details.

Remark 5. Theorems B and C will be proved separately from Theorem A. For sim-
plicity, Theorem C has been used to prove Theorem A in d > 2, however that could
be also avoided (see the proof of Theorem A in d = 2).

1.2. Notations. We shall always denote by d the dimension of space. Z? is the d-
dimensional integral lattice and by Z¢, we mean the set

{(:L‘l,...,l‘d) : .’I:i/EG Zyi= 1,...,d}.
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We always think of Z¢ as imbedded in R¢ with coordinates which are integer multiples
of e, with respect to a Cartesian system defined by the unit vectors {e; : i =1,...,d}.
For any z € R?, ||z|| will denote the Euclidean length of z.

For a real (or complex) valued function f(z) on R?, and i = 1,...,d, define

e af. f(z +ce;) — f(z)
Vif)z) = - )

- f. f(z —ce;)— f(z
(Vi i ' ) 2 J@)
Note that V=* is the adjoint of V¢ with respect to the standard inner product of
£2(Z%). When ¢ = 1, we shall drop the superscript . The discrete Laplacian (on Z%)
will be denoted by A.

Using the above notation, our (formal) Hamiltonian can be rewritten as

d
1
Hym(@) =) D V(Viga)+3m* Y | (@), (14)

z€Zd i=1 el

Let p be the infinite volume translation invariant massless ergodic probability
measure which was constructed in Eq.(1.1). We denote the expectation of a functional
u w.r.t. this measure by any of the following notations:

/u(go) du(p) = (u) = E {u}. (1.5)

Let L2(1) be the Hilbert space with inner product (u, V), -3 (uw). For a smooth
functional u(p), we define

. Ou(yp) def. Ou(p) OH(p)
Bup) F 222 arup) % - + :
U= oy P T o) et
Note that §* is the (formal) adjoint of 0 with respect to the inner product:

(B2, v), = (u, 8;v),.

We define: .
-4, T Y 820,
YA
For the entries of Hessian, we use the following short notation:
PH
HY def. 633 H=s ————,
v v Op(z)0p(y)
We put,
ey
z z€L

and as a rule, we drop the superscript € whenever € = 1.
To simplify the notations, we shall use

det. A2V (2)
a’i(x, ‘p) = dz2

2=V ;p(x)
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Then a simple calculation shows that H” is a finite difference elliptic operator:

d
H"u)x, )= Y Hyuly, ) =Y _ Vi (aiz, 9)Viulz, 9)). (1.6)
Y

=1
Hypotheses (H-1) and (H-2) are then equivalent to
0<ay' <ai(x,p) < a, 1.7

for some constant ¢y > 0, uniformly in ¢ and z.

Finally we warn the reader that the constants which will appear in different places
are not necessarily equal, although we might use the same symbol for them.
1.3. Sketch of proofs. To prove our main results, we will use a representation which
was originally introduced by Helffer and Sjostrand [8, 12], in a somewhat different but
related context. Fix £ € {1,...,d} and f € C(‘,"’(]Rd). We seek a solution ve(y, p),y €
Z4, to the following PDE:

> 8;vew, 9) = o(V; f2), (1.8)
Yy .

in the space of gradient functionals, i.e. we assume 0, v.(, ¥) = O,V (y, ). By taking
another derivative 9, of the above PDE, and using this property, together with the
observation that the commutator

[0, 81 = H.!

Ty’

we obtain:

0:p(Vy fe)

8> Ovey, )
Yy

D (8;0: +18z, 8}1) ve(y, )

Yy
> 000y, )+ Y Hiyve(y, 0)
Yy Yy

) 80,ve(z, 0) + Y Hiyve(y, ).
Yy Yy

Therefore v, satisfies the following PDE:

d
(Bve)@, ) E ~Apve(z,0)+ Y Vi (@:iVive) @, 0) = Vifel@),  (19)

i=1

hence,

i=1

d -1
v = [‘Awszaiw] Vife= Vit
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Using (1.8), we can express the pair correlation functions of ¢ fields in terms of v:

(P(VifIe(Vifd) = Y {(Bive, @) e(Vife))

1

Z ('Ue(m’ w)a:cﬁo(vzfe) )

Z (’UE(:E, w)V?fe(m) )

((Vife, BTV 1), (1.10)

where (, ) denotes the standard inner product of £2(Z%).
To prove Theorem A, we will show that (V} f. , £~'V} f.) — const. in L?(p);
more precisely

I

(|(Vife, 7'Vif)- Qs ) 0 aselo, (L.11)

where Qf de- (Vife, QVife) and

&
-1 _ e
Q= "Z%J amiazj s

i
for the constant positive definite matrix ¢ given by
0 E lim (ai (8 — ViZ + )" 'Via5) ).
Proof (of Theorem A, assuming (1.11)). Put
Gett) & (etVif ).

By the Brascamp-Lieb inequality, for any given f there is a constant C' > 0, inde-
pendent of € such that

< etv(VEfe)> <c.

The constant C can be chosen independent of ¢ for ¢ in any compact set. A straight-
forward calculation shows that

_C_l%t_(t_) =t < (; ve(z, ‘;O)V;fs(x) - Qf) e“P(VZfs) > +

Qs < otV fe) > )
Therefore
dG.(t)
dt

where A.(t) = o(1) as € | 0, by (1.11). Theorem A then follows upon integrating the
last equality and then letting ¢ | 0. O

= thGe(t) +tAc(t),
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Remark 6. Following Helffer [7], the proof of B-L inequalities is a straightforward
application of the above representation. To see this, consider g(yp) € C' N L*(u) and
let Y- O,vu(z,p) = g—(g), or equivalently v = & ~1(8g). Then a similar calculation
to the one which yielded Eq.(1.10) gives

Varg = ((9g, £~'99)) < ((9g, (H")'8g)),

where the last inequality follows since —A, > 0. This proves part (a) of B-L in-
equalities. Part (b) follows easily from part (a).

Remark 7. Instead of having an L? convergence in (1.11), any LP, p > 1 convergence
would be sufficient. This might be useful if one wants to relax the hypothesis (H-2).

The proof of (1.11) relies on homogenization. To see that, we first rescale as follows:
D vz, Vi fe(z) = €Y u(z, p)VE f(x)
z zerL?

Y “wi(e, )5 (@),

T

where uS(z, p) C €=, (z /e, @), z € Z4, satisfies

d
(FuN, ) [+ Y Vi /e, Vi@, 0) = Vi (0), 0 € 2
i=1
(1.12)
If the first part of the above operator was absent, this equation could be viewed as
a standard elliptic homogenization problem [15] (where a;(z/¢c, ) would play the
role of the uniformly elliptic coefficients of an elliptic PDE, corresponding to the
realization ¢ of the random media). In Sect. 3 we show that suitable modifications
of the standard techniques apply even in the presence of the first part of the operator
and we obtain (1.11).

According to the above considerations, to obtain pointwise estimates on the two
point functions, it suffices to obtain pointwise bounds on the kernel of £ ~! (or
(Z +m?)~!, for the massive case). Since & +m? > m?, we can simply apply the
Combes-Thomas’ trick of conjugation and analytic continuation to prove Theorem
B. This proof is quite straightforward and mainly uses the fact that % + m?, for
m > 0 is positive definite, therefore the result can be extended to a wider class of
Hamiltonians. See Sect. 2.2.1 for details.

On the other hand, the massless case (m = 0) is not as easy as the massive (m > 0)
case and uses the specific structure of the Hamiltonian. If we only had the second
part of the operator %, then the desired bounds would be a simple application of the
Aronson estimates [3], which gives the following upper bound

12
I'(z,z';t,0) < Ct~%?exp {—ﬂx—Ctz—"} ,

on the fundamental solution I" of the problem

AU, _ o _ ‘
8t - RZI Vz‘ bt(xv t)V,U(III, t)a
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where
0<ay' <bi(z,t) < ao.

In the proof of Theorem C, we use the semi-group representation for the solution
v of (1.9). Upon trotterizing the corresponding semigroup, we observe that we are
still able to use the Aronson upper bounds to get the desired estimate. Details are
given in Sect. 2.2.2.

Note that Theorem B can be also proved by the same techniques as will be used
in the proof of Theorem C.

1.4. Organization. In Sect. 2, we mainly study Eqgs.(1.8) and (1.9). After introducing
the proper spaces and norms, we solve the second order PDE of (1.9) and then we
show that its solution also satisfies (1.8). In the rest of that section we prove Theorems
B and C. Section 3 is devoted to the homogenization of the solution of (1.12). We
shall see that the proof of homogenization follows from [15, 9] and relies mainly on
Hilbert space methods and ergodicity. In Sect. 4, we will see that these results can
be easily extended to long but finite range interactions. Finally, in the Appendix, we
have collected some ¢P estimates which are used in Sect. 3.

2. Helffer-Sjostrand Representation and Proofs of Theorems B and C

In this section, we study the Hellfer-Sjostrand representation and related PDE’s that
will form the bases of our analysis. In Sect. 2.1, we give a rather careful definition of
the relevant PDE’s and the spaces in which we seek for solutions of them. We shall
first show that Eq.(1.9), or equivalently Eq.(1.12) has a unique solution in the ap-
propriate spaces. Then we verify that the solution of Eq.(1.9) satisfies Eq.(1.8) in the
suitable sense (see Proposition 2.1). Finally in Sect. 2.2, we obtain some new bounds
on the decay of two point functions, for both massive and massless models. These
can be considered as pointwise extensions of the (form-wise) classical Brascamp-Lieb
inequalities.

2.1. Some related PDE’s and the Helffer-Sjostrand representation. We first define the
Hilbert space F#'(u) as the completion of the smooth local functionals under the
inner product

(u(@), WPz Z (u, v), + Y (Bsu(p), Bv(9)),.
T
When there is no danger of confusion, we will use the following shorthand:

(Bu, 8v), € 3" (8,u(9), 0v(9)),-

We also define the space Co(Z2, F") of compactly supported ! (u1)-valued func-
tionals.
For any u,v € Co(Z2, ' (1)), define the inner product

d
(’U,, ’U)Dc déf ZSZ (ayu($a<P)7 ay"(%‘P))ﬂ"'ZZe(vfuv va)l"
x Yy =l z
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Completion of Co(Z2, F#' (1)) with respect to this inner product will be denoted by
DUZE, ).

* For fixed f(@) € CPR?), e > 0 and £ € {1,...,d}, consider the following
problem:

d
ef. —1
(Feue ) E 5 Agule, @)+ Y Viai(@, 9)Viu(e, 9) = Vi f@), (1)

i=1

for z € Zg, where a;(z, ) oet- ai(z /e, p) satisfies (1.7).
We say u € DL(Z2, ) is a (weak) solution to this problem if for every v €
D;(Zg, 1), we have

1 ¢
5_22 > (8yulz, ), Byv(x, ¥) )+ o
z Yy

> (Viu@, ), a5 @) Viu@, 9)), = 3 (f@), Vive, @),

T

The main tool to treat this type of PDE’s is the Lax-Milgram theorem, which requires
that the associated bilinear form be bounded and coercive (see [5]). Verifying these
two conditions is straightforward and uses (1.7).

As we saw in the Introduction, the homogenization will be applied to the solution
of the second order equation (2.1), while the statistical mechanical conclusions will
be drawn using the solution of the first order equation (1.8). The next proposition
identifies these two solutions. Let

w < { all smooth local w(p) st. Y (10, w(@* )+ (100()f ) +
z,y z

(Jw@)*) < 00, (w) =o}. (2.3)

Proposition 2.1. Let u € D! be the unique solution to (2.2), with € = 1. Then for any
we W, W defined in (2.3), we have

(w, > dul@,¢) - w(Vif)) =0. 24

m

Proof. Put e = 1. Let u € D'(Z%, ) be the unique weak solution to the PDE
Lulx,p)=Vif(z), z€ 74,
Assume that for all z,y € Z%, u is of gradient type, i.e.
(v, Oy, ), = (v, Oyu(z,9)),, Vv € Li(p). (A)

Then, using this equality, the commutation relation and the definition of w,

(Z B3z, ), Y Byuly, @) — so(v;f)) =0.
B y

I
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Proposition will follow if we show that the subspace

g % {Z&;v(:c, V) vz, p) € @1}

is dense in ZZ”. To prove this, assume that 3w € Z7” such that for all v € 77,

( > oz, ), w(w)) =0.

I3

On the other hand, for w € ", v(z,¢) = G, w(p) € D!, therefore we can put
v(z, p) = O;w(yp) in the above equations to obtain

> (low@)P) =0,

which shows that w =const., but the only constant in 27" is the zero vector so w = 0.
- This proves that 2" is dense in 77"
Next we justify the assumption (A). Let

cEzd, ") def. {u € Cy(z? FB") : u satisfies (A) }.

Then one can easily see that £ leaves Cgmd invariant. If we solve £u = V§* f
in the completion of this space (which is a subspace of '), we will obtain a unique
solution in this space. Note that V} f € C’g“’d (z¢, 38") since V} f(z) = 0:,0(V; f).
The earlier considerations about the existence and uniqueness of the solution in the

larger space D! and the invariance of Cgmd under % imply that these two solutions
should agree and this justifies the assumption (A) and finishes the proof. 0O

Remark 8. Equation (2.4) can be extended to be valid for w € 2+ const., since

(const. , Z Oru(z, p) — @(VZf)) =0.

I

2.2. Some new pointwise bounds on the 2-point functions. In the first part of this
section, we will consider the massive models, i.e. m > 0. Bounds on the decay of
massless models will be obtained in the second part. These bounds are the pointwise
extensions of the Brascamp-Lieb inequalities and are comparable to the bounds that
one can obtain for the pure Gaussian models.

2.2.1. Massive models. For a fixed m ‘> 0, consider the operator

d
¥ = ——A(p + Z V:G,V, + m2,
i=1
defined on £2(Z%; 5" (1)) . Note that as a quadratic form, % > m? (see Remark 9

below). For any p € R?, define the operator T, of multiplication by exp(ipz), z € Z4
on this space. T}, is a unitary operator with respect to the inner product
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(u,v)E <Zu(z,so)v(x,<p>>,

T

with inverse T, ! = T_,. Finally define the operator:
def.
%, = T, ET,.

Since T, commutes with —A,, it is easy to check that for small |p|, p € C¢, %, is
still positive definite and hence invertible.

Theorem B. There is a constant m’ = m’(ag, m, d) > 0 such that
(p(x)p(y)) < Ce ™ ll=—vll for some C > 0.

Proof. The above considerations show that (T, ' £'T,)~! = T, "' £ ~'T,,, which was
originally defined for p € R%, has an analytic continuation into the disk |p| < po of
the complex plane. Therefore we can choose m' = m/'(ag, m, d) such that

|Z @, 25 0,¢)| < Cem™ ==,
uniformly in ¢ and ¢'. O

Remark 9. The same argument, and hence result, holds if instead of having an m > 0
explicitly in %, we assume that % > m?; after all that is the only hypothesis we
have used.

2.2.2. Massless models. We shall obtain a power law decay for the kernel of £ 1,
where

d
F=-AD,+) ViaVi=-A,+H",
i=1
where a; satisfy (1.7). Proof of Theorem C will then be a simple application of this
result.
We start with the semigroup generated by this non-negative (self-adjoint) operator.

Since each of the two parts of % is non-negative, we have the following Trotter prod-
uct representation for this semigroup:

e—t$= lim (et/nA,,e—t/nH")n.

n—00

The above convergence takes place in the strong operator topology. Put
i def. (et/nAv, e—t/nH")"

1" " .
= et/"Awe"t/"H .. et/"-Awe—t/"-H , (n pairs)

and define the following kernels:

S, ¥) L etde(p, ),

def. —tH"
k@, y;0) = e tH(z,y50).

2 The non-negative quadratic form induced by % on D! gives a self-adjoint extension of % which we
will again denote by %&.
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Therefore the kernel of I'™ can be written as

Peyew = % [ due) Syt o

Tn—13..4,T1

kt/n(a"a Tn-1; <Pn_l) T St/'n(‘;bl ’ w)kt/n(xh Y ¢)
/ due™ ") ... dp(@") S/n(0, @™ Y -+ Syl ¥) X

> k@ 0" k(@ v ).

Ty —1y---yT1

For fixed ¢, ¢!, ...,p" 1,9, let
n def. _
uPt,2)E DY k@ Taoi0") k(@ Y V) F@)-
Tn—1,.--yT1,Y

Then it is clear that for fixed n and ¢, u™(t, x) is the solution at time s = ¢ of the
following problem:

{ Ou™(s,1)/0s = — Z;i:l Vi b (z, 5)Vu™ (s, z),

u™(0,7) = f(z) 23)

where
¥ (z,5) C aix, %) for (k- 1)% <s< ki—, k=1,...,n.

Back to Eq.(2.5), we know that its solution has the following representation at
time t:
u™(t,z) =Y I, 0,2, 1) f (),
Yy

where I'"™(t, s; z,y) is the fundamental solution corresponding to Eq.(2.5), with the
initial condition f(r) = . Since b;(z,t) is bounded from above and below (uni-
formly in n,z and t), Aronson’s estimate [3] implies the existence of a constant
C(which only depends on dimension d and the ellipticity constant ag) such that

n C izl
r'™(t,0;z,y) < P lz—yl?/Ct

which, in turn, gives us the following bound:
n— C 2
Y k@ aaci @™ k@, i) < eI,
Tn—1y..+3T}

uniformly in ¢’s.
Since the operator exp{tA,} preserves positivity, and hence its kernel

S:(, %) is nonnegative, we can estimate the kernel of I§") through the above es-
timate. Putting S;/,’s together, we obtain:

Iz, y; ¢, 9) < Ct~H2e a8l /Ctetde ().
Since
(p@)p(y)) = / Z\ (@, y; 0, 9) du(p)dp),
Theorem C follows by integrating out ¢ in the above estimate and then letting n — o0o.
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3. Homogenization and the Proof of Theorem A

In this section, we shall extend the standard techniques of homogenization (see [15,
9, 6]) to the elliptic PDE (1.12) to prove Theorem A. Throughout this section, we
will use the massless probability measure constructed in (1.1). Since the whole proof
is rather lengthy, we will break it into two steps which we will describe here briefly.

Step 1. This step is the heart of the proof of Theorem A. Fix A > 0;¢ € {1,...,d}
and f € C(‘)"’(]Rd), and consider the following PDE:

(Z° + Mus(z, ) = V5* f(x), ze€Zl 3.

Let w5 (x) satisfies

d
> g VEVE X | wi(@) = Vi f(@), =€ ZL. .
i,j=1

The key step is to show that the constant positive definite matrix ¢ can be
chosen so that ||u§ — w§|le — 0 as € | O (see Theorem 3.1). We construct the

constant effective diffusion matrix q by introducing an auxiliary function xf
which formally satisfies (cf. (3.7))

(Z +B)x° = -Via;.

Asf310,V; Xf has a well defined limit, which will be denoted by v;;. A very

important observation is that SE (xf ) — 0 as 3 | O (see Proposition 3.1).
We then define

qij = E ai(6;5 + 1yj),
and introduce the error function

d
2(z,9) = u(z,9) — W @) +£ I X} (@€, OV w(2).

i=1

As we just mentioned, the last term in the error function will go to zero as
€ | 0, therefore to prove that ||u§ — w§|le — O, it suffices to prove that
|lz¢]le — 0. One way of doing this is to calculate (2°,(£* + \)z2°). and
show that this expression vanishes. Since £* + ) is uniformly elliptic, this
last statement implies ||2%|| — 0. These will be our plans for Step 1. It is a
standard result that as € | 0, ||w§ — wallc¢ — O, where w), satisfies

& of 4
_izjqijm-"’\ w,\(:l,‘)——g"-l:—é, z € R®. 3.2)

As a result, in this step we show that for A > 0, ||u§ —wx|le — 0,as e | 0. We
call this step the massive homogenization due to the presence of the positive
constant A > 0, which plays the role of a mass. The main reason for adding
this mass (which will be later removed in Step 2) is that we are solving these
PDE’s in the whole space and in the presence of such a mass, solutions have
exponentially fast decay at infinity. We remark that the probability measure
is kept massless.
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Step 2. We extend the results of Step 1 to the massless case A = 0. Namely, in this
step we show that for the solutions u§ and w)y of (3.1) and (3.2), and any
¢ € {1,ldots,d}, we have, as A | 0,

3 Virg@usi(z, ) — Y Vitg@us(@, o),

ZEV? g(x)wr(z) — ZEV? g(x)wo(x),

uniformly in €, where ug and wy satisfy Egs. (3.1) and (3.2) with A = 0. This
and the result of Step 1 will prove that

2
Y V@) [u(@, ©) — wo@)] “B0, ase 0.
T
We know from Sect. 1.3 that this last statement implies Theorem A.

3.1. Step 1: Massive homogenization. For = € 7.4, define T : L*(u) — L?(u) by
(T29)(p) = (T2 ),

where (7:0)(y) = o(y — ), T,y € Z4. The T-invariance of u (i.e. the translation
invariance of y) shows that {7 },cza is a family of unitary transformations on L?(y).
Since the translation group 7., * € Z% is ergodic, the only functions in L?(u) that
are invariant under the unitary group {T,, z € Z%}, are constant functions. Let
Dy, -- -, Dy denote the generators of this unitary group along the directions ey, ..., e4:

Dig)P) & (To,9)) — §)s

and let D] be the adjoint of D;, with respect to (, ),, that is (g, DJL),‘ =
(Dig, h),.
We define the inner product?:

d
(G, b € (F, h),+Y_(Dig, Dih), +(87, 8h),,

i=1

on the Hilbert space .#! (). Corresponding to any g € L?(u), we define a stationary
b
9% def. ~, d
9@z, 0) = (T=9)(p) =g(T-zp), z€Z"

T-invariance of y implies that the expectation of any such function is independent of
xz, and we also have

Vig(z,p) = Dig(z,p), V;g(x,p)=Djg(z, )

for such functions.

Define the Hilbert space H.(Z2, 1) det- ¢2(2¢; L*(u)) of square summable func-
tions over Z¢ with values in L?(u), with inner product

3 Note that the norm induced by this inner product is equivalent to the one induced by ( , ) 1 -
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(u,v), E Ee? Y ul, oo, 9) = EZ uz, PY(E, 9),

z€Zd
lull? = (u, u) :
Finally define the Hilbert space H}(Z2, u) <y 1(z4; ' (1)) of square summable
F#'(u)-valued functions over Z¢ with the inner product:

d
(u,v)1e € (Bu,Bv),+Y (Viu, Viv), +(u, v),

i=1

E (gdz Z oyu(z, <p)6yu(1;,4p)) +

]

y zezd

d
E (edz Z Viu(z, p)V;v(z, <P)> +

i=1 g€z

E (ed > u, mm) ;

zeLd

and

&f
lllF (U u)ls

Fix A > 0 and ¢ € {1,...,d}. For simplicity, we shall drop the subscript ) in
this section. For f € C’(‘,’°(I[Rd) let us(z, p) € H\(Z2, u) be the solution to

d
1
(8u°, Bv), +) (afVius, Viu), + Mu, v), =(f, Viv),, (3.3)

i=1

for all v € H)(Z4, 1), where ai(z,p) = ai(z/e,p), T € Z2. By translation invariance,
ai(z, p) = Tra;(p) for some @;(p) € FE' (1) and there exists a constant ag > 0 such
that

a;! < ai(z,p) < ap, uniformly in z, . 34

Using this, it is a quite straightforward application of the Lax-Milgram theorem to
establish the existence and uniqueness of the solution to this PDE. We further obtain
the following estimate:

lul}. <C / fX(zx)dz, uniformly in e. (3.5)

The (lattice) homogenized problem is the following. Let H!(Z?) be the Hilbert space
of all square summable functions u on Z¢ with square summable derivatives, with
inner product

(4, V)= Y w@ +Y_ > Viu@)Vio@).
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Note that we have used the same notation for the inner product on H!(Z¢, 1) and
H!(z2) since they agree on the functions which only depend on z. For f € C{,’"(Rd),
let w® € H)(Z2) satisfies

3y Zq,,VE E(z)st(:v)+/\Z w(zy(T) = Z f@)Viu(@), (3.6)

z  i,5=1

for all v € H!(Z2). Here we are assuming that gij is a positive definite symmetric
matrix (see Lemma (3.1)). Existence and uniqueness of the solution again follows
easily from the Lax-Milgram theorem. Furthermore, since f € C’(‘,"’(]Rd), the solution
w® goes to zero exponentially fast as |z| — oo for A > 0.

We would like to show that for suitably defined g;;, the solution u® of Eq.(3.3)
approaches as € | O to the solution w* of Eq.(3.6), in a suitable sense.

Theorem 3.1. For f € CP(RY), A > 0, let u* € H)NZZ, ) be the solution to
Eq.(3.3). Then there is a positive definite constant matrix g;; such that

lu(z, ) — w*@|le =0 ase O,
where we(z) € H(Z2) is the solution of Eq.(3.6).

The first step towards the proof is the construction of g;;. To this end, we consider

the following problem. For any constant 3 > 0, let SZ? € F(w),i=1,---,d, be
the solution to

d
(8%, 8%7),+>_(Dv,&D;x0), +B(¥, %), =—(@, Dd), (3.7

i=1
for all ¥ € S¥'(u). Coercivity and boundedness of the corresponding bilinear form
follows easily, which, upon using the Lax-Milgram theorem, implies the existence and

uniqueness of the solution. Moreover one can easily obtain the following estimates.
Foralli,j=1,...,d,

@@ BE{GP»} <cC,
() E(D;3°¢ <,
© Jf.a(ax")2 <C.

The constants on the RHS’s do not depend on (. Because of estimates (b) and (c),
there is a subsequence 3’ | 0 along which

D;Xx x1 5, 1/)], (some limit)

.. (3.8)
6,,,)(2 — 5“ (some limit)

weakly in L?(u). Using the estimate (a) we can pass to the limit in Eq.(3.7) along
that subsequence to obtain

d
Z(azﬁ, Ea:,i )t Z(Dﬁ, a;%ji), = —(4;, Div),. 3.9
T j=1

We further notice that the limits in (3.8), are independent of the subsequence. To see
this, assume that we would obtain the limits {£,%} and {¢’,¢’'} as 3 | O along the



72 A. Naddaf, T. Spencer

subsequences B and 3@, respectively. Then, for all ¥ € F'(n), £ = £ — ¢ and
Y =9 — 1 satisfy

Z(va fz,) +Z(Dv a,z/)],) =0, i=1,---,d.

J=1

If we substitute in this equation x, for ¥, and then pass to the limit once along 3
and once along 3®, and then subtract the results, we obtain:

Z(fzzvﬁmz) +Z(¢3z’a.7¢jt) —0 i=1""ad'

J=1

Uniqueness, then follows from the above equation and (3.4).
We define

6i; T EG6i; +%ij), G,5=1,---,d. (3.10)

Lemma 3.1. The “effective” diffusion matrix q defined above is a positive definite
symmetric matrix.

Proof. From Eq.(3.9), we have:
~ d o~
> (8T, i), + D (Dk¥, klBri + Pri)),, = 0.
T k=1
Substituting v = )’Zf in this equation, and passing to the limit 5 | O,we obtain
o~ ~ d ~ ~
D (e &ai)y+ D (Prj, @hBri+¥ri)), =0.
x k=1
Adding gji = 3" (8k; , ak(8ki +Pri)),, to both sides,

qji = E (é:c,] y {a:z) +Z(6k_1 +¢k] ’ ak(5k1+¢k1))

zezd

This shows that g is symmetric. Let ¢ = (ci,...,c;) € R% be a nonzero arbitrary
vector. Multiplying both sides of the above equation by c;c; and summing over 4, j,
we obtain:

Zczqz,c] =Y (ch§$k7 Z%&m) + (3.11)
1,j=1 z
d
> ( > Wi + bkides , G Z("Zki +6ki)Ci ) .
m

k=1 i=1 i=1
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On the other hand,
Z(«pk, +br)es)” E(Z Drici)® + Z > Z ,
i=1 i=]

for E (¢x;) = 0, which follows from the definition of ¥y; = limg o Dk)??. Using the
above inequality, (3.11) and (3.4),

z CigijCj 2 ‘9"()_l Zcf

)J"l i=1

%

Similarly,
d
chq‘l]cj Z ){ZZE(ka)"'aO 1+ZE(¢gk) ]
t,j=1 i=1 =l = J,k=1

So far we have constructed the effective diffusion matrix ¢ and we have shown that
it is a positive definite matrix. The following estimates will play crucial roles:

Proposition 3.1.
(a) limgyo ﬂE(xf’)2 0, z-—l - d,
(b) limgyo E |D; % — vjil? =

Proof. Subtracting Eq.(3.9) from Eq.(3.7), and substituting v = )Z? in the result, we
obtain:

Z(azx, s 0aXE — Eai), + Z(D,x, L G(DRE — i), + B(XE L %), =0.
j=1
(3.12)
Put ¥ = X7 in Eq. (3.9) to obtain:

Z(azxg vézz) +Z(DJX1 ’aﬂl):n) =—(a;, :X,) .

J=1

Passing to limit 3 | O:

Z(&xu{xt) +Z(¢Jl’a’]¢_’li) = (at,'wu)

j=1

Subtracting the last two equations yields

;(gz“ zX, 'i) +zd:(¢-7”a’1(Dﬂxz in))#'_‘_'(azv zXz "/)u

j=
(3.13)
Finally subtract Eq.(3.13) from (3.12) to obtain:
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d
S (0% — & 0K —Eri), Y (Djif — i, G(D; X5 — d’ji))# +
T

j=1
B(XE L %20, = (@i, DiXl — i),
Now pass to limit 3 | 0. Proposition follows from (3.4), and the weak convergence
of "/{11‘- ]

Introduce the error

d
2@, 0) C Uz, 0) — w@) +¢ foz(z/e, PVitwi(z), z€Zi (3.14)

i=1
where x2(z, 0) & %2 (1_s ) satisfies:

(v, e Z* + 10X @/e, ) = (v, ~Viaita/e,)),, Vo€ HUZE, .
€
(3.15)
We shall need the following result: :
Lemma 3.2.

(a) |lext (/e )V wt|lc = Oase | O.

Furthermore, there is a constant C > 0, independent of ¢, such that
(b) ||z°|le < C,
(c) IViz*|le < C.

Proof.
(@)

”€sz($ Je, Q)VEur Z ZeE (exfz(:c/e, <p))2 (ver ws)2

£E ()" (Viwr)’ -0,
T

by Proposition 3.1.
(b)

d
1251le < lluslle + llulle +€
1=1

The first term on the RHS is uniformly bounded in € by estimate (3.5). A sim-
ilar estimate for u bounds the second term and finally the last term is bounded
uniformly by part (a).

(c) We have:

X; @/e, )V we
€

€

d
2
V52l < IV5welle + I V5ulle + € 3 || (V535 @/, ) V5 0z + e
j=1

sz(a:/e, <p)VfV§*we(x)|L .

d
+ey
j=1
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The first two terms on the RHS are bounded, uniformly in ¢. For the third term,
we have:

2
(VXS (@/e,9) V5 ui (e +ees)|| = E (DX )Z (VEw' (@),

which is obviously bounded, uniformly in € (see (b) before Eq.(3.8)). The last
term above is bounded by Proposition 3.1. O

We are planning to calculate (2¢, (.,% €+X)z°),. After some straightforward
calculations, we obtain:

(25 ,(F+02°),_ =

d
(ze, > @i — a56:5 — a5 VxS (w/s,w)]Vf*Viwe)

1,j=1 e

d
+ ( 2, [eZ X5 (@/e, ) + VEra§(@) + Aex§ (z/e, )] V5w )

i=1 e

+ Z (Vsze , ea?xfz(m/e, PIVEVtwe )e .
)J_

That the last two terms vanish as € | 0 follows easily from Eq. (3.15), Proposition
3.1 and Lemma 3.2. Therefore we only need to prove

Lemma 3.3. As¢ | 0,

1,j=1

) .
L% (z8 v Y @i — a6 — EG§V§X52($/€, ©)] V:?*ije) — 0.

€

Proof. Let I, = I + I/, where

d
I = (Ze ) Z (g5 — a5 (6 + ¥ji(z /e, )] Vf*V§w€) )

3,j=1 .

i,5=1

d
I’ def- (ze, E [1/),,(2:/6 ¥) —€asVix§ (a:/e,cp)] Vf-*ij‘) .

We shall show that I, I” — 0. I — 0, as € | 0 since

E {i(z/e, @) — eVix; @/e, )} = E{ji — D;X ) — 0,

by Proposition 3.1. It remains to show that I — 0. Define

9ii(p) o a;(p) (jS -85+ in(so)) .



76 A. Naddaf, T. Spencer

By definition, E g;; =0, and we have
d
II=| 2, Z 9ii(x/e, IV V5wt |
i,5=1 .

where g;:(x, p) = ;i(T—zp). Define

(e — (e — 1) -
(.’L‘, 90) = / Zi ICiA" — 1|2 U(dA)g]z((P)7

where {U(d))} ,cqa is the family of spectral projections corresponding to the family
of unitary operators {7}, ¢cza:

T, = / e?U(dN).
md

G is well defined since

; ; d
lel)\z _ llle—lz\k _ ll
d i 2 < 4 § :I‘T‘ila

> ic e =1 i=1

and we have 4
D ViGhi(z,0) = gjilx, ¢).
i=1
Moreover, since U(dN)U(X) = U()) for A € dX',= 0 otherwise, we have (z € Z2):

iAz/e _ 1|2

e?E (G *(z/e, <p)) €2 ittt |l 1P (U@Ngji , gji )#-

Z|u\

One can easily show that the integrand is bounded uniformly in € (for z in any
compact set):

iAx/e _ 1|2
2 1 yppap.

E Ieu\ 1|2 -

eiA:c/e _ 1|2

lim EZI——.————
el Tl 1P

the dominated convergence theorem implies that

Since
=0, for \¢2nZ?,

) lei)\:c/ _ 1'

Z | S [eihi — 112 1|2

On the other hand, for A € 27Z¢%, U (N)gji is Ty-invariant:

.2
lelfl(f)le E (GX(z/e, ¢)) —hm Z €

AEZWZ“

(U@NGsi, G ), (3.16)

TU(N)gji = / ) XU EN)U Ngji = UN)gjs,
B

since €** = 1. Ergodicity of T}, then, implies that U (d\)g;; is a constant and we
have '
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(U@Ngji, 35:) u= U(dN)g;i E (gji) = 0.

Hence
hms2E (Chiz/e, )’ = (3.17)

Therefore

(=5, gsite/e, VS V507,

d
I3 (V5 Viu®, eViGhi(z/e, ). |
k=1

li (V& @V Vus), eGh(z/e, ¢) ).
- o
because of ||V§*2¢||c < C and Eq.(3.17). O
Proof (Theorem 3.1). We have shown that
leiﬂ)l(ze , (FF+N)2°), =0,

that is,
)\lim(zs, ze) =0.
el0 €

Therefore ||2¢]|c — 0 as £ | 0. On the other hand, we have already observed that

[—

— 0,
€

by Proposition 3.1. These together yield ||u¢ — we||c — 0.

3.2. Step 2: Removing mass. Theorem 3.1 proves the homogenization for the massive
case, i.e. when A > 0. Since we will need to consider the case A = 0, let us, for
A > 0, call the solutions to Egs. (3.3) and (3.6), u§ and u,, respectively.

Now consider the following PDE’s:

_1 * £ *
wuﬁZVf Vg = VS, (3.18)
i=1
d
8ug of
-3 gy Pads, - " om (3.19)

In Sect. 2.1, we saw that Eq.(3.18) had a unique solution in the space D.(Z¢, ). The
second PDE (3.19) can be solved in the space &' (R™), the completion of Cg°(]Rd)
with respect to the norm

Bu(z)

s Z [%

Again the Lax-Milgram theorem shows the existence and uniqueness of the solution
in this space.
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Next we will show that
Theorem 3.2. For any function g € C°(R™) and any £/, 1 < £’ < d, we have:

2
. € £ _ €% =
lim B { (Xz: [u§(@, ) — uo(2)]| VE g(m)) } 0.
Proof. We break the above expression into three parts and write:

2
limlim E { (I;,A +12,+ IS,A) } ;

Al0 €]0
where
Iy = Y (w9 - ¥, 0] ViTe@),
2y = Y e e - u@)] V@),
By = Y [ur@ - w@)] V@)

T

From Theorem 3.1, it follows that

T 2 _
limlim E (I2,,) = 0.

Therefore we are left with two more terms. We show that uniformly in ¢,
- 1 2

(a) hm/\lo < (Ie,)\(xv ‘P)) > = Ov
. 3 2

) hm,\lo< (IE,A(z)) > =0.

For this, we treat d > 2 and d < 2 separately.

(d > 2) In this case, (a) follows from the uniform upper bound that was obtained in
Sect. 2.2.2

@l < |3 [uie,0) - i@ 9] Vi@

T

€ *© 2 —tVE* 0t Ve
> / du(e) /0 dtet/= AotV (g yi 0, o) x
I’y

1]

(1- e‘“)Vi‘f(a:)Vifg(y)|
c /// dodyds o () _ -y | 0£@) 9w)
td/2

O0zr¢ Oy
where C = C(ay, d) can be chosen independent of €, and we have used the fact
that exp{tA,}1 = 1. Since f,g € C§°, the above integral converges to zero, as
A 1 0, by dominated convergence theorem. This implies (a). Proof of (b) follows
along the same lines.

IA

b
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(d =2) Without loss of generality, we can assume that 0 < 0 < ai(z,p) < 1,
for some constant 8, uniformly in z, ¢. This can be achieved by straightforward
algebraic means. Let

Ki d;f Ve(gs + /\)_IV“,
K°E Ve (=1/e24, ~ A5+ )7V,

where —A° is the discrete Laplacian on the lattice Z2. We will use the notation
of Appendix A. Using the identity

K§ — = (1+ K§a®)A5(1 + a°K3),

def €,0
A5 K — KO,

we can rewrite

1 € € E\ AE € e
Il =) @) [(1+ K§a)A5(1 + oK a)f] (z, 0).
x
We know from Appendix A that both (1 + K§a®) and (1 + a°K5) map £° =
ls(Zg,Lz(u)) into itself, uniformly in € (i.e. their operator norms are bounded
independent of ¢), for s close enough to 2. If we view A5 as an operator form ¢P
to £", then we claim that its norm vanishes uniformly in €, as A | 0, for p and r
less than (but close enough to) 2. Part (a), then, follows from this claim since

|K5 — Kxlp—r < 11+ K§a®|r—r - |AS|p—r - [1 + @*K}[p—p — O,

uniformly in ¢ and this implies I} , — 0 in L?(). To prove our claim, we first note
that A acts as a convolution. For each fixed z, let A3(z) : L2(u) — L?(u) be the
kernel of A5 and put B5(z) = |1 A5 @) L2(u)— L2(u)- From the generalized Young
inequality for convolutions, we know that |Af|,— is bounded by ||B5||es(z2)s
where p, ¢ and r are related through 1/r =1/p+1/q — 1. So it suffices to prove
that || B || ¢e(22) vanishes uniformly. This can be verified for 1 < q < 2, if we note
that BS in Fourier space looks like the A/(p? + \). Therefore

[A5lp—r = | Billeazzy = 0, asA O (3.20)

uniformly in €, for 1 < ¢ < 2. We remark that we can not take r = p since this
implies ¢ = 1 and (3.20) is not true for ¢ = 1. However, a suitable choice of g,
close enough to 1, allows us to choose r > p, both close enough to 2 and this
completes the proof of part (a).

Since convergence in A of these two terms is uniform in €, we can replace the order

of limits from lim, o lim, | to hms 1olimy ¢ and then the theorem follows from the
above observations. O
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4. Extensions to More General Interactions

In this section, we extend the results of the previous section to the more general class
of interactions with an arbitrary but finite range R. For this, we use a rather different
notation which we now explain.

Let p = (p1,...,pa) € Z%. For a real (or complex) valued function f(z) on ZZ,
andi=1,...,d, define

def. f(x +€p) — f(x)

\%3 E A
ale) ellel

AVA d°=f f(x—fp)—f(-’b')
Ve D& ellel

Note that V5* is the adjoint of V;, with respect to the standard inner product of
£2(Z2). When ¢ = 1, we shall drop the superscript €. Put

Z4R) € {@1,...,xa) €Z% : ||z| < Ryz; > 0,i=1,...,d}.

We will consider Hamiltonians of the type:

H=>"V{lollV,0@) : pcZiR)}),

that is, for a fixed , V is a functional of all possible V () for all p € Zf(R). We
assume that V is at least a C? functional with respect to its arguments. Define

. o’V
o @) ol ol 5252

z2={]|p' |V o p(2)}
Our 'main conditions on the Hamiltonian will be

d
Z ApsCpCo > 6 Zcﬁi, for some constant § > 0 (E-1)
po

i=1

for any vector ¢ = (Cp),cz4(r)- We also require

Iapo($7 <P)| <C, (E-2)

for some positive constant C, uniformly in z and ¢ (cf. (H-1) and (H-2)).
Any sum over small Greek letters is understood to run over the whole Z%(R)
unless stated otherwise.

Remark 10. Using B-L inequalities and (E-1), one can easily prove the existence of an
infinite volume, translation invariant ergodic massless probability measure (cf. Sect.

1.
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Define

e def S
Fe= Y e VeV
where g, will be defined shortly. Let

{ged;f'g}Aw*_z Ve*a Ve*

Dd-e_f,Tp—l wdef. T_p—1
? lell > —° llell
For any function g(z, @) = T g(yp), we have
Dpg(z,p) = Vpog(z, ), Djg(x, ) =V,g(z, ¢).
Then define X2 € ' (1), o € Z3(R) as the unique solution of
(A, +) D3apy Dy +PB)X5 == Dy (4.1)
74 4

We shall work in the same Hilbert spaces as before. The Lax-Milgram theorem can be
applied due to the (E-1) and (E-2). One obtains estimates similar to those following
(3.7), which in turn, prove the existence of the weak limits )

def. .. ~g
{ ¢P0 11m310 DPXaa
§zp = hmﬂloaa:Xa

One can again show that these convergences take place in L?(u). We define

apa =E E App’ (6p' ot Jp’a)a 4.2)
o

and prove
Lemma 4.1. For q defined above, we have

Z doo'CoCo’ 2> 6 Z CZ

oo’

Proof. As in the proof of Lemma 3.1, we will obtain

aaa’ = Z (g;:a ’ E;:a’ )# + Z ("Zpa + 6pa ’ app’("Zp’a’ + 6p’6’))#-
z po’

Multiplying by c,c,+ and summing over indices, we obtain

E qUG' CoCo’ = E P app’Ap’ )”,

oo’
where A, =Y co(6p0 + Jp,). Hypothesis (E-1) then gives the lower bound
. d
5y AZ.
i=1

On the other hand, since Ez];pa =0, this last expression dominates §_,cZ.. O
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It is important to understand that this lemma implies the ellipticity of the limiting

continuum operator. Let
da (8 0
oz - 6z1""’8a:d

be the continuum gradient. Then as € | 0, we have

~ 0 p
€ . — A= —_—
Ve P oe P
hence o
2= —ZQi’Bx oz;’
ij

where st
‘ ¢ij = Zapﬂﬁiplj'
.14

Ellipticity of q is exactly equivalent to the above lemma. The error z° now takes the
form

#(@,9) T ui(z,9) — W@, @) +e 3 X5 (/e V5 wE (@),
p
where u® and w® satisfy

(Z* + M (z, ) = Vi f(), ,
(o G0 VETVE + Wi (@) = Vi f(2).

The rest of proof goes through with obvious modifications and we will not repeat
them here. :

A. ¢? Estimates

In this appendix, we state some ¢P estimates on the solutions of the PDE’s which
were studied in previous sections. We start with some definitions and notations.
For a functional u(z, ¢), let us define its /% norm, p > 1 by

ul2 E 3 fluz, )17,
where
luz, )I? = { [ulz, p)|* ) = / lu(z, )* du(e),

and define ¢P(Z?, 6 (u)) as the collection of functions u with |u|, < co. We denote
the norm of an operator A : ¢P(Z, 3) — (" (Z, F) by |A|p—,. Assume that u €
£4(Z4, ). Then we can define its Fourier transform

ay) =) e u(z),

which is an element of ¢°(Z%,.3). If u € £(Z4, %) N (74, F), then & €
(24, ), with |ul, = |1
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Let AB(F(u)) be the collection of all bounded linear maps on #(u) and denote
the norm of an operator T € % by ||T||. Assume u(z) takes values in F# and F%
takes values in (¥ (u)). Then

Tu(z) € Y F @ - »fw),
Yy

whenever defined, takes values in S (u). We have
Theorem . Let | (z)|| € £(Z%). Suppose that
(a) The Fourier transform of % is essentially bounded

|%]| < B.

(b)
Y |1F@-y-F@|<B, |yl>o0.
llz||>2llyll

For u € L\(Z%, 38) N P22, F), set

Tuz) =Y F - Q).
Yy

Then there exists a constant Ay, so that
ITull, < Apllullp, 1<p<oo.

Therefore T can be extended to all of P by continuity. The constant A, depends only
onp Bandd

For a proof, see Chapter 2 of [14]. Let, as before,
£ =—-A,+V"aV.

We will assume that 0 < 0 < a;(z, ¢) < 1. Therefore, we can write & = %y+V*bV,
where

% A, — A, and|b|<1-06.

As a corollary of the above theorem, we have:

Corollary A.1. Forany p, 1 < p < 0o, D° °S V.Z;'V* maps (€7(Z%, )¢ into
itself.

The following proposition shows that for p close enough to 2, the same conclusion
is true for V.E V>,

Proposition A.1. Let 0 < 8 < ai(z,p) < 1, f € CP(RY). Then there exists a
p = p(0) > 2 such that Vu € (P(Z%, ), where u satisfies

Lu=V;f (A1)

Jor any given compactly supported f.
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Proof. We can rewrite (A.1) as

> (8i+ DYd;) Vju = DYf. (A2)

J

Since the RHS is in £P(Z2, .5¥), for any p, it suffices to show the existence of a p > 2
such that
||D°b||(ep)a <1

Since |b| < 1 — 0, it suffices to show that g(p) o | D°||(erys, Which takes the value 1
at p = 2, remains close enough to 1 as p remains close to 2. This can be easily seen
using the Riesz-Thorin interpolation. 0O
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