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Abstract

This paper concerns the macroscopic behavior of solutions to parabolic equations with large,
highly oscillatory, random potential. When the correlation function of the random potential
satisfies a specific integrability condition, we show that the random solution converges, as the
correlation length of the medium tends to zero, to the deterministic solution of a homogenized
equation in dimension d > 3. Our derivation is based on a Feynman-Kac probabilistic repre-
sentation and the Kipnis-Varadhan method applied to weak convergence of Brownian motions
in random sceneries. For sufficiently mixing coeflicients, we also provide an optimal rate of
convergence to the homogenized limit using a quantitative martingale central limit theorem. As
soon as the above integrability condition fails, the solution is expected to remain stochastic in
the limit of a vanishing correlation length. For a large class of potentials given as functionals of
Gaussian fields, we show the convergence of solutions to stochastic partial differential equations
(SPDE) with multiplicative noise. The Feynman-Kac representation and the corresponding
weak convergence of Brownian motions in random sceneries allows us to explain the transition
from deterministic to stochastic limits as a function of the correlation function of the random
potential.

1 Introduction

Solutions of partial differential equations with small scale structures arise in many aspects of physi-
cal and applied sciences. Homogenization theory has proved to be useful, both from the theoretical
and numerical points of view, to provide macroscopic descriptions for such solutions. We consider
here the setting of a parabolic equation with a large and highly oscillatory random potential. One of
the salient features of such models is that the properties of the limiting macroscopic model strongly
depend on the correlation properties of the random medium. When an integrability condition on
the correlation function is met, then the stochastic solution converges in the limit of vanishing
correlation length to a deterministic, homogenized solution. However, when that condition is not
satisfied, the random solution remains stochastic in that limit and converges to the solution of a
stochastic partial differential equation (SPDE) with multiplicative noise. The main objective of
this paper is to provide a derivation of such results and an understanding of the transition from
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deterministic to stochastic limits from a probabilistic point of view. When the solution converges
to a deterministic limit, we also derive optimal rates of convergence provided the potential satisfies
certain mixing conditions.

Similar such equations have been analyzed recently. When the random potential is Gaussian,
a Duhamel infinite series expansions and combinatorial techniques allows us to understand such
a convergence for a relatively large class of parabolic equations including parabolic Anderson and
Schrodinger models; see [3, 4, 5, 35, 36]. These explicit methods do not seem to extend to non-
Gaussian potentials. In the one-dimensional setting of the heat equation, the convergence to a
stochastic limit in the mixing case was addressed in [29] using the same probabilistic (Feynman-
Kac formula) representation we consider in this paper. The convergence to deterministic limits for
time-dependent potentials (not considered in this paper) has been considered in [30, 18].

In this paper, we adapt the Feynman-Kac approach to analyze a parabolic equation in dimension
d > 3 of the form

1
Oy = iAu€ + iVzue, (1.1)

where V.(z) = e 7V (z/e) is a large, time-independent, highly oscillatory, random potential. An
imaginary potential is introduced to obtain a uniform bound on the energy of the solution, which
considerably simplifies the analysis of exponential functionals of Brownian motion and the passage
to the limit as € — 0. The corresponding heat equation (with 7V replaced by V.) might be analyzed
using techniques developed in [18] but this problem is not considered further here. Note that the
scalar equation of the form Oyu = %Au + ¢Vu may be recast as the system

at(Zi)z(iOA 5(2)(&)*(3_3)(3;)’ (1.2)

with v = u;+iue. Here, V may model a conservative process of interaction between two components
otherwise satisfying independent diffusions. We obtain (1.1) by looking at the long time, large
distance asymptotic limit u.(¢,z) = u(t/e?,z/e) for ¢ < 1. To obtain nontrivial effects from the
potential, it suffices to impose on V a weak amplitude ¢ with ¢ > 0 to be determined. Deriving
the equation of u.(t, z) leads to (1.1) with v = 2 — (. We analyze the asymptotic behavior of u. as
¢ — 0, and prove homogenization and convergence to SPDE under different assumptions on V' (x).

There is a large body of literature on stochastic homogenization, starting from the work of
Kozlov [24] and Papanicolaou-Varadhan [28], where elliptic operators of the form V - a(z)V are
considered for stationary and ergodic coefficients. Homogenization results show that as ¢ — 0
the elliptic operator converges in an appropriate sense to a homogenized operator with constant
coefficients. The rates of convergence are less well understood. Yurinskii [34] provided the first
quantitative estimates for the statistical error. Discrete cases have been analyzed in [12, 15, 26,
27], using analytic and probabilistic approaches respectively. For the fully-nonlinear case, see
[11, 1]. When d = 1, an explicit solution is available, which simplifies the analysis of the statistical
fluctuations and allows to derive central limits for the random fluctuations, see [10, 7, 16]. In the
setting of bounded random potentials, [14, 2, 8, 6] analyzed elliptic equations and derived central
limit results.

From a probabilistic point of view, different realizations of the random differential operator
AR a(g)V correspond to families of diffusion processes, so that homogenization may be recast
as a problem of weak convergence of random motions in random environments; see [22] and the



references therein. For the heat equation considered here, our setting is that of a Brownian motion
propagating in random sceneries. It is the continuous counterpart of Kesten’s model of random
walk in random scenery, for which the invariance principle has been proved in [20, 9]. The weak
convergence of Brownian motion in random scenery is based on the Kipnis-Varadhan approach [21].
We apply to the homogenization setting the point of view of the medium seen from an observer
and their methods of corrector equation and martingale decomposition. The same probabilistic
approach was used in [25] to handle equations in more general forms with random potentials
written as derivatives of bounded processes.

Theorem 2.2 below provides a convergence result for the most general class of potentials for
which such a convergence is expected; see Assumption 2.1 below. Using the probabilistic repre-
sentation, the difference between the heterogeneous and homogenized solutions is approximately
reduced to the Wasserstein distance between martingales and Brownian motions. We use the quan-
titative martingale central limit theorem developed in [27] to estimate the Wasserstein distance
and obtain the optimal convergence rates when the random potential satisfies additional mixing
conditions in Theorem 2.6. The mixing property is only used in moment estimation. While this im-
poses the constraint that the random potentials be sufficiently short-range-correlated, we apply the
same quantitative martingale central limit theorem and extend the result to long-range-correlated
Gaussian potentials; see Theorem 2.9 below.

When Assumption 2.1 below is not satisfied, we do not expect convergence to a deterministic
homogenized solution. Exhibiting all possible macroscopic limits in this case seems to be out of
reach. From the analysis of the simpler setting of random fluctuations beyond homogenization
[7, 6, 16], we expect the class of possible limits to be rather large. We consider here a large class
of random potentials with covariance function decaying sufficiently slowly so that Assumption 2.1
is violated and prove a result of convergence to SPDE in Theorem 2.11. A sharp transition to
stochasticity is thus observed beyond Assumption 2.1. In the long-range-correlation setting, these
results relate to limit theorems of sum of strongly correlated random variables, where non-Gaussian
limit might appear in certain circumstances [32]. Our random coefficients are chosen as functionals
of Gaussian processes and we obtain a SPDE driven by multiplicative Gaussian noise in the limit.
Similar type of limiting equation is analyzed in [19] by Feynman-Kac formula. In [23], the heat
equation with long-range correlated Gaussian potential is studied with a similar type of limiting
equation as in [19].

The rest of paper is organized as follows. We state our main results in Section 2 and discuss
possible extensions in Section 2.3. We then prove convergence to homogenized limit and error
estimate under different assumptions in Section 3. The result of convergence to SPDE is proved in
Section 4. We present some technical lemmas in the Appendix.

Here are notations used throughout the paper. In the product probability space, we use E to
denote the expectation only with respect to random coefficients and Ep the expectation only with
respect to the Brownian motion starting from the origin. Joint expectation is denoted by EEpg.
a < b stands for a < Cb for some e—independent constant C' > 0. We use a A b = min(a, b).
N(p,0?) is the Gaussian distribution with mean g and variance o2, and g;(x) denotes the density
function of N(0,t). When we write ¥(r) < 1 A7~ for any 3 > 0, the constant of proportionality
might depend on .



2 Main results

We rely on the Feynman-Kac representation for the solution to (1.1). Assuming the initial condition
u:(0,2) = f(z) for f € Cp(R?), the Feynman-Kac solution is given by

ue(t,x) =Ep{f(z + By) exp(i/0 Vz(z + Bs)ds)}. (2.1)

Without any regularity assumption on Vz, (1.1) is not always solvable in the classical sense, and
the solution given by (2.1) is not necessarily a classical solution. In Propositon A.1, we show that
it is indeed a weak solution almost surely provided V (z) has locally bounded sample path.

Since V(z) may be unbounded, proving uniqueness of the solution to (1.1) is a difficult task.
Such a task becomes easy when the equation is posed on a bounded domain since V is then
bounded almost surely. But calculations with the corresponding Brownian motion on bounded
domains involve standard complications which we wish to avoid here. When we refer to ”the”
solution to (1.1), we therefore mean the weak solution given by the Feynman-Kac probabilistic
representation in the rest of the paper.

In the following, we state the main results of homogenization and convergence to SPDE respec-
tively.

2.1 Convergence to homogenized limit and error estimate

Let (Q, F,P) be a random medium associated with a group of measure-preserving, ergodic trans-
formation {7,z € R?}. Let V € L?(Q2) with [, V(w)P(dw) = 0. Define V(z,w) = V(r,w) and we
consider the equation when d > 3

1 1
Orus(t, v, w) = EAus(t, zT,w) + igV(g,w)ug(t,xjw), (2.2)

with initial condition u.(t, z,w) = f(z) for f € Cy(R%), i.e., in (1.1) we choose v = 1. For detailed
setup of random medium, we refer to e.g. [28, 22]. We will write u.(t,z) and V(z) from now on.

Let {Dy,k =1,...,d} be the L?(Q) generator of 7., and Laplacian operator L = %ZZZI D3.
We use (.,.) to denote the inner product in L?(£2) and ||.|| the L?(€2) norm, and assume that

Assumption 2.1.
(V,-L7'V) < 0. (2.3)

By defining T}, on L?(Q) as T, f(w) = f(7.w) and assuming it is strongly continuous in L?(),
we obtain the spectral resolution

R4
where U(d€) is the associated projection valued measure. Then Assumption 2.1 is equivalent to
R(¢)
d¢ < o0, 2.5
L 29

4



where R(€) is the power spectrum associated with V, i.e., R(£)dE = (2m)HU(d€)V,V). We also
have that

R(z) = (T,V, V) = (2717)d /R CER(Ede. (2.6)

Defining

2 _ Sy 4 R()
of =2V, -L7V) = (27T)d/Rd e dg,

and upom (£, ) such that
1 1,
Optpom (t, ) = iAuhom(t,w) =50 Uhom (t, ) (2.7)

with same initial condition u((0,z) = f(x), we have the following theorem:

Theorem 2.2 (Homogenization). Under Assumption 2.1, us(t,x) — Upom(t, z) in probability as
e — 0.

Remark 2.3. Clearly, Assumption 2.1 merely ensures o2, i.e., the homogenized constant, to be

well-defined. Since u. and ug are both bounded, moment convergence holds as well. Furthermore,
if f € LY (RY), [u-(t,.)|,|uo(t,.)| are both bounded by U(t,.) € L*(R?), which solves 9 = L AU
with initial condition U(0,z) = |f ()|, so [ga E{|us(t, 2) — uo(t,z)[*}dz — 0 as € — 0.

We are also interested in the convergence rate of u. — ug. To give error estimate, one possible
assumption we need is the following strongly mixing property of the random potential V' (x):

Assumption 2.4. E{V®(z)} < oo and there exists a mizing coefficient p(r) decreasing inr € [0, c0)
such that for any B >0, p(r) < Cg(1 A r=B) for some Cg > 0 and the following bound holds

E{61(V)d2(V)} < p(r)/E{G3(V)IE{63(V)} (2.8)

for any two compact sets K1, Ko with d(K1, K2) = inf; ek, zoer,{|z1 — 22|} > 1 and any random
variables $1(V'), p2(V) with ¢;(V') being Fr,—measurable and E{¢;(V)} = 0.

Remark 2.5. Under Assumption 2.4, we have |R(x)| = [E{V(0)V(2)}| < Cs(1 A |z|7P) for any
5 > 0. Note that )

4 R(¢) 1 _..d R(x)

? = d:F—l/d 2.9
= G o T TG [ %)

so the strongly mixing assumption implies finiteness of the homogenization constant.

The following is the result of convergence rate for strongly mixing potentials:

Theorem 2.6 (Error estimate for strongly mizing potentials). Under Assumption 2.4, if f €
C>*(RY), the following error estimates hold:

Ve d=3,
E{|us(t, ) — uhom(t,2)|} < (1 4+1t)Caypp s ev/|loge| d =4, (2.10)
€ d> 4.



Remark 2.7. As suggested by the notation, Cy f , only depends on the dimension, initial condition
and mixing coefficient. If we follow the proof, it is easy to check that we only need to assume
p(r) < 1A 7P for sufficiently large 3, and the regularity assumption on f could be improved as
well.

The error estimate given in Theorem 2.6 is universal in the sense that it is independent of the po-
tential as long as Assumption 2.4 holds. The strongly mixing property is only used when estimating
moments of V' (x) and controlling relevant integrals. For Gaussian potentials, the calculation of mo-
ments is straightforward, and this enables us to extend the error estimate to long-range-correlation
setting.

Assumption 2.8. V(z) is a zero-mean Gaussian random field with auto-covariance function
R(z) ~ |z|™? as 2 — oo for B € (2,d).

The condition 3 > 2 ensures that R(z)|z|>~¢ is integrable so Assumption 2.1 holds. On the
other hand, 5 < d so R(x) is not integrable and it is the long-range-correlated case. The following
theorem is a precise description of how the homogenization error depends on the interaction between
the dimension d and the decay rate 8 of auto-covariance function.

Theorem 2.9 (Error estimate for long-range-correlated Gaussian potentials). Under Assumption
2.8, if f € CX(RY), the following error estimates hold:

o when d = 3,4,
E{uc(t, ©) — upom(t, 2)|} < (1+¢)Cyppe? L, (2.11)
o when d > 4,
51
€2 B e (2,4),
E{\ua(t, .CU) — uhom(t, SIJ)‘} < (1 + t)Cd}f’ﬁ £ /‘ 10gg| 8 =4, (212)
€ B € (4,d)

The result shows that for sufficiently long-range-correlated random potentials, the convergence
rate in homogenization could be potential-dependent, e.g., when 3 — 2, the error is of order

] o . .
e2~! and could be arbitrarily close to O(1). On the other hand, when the covariance function is
integrable, i.e., 8 > d, we recover the result for strongly mixing potentials.

2.2 Convergence to SPDE

Let (2, F,P) be a probability space. The following is our assumption on random coefficient V' (z) =
V(z,w) with w € Q labeling the particular realization.

Assumption 2.10. V(z) = ®(g(x)), where

e g(x) is a stationary Gaussian field with zero mean and unit variance. The auto-covariance
function Ry(x) = E{g(0)g(x)} satisfies that |Ry(x)| < ngl min(1, |z;|~%) with a; € (0,1)
and Rg(x) ~ cq H?:l ||~ as min—; g4 |x;| = 00. a = Zle a; € (0,2).



o & is a deterministic function with Hermite rank 1, fR o2(x rexp(——)dw < 00 and

if we define Vi, = E{®(g)H(g9)} with Hg(z) = (— 1) exp(a?/2) L5 exp(—a?/2) the k—th
Hermite polynomial, then Vi = 0,V1 # 0.

We will see later that R(z) = E{V(0)V(z)} ~ Vcq Hle |z;| =, and since a = Zf-lzl a; < 2,
(x)|z|2~¢ is not integrable, hence homogenization does not occur. We consider the equation when
d>3

Opuc(t, r,w) = fAug(t T,w) +i—7 V(x w)ue(t, r,w), (2.13)

ga/2

with initial condition u(0,z,w) = f(z) for f € Cy(R?), i.e., in (1.1), we choose v = $ < 1. The
following is the result of convergence to SPDE.

Theorem 2.11. Under Assumption 2.10, we have uc(t, ) — Uspae(t, z) in distribution, with uspge
solving the SPDE with multiplicative noise:

1 . ;
atuspde = iAuspde +1iV1 \/awuspdea (214)

where W (z) is a generalized Gaussian random field with covariance function E{W (x)W (y)} =
H?:1 |z — yi|

Remark 2.12. The proof of Theorem 2.11 also holds for d = 1,2. When d = 2, since a1, a9 € (0,1),
a = a1 + ag € (0,2) is automatically satisfied. When d = 1, we have o = a1 € (0, 1).

2.3 Remarks

One of the main ingredients in the proof of both homogenization and convergence to SPDE is the
weak convergence of Brownian motion in random scenery. In the homogenization setting, Kipnis-
Varadhan’s result implies 1 fo BS )ds = oWy in C([0,T]) in P—probability, with only necessary
assumptions of stationarlty, ergodlclty, and finiteness of asymptotic variance. In the SPDE setting,
Proposition 4.7 below shows —i fg Beyds = Viy/eq fo s)ds in the annealed sense, where V/
is chosen as functionals of stationary Gaussmn process. The dlfference between the results of weak
convergence sheds light on the transition from homogenization to stochasticity from a probabilistic
point of view.

To obtain optimal error estimate, a quantification of ergodicity is in need and we assume a
strong mixing of the random potential. Ergodicity is quantified by controlling the tail of the
mixing coefficient and is used only to estimate the fourth-order moment of the random potential.
When the fourth-order moment can be estimated explicitly without any mixing condition, then
similar error estimates can be derived. We considered here the example of long-range-correlated
Gaussian potential and derived convergence rate depending on its decorrelation rate.

In the homogenization setting of low dimensions, when d = 2, weak convergence of Brownian
motion in random scenery has been proved for specific types of short-range-correlated potentials
in the annealed sense, including Gaussian, Poissonian [17] and piecewise-constant cases [31]. The
size of potentials then includes a logarithm correction. It is not clear whether Kipnis-Varadhan’s
approach works to obtain weak convergence in probability. With the annealed weak convergence,



homogenization could be derived by showing the convergence of E{u.(t,z)} and E{|u.(¢,z)|*}
respectively. When d = 1, [29] derived a stochastic limit for short-range-correlated potentials.

Intuitively, Theorem 2.2 of homogenization corresponds to law of large numbers while Theorem
2.6 and 2.9 relate to variance estimate, thus it is natural to inquire about central limit type result,
i.e., the weak convergence of £ =% (u(t, ) — ug(t, z)) for appropriate § > 0. In [4], for the same type
of equations, central limit type of result is derived by a different approach for Gaussian potentials.
The probabilistic approach is currently under study.

3 Proof of homogenization and error estimate

3.1 Feynman-Kac formula, medium seen from the observer and auxiliary equa-
tion

The solution to (2.2) is written as

T + B
€

we(t, ) = En{f(z + By) exp(z% /O v Jds)}, (3.1)

with Brownian motion Bj starting from the origin.

By the scaling property of Brownian motion,

t/e? T
wltia) = Bp{fa+ eBye)exlic [ V(E+BId9)

Since ug is deterministic, by stationarity of V', the difference between the solutions to the hetero-
geneous and homogenized equations can be written as

E{|uc(t,z) — uo(t, z)[}

G 1, (3.2)
ZE{[Ep{f(z + e Bye2) explic /0 V(B.)ds)} — En{f(x +<Byex) exp(— 5o )}

2 2
Now we look at X (t) := ¢ 5/8 V(rp,w)ds = ¢ g/a V(Bs)ds. For ys := Tp,w, it is a stationary,
ergodic Markov process taking values in ) with invariant measure P, and the generator of y; is
given by L = %zzzl D3, see e.g. [22].

We define the corrector function ®) for any A > 0 such that

(M —L)®) =V, (3.3)
then the following proposition holds.
Proposition 3.1.
By — /R d A+1%|€’2U(dg)v. (3.4)

Under Assumption 2.1, X(®y,Py) — 0 as A — 0.



Under Assumption 2.4,

VA d=3,
MOx, @) S AllogAl d=4, (3.5)
A d> 4.

Under Assumption 2.8,

ASTL O Be(2,4),

My, @y) S 9 Allog )| B =4, (3.6)
A 8> 4.
If we define 2ie
7
= / 28k 17 (dg)v (3.7)
re €]

fork=1,...,d, 0% = Zzzl k)% Defining o3 = Zizl | Dx®,||?, the following proposition holds.

Proposition 3.2. Under Assumption 2.1, Dy®y — ny, in L*(2) as A — 0.
Under Assumption 2.4,

VA d=3,
o3 — 02| <{ Alog\| d=4, (3.8)
A d> 4.

Under Assumption 2.8,

A5Tl O Be(2,4),

03 — [ S Alog)| B =4. (3.9)
A 8> 4.
Proof of Proposition 3.1.
First, we have
A R@© AR
APy, Dy :/ d¢ < dg 3.10
< > Re A+ 31E[2 A+ §¢2 re A+ [€]7 (€7 (310)

Under Assumption 2.1, i.e., ]A%(ﬁ )|€]72 is integrable, by the dominated convergence theorem, \(®y, ®,) —
0as A —0.

If Assumption 2.4 holds, R(f ) is bounded, and we obtain by direct calculation:

4 1 RV
My, D)) <Az 1/ d
@)X [ TR ©
d_ 11 R(€)
<\2 1/ d§+)\/ —>L e 3.11
i1 1T ER TE2 epor JE[1 (311)
d \%A Tdig
<)\2_1/ dr 4 A,
~ 0 1+702



so when d = 3, \(®y, ®)) < VX. When d =4, \(®y, ®y) < AlogA|. When d > 4, \(®y, y) < A
If Assumption 2.8 holds, R(£) < |€|°~¢ at the origin, and the proof is similar. (]

Proof of Proposition 3.2. Since

/\252 A A2 R(f)
Dy — |2 = k REES | w7 dg, 3.12
|| kE*X 77k|| /Rd (>\+%|5|2)2%’£|4 (f) fm R >\2+|£|4 |£|2 5 ( )
and (A + AEP)
2 o _ATTARE) p
e 16/Rd EP@x g O o

we obtain the result as in the proof of Proposition 3.1. [J

Now we are ready to prove the main theorems. We choose A = &2 from now on.

By It6’s formula, the process of Brownian motion in random scenery can be decomposed as

t/e?
X(t)=¢ V(rp,w)ds = Ry + M;, (3.14)
0
where
t/e
R = e / MDA (ye)ds — B3 (g e2) + €@ (30), (3.15)
0
t/e2 d
Mf: = 5/ > Di®x(ys)dBE. (3.16)
0 k=1

Therefore, the error is decomposed correspondingly as uc(t, ) — Unom (t, ) = (¢) + (i), where
(i) = Ep{f(z+eBy.2)exp(iRRy +iM;)} —EB{f(x+5Bt/52)exp(iMf)}, (3.17)
. . 1
(i) = Ep{f(z+eBy2)exp(iMf)} —IEB{f(ac+5Bt/52)exp(—§azt)}. (3.18)

We see (i) is caused by the residue RS, i.e., a measure of how close X.(¢) is to a martingale,
while (i7) relates to convergence of martingale MF, i.e., a measure of how close the martingale is
to a Brownian motion. Since f is bounded, we have the estimate E{|(i)|} < EEp{|R;|}. It is
straightforward to check that

E{I()[} S EEp{|R;[} S VA (@, @)(1 +1). (3.19)

In the following, we estimate the convergence of M to a Brownian motion in different ways to
prove homogenization and error estimate respectively.

3.2 Homogenization: proof of Theorem 2.2

We rewrite

t/e2 d t/e2 d
M’E—e?/ ZDkq’,\—Uk ys)dB¥ +5/ Zﬁk Yys)dBg = (I) + (I1),

10



|(@i0)| =[Ep{f(x + eBy/c2) exp(iM)} — Ep{f(x + eBy)e2) exp(i(11))}|

+Ep{f(z + eByc2) exp(i(1]))} — Ep{f(x + €By)e2) exp(—%UQt)}\ (3.20)
SEs{[(D} +Ep{f(z +eBy)2) exp(i(I1))} — Ep{f(z +eBy.2) exp(—%fot)}

We clearly have that

d

EEs{|(I)]} < \|t > [IDx®x — nll? (3.21)
k=1

On the other hand, by martingale central limit theorem [13], ergodic theorem, the fact that
E{nx} =0for k=1,...,d, and Zg:1 Imx]|?> = o2, we have that for almost every w €

t/e2 d
(eByje2,¢e / an Tp,w)dBY) = (W}, oW?), (3.22)

where W} is a d—dimensional Brownian motion and W7 is an independent 1—dimensional Brownian
motion. Therefore,

Ep{f(z +eBye2) exp(i({1))} — Ep{f(x + th/Ez)exp(—%a t)} —0 (3.23)

as € — 0 almost surely.

To summarize, we have

d
Bf fuc(t, z) — uo(t, 2)[} Sv/A@x, @A) (1 +1) + 4 | > [ Dpdy — g2
k=1
+E{|Ep{f(z + eB/2) exp(i(I1))} — Ep{f(x +eBy/.2) eXP(—%Uzt)}\}-

(3.24)
By Proposition 3.1 and 3.2, and the dominated convergence theorem, the proof of Theorem 2.2 is
complete.

3.3 Error estimate: proof of Theorem 2.6 and 2.9
Defining f(&) = [ga f(x)e % %dz, we can write (ii) as
. . 1
(i) =Eg{f(z + eBy)e2) exp(tM;)} —Ep{f(z + €Bye2) exp(—iazt)}

A ‘ 3 ‘ (3.25)
/ f(f)€i€'”]EB{ez(‘sf'Bt/e2 HME) _ 1By —%a%}d&
d

~ (2m)d

where €€ - By /.2 + My = ¢ t/a Zk (& + D@ (ys))dBY is a continuous, square- 1ntegrable mar-

tingale for almost every w € ). The estimation of IEB{eZ(E5 Byt Mf) _ ie6Byc2=30 } reduces to

a control of the Wasserstein distance between €§ - B; .2 + My and €§ - By /.2 + oWy, where W} is an
independent Brownian motion from B;. This is given by the following result.

11



Proposition 3.3 (Theorem 3.2., equation (3.3) [27]). If M; is a continuous martingale and Wy is
a standard Brownian motion, then

di i (My, W) < (1V E)E{|(M)1 — 1]}, (3.26)
with the distance dy 1. defined as

d1(X,Y) = sup{|E{f(X) = fF(Y)}| : f € CFR), [ llc < LI [l < K} (3.27)

In the continuous case, the proof is simplified and presented in the Appendix for the sake of
convenience.

Since Ui = ZZ:1<Dk<I>,\, Dy ®,), by Proposition 3.3 we have for almost every w € :
Ep{e/ (6 Byt Miy e3P +o3)t]

t/e? 4 (3.28)

< > (6 -+ Dia(u) s (1 + Ry

< (w W) Ep{le” /

Now we can write |(i7)| < (I) + (II), where

1 ~ 1 t 82 d
D) = Gy /R F@l 1vm Ep{le’ / Z (& + De®a(ys))*ds — (|€1* + o)t}
5Y
1 ~ _1(g12402 1 24 52
(D) = g [ [F@lle 0o - bR e g
First, we have
(IT) < |03 — o2t (3.29)
Secondly, for (I) we have
1 . 1 t€2 d
(D =— | £ [1V ————x | Ep{Je? wam%(ys)) ds — (|€* + o)t| hd¢
2 b (1 + 3t / A

——— [ f B B R L )
~ (2m)d /Rd @)l (1\/ (§2+O_§)t) Ep{le /0 Zx¢(Bs)ds|}dg,

d

Zye(w) =3 (6 + / Oa, Gz — y)V (y)dy)? — |€]2 — o2,
k=1

with G the Green’s function of A\ — %A. Note that we have used the fact that

(3.30)

Dy (ot / Do, G — y)V (y)dy.
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2
Clearly Z) ¢ has zero mean; and by the ergodic theorem, we expect g2 fg/e Z)¢(Bs)ds to be small.
This is quantified by the following control of the variance of Brownian motion in random scenery.

Lemma 3.4. If V is a mean zero, stationary random field with covariance function R(x), and By
1s Brownian motion independent from V', then

t/e? 2 T
EIEB{<5 /O V(Bs)ds> V<t /R d |’f‘g_)2|d:c. (3.31)

Proof. By direct calculation, we have

t/& t/5 |z|2
EEp{ 5/ V(Bs } =2¢2 / / / de_ﬁdxduds
0 R4 2mu)2

_25/ du(g—z—u)l <t

]
0 = JRd (27u)2 (3.32)
| R(z)|
<
Nt/Rd 2]T2 dx
(]
Now we write Zy ¢(x) = Z1 ) ¢(x) + Z2.5 ¢(z) with
d 2
Zinelr) = 3 ( [ 2,Gata - y)V(y)dy) o2, (3.33)
k=1
d
Zoae(x) = 2Z§k/ 00, Ga(z — y)V (y)dy. (3.34)
k=1 R

Since 0% = S (Dyp®y, Dp®y), we have E{Z; ¢(x)} =0,i =1,2. Therefore, Lemma 3.4 implies

<_ & ; Riae(@)| + [Rane(@)]
NS oyt [, 1FO1 |1V ——— WM \/ o/ L 2 dade (339

where R ) ¢(x) := E{Z; »¢(0)Zi r¢(x)},i = 1,2. By recalling (3.19) and (3.29), we have

E{lue(t, x) = uo(t, z)[}

Rine(@)| + R (3.36)
5<¢W+|ai—02l+s f f, ReaeLel W(””‘dxds) 1+
Rd

The estimation of R; ¢ is done for strongly mixing potentials and long-range-correlated Gaus-
sian potentials respectively in the following sections.
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3.3.1 Strongly mixing case: proof of Theorem 2.6

Proposition 3.5. Under Assumption 2.4, there exist a constant ¢ > 0 and a sufficiently large
B > 0 such that

—eV/\z| 1
41 —c T €
Rine@)| + [Rope(@)] S (1 + )2 <A2 e A A e “Wﬁ)' (3.37)

Proof. We assume a positive function ¥(z) S 1A |x|_ﬁ for 5 > 0 sufficiently large.

We first consider Ry ) ¢(x). By denoting ¢y (x fRd Ga(x —y)V(y)dy, for any m,n=1,...,d,
we have

E{(0z,,, #2(0))* (02, 42 ()}
/ O, GA(Y1)Oz,,, GA(21) O, GA(Y2) O, GA(22) E{V (=y1)V (=21)V (7 — y2)V (2 — 22) }dy1dyadz1dze

= [ 000G 00)01,, G (:4)0, G (1), Ga(22) Rt — 21)Rlys — )dindadindzy + Ly
R

:HDm(I))\HQHDn(I))\”2 + Imn,
(3.38)
where I,,, are remainders in the calculation of fourth moment. By Lemma A.5, we obtain

[ L | < 2 /4d OmGA(Y1)0mGA(21)0nGA(Y2) 0nGa(22) [ ¥ (x — y1 + y2) ¥ (2 — 21 + 22)dy1dy2dz1dzs.
R

(3.39)

Since G is the Green’s function of \ — %A, by scaling property, Gx(z) = A%_lGl(ﬁw). The

estimate |[VGy(z)| < e ?l#l|z|'~? holds for some p > 0 [33]. Therefore, by change of variables, we
have

ol ol B 2
Ly < <i /R2d ‘emgl_yl ez‘;_lxp(:c— yﬁz)dydz> . (3.40)
Since o4 = anm:l | Dimn®|1?|| D@22, we derive the following estimate
1 e—PlYl e—plzl y—z 2
Ripne(@)] < <)\ /RM T T2 a7 (T - ey )dyd2> : (3.41)

Now we consider Rg »¢(x). Similary, we obtain that

Roe()] =4 Z gmgn/ O G () OnCr () R (& — y + 2)dyd2]
mon=1 (3.42)
1 efp‘y| €7p|z\ Yy—2z
<|g)2= - _Jd -
Sl A/Rgd T [zt I = 7y

Since ¥(x) < 1A |z~ for f > 0 sufficiently large, by Lemma A.3, we obtain

—cvV\ |z 1
41—V €
Rine @)+ [Rope(@)| S (1+[£])° (AQ temeVlel 41 A ]2 + 1A W) (3.43)
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for some constant ¢ > 0, and 8 > 0 sufficiently large. The proof is complete. [

gfle—cﬁ\_ﬂ +1A e—cVAlz|

By defining Fi(z) := A Tt 1A ﬁ, Proposition 3.5 and (3.36) lead to

E{fue(t, x) — uo(t, z)[}

< <¢W+ -0+ [ f;ﬁifldw) (1+1).

(3.44)

Ra

We also see that for the initial condition f, the only requirement is | f(€)|(1 + |€]) being integrable.

Now we only need the following lemma to complete the proof.

Lemma 3.6.

Py AT d=3,
/ ’de_de <SS |logh| d=4, (3.45)
R 1 d> 4.

Proof. Note that 1 A ﬁ gives a term of order 1 since S could be sufficiently large. We first look
at

1 —clyl
/ ‘ |d_2A%*16*Cﬁ|x‘dx = A§2/ ‘6 a2 S A2, (3.46)
Rd |T Rd |Y
Now we only have to deal with 1 A %@
/ 1 e—eVAlzl 1 e—eVAlzl (3.47)
1A dx < / ———dzr +/ —dx. 3.47
Rd |[472 2|42 o<1 |2]472 o[>1 |z]2d
When d > 4, RHS is bounded. When d < 4,
—cvVA|z| B oo ,—cr
lz|>1 % va T

which concludes the proof. [

By Proposition 3.1 and 3.2 and the fact that A = 2, we have under Assumption 2.4

Ve d=3,
VM@, ®y) +|0s — 02| < ey/|loge] d=4, (3.49)
€ d > 4.

By combining Lemma 3.6 and (3.44), the proof of Theorem 2.6 is complete.

3.3.2 Long-range-correlated Gaussian case: proof of Theorem 2.9

If we follow the proof of Proposition 3.5, it is straightforward to check that when V is Gaussian,
we have

[Rixe(@)] + [Reag(@)] £ (1+ [€)*(Fa(x) + FR (), (3.50)
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i |yl || —
1 e PUI e=PI Yy—z
F\(z) = R|(x — =——)dyd=.
)\( ) )\/2d IyId 1 |Z‘d 1‘ |( ) yaz
From (3.36), we have

E{luc(t, 2) — uo(t, z)[}

Fy(z) + Fi(x 3.51
rs <<I)>\7(1)>\>+|0'>\0'2|+E\// /\ |l‘|d 2 )dﬂf (1+t)a ( )

then Theorem 2.9 comes from Lemma A.4 and Proposition 3.1, 3.2.

4 Proof of convergence to SPDE

From the proof of Theorem 2.2, we see that the key assumption for homogenization to occur besides
stationarity and ergodicity is the integrability of f%(f)\f |=2. In other words, R(z) has to decays
faster than || =2 at infinity. In this section, we go beyond Assumption 2.1 by assuming R(x) decays
sufficiently slowly, and prove the transition to stochasticity from homogenization.

First, we recall that the n—th order Hermite polynomial is defined as

dar x?
) exp(——

Ha(w) = (1) exp() 7 exp(=),

and it has the property that

E{H,,(X)H <>}—{”'(E{XY}) m=n, (4.2)

m #n,

(4.1)

if X, Y ~ N(0,1) and are jointly Gaussian.

Under Assumption 2.10, we can expand V' in Hermite polynomials

V(r) = Bg(a) = 3 2 Halg(a)) (13)
n=0
with V,, = E{H,,(9(z))®(g(z))}. By the assumption Vp = 0,V; # 0, we have

R(z) = E{V(0)V (2)} =E{®(9(0)®(g(2))} = ) (V") E{Hn(9(0))Hn(g(x))}
n=0

e V2 ) V2
=3 Sl = ViR () + 227;;1% ()"

Since > °° L 00, R(z) ~ VER,(x) as |x| — oco. Since Ry(x) ~ cq H?Zl |z;] 7%, we have

n=0 n!
R(x) ~ Vfcd H?Zl |z;| % as min—y 4 |zi| — oo.

(4.4)

The assumption of V; # 0 is crucial for the appearance of Gaussian noise in the limiting equation,
and it turns out that by this assumption we can reduce the p0851b1y non—Gaussian case to Gaussian
case, namely V(z) = g(z), so conditioning on B, X.(1) := L fo =2)ds is Gaussian, and we can
prove its weak convergence by proving convergence of the condltlonal mean and variance. Before
that, following [19] we define the solution to the limiting SPDE (2.14).
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4.1 Limiting SPDE

We first define the formally-written random variable [ W (Bs)ds = [3 [pa 0(z— Bs)W (dx)ds, where
W (dx) is the generalized Gaussian random field independent from Brownian motion B;. We use
E to denote the expectation with respect to W(dz), and assume that the covariance function
E{W (dn)W (dy)} = ddy.

|s —ys| Vi

Proposition 4.1. Assume E " a; <2 and define Yz (t fo Jra G=(x — Bs)W (dx)ds. Then Y.(t)
converges in L? as ¢ — 0 to some random variable Y (t ) denoted as

/W ds—/ [ 3w = BOW (da)ds.

When conditioning on B, then Y; is a Gaussian random variable with zero mean and variance

2y t t 1 i
sy = [ [ L, 1Bi(s) — Bl " 9

where B;(s) denotes the i—th component of Bs.

Proof. We first point out that the RHS of (4.5) is almost surely finite, and this comes from the
fact that Z 104 < 2and

t ot 1 d
Ep // dsdu :/ / ——————dsdu |z| "% g1 (x)dx
TS R o S s sl L

(4.6)
Secondly, we calculate
5 t t 1
sEp (V20 = [ [ [ Enlete- Bal- B drdydsdu. (A7)
0 Jo Jred [Ticy |z — wil™
By Lemma A.6, [posqe(x — Bs)ge(y — Bu)=a dxdy — L as ¢ — 0. By

) I, | i~y T1{_, |Bi(s)—Bi(u)|*
Lemma A.7 and the dominated convergence theorem, we have the convergence

5 t t 1
EE5{Y2(t)} — /0 /0 Bl 5 B (4.8)

Similarly, we can show EEp{Yz, (t)Y.,(t)} — fg f(f ]EB{Hd ‘B'(l)
i=1 1Pil8)—

Thus, we have shown that {Y(¢)} is a Cauchy sequence in L?, since

Bi(u”%}dsdu as 1,69 — 0.

lim EEp{(Yz,(t) — Ya,(1)*} = 0.

51,52—>0

The limit is then denoted as Y (¢ fo s)ds = fo Jga 0(z — Bs)W (dx)ds.

Next, we consider the condltlonal dlstrlbutlon. Since Yz(t) — Y (t) in L?, there exists a subse-
quence ¢y, such that Y;, (t) — Y'(t) almost surely. Note that W (dx) and B; are independent, so the
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probability space is the product space. Then we know that conditioning on the Brownian motion,
Y., (t) — Y (t) almost surely as kK — oo, and this leads to convergence in distribution. Given B,
Y (t) is Gaussian with variance

t t
1
E{Y&t?(t)} :/ / / Qs(w - BS)%(y - Bu) a _dwddedu
0 Jo JR Hi:1 ‘371 - yi|0‘z

P ) (4.9)
— / / = dsdu.
0 Jo [T [Bi(s) = Bi(u)|*
The proof is complete. [J
Remark 4.2. If we define Y(t fo Jga d( BY)W (dz)ds for independent Brownian motions

B!, B%, the same proof 1mphes that Y!(t ) ( ) are jointly Gaussian with covariance function
given by E{Y1(#)Y2(t)} = fg fg - |Bl(sl) O dsdu when conditioning on B!, B2.

Remark 4.3. From the proof of Proposition 4.1, we see that the distribution of fot fRd o(x
B;s)W (dz)ds does not depend on the starting point of Brownian motion.

With random variable [} [o. 8(z — Bs)W (dz)ds, we can formally write the solution to the SPDE
1 .
Ou = §Au +iWu (4.10)
with initial condition u(0,z) = f(x) by Feynman-Kac formula as
t
u(t,z) = Ep{f(z + By) exp(i/ d(y — = — Bs)W(dy)ds)}. (4.11)
0 Jrd

We point that the u(t,x) defined as above coincides with the usual definition of weak solution to
SPDE (4.10):

Definition 4.4. A random field u(t,z) is a weak solution to (4.10) if for any C* function ¢ with
compact support we have

/RdU(t,x)qb(@dw: | J@o@)de+ 5 //Rd u(s, 1) Ad(x dxds—f—z/Rd/ 5,2)p(x)dsW (dz).

(4.12)
Proposition 4.5. If Zle a; < 2, u(t,z) is a weak solution to (4.10).
The proof is a direct adaption of Theorem 4.3 in [19], and we do not present it here.
4.2 Convergence to a stochastic equation: proof of Theorem 2.11
First we reduce V(z) = ®(g(x)) to the Gaussian case by the following lemma:
Lemma 4.6. In the annealed sense, Y:(t) := SQ/Q fo Vlg(Bg))ds — 0 in probability as

e — 0.

18



Proof. Since ®(g) — Vig =32, Y2 H,(g) and "2, n, L < 0o, we have conditioning on B that

n=2 n!

t & B — B,
E{Y.(t / / — " )Y'dsdu
50‘ 5

(4.13)
Bs B Bu
</ / Rg(i)Qdeu
ex o Jo e
for some constant C. Since Ry is bounded and satisfies |Rq(x)| < Hle |z;| =, we have
5 t t 1
B(Y.(0} <C sup |Rya)| [ [ 5. oo aredsdu
el 0 Jo TIL IBi(s) — Bi(u)| (4.14)
c [t ’
+a/ / LiB,—B,|<medsdu,
e Jo Jo
which leads to
C t rt
BB {Y.(0%) £ C sup Fy(0)|+ / / Es {15, p, <.} dsdu. (4.15)
z|>M 0 Jo

By Lemma A.8, first let € — 0, then M — oo, the proof is complete. [J

Now we can prove the weak convergence of X.(t).

Proposition 4.7. For fized t > 0, in the annealed sense X.(t) = Vl\/@fg Jga 0(z — Bs)W (dx)ds
as € — 0.

Proof. By writing X (t) = 50‘/2 fo Vlg(Bs))ds + a/z fo Vig Zs)ds and Lemma 4.6, we
only need to show the Weak convergence of = /2 fo Vig( B; =)ds.

By conditioning on B, we calculate the characteristic function

E{exp(wga% / vlg(B \ds)} = exp(— L% / / Ry (B8 dsqu), (4.16)

2ee

Bs—B 1

w)dsdu — ¢ fot fg T 1Bio)—Bi () dsdu almost surely, we only need to

. 1 t rt
and since = [, [ R
apply the dominated convergence theorem to derive

'Lt %3 eX_EQQC e 1 sdu
E]EB{exp(zegam/O Vig(2)ds)} —Es{exp(—56°Vi d/ / 5 = e )

=EEp{exp( z@Vl\/»/ / d(x — Bs)W (dx)ds)}
(4.17)
ase — 0.0

Now we are ready to prove the main theorem.
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Proof of theorem 2.11. For fixed (t,x), we let

Ze =uc(t,x) = Ep{f(z+ Bi) eXp(igjﬂ /0 v~ - Bs)ds)}v (4.18)

€
Zy :=up(t,z) = Ep{f(x+ By) exp(iVl\/@/o y d(y —x— Bs)W(dy)ds)},  (4.19)

and claim that Vm,n € N, E{Z™Z1} — E{Z"Z}}.

Actually, we have

e t :10 + B] o B]
B{Zm 77} = IEIEB{H ferB) [ 7+ B)en(o / (Z -3 v ds)),
j=1 Jj=m+1 Jj=1 Jj=m+1
A (4.20)
where Bf,j =1,...,N = m+ n are independent Brownian motions. Since V(z) is stationary and

all relevant functions are bounded and continuous, to prove the convergence of E{Z™Z"}, we only
need to prove the annealed weak convergence of

J
W- .—Za]BJ+ZBJ /2/ B—)ds (4.21)

for aj, B; € R. We write W, = (i) + (i) + (4i7) with

N .
(i) = Y ;B (4.22)
j=1
’ . 1 [t Bl
@) = Yz [, Ve (4.23)
(i) = Z@M [ %) - o Eyas (1.21)

(#i7) — 0 in probability by Lemma 4.6, and for (i) + (ii), we calculate

EIEB{eXp(wl(') + i02(i1)) }

=Ep{exp( 1912% ) exp —fVI 03 Z Bif; a/ / Ry( dsdu)},

1,j=1

(4.25)

and by the same proof as in Proposition 4.7, we have

//R dsdu—>/ / I 1|B7’ ()|%dsdu (4.26)

almost surely. Therefore, we see that

N ] N t ‘
i)+ (i) = Z o;B] + Vl\/@Z Bj / / d(y —x — BL)W (dy)ds (4.27)
j=1 j=1 o IR
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in distribution in light of Remark 4.2, so

N ' N t ‘
W. =S 0B+ Viva Y5 / / 5y — = — BIW (dy)ds
j=1 j=1 0 IR

in distribution. Thus the claim is proved.

Note that |Z.|,|Zp| are uniformly bounded, if we let Z. = Z.1 + iZ.2,Z0 = Zo1 + iZp2,
the corresponding real and imaginary parts are uniformly bounded as well. From the fact that
E{Z"Z?} — B{Z"Z}'}, we know Vm,n € N, E{Z" ZI",} — E{Z}} Zi!5}. So

. . — 1 .
E{exp(i1 Ze1 + i02Z:2)} = E{(01 21 + 027 2)"}
h=0 (4.28)

—1_ . . .
= B0 Z01 + i0970.2)"} = E{exp(i61Zo 1 +i02702)},
k=0

which completes the proof. [
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A Technical lemmas

Proposition A.1. Consider the equation Syu = 3Au + iV (z)u with initial condition u(0,z) =

f(z) € C(RY). Let us define u(t,z) = Eg{f(x + B;)exp(i fc? x + Byg)ds)}. If V' has locally
bounded sample path almost surely, we have for any ¢ € C°(R?),

/u(t,x)ap(m)dx: dx—i—/ / S, ) Acp da:ds—i—z/ / S, ) (x)dzds,
R4 R4 R4

(A.1)
i.e., the Feynman-Kac solution u(t,x) is a weak solution almost surely.
Proof. Fixing any 6, M > 0, define
Vsm (2 / ¢s(x —y)V (y) 1y <mdy, (A.2)

where ¢5 is a family of compactly supported mollifier. Fixing the realization, since V (y)1),<as is
bounded, Vj s is bounded, and we have Vs r(z) — V(z)1|4<p almost everywhere as § — 0. In
addition, Vj ps is smooth, so for the equation dyusar = %Aug, M + Vs arus v with initial condition
us v (0,2) = f(x), we have its classical solution given by the Feynman-Kac formula

us v (t, ) = Ep{f(z + By) exp(i/o Vs.m(z + Bs)ds)}, (A.3)
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and if we first let 6 — 0, then M — oo, us a(t, ) — u(t, z) by the dominated convergence theorem.
Since us ar is also a weak solution, we have

t 1
/Rd us v (t, x)p(x)de = /]Rd ff:r)gp(x)dw +/O /Rd U5,M(s,x)§Ag0(:n)dxds A
+1

us v (s, x)Vsar(z)o(x)dds.
0 JRrd

Let 6 — 0, M — oo, we complete the proof. [

Proof of Proposition 3.3.

Since M; is continuous, the quadratic variation process (M), is continuous as well. We define
7 =sup{t € [0,1] : (M), < 1}, (A.5)

and it is clear that 7 is a stopping time. We construct M; on [0,2] as

Mt te [077-]7

- ) M; te(r1],

M= 0, vny re(2— ()], (A4.6)
M, + bl*<M>-r tc (2 — <M>7—, 2],

where b is an independent Brownian motion.

Clearly M; is a continuous martingale and (M)g = 1, s0 My ~ N(0,1). Therefore, dy j,(My, Wy) =
dy (M, M) and we have

dy x(My, Ma) < dy j,(My, My) + dy x (M, Ms). (A7)
For the first term, if || f” ||~ < &,
[E{f(M1)} — E{f(M;)} — E{(M1 — M) f'(M;)}| < gE{(Ml — M,)*}. (A.8)

Note LHS = |E{f(M1)} — E{f(M,)}| because E{E{(M; — M,)f' (M,)|F;}} = 0, and E{(M; —
M)} = BE{(M)1 — (M), } <E{[(M)1 — 1[}.

For the second term, we have My = M, + bi—(amy,- So similarly
B ()}~ E{FOL)} ~ E{br—qan, S/ (M)} < SB(E_ 03 (A.9)
LHS = [E{f(My)} — E{f(M,)}| since b is independent from M, and
RHS = YE(1 - (M),) < YE(1 - Q1))
To summarize, we have dy (M, W) < kE{|1 — (M);|}. O

Lemma A.2.

e—Plz—yl efply\d < ol 1 AL0
/Rd w g T S e ) (A.10)
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Proof. See [8] Lemma A.1. O

The result in Lemma A.3 is of convolution type. We prove it by the domain decomposition
method. Here are some notations appearing in the proof. If we denote B(z,7) ={y : |y — z| < r},
then Vo € R let p = |z| > 0, A1 = {2z : 2| < |z — 2|}, Ay = {2 : |2| > |z — 2|}, and define
(1) = B(0,p) 0 A, (IT) = B(z, p) 1 Ay, (IT1) = RY\ (1) U (IT)).

(I),(II),(III) appears in the proof of Lemma A.3, and we will estimate the integral in each of
them respectively. ¥ is assumed to be some positive function such that ¥(z) < 1A |z|™® for any
a > 0.

Lemma A.3.

1 e_plyl e_plz‘ Yy—z d e_C\/X‘xl 1
—U(z — Z—)dydz < N2t —eVAle] IN——+1AN— A1l
X Jpa T T T R S AT A T A g (A
for some ¢ > 0 and sufficiently large 5 > 0.
Proof. By Lemma A.2, we have
1/ e—Plul o—nplzl y—z . y
U(r — =——)dydz < (i) + (i1), A.12
N Joa T T M R () -
where
1
(i) = A&t / e PV A ——)dy, (A.13)
R |z — y|*
o —pVAly| L 1
i) = e’ 1A dy. Al4
@) = [ MmO R .

We have used ¥(z) S 1A # for « sufficiently large. (i), (i) will be estimated separately but in

the same way.
First of all, we clearly have that (i) < A%
R¢ into three parts, (I), (IT), (III).

For (i), we have that when |y — z| < 1, f e p\ﬂy‘dy < =PVl In region (I), we have

_ 1 1
/e pVAlY| —dy < ——.
1 [z =yl ||

~1and (#) < 1. Now we assume |z| > 1 and divide

\y—a:\>— so

le

In region (I1), ly| > 5, so

—pV A
/1|”>1e Ayl L
II |

In region (I11), |x —y| > |y|/2, so

VAl L g </ 1 dye=PVal < g=pVAlal
Yy ye e .
/IH |z — Z/\a re Yyl \a

dy < e PV el/2
yl“
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Therefore, in summary, we have

1 1
AN )y S TA (e 4 — A5
L an a1t ) (A.15)
for ¢ = p/2 > 0 and [ sufficiently large.
For (i), when |y — x| <1,
/ e*pﬁ\yl% < e*pﬁ\xl%_
ly—z|<1 [yl |42
In region (I), by a similar discussion, we have
/ o PVAly| 1 dy 1 < 1 )
(1) e v L
In region (I7), e=PV Al MLQ < e—PVAlzl/2 Iz\‘%”’ SO
1 1 1
—pVAly| - dy < e=PYal/2__ =
j;;z T2 ey S [2]d=2

In region (I11), we have

/ VA1 1 dy < VA1
(I11) y|4=2 [z —y|* |z|d-2

The proof is complete. [J

Lemma A.4. For

1 e*ﬂk’}‘ efp‘z| Yy—z
Fi(z) = ~ € Rz — Y2 )dyd
)\(.%') \ /RQd |y’d_1 ‘Z‘d_1| ’(Jj \/X ) yaz,

and |R(z)| < 1A |z|=? with B € (2,d), we have the following estimates for some ¢ > 0:

Fa(z) SAs~temeV el 4 / Ty + AT e VR ] O
. >

Mel? A16
+1A ! eeVAlel 4 ! /ﬁm e “rdr + Azl /OO e~ Par i
|z|f=2 Alzl? Jo Vx| ’
and we have 5

N2 <4
F\(z) + F(z )

[P 0 < L ey 5= (A17)
R 1 B> 4.

Proof. The proof is similar to that of Lemma A.3 and 3.6. The details are not presented here. [
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Lemma A.5. Let x; € R4 i =1,...,4, then under Assumption 2./

[E{V (z1)V (22)V (z3)V (24)} — R(z1 — 22) R(23 — 24)|
<U(loy — a3))U(|ze — 24]) + ¥(o1 — z4]) ¥ (|z2 — 23]),

where U(r) <1Ar~8 for any B > 0.

Proof. The proof could be found in Lemma 2.3. [18], where E{V®(2)} < oo is used. [J

Lemma A.6. When o € (0,1), [z ¢-(2)qe(y )md:cdy — # as e — 0 for z #£0.

Proof. By change of variables, we write

1 1
qawqudwdyz/ ge(w +y — 2)¢:(y) 75 dydw
@it ety = [ o )ae(0) e

and since .
(ii) = / q(w +y)q(y) —F=——=dydw,
[Vewz|> Ll [Vew + 2|

by the dominated convergence theorem, we have (i) — ﬁ as € — 0. For (i), we write

(i):</|w|<| y|>|+/|w|<| y|<|>%(w+y_z) ()| ‘adydw

(A.18)

(A.20)

(A.21)

For the first term, use ¢-(|z|/4) to bound ¢.(y), then integrate in y,w; for the second term, use
¢-(|z|/4) to bound ¢.(w + y — z), then integrate in y,w. Since ¢-(]z|/4) — 0 as ¢ — 0, we have

(i) — 0. The proof is complete. [

Lemma A.7. Assume a € (0,1), then [po qe, (214 y1)0e, (2 +y2) Y1 — y2| " *dyr1dys < Clzy — a2

for some uniform constant C.

Proof. See Lemma A.2. in [19]. O

Lemma A.8. When d > 3 and « € (0,2),

lim / / (|Bs — By| < e)dsdu = 0.
e—0 g%
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Proof. By explicit calculation, we have

1 t t
a/ / P(|Bs — By| < €)dsdu
€ Jo Jo
1 t > 1
. / / / A2 Ze A —dNdads
(m)2ex Jo Jyjz|<e J1ZE ||

= L / / / 1 1 1 )\%_2 -1 dXdxd
= e rds A
(ﬂ')%ﬁ‘a 0 v Jo lz|<et|z|2<2As+s<t |$|d72 ( .23)
= L d\ )\%7267>\ Asl —i—1€21 1s<¢ds
(m)fea Jo xeg T2 g ) e
1 At?

— ood)\)\g—2 —A 52t 54 . ..
_(ﬂ)%ga 0 P 71%>t+71%<t7§1%<t = () + (u2) + (did).

We check that (i) ~ e?=®, and (i) ~ 279, (ii) ~ ¥~ 4+ 972, so the proof is complete. [J
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