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AN APPROXIMATION RESULT FOR A CLASS OF STOCHASTIC
HEAT EQUATIONS WITH COLORED NOISE

BY MOHAMMUD FOONDUN, MATHEW JOSEPH! AND SHIU-TANG LI
University of Strathclyde, University of Sheffield and University of Utah

We show that a large class of stochastic heat equations can be approxi-
mated by systems of interacting stochastic differential equations. As a con-
sequence, we prove various comparison principles extending earlier works of
[Stoch. Stoch. Rep. 37 (1991) 225-245] and [Ann. Probab. 45 (2017) 377-
403] among others. Among other things, our results enable us to obtain sharp
estimates on the moments of the solution. A main technical ingredient of our
method is a local limit theorem which is of independent interest.

1. Introduction. Consider the following stochastic heat equation:

(1.1) %u,(x) = —v(=A)*%u,(x) + o (u;(x))F(t,x), t>0,xeR?,
with bounded and nonnegative initial condition uq(-). The operator —v(=A)*/2,
0 < o <2 is the generator of a strictly, symmetric stable process. We will impose
conditions on « later. The function o : R — R is assumed to be a Lipschitz contin-
uous function, that is, |0 (x) — o (y)| < Lip,|x — y| for all x, y and some constant
Lip, > 0. The noise term F(t, x) is a Gaussian random field satisfying

Cov(F(t,x), F(s.)) = 8o(t = 5) f (x = ).
We will assume that the spatial correlation is given by the Riesz kernel:
(12) fa=y=k-y"  0<p<d

We follow Walsh [32] to make sense of (1.1) via the following integral equation:
t
@) = (s @ + [ [ piese =)o () Fdsdy).

where p; (x) is the density of the strict stable process with generator —v(—A)%/2.
Questions of existence and uniqueness of (1.1) under the above conditions are
now known. For the unique solution u; to satisfy

(1.3) sup  Elu;(x)|" <oo  forallm>2and T < oo,
xeR4 t€[0,T]
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we will further need
(1.4) B <a.

In particular, this implies that 8 < min(«, d), a condition which we will assume
throughout the paper. We refer the reader to [4, 11, 12, 15, 16] and [32] for proofs
and technical details, for both white and colored noise driven equations. A detailed
study of properties of such equations can be found in [15] and [16]; see also the
extensive bibliography in these articles. When o (u) o< u, (1.1) is referred as the
Parabolic Anderson model (PAM). This equation is related to the KPZ equation
via the Hopf—Cole tranform; see [21]. In this case, one can use the Feynman—Kac
representation of the solution to make a very detailed analysis of the moments
of the solution; see the work of X. Chen in [6] and [7]. Getting sharp estimates
on moments of solutions is usually a starting point for a deep understanding of
the almost sure pathwise behavior of the solutions. Therefore, whether one can
get similar information about the moments for our more general equation is an
important question. As a consequence of the main result of this article, we will
give a positive answer to the above for colored-driven equations, extending the
result in [23] where this question was answered positively for white noise driven
equations.

Consider the following natural approximation of (1.1) by a system of interacting
stochastic differential equations. For x € ¢Z¢, let

(1.5) dUP (x) = (LPU) (x) dt + gida(U,(S)(x)) dB® (x).

The operator .Z®) is an appropriate generator of a continuous time random walk
X© on the fine lattice ¢Z¢. These random walks are of the form X ,(8) =eX;/ew
where X is a continuous time rate 1 random walk on Z¢. Appropriate conditions
will be imposed on these random walks later. The Brownian motions Bt(g) (ek),
k € Z¢ are defined by the following:

t
B (¢k) := / f F(dsdy),
0 JC© (k)
where C©® (¢k) := {ek + y; % <y < %}. It is then easy to verify that

(1.6)  Cov(B® (ek), B®)(el)) = min(s, 1) - / / fx—y)dxdy.
C@ (ek) JC© (el)

The initial condition U (x), is defined by

1
UE(x) = — / uo(y)dy  with x € eZ¢.
Sd C® (x)

Our main Theorem 1.3 shows that for a large class of random walks, the ap-
proximations (1.5) converge in a strong sense to (1.1). There are a lot of papers
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dealing with approximations of SPDEs. These include [30] and [17] which par-
tially motivated the work in [23]. Our main result is most similar to Theorem 2.4
of the latter paper where only white noise driven equations were considered. Here,
we are providing significant extensions of the results in [23]. The fact that we are
considering noises which are spatially correlated makes the proof much harder.
We will require some new ideas, one of which is a significant extension of the
local limit theorem for stable processes. To the best of our knowledge, this result
is new and is of independent interest. In [23], the approximations were driven by
independent Brownian motions. A major difference here is that our approximating
SDEs are now driven by correlated Brownian motion. This is a source of additional
technical hurdles. A section is devoted to the study of these SDEs.

Our main theorem is stated for noises with correlation function given by the
Riesz kernel but the reader will soon discover that this is not a major restriction.
In fact, our choice of this particular kernel was partly motivated by two difficulties
that the Riesz kernel presents; it has a singularity at the origin and it has a fat
tail. Another reason for this choice is that Riesz kernel represents an interpolation
between smooth and white noise. All of our results will therefore hold whenever
the correlation function is nicer; see the final section of this paper.

‘We now describe the main results with some more care. But before, let us intro-
duce some notation. Let i be the dislocation distribution of the continuous time,
rate one random walk X with generator .. This is the distribution of X, where

y =inf{t > 0: X; # 0}.
The characteristic function of p will be denoted by
@)=Y e“*uk) =Eexpiz-X,), zeT’=(-m x]"
kezd

Our main assumptions on the random walk will be stated in terms of fi. Let func-
tions D(z) and & (z) be functions defined by

(z) =1—-vlz|* +D(2),

(1.7) ok ak
— (@) = —v— 2" + &ki(2) fork>1,1<i<d.
07; 07}
We shall primarily be working under the following assumptions.
ASSUMPTION 1.1. The random walk is symmetric and it is aperiodic, that is,
{z € (—m, 7] i(z) = 1} = {0}. Further, there exists 0 < a < 1 such that
(1.8) D(@)=0(|zI"")  as|z] 0.
ASSUMPTION 1.2.  Away from zero, D(z) is d + 3 times continuously differ-
entiable and for all k <d + 3,
(1.9) i@ =0(z[°T7%)  as|z] = 0.
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Under Assumption 1.1, the walk is in the domain of attraction of a strict
Stable(cr) process; see [29]. Assumption 1.2 allows us to give a good decay rate in
x in the local limit theorem which compensates for the fat tails of the Riesz kernels
in our approximation Theorem 1.3; see Proposition 3.6 below.

The frequently used notation [x] for a vector x = (x1, x2,...,Xg) € R? denotes
the point ([x1], [x2], ..., [xq]) € 74, where [a], a € Ris the largest integer smaller
than or equal to a. For functions f and g, we say f(x) < g(x) if there exists a
constant C independent of x such that f(x) < Cg(x). Our first result gives a rate

of convergence of the moments of Ut(s) to those of u;.

THEOREM 1.3. Let u;(x) and U,(e)(x) be the unique solutions to (1.1) and
(1.5), respectively. Suppose that Assumptions 1.1 and 1.2 hold. Then for any posi-
tive p <min((@ — B)/2, a),

£ am
(1.10) E[|U® (elx/e]) — up (x)™] < (W) + &P,
uniformly for x € RY, e* <t <T andm > 2.

REMARK 1.4. The first term on the right-hand side of (1.10) gives the rate of
convergence in the deterministic part of (1.5) while the second term gives the rate
of convergence of the stochastic part.

At this point, it is natural to ask whether there are random walks satisfying both
Assumptions 1.1 and 1.2. At the end of Section 3, we give an affirmative answer
to this question by providing a fairly large family of random walks satisfying these
conditions. We point out two other improvements over Theorem 2.4 of [23]. We
have managed to better the rate of convergence; the result for the white noise case
in [23] should be the thought of as the case corresponding to 8 = 1, which only
makes sense in dimension 1. We are also able to handle more general initial con-
ditions. Some more work shows the following weak convergence result.

THEOREM 1.5. Suppose that Assumptions 1.1 and 1.2 hold, then for all M >
0,0<ty<T and p <min((a — B)/2, a),

e " sup sup U (elx/e]) — us (x)| Lo aselo.

telty, T xeR4:||x||<e~M

Our first application is an extension of the fundamental pathwise comparison
principle of Mueller [28]. The comparison principle is one of the few general re-
sults in stochastic PDEs. It is very useful. In certain cases, we can replace a general
initial profile ug bounded away from O and infinity by a constant profile if we are
interested in studying the large-time or large-space asymptotics for the equation;
see, for instance, [8] and [9]. See also the recent preprint [5] which deals with
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comparison principles for white noise driven stochastic heat equations, and the
references therein. An argument, different from ours, to prove the following the-
orem was outlined in [7]. See also [27] for related results. Additional information
about comparison principles for stochastic differential equations can be found in
the forthcoming thesis [26].

THEOREM 1.6. Let u and v be solutions to (1.1) with initial profiles ug and
Vo, respectively, and such that uy(x) < vo(x) for all x € R?. Then

Plus(x) < ve(x) for all x eRy > 0]=1.

As mentioned earlier, one of the main results of this paper is the following
moment comparison principle.

THEOREM 1.7. Let u be the solution to (1.1) and u be the solution to (1.1)
but with o replaced by another Lipschitz continuous function o such that o (0) =
0(0) =0. Assume that o (x) > o (x) > 0 holds for all x € R.. Then for any integer
m>1and ki, ko, ..., ky €N, x1, %2, ..., Xm eR?, t >0 we have

By, (x0) - uy, (o) ] = Bty (x)*1 - - - iy, Gt )]

A key phenomenon exhibited by many equations of the type (1.1) is intermit-
tency. This happens when there are some rare regions in space and time at which
the solution is extremely large. Mathematically, this phenomenon is analyzed using
moment Lyapunov exponents; see [3, 15, 16] and [19]. As a result of the theorem
above, we could provide bounds on the Lyapunov exponents of (1.1) if we could
compare it to an equation for which bounds are already known. The moments of
the parabolic Anderson model have been very carefully analysed for a large class
of equations; see for instance [1] and [7]. Therefore, a consequence of Theorem 1.7
is the following.

THEOREM 1.8. Suppose there exists positive constants 0 < a < b such that
a <ug(x) <b forall x, and suppose that o (0) = 0 and there is a £, > 0 such that
o (x) > Ly |x| for all x € R, Then for any integer m > 2, we have

mat < liminfl log E(|us(x)|™) < limsup ! log E(Jus(x)[") < mat
f—>o0 ¢ t—oo

Under the conditions of the above theorem, one can also give bounds on the
upper and lower exponential growth indices considered in [22].

We end this Introduction with a plan of the paper. In Section 2, we consider a
system of interacting SDEs driven by correlated Brownian motions and prove a
moment comparison principle for the system. After that in Section 3, we prove a
local limit theorem needed for Theorem 1.3 which we prove in Section 4. Section 5
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proves the remaining results stated in the Introduction. Finally, in Section 6, we
state several extensions to our results.

For a random variable Z, we denote || Z]|, := E[|Z]|? 1'/7 . Throughout this pa-
per, C will denote an arbitrary constant which might change from line to line.
We will use the symbols c1, ¢z, . .. to denote constants whose value remains fixed
throughout a proof but might be different in a different proof.

2. Interacting systems of stochastic differential equations. In this section,
we study a class of interacting SDEs which we will use to approximate the SPDE.
The results in this section are inspired by [10]. As opposed to [10], which deals
with independent driving Brownian motions, here the driving Brownian motions
are correlated. It is worth pointing out that one of the main motivations behind [10]
was to give general ergodic theoretic results for such systems by comparing them
with “exactly solvable” models such as the Fisher—Wright model and the Feller’s
branching diffusion model.

We will need to first prove some basic results concerning our system. Consider

2.1) dU, (x) = (LU)(x) + 0 (U, (x))dB;(x)  where x € Z¢.
The operator .Z is the generator of a continuous time random walk X, defined by
(2.2) Lf@)=v Y pilf () — D]

jeZd

for some probability transition function p; j = p(j —i). Here, 0 : R — Ris a
Lipschitz function and B;(x), x € Z¢ denote a collection of correlated Brownian
motions with

(2.3) Cov(Bs(x), B;(y)) = (s A1) - R(x —y),

where R is a nonnegative definite and symmetric function satisfying

t
2.4) / ds Y P(WR(y—2)P(z) <o forall >0,
0
y,z€Z4

with
Pi(x) :=P(X; = —x), xeZd.

By a solution to (2.1) with a bounded initial profile Uy : Z — R, we mean a
solution to the following integral equation:

t
Ui(x) = (P, % Up)(x) + /0 S Py — o (Us(»))dB(y),  xeZf,
yeZzd

where
(P Up)(x) := Y Pi(x — y)Up(y).
yeZd

The main result of this section is the following.
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THEOREM 2.1. Consider two systems of equations of the form (2.1) but with
o1 and oy instead of o. Let Uy and V; be the unique respective solutions. Sup-
pose o1(x) > o2(x) > 0 for all x € Ry with 01(0) = 02(0) = 0. Then for any
X1, X2, ..., Xy € Z4. t,t, ..., tym > 0 and nonnegative integers ki, k, . .., ki,

(2.5) E[Uy, (x0)¥1 -+ Uy, (i) ] = B[V (x)FT - -V, Gom) ).
The complete proof of this result is lengthy but the main underlying idea is quite

simple. Consider the following stochastic differential equations:

dX; =b(X;)dt + 01(X;)dB;,
and

dY; =b(Yy)dt + 02(Y;) dBy,
with the same initial condition xg. Set

P fx):=E"f(X;) and P7f(x):=E"f(¥),

and let £, £°2 be the generators corresponding to X; and Y;, respectively. The
idea is to show that

(2.6) PP f(x) = P f(x),

whenever o1 > 07 and f belonging to some appropriate class of functions. By
appealing to the following “integration by parts” formula,

t
PO = PP L) = [ PO = L) P f ) s,
showing (2.6) amounts to proving
(L7 — L) P! f(x) > 0.

This is the strategy used in [10] and which we will adopt here. Since our equations
are significantly more complicated, we will need to overcome a few technical dif-
ficulties. We begin with the following existence-uniqueness result. Since the ideas
involved are quite standard, we will only give a sketch of the proof.

THEOREM 2.2. Fix T > 0 and let Uy : Z¢ — R be a bounded initial function.
Under the assumption (2.4), there exists a unique solution to (2.1) such that

2.7 sup sup E[|U,(x)|"] <00 forallm > 2.

0<t<T xezd

PROOF. The proof of existence and uniqueness uses the standard Picard itera-
tion scheme. Define iteratively

t
U0 () = (P x Uo) (1) + /0 > Pis(x =)o (U (1) dBi ().
y
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For 8 > 0, set

— 1 2
Ap.n+1:= sup supe pr. I Ut(n+ )(x) - Ut(n)(x)“Lm(P)'

xeZd t>0

We now use Burkholder’s inequality and the fact that noise is correlated to obtain

t
Apst L2 - g [ dse™ SR —9)R(y =D Pl =2,
¥,z

Assumption (2.4) allows us to choose g large enough so that

t
C:= Lipf,/o dse™Ps Y P(x—yR(y—2)P(x—2) <1,
v,z

one gets Ag 41 < Apg,1-C" and Ag ,4 decreases exponentially fast to 0. The
completeness of L? (P) gives the existence of a solution satisfying (2.7). Unique-
ness follows from a standard argument. [

In order to prove Theorem 2.1, we need several approximation results which
are interesting in their own right. Our first result shows that one can approximate
o by a function which has bounded support. For any N > 1, let o ) be a Lipschitz
function defined as follows:

o (x), x €[=N,NJ,
0. X ¢ (—2N,2N),
(N) _ 2N — x
o'™M(x) = a(N)-{ N }, x € (N,2N),
a(—N)-{x+N2N}, x € (—2N,—N).

We note that the Lipschitz constant is independent of N.

PROPOSITION 2.3. Consider (2.1) but with ™) instead of o and let U
denote its unique solution. Then limy_ U,(N) (x) = U;(x) in L™(P) for every
m>2andallt > 0.

PROOF. We begin by writing U,(N) (x) — Uy (x) =T + T, where

t
n= /o > Prs( =) - [oM (UM 3) — o (UN (1))]dBs ().
(2.8) , Y
T = /0 Y Psx—y) - [o(UMNM() — o (Us(»))]dBs ().
y
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We begin with the first integral. From the definition of o™, we have
Elle™ UM () = (UM 0))|"]

=E[le ™ (UM ) = o (UM )" 00 ye ]

N
SN"P(UY W2 N) 5 5
where we have used Chebyshev’s inequality and uniform (in V') bounds on the mo-
ments of U™). The existence of these uniform bounds are justified by the fact that
the Lipschitz coefficients of oY) are bounded above by a constant independent
of N. An application of Burkholder’s inequality gives

t
1T S [ 3 Prosle = )RO =D Proslr =)
y,Z
: ||‘7(N)(Us(N)(y)) - U(Us(N)()’))”im(P) ds

1 t
’SW/ ZPI—S(Y)R(y_Z)Pt—s(Z)dS
0 V.2
~Y N2.
Let

2(t) = sup [U™N () = Uy (v) | y-
yeZd

We therefore obtain from equation (2.8):
c1 4
90 = 5+l /O ds 2(5) 3" Py (R — D) Py (2),
¥,z

for some constant ¢;. We multiply each side of the above inequality by e~ to
obtain

—nt t
o0 < e [ e D)
N 0
- Y Ps(MR(y —2)Pis(2)ds
y,z€Z4

‘1 —nr ! —ns
= 3z +ai(supe™ 7)) e 2 BOIRG - DR s

We now choose 1 > 0 large enough so that

N =

o [ e Y POIR(y — )Py ds <

y,z€Z4
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and thus obtain

supe " P(t) < — —I— —supe " P(1).
t>0 N 2 t>0

We gather all the terms involving Z(t) on the left-hand side. The proof then fol-
lows from limy o0 Z(t) =0 forallz > 0. O

Our second approximation result allows us to consider smooth o. Let ¢ €
C2°((0, 1)) with fR ¢(x)dx =1 and by a slight abuse of notation, set

~(N) -_ _
M ()= N /R dy p(N(y — ))o (7).

PROPOSITION 2.4. Consider (2.1) but with &N instead of o and let UN) be
its unique solution. Then limy _, U,(N) (x) =U;(x) in L™ (P) for every m > 2.

PROOF. We adopt the same notation as in the proof of the previous result with
M) replacing ™ in (2.8). We begin by making an observation which follows
from the definition of 5 ). We have

6™ (x) — o (x) = N/Rqﬁ(zv(y —0)(e () — o () dy

< ’

~ N
where we have used the definition of ¢ and the fact that o is Lipschitz. The proof
is now exactly the same as that of Proposition 2.3 except for the following where
we make use of the above inequality:

t
2
1T Em ) < c2 fo up 6™ WM () = o (UM ) py
ye

D P = »R(y —2) P—s(x — 2) ds
y,Z

1
S / ds Z PYR(y — D) Py(2)
The rest of the proof is similar to that of Proposition 2.3. [J

Our final approximation concerns the state space. We consider a system of in-
teracting SDEs on the space Ky :=[—N, N]¢. More precisely, let U™) solve

29 AU @x) = (MU di +0 U (x)dB(x),  x €Ky,
where

N . . N
LN fiy=v Y P( )= fFO)], Pl(j) D pijreN+Dkeisj € KN.
jezd keZd
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The correlations of the Brownian motions are as before (2.3). Note that . Z®) is
the generator of a random walk X™ which takes values on the discrete torus
[—N, N1¢. We shall denote the transition probability by P (y) := P(x") =
=),y € Ky.

PROPOSITION 2.5. Let U solve (2.9). Then limy_ 00 UM (x) = U, (x) in
L™ (P) for every m > 2 and any x € Z°.
PROOF. We get that U,(N)(x) —U;(x)=T1 + 7T+ T3 + T4, where

Ti = (PN % Up) (x) — (P, % Up) (x),

t
Ti= X [ Pese =9 (UM 09) = 0 (U,09)) 4B,

YEKN

! (N) (N)
Ti= 3 [ (P06 =3 = Pyt =) o (UM () 4B,

YEKN

t
Tim= ¥ [ Pste— ) oW, aB. )

yeK§

As before, let us call

D) := sup | U (y) — U™ () ||im(P)~

yeZd
We get
(N) 2
2(t) < Supd|(Pz s Up) (x) — (Pr % Up) (x)]
xeZ
t
e / ds2() Y. Ps(NR(Y — )Py (2)
0 v,2€Kn
t
(2.10) +C [ ds Y (PN - P()

‘R —2)(PM(2) — Ps(2))

t
+C [ a3 RORG-IPGE.

v,2eKYy

The proof of Theorem 2.2 shows that one can find a bound on || U,(N ) (x) || m py for
t < T, x € Z% which is independent of N. We have used this fact in the above the

inequality. The second term goes to 0 as N — oo since the P,(N) converges weakly
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to P;. The third term converges to 0 by the dominated convergence theorem. As
for the last term, one bounds it by

/Otds > { > Ps(y+(2N+1)i)}

y.2€KN "i£0,ieZd

R(y—2-{ >, Plz+QN+ l)j)}
j#0,jeZd

t
<R(0) / dsP(X; falls outside K )2,
0

which tends to 0 as N tends to infinity. We thus have

t
(1) < AN+ C /0 Is () Y PR —2)Pry(2)

y,zeZd

for some function A(N) decreasing to 0. By an argument similar to that used in
the proof of Proposition 2.3, one concludes Z(t) — 0. This completes the proof.
O

Before we proceed, we mention that a comparison result similar to Theorem 1.6
holds for a system of interacting SDEs. Indeed, Theorem 1.1 in [18] implies that
the comparison principle holds for finite dimensional stochastic differential equa-
tions (SDEs) of the form (2.9). For the infinite dimensional case, we can use the
above proposition and the continuity of the solution. We need the comparison re-
sult to guarantee that the solution remains nonnegative provided that the initial
profile is nonnegative and o (0) = 0. Let us now turn to the proof of the main result
of this section.

PROOF OF THEOREM 2.1. The proof of the theorem follows the same strategy
as in [10]. We therefore only mention the key points and leave it for the reader to
check the details in [10]. We begin by proving the result under some simplifica-
tions. We assume that o is smooth and has support in (a, b) with 0 < a < b. The
system of SDEs is taken to be finite, that is, we restrict x € K where K is a finite
set as defined in the above proposition.

Let S? denote the strongly continuous contraction semigroup associated with
the solution to the SDE with a particular diffusion coefficient o. Also, let G° be
the corresponding generator given by

2

9z 0z

1
G* =L+ Y o@IRI~ o) z€la, b,
i,jek
where k is the number of elements in K and
L) =v > pijlf()— fD].

jezd
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Consider the function F; of the form Fj(z) = z'f‘zgz .- -zZ" . As mentioned at the
beginning of this section, we will show that

(2.11) So'Fi(z) = S7PFi(2),

by using the following formula,
St Fi(z) — SpEFi(z) = f So7 (G — G??) ST Fi(2) ds.

That the right-hand side of the above display is well defined follows from the proof
of Lemma 15 of [10]. By a convexity argument as in the proofs of Propositions 16
and 17 of [10], we have PE” ; 1 F) > 0. Now since o1 > o, and

2

G _G@_E Y RG—)) [01(1,)01(11)—Gz(zl)(fz(z])]a 0z,

i,jeK
we have
(G = G?)SJ' Fi(2) > 0, 0<s<t.

We have thus proved (2.11). Denote by F>(z) another function which is of the
same form as Fj(z). Using the Markov property, we have for #; < 12,

EZ'Fi(Uy () P2 (U, () =EZ' [F1(Uy, ())E

For the second last step, we need (2.11) with F) replaced by
F'(2) = FI@E (F2(Up—1 ())-
See Proposition 17 in [10] for details. An induction argument shows

EZ'Fi(Uy () F2(Up, () -+ - Fu (Uy, (1) 2 EZ2 F1 Uy () F2(Uy, () - - - Fa (U, ()

for any n > 1 with Fj(z) chosen to have the same form as Fi(z). This completes
the proof under the simplifications which we remove by using Propositions 2.3,
2.4 and 2.5. We use the argument on page 525 of [10] as well as Lemmas 18 and
19 of the same paper to complete the proof. [
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3. The fractional Laplacian and the approximations of the stable process.
In this section, we prove a local limit theorem which will be needed in the proof
of Theorem 1.3. We begin with a few important observations about p;(x), the heat
kernel for the fractional Laplacian —v(—A)“/ 2,

e For any positive constant ¢, we have

3.1 Pi(x) = ¢ peas (cx).

e For 0 < o < 2, there exist positive constants ¢; and ¢, such that
5 1 t 1 t

(3.2) C1 WAW <px)<c W/\W-

Note that the second property does not hold for &« = 2. The scaling property follows
from

pi(x) = 2m) ™ fRd e g,

while the above two sided estimates are well known; see [25] and references
therein for various extensions. We will need the following straightforward con-
sequence of (3.2). It also holds in the case o = 2.

LEMMA 3.1. FixkeZ® Forallz € C¥(ck) ={x :=ck+ y;—e/2 < y; <
e/2} and t > &%, we have

1
C_IPt(Z) < pi(ek) < c1pi(2),

where c1 is some constant independent of k.

We will also need the following estimate. Results of this type are known [25];
we give a simple proof using subordination. Let B; be a d-dimensional Brownian
motion and 7; be a one-dimensional one-sided stable process of order «/2 inde-
pendent of B;. Then, by subordination we have Y; = Br,, where Y; is the strict
stable process of order «; see [13].

LEMMA 3.2. ForxeR%andt >0,

pi(x/2)
‘th(ng ttl/oz :

PROOF. Let ¢;(-) denote the probability density function of 7;. Then by sub-
ordination, we have

o0 1 _ﬁ
Pr(x) =/0 7(27‘[.5‘)‘1/28 % g, (s) ds.
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A simple computation shows that

I x| 2
WTB 2s QI(S)dS

o0

Vel s |

0
o

N/O ROESY: s q1(s)ds

- 1 _u? o ] i
N /(; S@ina¢ & ql(s)ds—l—/l @zt 8 g1(s)ds

We estimate the second integral,

s [T e
/1 @na® s q1(s) S_/O want s q1(s)ds

=c1p1(x/2).

For the first integral, we have

1 1 2 k2ol 1
/(; S(d+1)/26 8s CII(S)dsfe 8 0 S(d-f—l)/qu(s)ds'

|

2869

By Theorem XIII.6.1 of [14], as s — 0, g1 (s) decays faster than any polynomial
of 5. Therefore, the integral on the right is finite. Further, for o« < 2, the density
p1(x) only decays polynomially in x and, therefore, it is clear that for all o < 2

we have e—1¥I/8 < p1(x/2). Combining the above inequalities gives |V pi(x)| <

p1(x/2), from which we obtain the result by scaling. [J

Our first local limit theorem gives a uniform (in x) bound on the difference
between the scaled transition probabilities of the random walk and the heat kernel

for the stable process. This is an improvement of Proposition 3.1 in [23].

PROPOSITION 3.3. Fix T > 0. Then under Assumption 1.1,

a

< for x € eZ¢

1
sup 8—dP(8Xz/ea =x) — pr(x)

d
xeeZd tdra)e

uniformly for e* <t <T.

PROOF. We begin by recalling that

@ : ) / JeT e gz,
v/ R

pr(x) =
and

P(X;=x) eT¥ 2Tt 1= g

1
- @n)d /[—ﬂ,n]"
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We therefore have

1
(2n)d‘8—dP(ext/ea =x) — pi(x)

id/ ¢t s (1-1(D) dz—/ e Nzl dz'
&4 J—m,m)d R?

- ‘f oI (1=ED) _ =1l g
- V=g

—7 . —_— o
+ /d de ixz, tv|z| dz
T T
RA[-%, %]

=0+ D.

We bound I first:
L= '/ eIVt dz‘
(=%, 21

_vltwro‘ _tvfgl*
<e e 2 dz
= R

gV 1

~ tN td/ot ’
where N is some positive integer. Choosing N to be the smallest integer bigger
than a/« and using ¢ > ¢%, the above inequality reduces to
861
<
(IS fd+a)ja

Bounding /; is slightly harder. We begin by splitting the integral as follows:

I < / e—ix-z[e—s%(l—/l(sz)) _e—tvlzl"‘]dZ
VA

+ / e—ix-z[e—s%(l—ﬁ(??z)) _ e—tvlzl“‘]dZ
A N[-Z, 2
where
1
Fp— d‘ .~ .~
Al’,&‘ — {Z € R ) |Z| 5 tl/(a+a)8a/(0l+a) }.

Since we have 1 — f1(ez) > c¢z]ez|* for some positive constant ¢;, we have

|e—ix~z[e—€%(l—ﬂ(ez)) _ e—tvlzl"‘]| < 2e—c‘3t|z|a’
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with ¢3 being another positive constant. We now have

_ a
Iy <2 e c3tlzl dz
Af N[-Z, 2]

— o _ o
< supe~<kl /2/ oot/ 4,
Afe R

On A¢

1
t.e» We have |z| > o5 26y, and hence

('3[
supe~1"/2 < o7 peaeTEFa @ @FD
AS h

t,e

8aaN/(a+a)taN/(a+a)

= ’

tN

A

where N is a positive integer. We therefore have

N N
gaa /(oz-i—a)toz /(a+a) 4

Is < _ 14/

45 N
- 8aa1\~//(tx+a)—ata1\~//(tx+a) ef
~ +(N—a/a) (@ ta]a

8[1

G
~ tld+a)/a ’
where we have chosen N to be large enough and used that ¢ > ¢*. To bound /3,
we note that
o s (1=1(e2)) _ vzl _ eftVIzla[eg%D(ez) —1].

Since we have 6% |D(ez)| < ”;ia’ lez|*T¢ for some constant c4, on A; ¢, we have that
S%D(ez) is bounded. We therefore have

13 < / e—tv|z|a|€£LaD(8z) _ 1‘ dz

te

_ a !t
<[ e L
A g%

_ ol
</ e T jgz19 ez
d Foled

861

<
~ tla+d)/a

This completes the proof of the proposition. [
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We next prove a refinement of the above proposition. This will give us more
information when |x| > r!/%. We need this because Riesz kernels have slowly de-
caying tails and we need to compensate for this by obtaining a better bound for
large x. We need two lemmas whose proofs will be as useful as the results they
describe.

LEMMA 3.4. Let z € R?\ {0}. For any positive integer k and real number y,

(3.3) |z|y—ZA ()

where A,’s are constants and ny denotes a positive integer depending on k. In
particular,

ok '
(3.4) ﬂ|z|y§|z|y_ .

PROOF. We restrict to i = 1. The proof follows by induction on k. The first

derivative is
0
sy = Y= 1( )
Z Z
P lz|” = ylz| E

Assume now that the (3.3) is true for some k. We use the product rule to differen-
tiate (3.3) with respect to z; and obtain

8k+1 ng i 71 n+l1
et = 2 Anty =l <E>

n=1

S O

n=1

We now gather all the terms together to see

gk+1 Mig i n
27 =3 Azl ( )
8zk+1 Z |z|

n=1

This is clearly of the same form as (3.3). The second part of the lemma follows
from the obvious bound z1/|z| < 1. O

An immediate consequence of the above result is the following.

LEMMA 3.5. Forany z € R?\ {0} and any positive integer N, we have

_ o
vt|z| Zt |Z|ak N

aN
e
azi

—vt\zla

(3.5)
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PROOF. Set g(z) := /@ for some smooth function f. Some calculus shows
that

N - 9 ky
=9 Y Al

9z} k=(ky,k2,....kx)
(3.6) k1+2ko+--Nky=N

52 ka Py ky
[ o] [l

where the constants Ak depend on N. Using the above expression with f(z) =
—tv|z|* together with the previous lemma gives the result. [J

The proof of the following result requires ideas from the theory of oscillatory in-
tegrals which deals with asymptotics of such integrals. The reader can learn about
this from [31].

PROPOSITION 3.6. Fix T > 0. Suppose that Assumptions 1.1 and 1.2 both
hold. Then uniformly for e* <t <T and |x| > Y% x € eZ4, we have

te?

1
)E—dP(eXt/sa=X) JAEDIBS S [ydtata

PROOF. Let ¢ : R — R, be a smooth, symmetric cutoff function with ¢ (z) :=
1 for |z] <1 and ¢(z) =0 for |z] = 2:

2m)4 1 i .
@) P(eXijee =x) = _d/ e*?'ze—fa(l—u(z)) dz
ed et Jl—m,md

1 _ix . =i
= s_d/ e Zem e (1= @ g (121019 dg
—7,77]

1 ix

2 —ig (1= 1/a

e Jmmt© € [ =oelr)]dz
=1+ 1.

We first show that I is small. Using integration by parts and the fact that j is
periodic,
1/ e\V _ix, 9N
15 (i) | e o e RO = g ) e
—m,m]d 07

|)C] | _/
where we shall choose later N < d + 3 and 0 < j < d. We next need an estimate
on
aN

gl = o)
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After some computations, very similar to the proofs of the above two lemmas, we
have by Assumptions 1.1 and 1.2 that for k <d + 3:

3 0 hu-ae) < et ekl
(3.7) @e 7 Nlzl|z| ﬁe e
i =
Note that
PN v
ev ~

We now make a couple of observations. For 1 — ¢ (|z|t'/*) to be nonzero, |z| has
be be bigger than ¢ ~!/¢ and derivatives of 1 — ¢ (|z|¢!/%) are nonzero only when
1< |z|t1/ % < 2. Moreover, by an argument similar to (3.5),

Zram

Using these observations along with Leibniz’s rule gives

k
5s) ot <

. —(lzlte

N
aa_{ — =R ¢(|Z|t1/“)]}'Scth/ae_mzw;,
Z.

J

We therefore have

_i, N
' /[] Fe e s (=R — g(121/%)]} dz

J
<)
[—7, )¢

aN
_{e (- u(z))[ ¢(|th1/“)]}
< 64/ tN/ae—C3|Z|a5% dz
[—7m,m]d

dz

N
8zj

g4

~ pd=N)/ja’
Putting the above estimates together and using that j is arbitrary, we have
N

I
< °
L3 x|V r@=Nja

Now choose N an integer so that N > d 4+ o + a. Together with ¢* <t < T, |x| >
12 we obtain

< &t
2 |x|d+cx+a ’
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We now look at /1. We will decompose /; as follows:

B= g [ e IO g e )

1 ix o
+ —/ e~ 2 (1)1 dz

=13+ 1.
We look at I, first since it is the most straightforward part and bounding it involves
the ideas used above:

1 ix a
b= /[ L€ e (el ) — 1]z

gd
+ i/ e~ g
8d [7ﬂ’ﬂ]d
1 ix o
_1 e_?-ze—v|z| 8L0([¢(|Z|tl/a) — 1] dz
[—m, )¢
J 1 —X g vz

+ (27) pt(x)——f ¢ e

RI\[—7, 74

= @) pi(x) + O(Wgﬁ).

The last line requires some explanation. The first term in the second last line can
be bounded just as we did for I>. For N > d + « + a, we have from (3.5) and (3.8),

and an appropriate choice of j,

1 ix a
_d/ e~ eV dg
&4 JRI\[~m,]4
N
RN
e \|x;|/)  Jri\[-7 714

N
< %(L) oG55
v \|xj|

&t
~ |x|d+a+a ’

We next turn our attention to /3. We split the integral as fol-

3N _ ot
9 N Velew | dg
2

since |x|* >t > g“.
lows:

1 ix «
S e ™

1 ix Q0 ¢
_/ e_?.z[e—g%,(l—u(z)) _ Vil s%]¢(|z|tl/a)¢’(|z|)dz
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1 ix t n ot
+ — e & e ww=1@) _ ,~vizl*a
ol [ ]

¢ (Izle)[1 =y (lzN)] dz
=I5+ I,
where 1/ (-) is a radial and smooth nonnegative function which equals to 1 inside a

ball of radius A < 1 (to be chosen later) and zero outside a ball of size 2X. Using
the inequality |e™* —e™Y| < |x — y| for x, y > 0, one gets

1

— L (1-i —v|z|* L
15587/[ L e U A CILE
—7T, 7T
1
<_ —aD(z)dz
|z|<22 €
t)\,a+a+d
~ E_:ot—f—d

To bound I¢, we note that as before,
N
O {[em @] _ vl )

N
I6<( € > id/ 5
x|/ &% Ji—n,m)d 3ZJ-

~p(Izlt ) [T =y (1z)]}|d

(3.10)

Due to the presence v in the integrand, it is nonzero only when A < |z] < Cr.
We shall use Leibniz’s rule to bound the above, and so we obtain bounds on the
derivatives of each of the factors. As in the proof of Lemma 3.5, one gets for / > 0:
1
8_ 1 /O( i/a
- (lzle Zt lz|',
9z i
(3.11) ‘
al

0z

v(lzl) S lel

with the sum equal to 1 if / = 0. We next bound the derivatives of the difference of
exponentials in (3.10). The proof of Lemma 3.5 gives

l
J

al
e -1 — o IR YY A gy (),
Z.
J k
U —vlzl &
eV = R S Ay g (2),
azj k
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where the summation is over K = (ky, k», ..., k;) such that k; +2ko +---+1k; =1,
and

l om ¢ ki
= T1(-ZLn—s
(@) El( o s 1)

l k

A" vi|z|@\ km

hx(z) = | | (_—az"ﬂ g ) )
j

m=1
‘We write
al

]
azj

[e—gLa[l—/l(z)] _ e—vlz\"‘s%]

_ [e_s%‘[l_ﬁ(o] . e—v|Z|agLﬂl] . ZAkhk(Z)
k

L wl1-A@] Z Ak[gk(2) — hk(2)]
k

= D+ D,.

Observe that the term D, appears only if [ > 1. By Assumption 1.1, one has
cslz]® < 1 — fi(z) < cglz|® for |z| < w+/d. Therefore, by an application of the
mean value theorem, one gets

o
m=1 €
I3 |z|%¢
a+ta—I —c
S =zl 8ea

Let us next bound D;. The crucial observation is that any term gk (z) — hx(z) can
be written as a linear combination of terms of the form

i l b
am t . Gm 0™ wt|z|*\"m
| | _7 ‘n- ) | | 2
( 81’}1 8“[ M(Z)]) < 823’ g )

m=1 m=1

I
o™ vt|z| 9™ ¢ R Cm

.]‘[( _ _[1—u(z>]) ,
82?’ & 81?1 &

m=1

where the a,,, b,,,, ¢,y are nonnegative integers such that an:l m(ay, +by +cm) =
[ and so that at least one c,, # 0. This can be seen for example by writing each
factor of gk(z) as the sum of the corresponding factor in sk (z) and the difference,
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and then expanding the product. Since at least one ¢, # 0, one gets from (1.9):
I

t\! ‘
Z o |Z|a+al—l
oo

i=l

1z]*

D2 S e

t t]z[*
< _a|Z|a+a—le—clo o

~

Now we combine our bounds for D and D; along with (3.11) to get the following

bound for
N
16<(i) : / jg|teN o= C1
~\xl/ €2t Jig=a

N
< (i) I a+a+d—N
~ |x| gatd

&

Recall the above holds because we had chosen N > d + « + a. Choosing A = N
we have

te?

<
EPS |x|d+a+a ’

Combining all the above estimates yield the result. [
The proof of the following local limit theorem is now almost complete.
THEOREM 3.7. Let ¢ > 0. If Assumption 1.1 holds, then uniformly for x €

24, % <1 <T,

a

1
‘s—dP(SXt/e“ =x)—pi(¥)| S pEEmYER
If both Assumptions 1.1 and 1.2 hold then uniformly for ¢* <t < T and |x| > t'/¢,
X eaZd,

a

1 te
g—dP(sX,/ga =x)—p()| S [xjdtata’
For 0 < o < 2, the above inequality reduces to
1 £“ pr(x)
(312) ‘g—dP(EXl/Sa :X) — p[(X) 5 ta/a ,

uniformly for all x € eZ¢ and e* <t <T.

PROOF. We only need to justify the final inequality. But this follows easily
from (3.2) and the first two inequalities in the statement of the theorem. [J

REMARK 3.8. Note that (3.12) is not true for o = 2.
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We end this section by describing a class of random walks whose characteristic
functions satisfy both Assumptions 1.1 and 1.2.

EXAMPLE 3.9 (¢ =2). Consider a d dimensional random walk with dislo-
cation distribution given by © = 1 @ o ® --- ® ug where uy are the dislo-
cation distributions of one-dimensional mean O random walks. Further, assume
that each of the one-dimensional walks has moments of order d + 4. This im-
plies that the characteristic functions of each of the fi; are continuously differ-
entiable up to order d + 4, and have a Taylor expansion of the form [ (zx) =
1-— czz,% +c3(ize)? + -+ cap3iz)?™ + 0(|zx|*T). One can check that these
random walks satisfy Assumptions 1.1 and 1.2 forany 0 <a < 1.

EXAMPLE 3.10 (0 < @ < 2). Consider
. c1 .
w((j)) = e whenever j € Z%/{0},

where the constant c; is chosen so that the above is a probability measure. In this
case, Assumptions 1.1 and 1.2 hold with a <2 — «. In fact, (1.9) holds for all
k > 1. For the reader’s convenience, we present the argument below. For |z| < 7,

1 —cos(z-j) 1 —cos(z-x) d
Z |j|d+a - /;{d |x|d+ot

j#0
(3.13) 1z|1, O<a<l,
S lzPn(zl™),  e=1,
|z|2, l<a<?2.

We now give more details of this calculation. We split the integral over R? into
blocks of the form [j — %, Jj+ %]d, j € Z¢. We have the bound

1—cos(z-x)dx< 2
Joy g e x| P

~202

when one uses the inequality |1 — cos(z - x)| < |z|%|x|>. We next bound

2

P BN |
j#0 []_jv]+j]d

I —cos(z-x) 1—cos(z-j)

|x|d+a |j|d+a dx.

For this, we use a first-order Taylor approximation around each j. We thus need a
bound on [|3f/dx;llcc and |82 f/8x;9xllcc in [j — %, j + 519 where

1 —cos(z-x)
fx)= W
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One can check that
af  zisin(z-x) {1l —cos(z-x)}d + a)x;

ax;  |x|dte |x|d+a+2 ’
P g ey @) sinG ) + i = )+ [1 = cos(z - )]
0x; 0x; |x|d+e+2
[1 —cos(z-x)lxix;  zizjcos(z - x)
—(d+a)d+a+2) o [drata FIET

We therefore get

)
j#0 [j—%,j-F%]d axi
- / zi sin(z - x) {1 —cos(z-x)}(d+ a)x; dx
- |x|>l |x|d+a |x|d+a+2

dr oo dr o dr
Slef? +lzl o ) 2va
lz|=1 r lz|=L r

where we use the bounds |sin(z - x)| < min(l, |z||x]) and |1 — cos(z - x)| <
min(1, |z|?|x|?). The integral of the second derivatives can be bound in a similar
manner. This gives us (3.13).

Consider now the C* function

c1-n(x)
glx) = W,

where 7 is a C® function with n(x) = 0 for |x| < % and n(x) =1 for |x| > % The
Fourier transform of g is

Fe®) = [ gwear.

We now split

o c1-(nx)—1)
(3.14) g§(x) = |x|d+oe + |x|d+0‘

The Fourier transform of the first term (in the sense of distributions) is

(3.15) Fleil- 1779 &) = vIg|*

for some constant v. For a proof, see pages 127-128 of [20]. The Fourier transform
of the second term on the right-hand side of (3.14) is C since it is the Fourier
transform of a compact distribution. Thus Fg is equal to the sum of ¢;|£]|* and
a C* function, and by an integration by parts argument one can show that Fg
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is a rapidly decaying function. We can now use Poisson summation formula to
conclude that for |z| < 7:

cos(z - j)
Y e = VT h).
j#0

where h is a C* function, and thus
1= (z) = —vlz|* + (1 = h(2)).

It is an easy computation to show that

1 —cos(z-x
[T g
RY

|x|d+a
Therefore, by (3.13) we can conclude that v = —c¢> and
|Z|l+a, O<ua<l,
[1=h@[ Sz, a=1,
122, l<a<?2.

Thus 2(0) = 1 and 04 /9x;(0) =0 for all i. Take D(z) =1 — h(z), which is a C*®
function whose Taylor expansion around 0 has the zeroth and first-order terms to
be 0. It thus satisfies (1.8) and (1.9) with a < 2 — «. We have therefore found a ran-
dom walk, X, satisfying the required conditions for a fixed v satisfying (3.15). For
other values of v, we can simply take the same random walk but with a different
time scale.

The argument above shows that walks of the following form would also satisfy
Assumptions 1.1 and 1.2:

NN~ G :
M({J})ZZW, J#0,

i=1

forsomemeZ, 0 =0) <az <--- <oy <2 and appropriate positive constants
C1,C2y-vny Cp-

4. Proof of Theorem 1.3. We begin this section with the following result.
Recall that f is the spatial correlation function of the noise and is given by the
Riesz kernel.

PROPOSITION 4.1. Forx,y € RY, we have

1
/Rd /Rd pi(x —w)p;(y —2) f(w—z)dwdz I ot
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PROOF. By the semigroup property, we have

/Rd /Rd pilx —w)p,(y —2) f(w—2z)dwdz

= [, P2l = (= ) flw) dw.

The result now follows by a change of variable and scaling properties. [

Define

oa—p N a—p
4.1 = d = .
4.1) n 5 and 7 o

We have the following Holder continuity estimate. This can be read from [2].

PROPOSITION 4.2.  For any m > 2, we have
Elus (x) = ue()[" < Ix = ™ + s — 1™
The proof of Theorem 1.3 will involve several approximations which we will
analyze in the following lemmas. For the sake of clarity, they will be proved un-
der the assumption that uo = 1. We will also use the fact that sup, E|u,(x)|" is
uniformly bounded for0 < < T'.

The first approximation is a step function approximation to u# which is constant
over rectangles C® (¢k), k € Z%. For x € R, set

t—e¥
u,(8>(g[x/8]) =1+ > /0 fc(s)(gk) Pi—s(y — elx/el)o (us(ek)) F (ds dy),

keZd

if £ > &% and 0 otherwise. If we set y (y) := ek when y € C®(gk), then the above
simplifies to

@ t—e“
O ets/el) =1+ [ [ piey = elx/e)o (u (y ) Fds dy).

It is intuitively clear that ®) should be close to u. The following lemma makes it
precise.

LEMMA 4.3. Fort > 0and x € R?, we have
Elu,(elx/e]) — ul® (elx/e])|™ < ™.

PROOF. Using the mild formulation of the solution and the above definition,
we have

ur(elx/el) —u;” (elx/e])
:/0 ¢ /Rd pr—s(y — 8[x/8])[<7(us(y)) — o (us (V(y)))]F(ds dy)

t
+_/t‘_€a /l;d pt—s(y _S[X/S])O(us(y))F(ds dy).
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An application of Burkholder’s inequality together with the assumption on o yield
Jus (ele/e1) = ui® (el /e D),
S /Ot_ga /Rded Pi—s(y = elx/el) prs (w — elx/e])
- f(y —w)Cs(y, w)dsdy dw
+ /lt_g /Rded Pi—s(y — elx/el) pr—s(w — e[x/e])

fly—w) ”O'(us (Y))O'(us (w)) ||m/2 dsdydw
=11+ Iy,
where Cs(y, w) = [[[o (us(y)) — o (us(y (Y))] - [0 (us(w)) — o (us(y (w))llm/2-

An application of the previous proposition yields Cy(y, w) < 127 which we use
in the following:

r—e%
nse [ piesly = elx/el iy (w — el/e)) £ (v — w) ds dydu,
0 R? xR
By translation invariance, the right-hand side does not depend on ¢[x /], and so
L < e,
We use the fact that solution has finite moments to bound I5;
t
RS [ (= el /e pieslw — elx/e]) £ = w)ds dy du
t—e® JRI xR4
< g2,
The proof is complete. [

We now turn to the second lemma. Here, we discretize the density of the stable
process. We set

t—g”
v (elx/e]) == 1+ > /0 /S(ek) Pi—s(ek — e[x/e])o (us(ek)) F(ds dy),

keZd

for t > &% and O otherwise.

LEMMA 4.4. Foranyt > 0andx € RY,

IE|”z(8)(‘9[35/"9]) - vt(g)(e[x/s])|m <ghm,
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PROOF. We obviously have
u? (elx/e]) — v} (elx /e))

t—e¥
:/0 /l;d[pl‘—s(y_g[x/g])_p[—s(y(y)—g[x/g])]
+o (us(y (1)) F (ds dy).
As in the previous lemma, the following holds:

| (elx/e1) — v (elx /el

r—e¥
< /0 /Rded[p’—S(y —ex/e]) — pi—s(y(y) — elx/e)]
[ pi—s(w — elx/e]) — pr—s (v (w) — e[x/e])]
o (us (v M) o (us(y ) [, 2. f (v — w) ds dy dw
e
5/0 /Rded [Pi—s(¥) = Pi—s(y D) ][ Pr=s(w) — pr—s (v (w))]
- f(y —w)dsdydw.
By the mean value theorem, Lemma 3.2, Lemma 3.1 and Proposition 4.1, we have

/Rded [Pi—s(¥) = pi—s (Y )][Pr—s (W) — pr—s(y (w))] f(y — w)ds dy dw

g2

< - -
~(t — )2/

g2

Lo P/ /D £ = w) ds dy d

S > 7
(t—s)a(t —s5)a

The rest of the proof is elementary calculus. [J

The next proposition is crucial in that it determines the rate of convergence in
Theorem 1.3. Here, we replace the discretized density by the transition probabili-
ties for the random walk. Set

1" P (ek —e[x/e])
A =1 £=s (k) F(ds dy),
t (8[)6/8]) +k€ZZd/O /C(f)(ek) od O'(u (e )) (dsdy)

for t > ¢% and O otherwise, where

PP (x) = P(eX;/ex = X) for x € eZ°.
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LEMMA 4.5.  Assume that Assumptions 1.1 and 1.2 hold. For all x € R¢,
E|V (e[x/e]) — v (elx/e])|™ < P,
where p :=a A 1.
PROOF. We begin by writing
VO (elx/e]) — vl (e[x /&)
Z /t } _/C<g)(8k)[P( )(gkg_d ebe/eb) pi—s(ek — s[x/el)]

keZd
o (us(ek)) F(ds dy).

As in the proof of the previous lemmas, we take the mth moment and use
Burkholder’s inequality:

Jof (el /e]) — Vi (el /e]) |1,

N/ ds Z \ps(ek)—s_dP(‘?)(ek)Hps(sl)—e_dP(g)(sl)|

42) k,leZd
/ du/ dv f(u —v).
C®(ck) C@®(el)
‘We have the bound
g2d
4.3 / du / dvfu—v) s ———-——
(*43) cOEk)  Jo© (e A &b+ etk —1)|B

We split the right-hand side of (4.2) as

/ds[ 2 Y g Z w...]

|k|<5”“ (B HE A o,

= A +2A; + A3,

where A;, A; and A3 correspond to the first, second and third sums. We bound
each of Aj, Ay and A3 separately. Our strategy is as follows. We will bound
|ps(ek) — e Ps(s) (¢k)| using Proposition 3.3 for |k| < s'/% /¢ and using Proposi-
tion 3.6 for |k| > s'/%/e. We start with

»Al < 82d ﬂ+2a/ ds 1

o s2(atd)/a WX: e TH kI
k<=, l1]<*

Fixing k and summing over / gives us a bound of (s!/*¢~1)4=#_ Thus the integrand
is bounded by a constant times ¢# =245~ (2¢+8)/¢ "We thus have

Ap <e?*.
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Next, we consider Aj:

Ay < £24- ﬁ+2a/

&

ds 1

o glatd—a)/a Z |l|d+a+a
Ik|< Al/ot 1> Al/ot

< g2d—p+a ds s
~ o S(a—i—d a)/o Sd gla+a)/a

d/a gata

t
< gd+a—p+2a ds
~ s s2a/a

<.
Finally, we bound A3 as follows:

t 2
2d—B+2 s
A3 Se a/gds( Z |k|d+a+a)

€ k|> j1/o¢

t
< g2d+2a+da—p ds
~ e s2a/o

< &%,

Combining all our bounds gives us the lemma. [

Next, consider for x € R,

W (e[x/e)) —1+Z//

kezd

P (sk — e[x/e])
ga’

o gk))F(dsdy).
o (1 (ek)) F (ds dy)
LEMMA 4.6. ForxeR%andt > 0,

E|W? (elx/e]) — VO (elx/e])|™ < e

PROOF. We begin with
W (elx /e]) — Vi (elx /e))

P(f)c k—
-y f ; /C(s)(gk) i—s (€ - g[x/g])ff(us(ek))F(dsdy),

kezd !
As before, we have
[W (elx /) — VO (el /e)],

/ / P (ek — e[x/e]) P (el — e[x/e])
e 1= Je@ o xcO ed ed

- f(y —w)dsdydw.
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Using

(4.4) fO—w)dydw S &P,

«L(S)(sk)xc(g)(sl)

and that P® are probability measures completes the proof. [J

Before we give our final approximation lemma, we state a proposition required
in the proof.

PROPOSITION 4.7. The following holds uniformly in 0 < e < 1:

P (¢k) P (el)
d

4.5) / ds Z /()(ek) /(wendvsg—d.f(u—v).

k,lezd

<0

PROOF. Consider the regions s < &* and s > ¢ separately. For s < &%, we
use (4.4) which gives a bound of £*~#_ In view of equation (4.2), we need to only
bound

/ ds Z /( C@ (ek) /;(8)(81) dv ps(ek) - f(u —v) - ps(el).

k,leZd

Because of Lemma 3.1 and Proposition 4.1, we can bound the above by a constant

multiple of
T ds
a—p
€ + /0 Bla

which is finite. [J

Recall that

U (elx/e]) =1+ Zf

keZd

t p@® (sk —¢elx/e))

o (U (ek)) B (k).

The above proposition implies that

(4.6) sup sup E\Ut(g) (ek)|" < 00 forallm >2and T < o0;
O0<e<10<t<T, keZd

this can be seen by following the arguments in Theorem 2.2. Here is our final
lemma of this section.
LEMMA 4.8. ForxeR%andt > 0,
E|UE (elx/e]) — WO (elx/e]) ™ < eP™,

where p =a A 1.
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PROOF. We obviously have

U (e[x/e]) — W (e[x/e))

P(S) k —
=y / /C (e 8dg x/e])[ (U® (ek)) — o (g (k)] F (ds dy).

kezd @k
We will split the integral above by using the following observation:

o (US(E) (ek)) — o (us(ek))

=0 (UP) (ek)) — o (W (ek)) + o (W) (ek)) — o (us (k).
From the above lemmas, we have
E|W (sk) — us(ek)|" < eP™.
The above implies that
E|U® (ek) — us(ek)|" < c2[eP™ + E|WE (ek) — UE (k) |"].
Upon setting
D) = sup {E[U (x) = W )" P/,

xeeZd
we obtain
> P (ek)
DO (1) < 362 + ¢4 f dsP(s) / / dv —=——
k1ezd C® (k) C®©(el) £
P(S)(sl)

fu—v)-

From (1.3) and (4.6), we have that supy, 7 D@ (s) < co. A suitable form of
Gronwall’s inequality now completes the proof. []

We can now finally give the main results.

PROOF OF THEOREM 1.3. For the special case that the initial profile is iden-
tically one, the proof easily follows by combining the previous lemmas together
with

E|u(elx/e]) — ur (x)|™ <™,

where 7 is defined in (4.1). To obtain the result in the generality as described in
the Introduction, it suffices to find a good bound on the following quantity:

4.7) V pi(x — Vuog(y)dy — Z P( £) (e[x/e] — )Uég)(ek) for x € RY.
keZd
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We begin with

VRd pi(elx/el = y)uo(y)dy — 3 P (elx/e] — )Ués)(ek)’

keZd

< ‘/d pi(elx/el — y)uo(y)dy

—Z/

(elx/e] — ek)uo(z) dz'

kezd (8)(8")
’ Z /( ) pi(elx/e] — ek)up(z) dz
vz CC (sk)

— 3 P (elx/e] - )Ug’”(ek)’
kezd

=1L+
The mean value theorem and an application of Lemma 3.2 show that
L= ‘/ pi(elx/e]l — 2Juo(z)dz — ) / (elx/e] — ek)uo(z) dz
keze 7" )(Sk)

N l‘l%/Rd pz(%)uo(z)dz-

We can rewrite [ as follows:

I =& > |:pt elx/e] — ek) — iP(E)(e[x/s] ):|Uég)(8k)

keZd
d+a d+a
& te

< - -
~ Z t(d+a)/a + Z |8k|d+a+a

kezd kezd

|ek|<t!/@ |ek| >t/
a 14a

& &
~ talo + td+a)/a’

for t > ¢*. Combining these estimates and using the fact that 0 < a < 1, we obtain

' /R pilelx/el = yuo)dy — Y P (elx /el — e Uo<sk>‘

~ a/a
keZd

as long as r > ¢“. We now use the mean value theorem and the bound on the
derivative of p;(-) to compute

&

fRd pi(x = y)uo(y) dy — fRd pi(elx /el = y)uo(y) dy‘ Sy
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Thus we obtain
a

[ i = yuo()dy = 3 PO (elx/el - kU ek | < o7
keZd

whenever ¢t > ¢%. This gives the rate of convergence stated in the theorem. [

5. Proof of remaining results. We first focus on the proof of Theorem 1.5.
Let us write

w@ = [ P =Duo)dy+i.  xeRY

(5.1) i
U k)= PO el —el)U D) + U (ek),  keZC,

lezd

where i and U® denote the stochastic parts of u and U®, respectively. We
have already obtained the rate of convergence of the deterministic part of u;(x) —

U,(s)(s[x /€1); see the computations following (4.7). We thus need to focus only
the stochastic parts iz and U‘®). For this, we shall need the following lemma which

is a Holder continuity estimate for the difference U* (x) — U (x).

LEMMA 5.1. Fix T > 0 and integer m > 2. Then

~ () S8 (o 1 =5\
sup E(|U;" (x) — U (x)] )5( B )

xeeZd

holds uniformly for 0 <s <t <T and 0 < ¢ < 1.

PROOF. First, (4.6) gives

sp  sup  E[J0 0] < oo

O<e<lxeeZd 0<t<T

Without loss of generality, let us restrict to x = 0. An application of Burkholder’s
inequality gives for 0 < ¢ < gq:

U0 - v 0|2
< g~ Z / dr/ dy [P,(f)r(sk) - Ps(i)r (h)]
C

= @)(sk) C® (el)

(5.2) =) [P el — PO (eD)]

5 [ foas [ a e
k.1ezd s JC®(gk) C@(el)

Cfe—y) - PEL(eD).
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‘We bound the second term first. Because of (4.4) this is less than a constant multi-

ple of
t 2 t—s
e p f dr (Z P (8k)> <=5
K x Sﬂ

Let us define the function Qﬁg) :R? - R, by
0©(x):=PF (k)  ifxeC® (k).
The Fourier transform of this function is easily computed to be
O (6) =H(e.§) - 3 P (ek) &5t
kezZd
(5.3) =H(e, &) -Eexp(ic€ - XSLQ)

—H(e, ) -exp[—g%[l - ﬁ(sé)]],

where H (e, §) = fc(s)(o) ¥ dx. It is now checked that H(e, &) < min(sldé—_ll, e?).

It is known that f(x) = (h * h)(x) where
C1

_ d
ho) = tamn <R

and h(x) = h(—x). This can be seen for example from (3.15) and by applying the
Fourier transform to £ * h. The first term in (5.2) is equal to

72‘]/ dr/ dx/ dy|[ Q(S) (x) — Q(S) (x)]
f=y [0 - 0]
Zd/ dr/ dZ (5) _ (3)) ) (2)
o [Car [Ta (00, - 002 R

2 (0, — 0¥ )%()
/ fds E]9—F '

We next use our expression for Qrg derived in (5.3) and the bound for H(e, &) to
bound the above expression. We get

g [ (e, £) 2(s — r)[1 — fi(et)]
2d
¢ /d R T (_ £ )

‘ [1 B exp(— =9~ ﬂ<8$)1)}2

80{
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2 o

< SH (s, 5) e
R [P — fu(ef)

. [1 CXp( (t =9l = u(ss)]>]

H2(e, &)
—2d
(- )/ & "

2 .2
o0 min(e“, r
<8_2.(l’_s). drrd_l.¥
~ d_‘B
0 r

<l‘—S'
~ 8/3

The third line follows from the well-known inequality 1 — e™* < ,/x valid for all
positive x. In the last step, we split the integral according to r <&~ ! and r > &!
and bound each term separately. [

PROOF OF THEOREM 1.5. The proof is similar to the proof of Theorem 2.5 in
[23] and we only provide the preliminary estimates. First, note that we have already
shown that the difference of the deterministic parts in (5.1) satisfies the conclusion
of the Theorem 1.5. We thus need to concentrate on the difference of the stochastic
parts in (5.1). The proof of Theorem 1.3 shows that (1.10) holds for the difference
Ur(x) — Ut(s)(e[x /€]) of the stochastic parts of u and U &) One next needs good
control of the differences u; (x) — it (x) and Ut(g) (e[x/e]) — U S(e) (e[x/e]). For each
fixed integer m > 2, we have

sup Elit; (x) — iiy(x)|" < Clr —s|™,
xeRd
uniformly for all 0 <s,¢ < T, where 7 is defined in (4.1). This Holder continuity
estimate can be found in [2]. Next, we apply Kolmogorov continuity theorem ([11],
Theorem 4.3, page 10) to obtain the following bound:
sup IE( sup it (x) — fts(x)|m) < glim—4d
xeRd " 0=s,<T,
lt—s|<e3T
valid for all large enough integers m. Using Lemma 5.1 and Kolmogorov continu-
ity theorem again, we obtain a similar estimate for U ®):

sup E( sup |0t(8)(x) — Us(s)(x)|m> < giim—4d
xeR4 " 0<s,t<T,
lt—s|<e3T
uniformly for O < ¢ < 1. These are the main estimates needed for the proof. The
reader can consult [23] for the rest of the argument. [
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PROOF OF THEOREM 1.6. Theorem 1.1 in [18] implies that the comparison
principle holds for finite dimensional stochastic differential equations (SDEs) of
the form (2.9). Proposition 2.5 and the continuity of the solution then implies that
it also holds for infinite dimensional SDEs of the form (2.1). Finally Theorem 1.3
and the continuity of the solution to (1.1) proves the comparison principle for (1.1).

O

PROOF OF THEOREM 1.7. The proof is similar to that of Theorem 2.6 in
[23]. For any « > 0, we can find a random walk with generator .Z which satis-
fies the conditions in Assumptions 1.1 and 1.2. Theorem 1.7 then follows from
Theorems 2.1 and 1.3. Indeed Theorem 2.1 says that the comparison of moments
holds for the solution U® of (1.5) and the solution U ® of (1.5) with o replaced
by . One then take limit as ¢ |, 0 and use Theorem 1.3 to obtain the comparison
of moments result for # and u. [

PROOF OF THEOREM 1.8. For the parabolic Anderson model, that is, when
o(x) = Cx, Lemma 4.1 in [24] implies that

20-p 1 1 2a—p
m = <liminf - log E(|u,(x)|™) < limsup — log E(|u; (x)|") Sme=F .
I—00 f t—oo I

While in [24], ug is assumed to be identically one, it is clear from the proof that
the above continues to hold when u¢ is bounded away from zero and infinity. The-
orem 1.8 thus follows immediately from Theorem 1.7. [

6. Some extensions. A close inspection of the proof of Theorem 1.3 indicates
that one can provide several extensions. We list some of them here:

e Itis clear that Theorem 1.3 still holds if the correlation function f behaves better
than Riesz kernels in the sense that it grows slower at the origin and decays faster
at infinity. In particular, Theorem 1.3 holds if

1
|f(x)| 5 W,

for some 8 < min(«, d). Examples of functions which satisfy this are the Pois-
son kernels, Ornstein—Uhlenbeck-type kernels, Cauchy kernels and many more;
see [16]. Furthermore, we could get a faster rate of decay than that in (1.10)
depending on how nice the function f is. The corresponding comparison prin-
ciples also hold for these correlation functions. This constitutes an important
extension:

e Although we have not attempted to do so, one could modify our arguments to
include a drift term in (1.1).

e We have worked under the assumption that the underlying random walk is sym-
metric so that the characteristic function [ is real valued. This assumption can
certainly be relaxed.
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e One could also prove the results for more general initial profiles, for example,
unbounded functions or even nonnegative measures.
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