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ON PATHWISE UNIQUENESS FOR STOCHASTIC HEAT
EQUATIONS WITH NON-LIPSCHITZ COEFFICIENTS
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Technion Israel Institute of Technology, University of British Columbia
and University of Delaware

We consider the existence and pathwise uniqueness of the stochastic heat
equation with a multiplicative colored noise term on R? for d > 1. We focus
on the case of non-Lipschitz noise coefficients and singular spatial noise cor-
relations. In the course of the proof a new result on Holder continuity of the
solutions near zero is established.

1. Introduction. This work is motivated by the following question: Does
pathwise uniqueness hold in the parabolic stochastic p.d.e.

(1) %u(z,x):%Au(z‘,x)dt-i—\/u(t,x)W(X,t)?

Here A denotes the Laplacian and W is space—time white noise on Ry x R. It is
known that uniqueness in law holds for solutions to (1) in the appropriate space
of continuous functions and such solutions are the density for one-dimensional
super-Brownian motion (see, e.g., Section II1.4 of [4]). One motivation for study-
ing pathwise uniqueness is the hope that such an approach would be more ro-
bust and establish uniqueness for closely related equations in which /u(z, x)
could be replaced by /y (u(z, x))u(z, x). Such models arise as scaling limits of
critical branching particle systems in which the branching rate at (¢, x) is given
by y (u(t, x)). The method used to establish uniqueness in law for solutions of (1)
is duality. This approach has the advantage of giving a rich toolkit for the study of
solutions to (1), but the disadvantage of being highly nonrobust, although one of
us was able to extend this method to powers of u (¢, x) between 1/2 and 1 (see [3]).

The difficulty in proving pathwise uniqueness in (1) arises from the fact that
J/u is non-Lipschitz. The above equation does have the advantage of having a
diagonal form—that is, when viewed as a continuum-dimensional stochastic dif-
ferential equation, there are no off-diagonal terms in the noise part of the equation
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and the diffusion coefficient for the x coordinate is a function of that coordinate
alone. For finite-dimensional SDEs, this was the setting for Yamada and Watan-
abe’s extension [14] of Itd’s pathwise uniqueness results to Holder continuous
coefficients, and so an optimist may hope this approach can carry over to our
infinite-dimensional setting. As we will be using their conditions later, let us recall
the Yamada—Watanabe result. Let p be a strictly increasing function on Ry such
that

) / p 2 (x)dx = o00.
0+
Now assume that o : R — R is such that, forall x, y e R,

3) lo(x) =oM< plx —yD.

Then pathwise uniqueness holds for solutions of the one-dimensional SDE

t
“) X(t)=X(0)+/0 o(X(1))dB(1),

where B is a standard Brownian motion. The square root function clearly satisfies
the above hypotheses, but the infinite-dimensional setting has stymied attempts to
carry the methodology over. Yamada and Watanabe’s proof has been simplified
(see, e.g., Theorem IX.3.5 of [6]) by the notion of the local time of a semimartin-
gale and the fact that u (¢, x) will not be a semimartingale in ¢ for x fixed (it will
only be Holder continuous of index 1/4) would seem to be a serious obstacle in
directly applying these methods.

We will not resolve the uniqueness question posed above, but will succeed in
extending the above ideas to stochastic heat equations of the form

5) %u(t,x)z%Au(f,x)df+ff(u(t’x))W(x’t)

for colored noises other than white, and appropriate Holder continuous, but not
necessarily Lipschitz continuous, o . Here, u is a random function on R x R? and
we sometimes write u, for u(t, -). The coefficient o is a real-valued continuous
function on R. It is assumed throughout this work to satisfy the following global
growth condition: For all u € R, there exists a constant c¢ such that

(6) lo ()| = ce(1+ [ul).

Here and elsewhere ¢; and ¢; ; will denote fixed positive constants, while C will
denote a positive constant which may change from line to line. The noises
W considered here are Gaussian martingale measures on Ry x R? in the sense
of Walsh [13]. W is defined on a filtered probability space (2, ¥, %, P) and
W (¢p) = fé Jra @ (s, x)W(dx ds) is an F;-martingale for ¢ € C° (R4 x RY), the
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space of compactly supported, infinitely differentiable functions on Ry x R<. If
W (¢) = Woo(¢p), W can be characterized by its covariance functional

Ji(@, ¥) :=E[W(@)W ()]

(7 iy
=/ / / o (s, x)k(x, Y)Y (s, y)dxdyds,
0 JRIJRI

for ¢, ¥ € CP(R,; x RY). We call the function k : R? — R the correlation ker-
nel of W. Some sufficient conditions for the existence of a martingale measure
W corresponding to k are that Ji is symmetric, positive definite and continuous.
Thus, necessarily, k(x,y) = k(y,x) for all x,y € R4, Continuity on C2° is im-
plied, for example, if k is integrable on compact sets. We also note that a gen-
eral class of martingale measures, spatially homogeneous noises, can be described
by (7), where k(x, y) = k(x — y).

If o (1) = u, then equation (5) arises as the diffusion limit of super-Brownian
motion in R? where the offspring law depends on a random environment, whose
spatial correlation is described by k. For k& bounded, this was proven in [11]. More
general coefficients o may be thought of as reflecting an additional dependence of
the offspring law on the local particle density.

If k is bounded, Viot [12] proved pathwise uniqueness for solutions to (5) on
bounded domains of R? for o (1) = /u(l — u), where the subscript indicates
that the positive part of the function is taken. We will extend this result to our
setting for solutions of (5) on R4 with bounded k in Theorem 1.6 below. Note that
white noise will correspond to the case where we set k equal to the generalized
function §¢ in the above. Our main result (Theorem 1.4 below) will interpolate
between these settings and establish pathwise uniqueness for colored noises for
which the correlation is bounded by a Riesz kernel,

8) |k(x, )| <cgllx —y|"*+1] for all x, y € R? and appropriate o > 0.

In order to formulate a condition on the singularity of £ and relate our condi-
tions to those in the literature, we define the spectral measure, u, of a spatially
homogeneous covariance kernel k:

9) L Fwewar= [ Fo@nas)

for any rapidly decreasing test function ¢ where F¢(§) = [gpaexp(—2im§ -
x)¢ (x)dx is the Fourier transform. Later on we will assume u to be a tempered
measure fulfilling, for some 7 € [0, 1],

n(d§)
1o o e <=

To relate (8) with condition (10) used in the literature, we introduce the following:
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(A)y: (n > 0) W is a Gaussian noise with correlation kernel |k(x, y)| < clolz(x —
y),x,y € R? for some symmetric, locally bounded and positive definite
kernel kK whose spectral measure satisfies (10).

(A)g: W is a Gaussian noise and its correlation kernel & is bounded.

REMARK 1.1. Note that (8) implies (A), for a € (0,2n A d) : Here, lg(x) =
|x|7® + 1 and the spectral measure is of the form w(d&) = c11[|&|*"%dE +
80(d&)]. Hence, condition (10) is satisfied if and only if « € (0, 2n A d) (see Chap-
ter V, Lemma 2(a) of [9]). Note also that the positive definite spatially homoge-
neous kernels ky (x, y) = |x — y|~% give a natural family of kernels for which our
results will hold.

In order to make sense of the formal equation (5), we use the variation of con-
stants form of solutions: Denote by p the d-dimensional heat kernel

1 x|
(11) Pt(x) = (27Tt)d/2 eXp(_Z—t)

A stochastic process u:Q x Ry x R? — R, which is jointly measurable and
F;-adapted, is said to be a solution to the stochastic heat equation (5) in the vari-
ation of constants sense with respect to the martingale measure W, defined on €2,
and initial condition ug, if for each ¢ > 0, a.s. for almost all x € R4,

ut,x)= | p(x—yuo(y)dy
(12) fRd

t
+/0 /Rd Pi—s(x = y)o (u(s, y))W(dyds).

Solutions to (12) have been well studied in the case where o is Lipschitz contin-
uous in u. A sufficient condition for strong existence and uniqueness of solutions
is given by (A), for n < 1 see [1] (see also Theorem A.1 in the Appendix) and [5].
Holder continuity of the sample paths was established by Sanz-Solé and Sarra [8]
if n <1 (cf. Lemma A.4 in the Appendix).

To state the main results, we introduce some notation, which will be used
throughout this work: We write C(R?) for the space of continuous functions
on R?. A superscript k, respectively oo, indicates that functions are in addition
k times, respectively infinitely often, continuously differentiable. A subscript b,
respectively ¢, indicates that they are also bounded, respectively have compact
support. We also define

I fllx.00 = sup | f(x)|e ],

xeRd

set Ciem = {f € C(RY), | fllrco < oo for any A > 0} and endow it with the
topology induced by the norms || - ||, 0 for A > 0. That is, f;, = f in Cien iff
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limy o0 | f — fulla,oo =0 for all A > 0. For I C Ry, let C(/, E) be the space
of all continuous functions on / taking values in a topological space E, endowed
with the topology of uniform convergence on compact subsets of /. A stochas-
tically weak solution to (12) is a solution on some filtered space with respect to
some noise W, that is, the noise and space is not specified in advance.

With this notation we can state the following standard existence result whose
proof is outlined in the Appendix:

THEOREM 1.2. Let ug € Ciem, and let o be a continuous function satisfying
the growth bound (6). Assume that (8) holds for some a € (0,2 A d). Then there
exists a stochastically weak solution to (12) with sample paths a.s. in C (R4, Cem).

REMARK 1.3. (a) The proof in fact only requires that (A), hold for some
n € [0, 1), a condition which follows from the above bound on £ by Remark 1.1.

(b) In the case where the correlation kernel is bounded, existence has been
shown for more general initial conditions and solution spaces in [11]: Define
Lf RY) := LP(R4, el dx) and denote the associated norm by || - ll5.,p- Then
if E(Jjugl| f’ p) < 00, for some p > 2 and A > 0, there exists a stochastically weak

solution u € C(R, Lf (R9)) to (12) which satisfies

(13) E( sup |lu(t, -)IIf’p> <0 for any 7" > 0.

0<t<T

We say pathwise uniqueness holds for solutions of (12) in C (R, Ciem) if, for
every ug € Ciem, any two solutions to (12) with sample paths a.s. in C(Ry, Cien)
must be equal with probability 1. For Lipschitz continuous o, it is easy to modify
Theorem 13 of [1] and Theorem 2.1 of [8] to get pathwise uniqueness and Holder
continuity of solutions for ¢ < 2 A d. Also, Theorem 11 and Remark 12 of [1]
show that function-valued solutions will not exist for @ > 2 A d. Here then is our
main result—it holds in any spatial dimension d:

THEOREM 1.4. Assume that, for some o € (0,1), 0 : R — R satisfies (6), is
Holder continuous of index y for some y € (HT“, 11, and

ke, | <cralle=yI™ +11  forallx,y e R".
Then pathwise uniqueness holds for solutions of (12) in C(R4, Ctem)-
REMARK 1.5. The Holder condition on ¢ may be weakened to the local
Hoélder condition: For any K > 0, there exists L = L(K) such that
lo@) —o@)| <L(u—v|" +lu—v)  Vu,v:lul, v <K,

where y is as in Theorem 1.4. The required modifications in the proof are elemen-
tary.
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It also looks possible to weaken the pointwise bound on k to the following
condition:

A;d /de(x, Vh(x)h(y)dxdy < c/]Rd /Rd[lx —y7Y + 1A x) [|h(y)|dx dy,

for all /& in an appropriate class of functions decaying to 0 at infinity. We have used
the stronger pointwise bound as it is more convenient and explicit.

In the above result there is a trade-off between the Holder continuity of o
and the singularity of the covariance kernel of the noise. For d = 1, let-
ting @« — 1— and renormalizing will give white noise. More specifically, if
ko (x —y) = 15%|x — y|7, then for ¢, ¥ € C°(Ry x R), limg_1— Ji (9. 9) =
157 [ & (s, x)¥ (s, x) dx ds. The Holder condition in Theorem 1.4 approaches Lip-
schitz continuity. (As k should be locally integrable, we cannot expect to take
o« = 1.) Hence, although the result does not say anything about white noise itself,
it at least coincides with the known Lipschitz conditions which imply pathwise
uniqueness in the limit as o approaches 1. The same cannot be said for higher
dimensions. Here, the aforementioned results of Dalang, and Sanz-Solé and Sarrd
show that, for a < 2, we will have pathwise unique continuous solutions when
the coefficients are Lipschitz continuous. Unfortunately, our hypotheses become
vacuous in the above uniqueness theorem when a exceeds 1 and so we believe our
condition on the Holder index in Theorem 1.4 is nonoptimal in dimensions greater
than 1. At the other end of the scale, we see that as o approaches 0, the required
Holder exponent approaches 1/2, the critical power in the one-dimensional results
of Yamada and Watanabe. In fact, if the covariance kernel is bounded, we can
weaken the Holder condition on o to precisely the Yamada—Watanabe condition
(2), (3) introduced above. Again, the result holds in any spatial dimension.

THEOREM 1.6. Assume that (A)g holds and that o : R — R satisfies (6) and
(3). Then pathwise uniqueness holds for solutions of (12) in C(Ry, Ciem).

REMARK 1.7. (a) The conclusions of Theorems 1.2, 1.4 and 1.6 remain valid
if we allow for an additional drift term in the heat equation. More precisely, we
can add a term of the form [j [ p;—s(x — y) f (u(s, y)) dy ds to the right-hand side
of (12), where f satisfies the growth bound (6), is continuous in the existence the-
orem, Theorem 1.2, and is Lipschitz continuous for the uniqueness results, Theo-
rems 1.4 and 1.6. The additional arguments are standard.

(b) The pathwise uniqueness conclusions of Theorems 1.4 and 1.6, and weak
existence given by Theorem 1.2 imply the existence of a strong solution to (12),
that is, a solution which is adapted with respect to the canonical filtration of the
noise W. The proof follows just as in the classical SDE argument of Yamada and
Watanabe (see, e.g., Theorem IX.1.7 of [6]).
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(¢) Theorem 1.6 holds true if we consider solutions with paths in C(R4,
Lf (R%)) as was done in Viot’s work [12]. In fact, the arguments given in Sec-
tions 2 and 3 remain the same in this case. The only difference is that a bit more
care has to be taken to justify some of the convergences as the solutions are not
necessarily continuous. But this can be done in a straightforward way.

The proof of our pathwise uniqueness theorems will require some moment
bounds for arbitrary continuous Ciy-valued solutions to the equation (12). Let
St (x) = [ pi(y — x)¢p(y) dy. The following result will be proved in the Appen-
dix.

PROPOSITION 1.8. Let ug € Ciem, and let o be a continuous function satisfy-
ing the growth bound (6). Assume that (8) holds for some o € (0,2 Ad). Then any
solution u € C(R4., Ceem) to (12) has the following properties:

(@) Forany T, ) > 0and p € (0, 00),

(14) E( sup sup |u(t,x)|pe_klx|) < 0.
0<t=<T xeRd

(b) For any & € (0,1 — «/2), the process u(-,-) is a.s. uniformly Holder con-
tinuous on compacts in (0, 00) x R?, and the process Z(t,x) =u(t,x) — Siup(x)
is uniformly Holder continuous on compacts in [0, 00) x R?, both with Hélder
coefficients % in time and & in space.

Moreover, forany T, R > 0, and0 <t,t' < T, x,x’ € R? such that |x — x'| < R,
as well as p € [2,00) and & € (0,1 — «/2), there exists a constant ci5s =
c15(T, p, X, R, &) such that

(15)  E(1Z@t,x) — Z(t', x")|Pe ™) < c15(|t — /| 6/2P 4 |x — x|5P).
REMARK 1.9. The proof of the above will only require (A), for some n €
[0, 1), a condition which is implied by the hypotheses above (see Remark 1.1).

In this case we should take & € (0,1 — n) in (b) as is done in the proof in the
Appendix.

It is straightforward to show that, under the hypotheses of Theorem 1.2, so-
lutions to (12) with continuous Cy-valued paths are also solutions to the heat
equation in its distributional form for suitable test functions ®. More specifically,
for ® € C°(RY),

/u(t,x)cb(x)dx
R4
t
(16) =fRd uo(x)q>(x)dx+f0 fRdu(s,x)%Afb(x)dxds

t
+_/(; _/Rdo(”(&x))q)(x)W(dxds) V> 0as.
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In fact, given an appropriate class of test functions, the two notions of solutions
(12) and (16) are equivalent. In our case, {® € C*®°(R%) : ®(x) < Ce ! for some
C > 0 and all x € R?)} is a suitable class of test functions. For the details of the
proof, we refer to [10], Proposition 3.2.3. There, the setting is a bit different as it
works in the setting of Remark 1.3 with bounded k. However, the arguments do
not change for the case of k unbounded as long as the stochastic integral in (16) is
well defined, which can easily be checked.

We now briefly outline the proof of our main result (Theorem 1.4) and the
contents of the paper. To emulate Yamada and Watanabe, consider a pair of so-
lutions, u! and u?, to (12), set & = u' — u?, and use (16) and Itd’s lemma
to derive a semimartingale decomposition for fé [ (s, x)|Ws(x)dx ds, where
W (x) > 0 is a smooth test function. This involves approximating |i(s, x)| by
¥, (g, (- — x))) as m,n — oo, where {y,} are smooth functions approxi-
mating the absolute value function as in [14], and {®,,} is a smooth approximate
identity. In Section 2 the martingale and standard drift terms which arise are han-
dled in a relatively straightforward manner in a general setting, including that of
both Theorems 1.6 and 1.4 (see Lemma 2.2). Here we may let m, n — oo in any
manner. The problematic term, called 13;"" below, is the one arising from the v,/ /2
term in using Itd’s lemma and so will involve the quadratic variation of the martin-
gale term. In the context of the Yamada—Watanabe proof, it is the one which leads
to the local time at O of the difference of two solutions to the SDE, L?(X I_x?2).
There, this term is shown to be 0 using the modulus of continuity of o and the
regularity of the sample paths of the solutions (the latter implicitly, as one needs
the stochastic calculus associated with continuous semimartingales).

In Section 3 13" is shown to approach 0 if we first let m — oo and then n — oo
in the simpler context of Theorem 1.6. This leads to

t .
(17) /E(W(t,x)l)%(x)dx 5/0 /‘E(|ﬁ(s,x)|)|%A\IJS(x)—i—\IJs(x)|dxds,

from which & = 0 follows easily by taking W,(x) = [ p;—s(y — x)¢p(x)dx. We
feel the ease of this argument is partly related to the greater path regularity & in
this context—it is Holder continuous in space with index 1 — ¢ and in time with
index % — ¢ by results of Sanz-Solé and Sarra (see [8] and Lemma A.4 below).

In Section 4 we complete the proof of Theorem 1.4 by showing lim,,—, Ié""’” =
0 for a judicious choice of m,, which again leads to (17). In this setting u(z, x)
is only Holder continuous of index 1_—;1/2 — ¢ in time and 1 — 5 — & in space
(see Lemma A.4 or [8]) and this additional irregularity makes the argument more
involved. In the Yamada—Watanabe context, the key fact that L?(X I_xH =0
reflects the fact that the solutions must separate “slowly” if they do so at all. In
our setting we will argue along similar lines by showing that (¢, x) is more reg-
ular in (¢, x) at small values of i (¢, x), that is, when the solutions are close (see

Theorem 4.1). For example, they will be Holder of index ll_f‘)f 2A1—¢in space
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near space—time points where # is sufficiently small (see Corollary 4.2). Theo-
rem 4.1 is proved in Section 5 and is the key to the proof of Theorem 1.4 which
is completed in Section 4. This improved modulus of continuity result may be of
independent interest. In fact, a similar result to Theorem 4.1 was derived indepen-
dently by Mueller and Tribe in the context of white noise, in their ongoing work
on the zero set of solutions to (1). The continuity results of Sanz-Solé and Sarra
[8] and the factorization method they use (see [2]) play a critical role in the proof
of Theorem 4.1 in our colored noise setting. The Appendix includes the proofs
of the weak existence theorem (Theorem 1.2) and the required moment estimates
(Proposition 1.8).

2. Some auxiliary results. Let p be as in (2). An elementary argument shows
that f0+(p(x) + ﬁ)_z dx = +o0 [e.g., consider liminfy g ,o_z(x)x > 1 and
liminfy o p~2(x)x < 1 separately]. As we will be using p as a modulus of conti-
nuity [see (3)], we may replace p with p(x) + 4/x and so assume

(18) p(x) = V/x.

As in the proof of Yamada and Watanabe [14], we may define a sequence of func-
tions ¢, in the following way. First, let a, | O be a strictly decreasing sequence
such that ap = 1, and

(19) f o 2(ydx =n.

Second, we define functions ¥, € CZ°(R) such that supp(y,) C (an, an—1), and
that

2072 2
0<¥nlx) =< ) <—
nx
(20) o
for all x € R as well as / Yp(x)dx =1.
an
Finally, set
x| ry
@1) fu(x) = /0 /0 Y (2)dzdy.

From this, it is easy to see that ¢, (x) 1 |x| uniformly in x > 0. Note that each i,
and, thus, also each ¢,, is identically zero in a neighborhood of zero. This implies
that ¢, € C*°(R) despite the absolute value in its definition. We have

[x]
(22) $1() = sgn(x) /O U (y)dy,

(23) ¢, (x) = Y (|x]).

Thus, ¢, (x)| <1, and [ ¢, (x)h(x)dx — h(0) for any function # which is con-
tinuous at zero.
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Now let u' and u? be two solutions of (12) with sample paths in C(Ry, Ciem)
a.s., with the same initial condition, u'(0) = u2(0) = u¢ € Ciem, and the same
noise W in either the setting of Theorem 1.6 or Theorem 1.4. We proceed assum-
ing Proposition 1.8 which will be derived in the Appendix. Define ii = u' —u?. Let
deC (R?) be a positive function with supp(®) C B(0, 1) (the open ball cen-
tered at O with radius 1) such that fps ®(x)dx =1 and set ' (y) = deD(m (x —
y)). Let (-, -) denote the scalar product on L>(R?). By applying It6’s formula to
the semimartingale (i;, ®7') of (16), it follows that

B (iir, D))
= / [l @0 (' 5. )) = 0 (1 (s, ) @Y ()W (dy ds)

+5/0 A; Y (14, 7))

x (o (' (s, ) — o (s, ) (o (' (5. 2)) — o (1(s. 2)))
x OV (y) PV (2)k(y, z)dydzds.

We integrate this function of x against another nonnegative test function W €
C°([0,1] x R%). Assume

24) ={x:¥Y,(x)>03s <t} C B0, K) for some K > 0.

We then obtain by the classical and stochastic version of Fubini’s theorem, and
arguing as in the proof of Proposition I1.5.7 of [4] to handle the time dependence
in ¥, that, for any ¢ > 0,

(60 (i, O™)), W)
t
= [ [0 @)@ 00, wi)(o (0! 5. ) = (w6, ) Widy ds)

+/¢(us, ") (i, L AGT), W) ds

+%/0 [y tnltis, @231

X (G(u1 (s,y)) — a(uz(s, y)))(a(u1 (s,2)) — O’(MZ(S, 2)))
x QT ()P (2)k(y, z)dydz W (x)dx ds

+/ b ((iis, ™)), Wy)ds

=10+ L")+ L)+ 17 (@).
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2
We need a calculus lemma. For f € C%(RY), let ||D2f||Oo = max; || % lloo-

LEMMA 2.1. Let f €C 3 (R?) be nonnegative and not identically zero. Then
of N o1 2
sup E(x) F) T f(x)>0p 2D flloo.
1
PROOF. Assume first d = 1. Choose x so that f(x)|f’(x)| > 0. Without loss
of generality, assume f’(x) > 0. Let
x1 =sup{x’ <x: f'(x') =0} € (—o0, x).

By the Cauchy (or generalized mean value) theorem, there is an x € (x1, x) so
that

d((f?)
dx

(f') = faDD) f(x2) = (f(x) = f(x1) (x2)

and, as f’(xp) > 0, we get
F10? = (fx) = fxD)2f" (x2).
Since f is strictly increasing on (x1, x), and f(x1) >0,

f'(x)? f'(x)?
< <201 f"llcc-
f&x) 7 fx) = fxr)
For the d-dimensional case, assume x satisfies f(x) > 0 and let ¢; be the ith unit

basis vector. Now apply the one-dimensional result to g(t) = f(x +te;), t € R, at
t=0. O

We now consider the expectation of expression (25) stopped at a stopping
time 7, which we will specify later on. For all the terms except Ié” ' we can
give a unified treatment for the settings of both Theorems 1.4 and 1.6.

LEMMA 2.2. For any stopping time T and constant t > 0, we have the follow-
ing:

(a)
(26) E(I[{""(tAT))=0  forallm,n.

(b)

tAT
(27)  limsupE(L""(t AT)) < E(/ / i (s, x)|%A\Ifs(x) dx ds).
0 R

m,n— 00
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()
tAT .
(28) lim E(1""(t A T)) :E(/ |11(s,x)|\IJS(x)ds).
m,n— o0 0

PROOF. (a) Let gpmn(s,y) = (¢, (s, @™))P"(y), ¥s). Note first that
I{""(t AT) is a continuous local martingale with square function

tAT
(I oy = fo / / (52 V) gmn (5, (0 (' (5. 1)) — 0 (125, 1))
x (o (u'(s,2)) — o (u*(s, 2)))k(y, 2) dy dzds
tAT
1 2
scfo f/|gm,n(s,y>||gm,n<s,z)|(|u (5, )| + (s, y)| + 1)

x (lu' (s, 2)| + [u%(s, 2)| + 1)z — y| ™ + D dydzds.

An easy calculation shows that |g, (s, ¥)| < [V ]leo1(]y] < K + 1), where K is
defined in (24). Now use Holder’s inequality and (14) to conclude that

ECI"") iaT)

t
SC/() //I(MSK-'_I)]I(M5K+1)(|y—2|_a+1)dydzds<oo

Vt>0.

This shows 1 lm (t AT) is a square integrable martingale and so has mean 0, as
required.
(b) In order to rewrite 1,"", we note that both ¢ ((iiy, ®™)), as well as

(uy, %AQD{"), are in C®(R?) a.s. This follows from the infinite differentiability
of the test functions ¢, and ® and from (14). Denote by A, the Laplacian act-
ing with respect to x. Since i is locally integrable and ® smooth, we have, for
x| =K,

f A(s, )L A, 0" (x — y)dy = f (s, ) LA™ (x — y)dy
R4 R4
(29)
=18, [ s, " = y)dy,
]Rd

for all m. This implies, for any ¢ > 0,

15""(0—// &, ((itg, @ ) A ((its, ™)V (x) dx ds

/ /Rd dx; (CAC s’q)m») (<L‘Ssq>m))‘1’ (x)dxds
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f/ &y, (s, @ (<u;,c1>’">)—w (x)dxds
ff U (I, ) |)( (u;,CDm)>2‘~IJS(x)dxds

l t / ~ cDm )i( 7 cDm i\l] )d d
2/0 Rd%((us, ) o (it x>)8xi J(x)dx ds

:_Z /f V(| (iiy, D) |)< (us,d>m)>2\lls(x)dxds

N 0
+Z f/ Y ({5, @ <<us,<I>T>><us,d>;’>a—mws(x)dxds

1
—f—f / ¢ (g, ") (g, © )EA\IJS(x)dxds

- / I (s) + 1257 (s) + 1 (5) ds.
L , ,

Above, we have used that ¢, = ¥, and we have repeatedly used integration by
parts, the product rule as well as the chain rule on ¢, ({iis, ®7')). In order to deal
with the various parts of I;"", we will first jointly consider /,"}" and I,";". For
fixedsandi=1,...,d, we define, a.s.,

\) 8 2 a
A7 = x| — (g, DY) ) Ws(x) < (itg, DY) —
0x; d
N{x:W(x) > 0}
+, -, 0,
=AUAT UAY,

iy, cb%iws(x)}
0x;

i

where
' 0

+, ~
Ai é:Afﬂ a—%<us,¢;1>>0 s
AT =AN i(ﬁs d" <0

1 l axl ’ X ’
A% = AN i(zjs, Py =0

1 axi X

On A:“S we have

0<<i<ﬁs,<b >)w<x><<us,<1> w0,
0 0x;

Xi
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and therefore, for any r > 0,

4 0

[ ]t @), @) 00— G, 07 dxds
0 JA" 0x; i
(8/9x; Vs ()

W (x)

e (30 W (x))?
//Hn {an—1 I iy @) | <ay) | s, YN[ V.0 dxds by (20)

//' (ax W(x))?
— (Vs (x) > 0)—-———dxds
Wi (x)

t
~ m ~ my\2
sfof/ﬁ.swn<|<us,d>x>|><us,<bx> dx ds

2
< ﬂf 21| D> W, || o Area(T) ds = —2.C (W),
n 0 n

where Lemma 2.1 is used in the last line, and IT" is defined in (24). Similarly, on
the set A;

ad ]
0> — (s, DY) W5 (x) = (ity, DY) — W (x).
0x; 0X;
Hence, with the same calculation,

! ]
ff_x U ([{is, 7)) (s, ) — lIJ(x) (iis, ®™) dx ds
0 JA;” 8

0x;
2 (a/axlw (x))?
/ / (Wy(x) > .00 dxds

2an

< —C(lIl)

Finally, for any ¢ > 0,
! ~ m ~ m 8 m
| o s DD s, )50 x,<”“ ) dxds =0,

and we conclude that

E(L'(t AT) + 15t AT)) < 4C(W) 22,
’ ’ n

which tends to zero as n — o0. For Igf é", recall that ¢, (u)u 1 |u| uniformly in u
as n — oo, and that (i, ') tends to u(s, x) as m — oo for all s, x a.s. by the
a.s. continuity of &. This implies that ¢/ ((is, @) (its, P7') — |i(s, x)| pointwise
a.s. as m, n — 0o, where it is unimportant how we take the limit. We also have the
bound

(30) |y, (i, @YD iy, Y] < iy, PN < (lids], DY)
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The a.s. continuity of & implies a.s. convergence for all s, x of (ug|, ') to
|t (s, x)| as m — oo. A simple application of Jensen’s inequality and (14) shows
that |(|itg], @7')| is L? bounded on ([0, ] x B(0, K) x 2, ds x dx x P) uniformly
in m. This implies

(31  {(las|, @) :m} is uniformly integrable on ([0, 1] x B(0, K) x )

and so gives uniform integrability of {|¢,, ((its, 7)) iy, PY)| :m, n} by our earlier
bound (30). This implies

tAT
mggle(lfén(t AT)) =]E(/ /|u(s x)l AW, (x)dxds)

Collecting the pieces, we have shown that (27) holds.
(c) Asin the above argument, we have

(32) ¢n((ug, D)) — lu(s, x)| asm,n — oo a.s. forall x and all s <.

The uniform integrability in (31) and the bound ¢, ({(it5, 7)) < (|us|, ') imply
{¢n((iis, D7) :n, m} is uniformly integrable on [0, f] x B(0, K) x .

Therefore, the result now follows from the above convergence and the bound

|¥, (x)| < C1(Jx| < K). O

3. Proof of Theorem 1.6. Here, we let T = ¢ be deterministic. Given the
results from Section 2, it now remains to estimate IE(I;" (t)). We will then let
m — oo before letting n —> oo. By the boundedness of the correlation kernel k
and Jensen’s 1nequahty, (¢) is bounded by

2||k||<>o// (/ o (' (5. ) — (uz(s,y))tbe(y)dy)2

X Y (|5, D)Wy (x) dx ds
§§||k||oo/ / ul(s,y)) —o(u (s,y)))2

x(/ wn<|<as,¢;">|)d>?<y)ws(x>dx)dyds.
Rd

The integral in parentheses is bounded by a constant, independent of m, is zero for
all m if |y| > K 4+ 1, and as m — 0, converges to vV, (u(s, ¥)) W (y) for all (s, y)
by the continuity of &. Our growth condition on ¢ and (14) imply the integrability
of

/ / u'(5.9)) — o (u*(s, ) Ly <k +1) dy ds.
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Therefore, the dominated convergence theorem implies that

: mon 1 Lo
lgn_)sgopE(g (1) < EllkllooE</0 (W) (0 (uh) — o D))’ \I’s)dS)

(33) ;
= CO)[klloo-

where the last line follows by (3) and (20).

Return to equation (25) and let first m — oo and then n — oco. Use the above
and Lemma 2.2 on the right-hand side, and (32) and Fatou’s lemma on the left-
hand side, to conclude that

t .
(34) /]Rd E(|a(t, x)|) W (x)dx 5/0 /Rd E(|ﬁs(x)|)|%Allls(x)—i—\Ils(x)\dxds.

Let {gn} be a sequence of functions in CZ° (R?) such that gnN ‘R4 - [0, 1],
B(0, N) C{x:gn(x) =1}, B(O,N + 1 C{x:gn(x) =0}
and

sup[[[Venlloo + 1D gn lloc] = C(g) < 00,
N

where V gy denotes the gradient with respect to the spatial variables. Now let ¢ €
C2®(RY), and for (s, x) € [0, 1] x RY, set Wy (s, x) = (S—s¢ (x))gn (x). It is then
easy to check that Wy € C2°([0, ] x R%) and for A > 0, there is a C = C(A, ¢)
such that, for all N,

d 3 9 A
D S (xi)—gn(xi) + Si-s¢ (¥) N (x)

= 0x; 0x;

A )
‘E\IJN(S,X)-F‘IJN(S,X)

< Ce MMyany.

Use this in (34) to conclude that

t
fRdE(lﬁ(t,x)Dqﬁ(x)dx < C/O /RdE(Iﬁ(s,x)|)e_)‘|x|ll{|x|>N}dx ds.

By Proposition 1.8, the right-hand side of the above approaches zero as N — oo

and we see that
E(/ lu(t, x)|dx> =0.
Rd

Therefore, u'(r) = u?(¢) forall r > 0 a.s. by a.s. continuity.
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4. Proof of Theorem 1.4. We continue to use the notation of Section 2 and
also assume the hypotheses of Theorem 1.4. In particular, u' and u? are solutions
of (12), u = u! — u?, o is Holder continuous with exponent y,

lo(u) —o ()| < Llu—v|¥ foru,v e R,

and |k(x, y)| <ci4[lx — y|~* + 1] for some « € (0, 1). We choose p(x) = 4/x for
our smooth approximation of the absolute value function throughout noting that
(3) is not necessarily satisfied for large values. Nevertheless, we will use the test
function ¢, and its derivatives as defined in (21) to (23) corresponding to this p.

Fix some A > 0 and let Tx = inf{t > 0: supxeRd(wl(t, )|+ (@, x))e M >
K} A K. Note that

(35) Tx — oo, P-as.,

since u' € CRy, Ciem)-
Also define a metric d by

d((t, x), (', x)) = /It =t'| + |x — x|, 1, eRy,x,x' eR?,
and set
Zxne={(t,x) eRy xRt < Tk, x| < K,d((t, x), (f, %)) <27V for some
(, %) € [0, Tk ] x RY satisfying |ii(f, £)| <27V,
We will now use the following key result on the improved Holder continuity

of u when # is small. It will be proved in Section 5.

THEOREM 4.1.  Assume the hypotheses of Theorem 1.4, except now allow y €
(0, 1]. Let ug € Ciem and it = u' — u?, where u' is a solution of (12) with sample
paths in C(Ry, Cem) a.s. fori =1,2. Let & € (0, 1) satisfy

INe = Ne(K, w) e Na.s. such thatVN > Ng, (t,x) € Zg N g
(36)
d((t',y), (t,x) <27V, <Tx = lat,x) —a(', y)| <275

LetO <& <[Ey+1— %] A 1. Then there is an Ng; = Ng, (K, w) € N a.s. such
that, for any N > Ng, in N and any (t,x) € Zg N ¢,

(37 d(({,y), (t,x)) <27V, 1t <Tx =i, x)—a(', y)| <2761,

Moreover, there are strictly positive constants R, 5, c33.1, c38.2 depending only on
(&,&1) and N(K) € N, which also depends on K, such that

(38)  P(Ng = N) <cas.1(P(Ne = N/R) + K9 exp(—c3522™)),
provided that N > N (K).
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REMARK. Results similar to the above for white noise were independently
found by Carl Mueller and Roger Tribe in their parallel work on level sets of
solutions of SPDEs.

Recall A > 0 is a fixed parameter used in the definition of Tk .

COROLLARY 4.2. Assume the hypotheses of Theorem 1.4, except now allow
y € (0, 1]. Let ug and u be as in Theorem 4.1, and 1 — % <& < 11—_0142 A 1. There
is an a.s. finite positive random variable Cg g (w) such that, for any ¢ € (0, 1], €
[0, Tx1and |x| < K, if |ii(t, %)| < &° for some |% —x| < ¢, then |ii(t, y)| < Cg,Kés‘E
whenever |x — y| < &. Moreover, there are strictly positive constants &, ¢39.1, C39.2,
depending on &, and an ro(K), which also depends on K, such that

r—=o6 i
P(Ce,xk > 1) <c39.1 [(m)

+ Kd_H exp| —¢ L 8
P\ —¢39.2 (K + De KD

forallr >rg(K) > 6+ (K + et E+D,

(39)

PROOF. By Proposition 1.8(b) and the equality i = Z! — Z2, where Z(t, x) =
u' (¢, x) — S;uo(x), we have (36) with & = &y = %(1 — %). Indeed, u is uniformly
Holder continuous on compacts in [0, 0c0) x R? with coefficient &€ in space and %
in time provided that § <1 — 5.

Inductively, define & 41 = [(Ey + 1 — %) A 11(1 — -13) so that &, 1 11—_“;2 Al
Fix ng so that §,, > § > &,,-1. Apply Theorem 4.1 inductively ng times to get (36)
for §,,—1 and, hence, (37) with §; =§,,.

First consider ¢ < 27N5"0. Choose N € N so that 27V-! < ¢ <27V (N >
Ngno), and assume ¢ < Tk, |x| < K and |u(z,x)| < g8 <27 N8 < 2 Néng-1 for
some |X — x| <& <2~N.Then (t,x) € ZKstg:no—l' Therefore, (37) with § =&,
implies that, if |y — x| <& <27V then

(e, y)| < |u(t, X)| + lu(t, £) —a(t, x)| + |a(t, x) —a(t, y)|
<27 NE 4 2. 07Ny <3.27NE < 3(26)F <66t

For ¢ > Z_NS”O, we have for (¢, x) and (¢, y), as in the corollary,
li(t, y)| < (K 4+ De*E+D < (K + 1) E+DpNeng g€

This gives the conclusion with Cg x = (K + 1)e*& +DoNewy 1 6. A short calcula-
tion and (38) now imply that there are strictly positive constants R, 8, c40.1, €402,
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depending on £ and K, such that

1 r—=6
P(Ce,xk >71) <ca0.1 [P<N1/z(1—a/2) > EM;’z(m))

+ K exp( —c e 5
02\ (K + 1)er&+D

for all » > ro(K). The usual Kolmogorov continuity proof applied to (15) with
i=27"—2Z%inplace of Z [and & = %(1 — 5)] shows there are &, ¢3 > 0 such that

(40)

P(N1j2(1—a/2) > M) < 527 MF
for all M € R. Thus, (39) follows from (40). O

Now fix «, y satisfying the conditions of Theorem 1.4, so ¢ < (2y — 1) and
notice that since 1 > y > %, this implies that ll_f}f 2
& € (0, 1) such that

(41) a<&EQy—-1)

11__0‘){ 2 A 1. This means that & satisfies the conditions of Corol-

> 1. Hence, we can choose

and 1 — 5 <& <
lary 4.2.

We return to the setting and notation in Section 2. In particular, ¥ € C2°([0, 7] x
R with T' = {x : ¥, (x) > 0 3s <1} C B(0, K). Recall Lemma 2.2 is valid in the
setting of Theorem 1.4.

Letm®™ := an__l{g. Note that m™ > 1 for all n. We set co(K) := ro(K) v K2e*K
[where ro(K) is chosen as in Corollary 4.2] and define the stopping time

Tg k =inf{r > 0:1 > Tk ort < Tk and there exist ¢ € (0, 1],
£,x,y e Rwith [x| <K, |i(t, )| <&, |x — %] <&,
|x — y| < & such thatlii(¢, y)| > co(K)e®}.

Assuming our filtration is completed as usual, T¢ g is a stopping time by the stan-
dard projection argument. Note that, for any ¢ > 0, by Corollary 4.2,

P(Te x <1) <P(Tg <t)+P(Ce x > co(K))
<P(Tgx <1)

KZe)\K -6 =4
Teson [((K n 1)eW<+1>>

KZekK -6 )
d+1
(43) + K eXP(—C39.2<W) >],

(42)

which tends to zero as K — oo due to (35).
With this set-up we can show the following lemma:
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LEMMA 4.3. Forallx el and s € [0, Tg k1, if |{us, CDTM)H <au_1, then

sup  |u(s, )| < co(K)an—1.
yeB(x,1/mM)

PROOF. Since | (i, CDT(n))l <a,_1 and 1iz(-) is continuous, there exists a X €
B(x, ﬁ) such that |i(s, X)| < a,—1. Apply the definition of the stopping time
withe =1/ m®™ € (0, 1] and so £ = a,_; to obtain the required bound. [J

Next, we bound | /5" (n)’"| using the Holder continuity of o, as well as the defini-
tion of ¥,. If |o(x) —o(y)| < L|x — y|¥, then

(n)
5" A Te k)|

L2 rinTek | , ,
:ﬂ_ 5 —_ ~ ~
n /o /de {an =1, @1 <)% Vs D715 ()]

8

=

x @ (@™ " (lly — 217 + 11dy dz W, (x) dx ds.
Now set I'l = {x e R¢,d(x,T") < 1}. Since ®(x) < Clp(,1)(x) and
1,1 (m™ (x — y)) - L, (m™ (x —2))
<Lpo,1(m™x —y))-1gon(Em™ (- 2),
we obtain from Lemma 4.3

(n)
|15t A Tx k)|

azy
< cgL2co(K)?r =L
a

nan
INTg g
X 1 -
/O /de {an<I(iis @™ | <a—1)

X CD?(H)()’)(DT(M @Dlly —zI™* 4+ 11dydz Ws(x)dx ds

2
s L2V soco (K @ |

n a,

INTe K e m® w
[T (e mer” @ax )iy - 2+ ndydzds
0 rixri\Jr

A

2
s L2Vl soco(K) ¥t @) |

n a,

d —
x [ ) e (3 (5 = D)Ly =27 + Ndydz
X
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2
_ Cles. LW, ®)eo(K) 71,

" = [(m™)* +1]

 Cles, LW, ®)co(K)> 1 all®

n a,

Observe now that f;;"*l x~ldx ~ n so that a;‘l—" ~ ¢" or (using that ap = 1) a, ~
e~ (" +1)/2 Thys,

(44) lim B(|2"""(t A T x)]) =0

n—oo
ifn(n+1)—Qy — %)(n — 1)n < 0 for n large. This is equivalent to
(07
l—<2y—g)<0 — a<&Qy -1,

which holds by (41).
Use (32) and Fatou’s lemma on the left-hand side of (25), and Lemma 2.2
and (44) on the right-hand side, to take limits in this equation and so conclude

A‘gd E(liat A Te k. x)]) Wy (x) dx

mm
x

<liminf | E(¢n((itinzs g P

n—-oo Jrd

)W (x) dx
AT k .
< IE(/O 5 /H;d |t (s, X) |3 (AW (x) + ¥y (x)) dx ds)

t .
< /0 ./]1-@ E(Ji(s, x)|)| s AWy (x) + Wy (x)| dx ds.
Since T g tends in probability to infinity as K — oo according to (42), we know

that u(t A Tg g, x) — u(t, x) and so we finally conclude with another application
of Fatou’s lemma that

/Rd E(la(t, x)|) W (x) dx

t 3 1 .
Sfo fRdE(lu(svx)l)|§A‘I’s(x)+‘I’s(X)]dxds_

This is (34) of Section 3 and the conclusion now follows as in the proof of Theo-
rem 1.6 given there.

5. Proof of Theorem 4.1. In this section we will first prove three technical
lemmas needed for the proof of Theorem 4.1.
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LEMMA 5.1. Let B be a standard d-dimensional Brownian motion. For o < d,
there exists a constant cs.1 = c5.1(«, d) such that, for all x, y € RY and t,t' > 0,

/ / P — w)pr(y — Dlw — 2 dwdz = By (|Bpar|~)
R4 JRA
(45) <Eo(|Bryr|™%)
<csi(t+1)72,
In addition, for any ' > 0,¢c>0and 0 <t <t/,
f f D by (x — w) pu(y — D[|w — 2| ™% + cldw dz
R4 JRd

(46) AYPVERY]
< 05,200 MWD [ 4 y=2/2 4 ],

PROOF. The first equality of (45) is immediate from change of variables. The
second inequality then follows from a simple coupling argument: Let |Bti | fori =
1, 2 be the radial part of a d-dimensional Brownian motion started at O and |x — y|,
respectively. Define the stopping time 7' := inf{¢t > 0: |Bt1| > |B,2|}. Then

3 {|B,2|, fort <T,
3=

1B, fort>T,
has the same law as | B?| and the property that |Bt3 | > |B[1 | for all # > 0 a.s., which
implies the inequality of the expectations in (45). We finally compute by setting

;= Ll
2t

2
Eo(|B,|™%) = / |w|—“<2m>d/2exp(—ﬁ)dw
R4 2t
o0
=cd/ rd=02= exp(—r)dr - 17%/?
0

=c(a, d)t~*/?,

provided that o < d. This shows (45). For proving (46), we note that, for
O0<t<t,

/ 1 IN2 4
@7 M py(w) <292 exp(x’|w| - 47'""2) par(w) < cae®™ " py(w)
since A |w| — $|w|2 < (\)%t. Therefore,
Ly e b = w)pe(y = llw = 217 + el dwdz

< M (KD /ﬂ;d /ﬂ;d ¥ WD b () pr(2)[[w — 2 +x — Y7 + cldwdz
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IN24t gt
S6_6216,2()») te)» (Ix[+1yD </Rd </Rd o (W) par (D[|w —z +x _y|—a T cldwdz

< C(O{, d)eZ}th/ek(|X|+|y|)[(t + t/)—a/2 + C].

Here, we have used a shift of variables in the first and (47) in the second inequality,
as well as (45) in the third. This shows (46). [

The next lemma provides some estimates of the temporal and spatial differences
of the heat kernels:

LEMMA 5.2. There are constants c48(d) and cq9(a, d) such that if 0 < 8 <1
and ) >0, then forany x,y e R4, 0 <t <t’,

flmu—w%ﬁw@—wW”MmU
Rd
(48) <c 4862<N>2r’(ex’|x| i emy|) 28X (1x=1)
x PP x —yf + 7P —1)P),

f f Ipr(x —w) — pr(y —w)lIpr(x —2) — pr (y — 2)|

R4 JRE
(49) x[lw—z|"*+1]ldwz

< caolt 72 417w — y)?

and

/ / [pr(x —w) — pp(x —w)||pr(x —2) — pr(x —2)|

R4 JRA

(50) x [lw—z]"%+ 11dwdz

<caolt 7272 172 — 12

PROOF. We consider the space and time differences separately. For the former,
define v =x — y, and set 09 =0, gy = v and U; — 0;_| = v;e;, where v; is the ith
component of v and e; is the ith unit vector in R4 Therefore,

lw + v]? lw|?
K\ T ) T T
d - .
|w + v; | ) ( |w + V;_1] )‘
< E ') = -
_i:1 eXp( 2t eXp 2[

/”" w; +r; ( |w+ﬁi—1+riei|2>
———exp| — dri|.
0 t 2t

d
2.
i=l
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Hence, by a change of variables, (47) and using |w| < |w; |+ |w;| (W; = w — w;e;),
we have

fRd 1P (x — w) — pr(y — w)le* " dw

S e)\/|x| (27Tt)d/2

Lol Jwi + i) w4 Di—1 + rieil?
- M wl .
X —expl| — e dwdr,
Y[ () ,

(51) < Cde(k’)%’ewux|+|v|)t_1/2
d lvil poo lw; + ] (w; +r.)2
S it TOTN Wwil o
) T P\ )¢ dw; dr
;fo f—oo d p( 2t ) i dri

AY VARV 2 d / Xr r2
< g ¥R X (lxlHoD) =1/ Z€x|vi||vi|/0 ?CXP<_Z)‘”

i=1

< Cde(k/)zt/ek/|x|+2)\/|x7y|t71/2|x —yl.

Similarly, using that a < cexp(a’/4) forall a e R, we get

/Rd /Rd |pe(x —w) — pi(y —w)| - |pr(x —2) — pe(y = DI[lw — 2|7 + 1]1dwdz

<ct™

L ELL
X _—
d d

REJRE 5700 t

( |w+ﬁi—1+ri€i|2>
x exp| — 5,

lzi + 7il |z 4+ Di—1 +Fiei?
X exp( — 5

)dr,' dr;
x [lw—z|"%+ 1]1dwdz

< Ct_d_l

d ) ) A 2
lvil vl |lw+ Vi1 +riel
X € -
Z/o /0 %/@ Xp( 21

i,j=1
4 lwi +ri |2>
4
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( |z 4 D1 + Fiei]?
x exp| — Y

n |zi + fi|2>
4¢

X [lw—z]7%+ l]dwdz) dri dr;

4 rluil plvl
<Ca,dy! Z/O /()J[t_“/2+1]drid17i

i,j=1
<Cla,d)[t™ "7 + 17 x — y)?,

where we have used an appropriate shift of variables and Lemma 5.1 in the previ-
ous to last line. This shows (49).
For the time differences observe that for some C = C(«, d),

|pr(w) — pp(w)|

2
<C|t?? —t/d/2|exp(——|w| )

2t
2 2
d/2 |w| |w]
(52) +Ct’ ‘exp<—7>—exp<— 5
3 2 [wl*\ [w|?
<Clt' —tpd/?! (__le) Ct’d/zf (——)—d
= ¢l | %P 2t + t cxp 2 ) 252 @

< Ct7 Yt = tl(pr(w) + pav (w)),
since % < exp(%). Therefore, another application of (47) yields
[, 1petw) = pow)le dw < Cdye™ e .
Taking this estimate with a change of variables, together with (51), we obtain

f 1P (x — w) — pr(y —w)|e* " dw
(53)

/
SC(d)eZ)L2t/e)L/|X||:62)\/|xy||x_y| 4 |t —t|]
N

An application of (47) and a change of variables also show that

4 [ 1o =w) = poy = w1 dw < C@e® (14 ),
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If B € (0, 1], the inequality z A 1 < zP for 7 > 0, and the previous two bounds now
show that

f |pe(x —w) — py(y — w)e* ™ dw
< C(d)ez()‘/)zt/ (e)\/lxl + ek'lyl)
X [ezlg)‘/lx*yux _ yllgt*/s/Z + |lJ _ l’lﬂl‘iﬂ],
which implies (48). Similarly, using (52) and (45),

L, [ =w) = pote = w)
X |pi(x —2) = pr(x = D[lw —z|™* + 1]dwdz

<Ct )t —1t)?
x [, (i) + pac @) (pr@) + pao @)l =2l + 1 dwdz
<Cla, )P 1A' =1,
which proves (50). [

We will also need the following rather technical lemma:

LEMMA 5.3. Forb,c>0withc < %(b +1- %), anda € (¢, 1 —a/2), there
is a finite constant cs53 = c53(a, b, ¢, ) such that t > 0,

Q(t,a,b,c,a)
t oot
,_ _Na—l—c..  _Nna—l-c
._/(;/O(t r) (t—r)
rar o N\b N ap o —a
x/o (t—s5)'(r—s)“(r'—y)

x / / Prs (@) py—s @Il — 21~ + 11dwdz ds dr dr’
R4 JRd
< 05'3[tb+1—a/2—26 +tb+1—2c’].

PROOF. By Lemma 5.1, it suffices to estimate

/Ot /O’(t R I T

rar
X / =) =)0 =) —s+r —s)" %+ 1]dsdrdr
0
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t t
_ _oNa—l—c . Nb(.  N—a
_2f0 /s (t =117t — )P (r — )

X (/t(t — Yl — )2 L — s)“]dr/> drds,

where we have used the symmetry in r and ' and concentrated on the case
r <r’. Substituting v = “—- and using that ¢ <a < 1 — 5, we calculate, for
t>rz=s,

/t(t o r/)a—l—c[(r/ _ s)—a—a/2 + (l’/ o S)_a]dr/

1 _ —a—a/2
=(t_r)—oc/2—c/ (1 _v)a—l—c[<v+ r S)
0

t—r

_ —a
+(t—r)°‘/2(v+:) }dv
t—r

<C(a,c,a)(t —r)*°
X[(t—r) A=) =) A —5)7Y.

Hence, the required Q is at most C(a, ¢, «) times the sum of the following integral,
I(B),forB=aand f=a+ «a/2:

t t
I(ﬂ)=/0 (t—s)b/S (t—r) 1720 —) (=) A —95)7P)drds.

For these values of 8, I(8) is at most

(1+9)/2
/"([ — s)b (/‘ 1+ (r— r)za—l—ZC—ﬂ(r — ) dr
0 s

t
+ (t — )2 172¢(p — 5)7a=F dr) ds
(t+s)/2

(t+s)/2

<C(a,a) /Ot<(z — s)””“—l—zf—ﬂ/s (r—s)"%dr

t
+(t —s)ep (1 —r)2a—1-2 dr) ds
(t+s)/2

t
< C(a, C,Ol)/ (t— S)b+a—2c—ﬂ ds <C(a,b,c, a)tb+a—2c—/3+1.
0

Here, we have used that 1 — r > 5% for r € [s, 4*] and, analogously, r —s > 5*

for r € [”LTS, t], as well as our assumption of a > ¢ and ¢ < %(b +1—7%). The
result follows upon summing over the two values of 8. [J

PROOF OF THEOREM 4.1. Fix arbitrary (deterministic) (¢, x), (¢/, y) such that
d((t,x),(t,y)) <e=2"V (N eN)andr <t (the case ' < r works analogously).
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Asé& <y +1—a/2) Al, we may choose § € (0,1 —a/2) so that
(55) I1>éy+1—a/2-56>¢&.

Note that £y < 1 shows we may choose § in the required range. Next choose
8" €(0,8) and p € (0, &y) so that

(56) I>p+1—a/2—-8>§&
and
(57) 1>ty +1—a/2-68 >&.

Now consider, for some random N; = N (w, &, &) to be chosen below,
P(ji(t, x) =i, y)| =[x — y|' 42 7%6P, (1,x) € Zg, w6, N = N1)
(58) + P, x) —iit, x)| > |t/ —r|/H /2700 gp,
(t,x)€Zg Ng,t' <Tk,N > Ny).

In order to simplify notation, we define

DX (w, 2,8) = | pros(x —w) — pr—s(y — )| pr—s (x —2) — prr_s(y — 2)|
X |a(s, w)|” |a(s, )" [lw —z| ™% + 11,
DY (w, 2, 5) = pr_(x — w)pyr—s(x = Dlii(s, w7V ii(s, DI [lw — 2|~ + 11.

With this notation expression (58) is bounded by

P(m(t,x) — i, y)| = |x — y|'"Y? 0P (1,x) € Zxk ng, N = Ny,

t !
/ /d /d DYV (w, z, s)dwdzds < |x — y|> %% 82”)
0 Jrd Jr

+ IP(|12(H, x) —@i(t, x)| > |t/ — ¢|1/20-e/2=8) gp

(t,x)€Zg N, t' <Tx,N >Ny,

t ,
/ / / D*" (w, z,s)dwdzds
t JRIJRA

t , |
/ /d ) DXt (w,z,s)dwdzds < (t/ _ t)l—a/Z—é 82p)
0 JRY JR
[ /
(/ fd ) Dx,y,z,t(w,z,s)dw dzds > |x — y|2—a—25 821,’
0 JRY JR

(59) (l,X)EZK,N,g,NZM)
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t ,
—HP’(/ / f D*" (w, z,s)dwdzds
t JRI JRA

t !
+A ./]Rd ./Rd D" (w, z,5)dwdzds

>t =)' (1, x) € Zg et <Tg, N > Nl)

=PI+ P+ P3+ Py.

Notice that the processes

f /(;t /Iz&d Pr—s(x — w)(a(ul(s, w)) _ G(uz(s, w)))W(dwds)

are continuous local martingales for any fixed x,7 on 0 <7 < t. We bound the
appropriate differences of these integrals by considering the respective quadratic
variations of #(¢, x) — i (t, y) and a(t', x) — uu(t, x) [see (12)]. If |o (1) — o (v)| <
Llu — v|¥ and recalling that |k(x, y)| < cr4[lx — y|™% + 1], we see that the time
integrals in the above probabilities differ from the appropriate square functions by
a multiplicative factor of L?%cy 4.

If =686 —6& > 0, B is a standard one-dimensional Brownian motion with
B(0) =0, and B*(¢) := supy,~, | B(s)|, then the first two probabilities of (59)
can be bounded using the Dubins—Schwarz theorem

P < P(B*(cl,4L2|x — y|2_“_25’gzp) > |x — y|1—a/2—88P)
= ]P’(B*(l) feral|x — y|1—a/2—5’8p > |x — y|1—a/2—88p)
—1 s

=P(B*(1) = (JeraL)  lx —y|™%)

< eqo exp(—colx — y1 ),
where we have used the reflection principle in the last line. Likewise,

P, < ]P)(B*(CIALZU/ _ t|l—a/2—5/82p) > |t — t|1/2(l—a/2—8)8p)

(61) =P(B*(1) > (JeraL) |t —t|7%"7?)

1
< ce0exp(—cgolt’ — 170 /2).

(60)

Here the constants cgg and 0/60 depend on d, L and cy 4.

In order to bound P; and P4, we estimate the respective integral expressions
by splitting them up in several parts: Let §; € (0, %(1 —35)and o =0,t; =t —
e2,tp =1t and 13 = t'. We also define

Ai’s(x)={weRd:|x—w|§2m8_81} and
Ay () =R\ AP @),
63) Alx)={weR%:|x —w| <279} and A3(x)=RI\ AT(x).

(62)
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For notational convenience, we will sometimes omit the index s for A} (x). We
continue to write

’ ! ol 4
QX,y,l,l = / / DX,}J,[ (w, zZ, S)dde dS — Z Q;C,:y}(l,l‘ ’
0 JR!JR? Lo 7

where

’ t ’
ijyk” :=/ /i /l_ D*Y (w7, s)dwdzds.
tio1 JAY(x) JAp(x)

And likewise,

t/
x,0,t' L _ x,1’ _ x,0,t
10 ._f /1 iD (w,z,8)dwdzds = Z Qi
t Ré JRA

jk=1.2

where

’ t /
Q);”,i’t ::/ f2 /2 D™ (w, z,s)dwdzds.
o Ja200 A

Before we proceed, let us note that & can be bounded on the sets A"1 as follows:
Set

64) Ni(@) = [ >

SNg(a))} |:Ng(a)) +4] N
51 1—68

where [-] is the greatest integer function and assume N > N in the following.
Recall A > 0 is a fixed constant used in the definition of Tk and, hence, Zg n ¢.
As it is fixed, we often suppress dependence on A in our notation. [

LEMMA 5.4. Let N > Ni.Thenon{w:(t,x) € Zg N},
(65) li(s, w)| < 10617905 forser—e,1'], w e AT(x),
it (s, w)| < (8 + 3K2Ne5 ) MWl — 5)5/26=018

(66)
forsel0,t —&%, we A (x).

PROOF. We choose N’ € N so that 2=V ! <3el-01 < 2N Then 2~V 3 <
2-N(=8) <2-N"=1 and so by (64),
(67) N'>N({1—-68)—3>Ni(1-8)—3> Ng.
Assume (t,x) € Zg N.g, 0 <t' < Tk, and choose (t, %) such that
(68) 7<Tk,d((t,x), (%) <e=2"N and [|i(f, %) <27V =¢°.

We first observe that for s € [t — ¢2,¢'] and w € A%(x) so that |w — x| < 2el-01,
we have

(69) d((s, w), (t,x)) <& +26' 70 <3170 <27V,
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Therefore, by (36) and (67), for s € [t — &%, '] and w € A3 (x),
i (s, w)| < |a(t,%)| + |a(@, £) — (e, x)| + a(t, x) — i(s, w)]
<2.27NE 4 N
(70)
<265 + (881_5‘)5
< 108(1—51)5’

which proves (65). Similarly, if s € [0,7 — €2] and w € Ai’s(x), meaning that
lw — x| <27 —se %, we have

(71) d((s,w), (t,x)) < /T =5+ 21 — 560 <3/t —se701.

Notice that if 3./7 — se % < 27N¢ then there exists an N’ > Ng such that
2~ (V'+1) <3/i—se ¥ < 27N’ 50 that we can as in (65) bound

it (s, w)| < |ii(f, %)| + |, £) —it(t, x)| + |a(t, x) —ii(s, w)|
<2 NE Lo NE | o= NE
(72) <2.27N§ g o~ (N'+D)§
<2t — )8 +2.35 (1 — )82 08
< 8(r —5)5/2e7015,

since ¢ =2~ N < ./t —s. If, on the other hand, 37 — s~ % > 27N¢ then we
bound
jii(s, w)| < Ke*"!
(73) = (K@t —s)75/2)e* (1 — 5)5/?
< (Ke™ 1838 Ny Mlwl(p _ 6)E/2
Taking (72) and (73) together, we obtain (66). [
In the rest of this section C(K') denotes a constant depending on K (and pos-

sibly 1) which may change from line to line. We will first consider the terms for
which j =k =1 so that we can use the bounds (65) and (66) of Lemma 5.4:

LEMMA 5.5. If0<B<1—-5, B ' <&y +1— 75, and B’ < 1, then on
{w:(t,x) € Zk Nt}

74 Q371" <cmle.d, B, K)e* 008 [x — 2P
(75) Q5T < cqu(ad, B, K)eX I VE [ — g

(76) Q11 < crsland, B 6y, K)(8 +3K2NeE) 7087 |y 28
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7 Q711" < crsland, B &y, K)(8+3K2NE) e= sy
78) Q71" < ers(ar, eI gyl =er2,

PROOF. Using the bounds (65) and (66) of Lemma 5.4, we obtain

Qx,y,t,t/ < 100;/82(1—81)51/

2,1,1
t
<[ e = w) = pe = )]
t—e2 JA(x) JA(x)

X |pr—s(x —2) — pr—s(y — 2)|
x [lw—z| %+ 1]dwdzds,

(79

Q)lc:i),’i’t = (8 + 3K2N§€)2V8—281$y

r—g2
X/ (t—s)éyf / vl izl
0 Al(x) JAL(x)

(80) X | pr—s(x —w) — py_s(y —w)|
X |pr—s(x —2) — pr—s(y — 2)|
x[lw—2z|"%+1]dwdzds.

Note that the above integrals only become larger if we integrate over the domain
[0, 7] x R2 which we will do in the following. We will use a version of the
factorization method first introduced in [2] to estimate them. Noting that, for s < ¢
and 0 <a < 1,

(81) /t(t—r)“_l(r—s)_“dr=

and that for s <r <t,

|pr—s(x —w) — py_s(y —w)|

sin(ra)’

(82)
< A{d pr—sw' —w) - |pr—r(x —w') — py_p(y —w')|dw’,
we obtain, with (79),

st)’vaf/ < C(a)82(1—31)5}’

2,1,1
t t 1 1
x/ /(t—r)“_ (t—rH*
0 JO

2 ot
(83) X /Rd A@d Jo W' 7

X |pr—r(x —w") = py_p(y —w’)|
X | pi—r(x =2 = pyr_p(y — 2| dw' dZ dr dr’,
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where

2 o
I W', 2)

rar’
6 = [ [ =9 e — w)p @ )
x [lw—2z|"%+ 1ldwdzds,

where Jr%r,(w/, Z/) < J? (0, 0) according to (45) of Lemma 5.1. So we get

— nr

x,y,t,t 2(1-8
Q2,1,1 < C(a)e (1-81)éy

x /t /t(z —r)* e —r)1I2,(0,0)
(85) 0 Jo

< ([ 170 = ) = pr (= )

x ([, 17t =) = popty = 21d2 ) arar'

The integrals in brackets can now be estimated with the help of (48) in Lemma 5.2.
Recall that (f,x) € Zx ny¢ and |x — y| < 2N so that x| <K, |y|<K+1,and
t < K, and so (48) implies

oYU < Cla, a, d)e? = |x — y 2P O(1,a,0, B/2, @)
(86) v
< Cla,d, B, K)e?1 70087 |x — y2By1=a/2=B [ 4 4o/2),

Here weuse 8 <1 — % and choose a € (8/2,1 — («/2)) so that Lemma 5.3 may
be applied in the last line. As r < K, (74) follows. Likewise, we get for the time

differences, B < 1 — 5 and g <a<1—a/2 (use Lemma 5.2 with 8/2 in place of

B)s

!

Oy < Cla, )Y 1 — 1P Q(t,a,0, B/2, @)
(87) B
< C(B.a.d, K)e?' 05 ) )P,

which is (75).
With an analogous calculation as in (81) to (85) except now using (80) instead
of (79), we obtain that

/

011" = C@@+3K2NE) 6208

x fot /Ot(r — )=

1 o
(88) x /Rd /Rd Sy (W', 20)
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X | pr—r(x —w') — pyr_p (y — )|

X | pr_p(x =2 = py_p(y =2 dw'dz dr dr’,

where

Jrl,r/(w/’z/) = /Omr,(f — )5 /Rd /Rd(r —5)740r =)™

X pr—s(w/ —W)py—s (Z/ —2)
x Y WD [y — 7217 + 1]1dwdzds

2 ’ ’ ’
2+ Ay (WD

5 /(;r/\r/(t . S)gy /Rd /Rd(r N s)_a(r/ 5@

X Pagr—s) (W' — w) par—s) (2’ = 2)
X [lw—2z|"%+1ldwdzds

IA

(89)

2 2204 Ay (W12 7 o
=:cge ( )e y(w'|+] l)Jr,r’(w’Z)’

where in the second inequality we have bounded |w| < [w’'| + |w’ — w/| (and like-
wise for z) and then used (47). Again, Jrlr,(u/ 7)< Jrlr,(O, 0) independent of w’
and 7’ due to (45) of Lemma 5.1. Hence, we get

O} < Cd @) K (8 + 3K 2N 2y

X ft /I(z —r)* e —r)1J,(0,0)
(90) 0 Jo

* (fd |pr—r(x = w') = pr_p(y — w) e dw/)
R
x ( / P (x =) = prop(y = ) dﬂ) drdr.
R
And so, after a change of variables, the spatial differences are bounded by

Q)lclyit - C(d’a)eZA2K(8+3K2Ng§)2y€4A2K+2A(K+1)+4A

/
o) x gV | —ylz’g/Q<2t,a,éy, %,a)

<CWd, &y, B a, K)(8+3K2Ne5)2r g=20187 | _ 28

if /<&y +1—73, B/ <1, and a is chosen in (8'/2,1 — a/2) # @ (recall
a < 1), according to (48) of Lemma 5.2 and Lemma 5.3 combined with (47). This
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proves (76). Similarly, for the time differences, we obtain

Q???ﬂ<(deﬁgﬂK(S+3K2M§ﬁyéM%KHHQMK+D+M

/
(92) x g 2018y |/ —z|ﬂ’Q(2z,a,gy, %a)

<C(d. &y, B a, K)(8+3K2NeE)2r =208y 1 _ )

if again B’ <&y 4+ 1— %, B’ < 1 and a is chosen as above. This shows (77).
Finally, we address the remaining case using (65) of Lemma 5.4 to bound & and
Lemma 5.1:

x,t,t 2yE(1-81)
Q1,1 <Ces

t/
) /z /Rd /Rd pr—s(x —w)py—s(x = l|lw —z|™* + 1]dwdzds
(93)

t/
§C(a,d)827’§(1_‘31)f [(¢' —s5)"%* +1]ds
t

< Cla, e S U0 — ' =42 1 — 1)),
and (78) follows as |t —¢| < 1. O

Next, we consider all the terms for which j = k = 2. Here, we will use that, for
t < Tk, we can bound |ii(z, x)| < Ke*P!.

LEMMA 5.6. ForO<pB<1— %, we obtain, fori = 1,2, and on {w: (t, x) €
ZK N}

(94) 0;33" <coald.a, K)exp(—3e ' (1 = B))|x — y|*7,

/ 1
©5) o §¢@5@La,K)eXP<—ZsMl(l—-§>)U/—tW,
(96) 035" <cos(d, o, B, K)exp(—5& 2 (1 = B))|t" — 1| 7%/2.

PROOF. Recall d((z, x), (', y)) < e&. For i =1, we are interested in the case
s€[0,7—¢?] and |x — w| > 2/7 —se %1, Since |x — y| < &, this implies that

ly —w| > |lx —w| — |x — y|| > 27 —s567% — & > /T —se 9. Furthermore,
' —s=t —t+t—s<e’+1t—s<2(t—s). This implies

x — wl? y — wl?
Gn < exp (_ 8 —s) ) Vex"(_ 8 —s))

1
< exp(—gs_z‘s‘).
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Therefore, forv=xorv=yandr =torr="¢,

251)

(98) Pros(v —w) <297 exp(—4 Par—s) (v — ).

Using this, we obtain for any g € (0, 1) by applying Holder’s inequality that
x,y.t,t .
0 is bounded by

1,2,2
r— 8
f ( / / (Pr—s(x — W) + py_s(y — w))
Al Jabs )

X (pr—s(x —2) + pr—s(y — 2))
X [lw—z|7%+1]

1-B
x |a(s, w)|V/(1—ﬁ)|g(s’ Z)|7//(1—/3) dwdz)

(/Az S )/Az - |pi—s (x — w) — py_s(y — w)|

X | pr—s(x —2) — pr—s(y — 2)]
99) 5
x [lw—z]7%+ l]dwdz> ds

< C(d a)EZ)L KKZ}/EZ)»)/(K-FD CXP( —2681 (1 ﬂ))

2

1—¢&
X/ [t — 5)~/20=P) 1 1]
0

< ([, L1 =w = sy = w

X |pr—s(x —2) — pr—s(y — 2)]
B
x [Jlw—z|7%+ 1]dwdz> ds.

Here, we have used that i (¢, x) < Ke**! and (98), as well as (46) of Lemma 5.1.
We have also used the fact that e*¥ X! and ¢*71¥! are both bounded by ¢ (K+1
since |x| < K and |[x — y| < & < 1. Using (49) of Lemma 5.2 to estimate the
integral in parentheses when ¢ = ¢, we obtain
0733 = Cd, e K (KeHK+D)2exp(—f~21(1 = B))lx -y
2

(100) x /OH (t—5)"%* P 4 (1 —5)Pds

<cd, Ot)K3 22 +1)(K+1) exp( =28 (11— ,3))|x _ y|2/3



1946 L. MYTNIK, E. PERKINS AND A. STURM

provided that B < 1 — %, showing (94) for i = 1. Likewise, using (50) of
Lemma 5.2 for the time differences when x = y implies (95) for i = 1 if again

0 < B < 1 — F—here we replace 8 with 8/2 in the above.

Fori =2 and Q;:;’l/, we will proceed analogously. We merely have to estab-
lish (97) in the case: s € [r — €2,¢'] and [x —w| > 261791 Since |x — y| <&, this
implies now |y — w| > ||x — w| — |x — y|| > 2e!7% — ¢ > £!=91 Furthermore,
' —s=t —t+t—s5<e&>+1t—s <2¢2 From this, the bound (97) follows and
we obtain immediately (94) and (95) for i =2, provided that 8 < 1 — %

Last, we obtain with the help of (97) (verified above) and (46) of Lemma 5.1,

035" = C@. K exp(—3e 11— )

t/
hy (wl+zl)
X e —oyg(x —w)pu—gy8(x —2)
v/t f]Rd /]Rd Puw=s)/p Pu=s/p

x[lw—2z|"%+1]ldwdzds
(101) <Cd, B, a)K2y62x2(K+1>/ﬂezx<K+1>

X exp(—%e‘z‘sl (1 - ,B)) /tt,[(%(t/ — s))_a/2 + 1} ds

1
=CW,a,p, K)CXP(—ES_Z‘SI(I - ﬁ))lt/ — 1|12,
which is (96) and, hence, completes the proof. [J

It remains to consider the “mixed terms” for which j =2 and k = 1 or vice
versa. Say j = 2. In this case (97) holds for the exponential in the w integral,
and we can bound the exponential in the z integral by one. Otherwise, we fol-
low the same steps as in Lemma 5.6, treating the case j = k = 2. In this man-
ner, we obtain the same bounds as in (94) to (96) with the only difference that
exp(—%g_z‘Sl (1 — B)) is replaced by exp(—%s‘z‘sl (1—-p)) and exp(—%g_z‘31 (1—
B)) by exp(—ze 1 (1 — B)).

We are now taking the estimates (74), (76) and (94) together with those for the
mixed terms and choosing f =1 — 5 — &', respectively, ' =1—-5 -8+ &y < 1
[by (57)], in those estimates. This shows that, for (1,x) € Zg y ¢, |x —y| <& =
2 Nand N > N 1,

Qx,y,l‘,l‘ < C(K)|X _ y|2(1—a/2—8/)

o« [Sza—a]m 4 (8 + 3K2NEE Y2y g 2iEY |y 2Ey

1 o 1 o
102 5 <_ />> <__ - <_ />>]
(102) +exp( 48 2+5 + exp 88 2+8
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< Ol -y (& )]

We have the analogous bounds for Q**"'' 4 Q*"" with the help of (75), (77),
(78), (95) and (96); just replace |x — y|*> with |t — ¢| and use |t — 7| < 2. We
deduce that, for N > Nj and (t,x) € Zg n.¢,

x,x,t,t' x,t,t
0 +0

< C(K)|f — 11—/ [82(1—61)§V22N§€y I exp<_%8—251>]

(103)

We can finally conclude that, in (59), P3 = P4 =0 if

(104) C(K)[az“—‘WVzZNsSV n exp(—%s_zs')] <2,
For this, it is sufficient that
(105) C(K)e? 1700y p2Nesy  2g2P,
1
(106) C(K)exp(—%g—”l) < 5o

Since (105) is equivalent to 2C (K ) < 22N(1=80&y=pI=2Ne&¥ it suffices to choose
81 > 0 small enough so that (1 — §1)§y — p > 0 (which is possible since £y > p)
and then to assume N > [Co(§,81)Ne] € N, as well as N > No(K,€,81,p) €N
deterministic, so that both (105) and (106) hold. Note that the constants depend ul-

timately on &, & and K. Hence, (59), (60) and (61) imply that if N>(w, &,&1, K) =
[%r] V [Co(€,81)Ne1V No(K, €, 81, p), then for d((t, x), (t/,y)) <27V, ¢t <7/,

P(ji(t, x) — a(t, )| > |x — y|'"*227NP (1, x) € Zk v g, N > No)
+P(la(, x) =i, x)| = |1’ — o]0,
(107)
(t,x) € Zgk v, t' < Tk, N > N»)
< cooexp(—cholx — yI 75" r) 4+ exp(—cholt’ — 1175 7%r)).
Now let ¢; be the /th unit vector in R? and set
d
M, N,k = max Z ’lz(j2_2”, (z+e)2™") — (27, 227
=1
i +e272", 227" —d(j27H, 227
Izl < K2, (j+e)2™ " < Tk, jeZy,z€Z,

ee{l1,2,3},(j27", 2 e ZK,N,g}.
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(107) implies that if
Ay ={w: forsomen> N, M, yx > (d+1)- 2~ 1=a/2=8)7=Np N > N},

then for some fixed constants C(d), ¢, ¢y > 0,

P( U AN/) <C@) i i Kd+12(d+2)ne—c12"5”

N'>N N'=N n=N'

< C(dK My,

where ny = e Therefore, N3(w) = min{N € N:w € A, forall N’ > N} <
00 a.s. and, in fact,

(108) P(N3 > N) =]P>( U AN/> <Cd)K .
N'>N

Choose m € N with m > log,(3 + Vd) and assume N > (N3 + m) vV N». Let
(t,x) € Zx.Ng, d((t',y), (t,x)) <27V and t' < Tx.Forn > N, let t, € 4 "Z
and x,; € 27"Z (i = 1,...,d) be the unique points so that #, <t <t, +47",
Xni <Xi <Xxp;+27"forx; >0and x,; —27" <x; <Xx,,; if x; < 0. Similarly,
define 7/ and y, with (¢, y) in place of (¢, x). Choose (f, £) as in the definition of
Zg N [recall (t,x) € Zg v e]. If n > N, then

d((t,, yn), (1, %)) <d((t),, yn). @', ) +d((t', y), (t,x)) +d((t,x), (, %))

<Vl = v+ 1y =yl +27" +27"

<@B+d)27N <2m N,
Therefore, (t,é, yn) € Zk N—m,t, and similarly (and slightly more simply),
(ta, Xn) € ZKk N—m.g. Our definitions imply that ¢y and t],V are equal or adjacent
in 4~N7Z, and similarly for the components of xy and yy in 27NZ, . This, to-

gether with the continuity of u, the triangle inequality and our lower bound on N
(which shows N —m > N3), implies

la(t, x) —a(t', y)l

00
+ Z U (tnt1, Xpt1) — u(ty, Xp)| + |12(ty,l+1v Ynt+1) — ﬁ(t;/qv Yl
n=N

o.¢]
<SMNN-mk+ D 2Mpii Nomk
n=N
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0
< 4 Z (d + 1) . 2—n(1—(x/2—8)2—(N—m)p
n=N

< co(d, py2 N2
< 2_N§1 .
The last line is valid for N > N4 because 1 — % — &4 p > & by (56). Here N4 is

deterministic and may depend on p, &1, 8, co and, hence, ultimately on &, &;. This
proves the required result with

5Ng ()

Ny (@) = max(Na(@) +m. | 225 | 1Co(e 80Ne. No v Vs ).
Therefore, if R =5/81 v Co(€,61) and N > N(K) := Ng vV N4 (deterministic),
(108) implies that

P(Ng, > N) <P(N3 >N —m)+2P(Ng > N/R)
<c( K y_m +2P(Ng = N/R),
which gives the required probability bound (38).

APPENDIX: PROOFS OF THEOREM 1.2 AND PROPOSITION 1.8

In this appendix we briefly describe the construction of solutions to (12) with
colored noise and non-Lipschitz coefficients. We start by citing the following re-
sult which states necessary conditions for the existence of solutions to (12) with
Lipschitz coefficients and bounded initial conditions (see [1]):

THEOREM A.l1. Let ug be measurable and bounded and let o be a Lipschitz
continuous function. Assume that (A), holds for n = 1. Then there exists a path-
wise unique solution u to (12) which is also a strong solution. The process u satis-
fies a uniform moment bound: For any T > 0, and p € [1, 00),

(109) sup sup E(Ju(z, x)|?) < oo.

0<t<T xeR?

We would like to remark that the original theorem of Dalang [1] stipulates that
the noise be spatially homogeneous. However, it is not hard to see that all that is
needed is that it be bounded by an appropriate spatially homogeneous term in the
sense of condition (A);.

Denote L3, = {u : ess sup,cpa|u(x)|e™* < oo forallA > 0}. Here the
ess sup is of course with respect to the Lebesgue measure.

We introduce some frequently used notation. For any function v: R, x R¢ — R

and stopping time 7, we set

sin(a)

(110) 7ot x) = | L= pieste = yyvis ) dyds,

A
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as well as
t
(1) S0 = [ [ 16 =00 =9 s =)o (065 ) Widy ds).

The stochastic Fubini theorem implies

t
(12) 70 = [ 16 = 0p = 2o (s, )Wy ds).
0 JR
We will use the notation J,v(z, x) = J v(t, x), when v =1t in the above. Also, set
G} (. x) :=E(jv(t, 0)[P1L¢t < 1)e M),

and again G, ,v(t,x) = Gi pv(t, x) whenever t =¢.

LEMMA A.2. Let o be a continuous function satisfying the growth condition
(113) lo )| < criz(1 =+ Jul).

Assume that (A), holds for some n € [0, 1) and leta < (1—n)/2. Letv: Q2 xRy x
R? = R be P(F.) x B(RY)-measurable [P (F.) is the (F)-predictable o -field].
Then for any T, X > 0, p > 2, and stopping time t,

sup sup E(|JFv(t, x)|Pe )
0<s<t xeRd
(114)
<C(T, A, p)cf13 sup sup (1 + Givpv(s,x)) Ve<T.

0<s<t xeR4

PROOF.  First fix arbitrary p > 2 and x € R?. Then, using the growth condition
on o, as well as Burkholder’s inequality and |k(x, y)| < clolz(x —y), we get

E(|J v, x)|7)

t ~
< Ccf13E((/0 /Rd /Rd (t =) pros(x = ) pr—s(x — Dk(y — 2)
X (I4+1(s < 1)v(s, y)I)

p/2
x (14+1(s <1)|v(s, z)l)dydzds) )
t - p/2—1
scelu([@=97 [ [ eIk~ dydzds)

t ~
([a-97 [ [ peop@ie-2)
< E((14+16s = Dlv(s, y = 0))"?

x (1+1(s <1)|vis, z —x)|)p/2)dydzds>.
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Apply Hélder’s inequality to the expected value in this expression and shift vari-
ables to bound it by

E((14+1(s < )lv(s, y — 0))")PE((1 + 16 < D)Ju(s, z — x)[)F)?

(115)
<C(, p)e*/Z('Y'HZ')“"C'(l + sup G;pv(s,i)).

zeRd
Hence, we arrive at
E(|JFv(r, x)|Pe )
<C(, p)C{)13

([a=9 [ [ pesops@it - 2dydz ds)p/21

X </Ot(t —s5)2a

(116) < ([, L &P b ps @i - 2 dydz)

X (1 + sup G{y,,v(s,Z)) ds)

zeRd
p/2—1
<C(A C t i d /
<C( 7P) 113 : f 2 s

t
X (/ f —s)(l + sup Gi’pv(s,i)) ds)
0 zeRd
<C(T, A, p)clln13 sup sup (1 + G}, pUGs, 2)) Vi<T,xecR?,
0<s<t zeRd ’

where

fry=r= </Rd /Rd p2r () p2r (Dk(y — 2) dy d2>-

Here, we have used that e“2|y|p, (y) <C(T,1)pa(y) fort <T see (47). We have
also used the fact that f is integrable on [0, T'] fora < I_T" (cf. proof of Lemma 2.2
of [8]). This proves (114) forall p >2. [

LEMMA A.3. Letug € L, and let o be a continuous function satisfying the
growth condition (113). Assume that (A), holds for some n € [0, 1). If u is any
solution to (12) such that

(117)  sup sup E(ju(t,x)|Pe ™) <00  VI>0,p>0,1>0,
0<t<T xeR4
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then for any T, p, ). > 0, there exists p > p such that

JE( sup sup |u(z,x>|f’e—“x|) < Cr.. ple11s, 1uolla/p.oo)
0<t=<T xeQ?
(118)

X (1 4+ sup sup Gk/z,ﬁu(t,x)>,

0=<t=<T xeR4

where Cr 5 (-, -) is bounded on the compacts of Ry x R.

PROOF.

E( sup sup |u(t,x)|pe_“|)

0<t=<T xeQd

SCE( sup sup

0<t=<T xeQ“

b A
- x|>

[, pie = o dy

/()I/det—s(X—y)

x o (u(s, y))W(dyds)

(119)
+ CE( sup sup

0<t<T xeQ4

Py
e~ le).

The first term on the right-hand side of (119) is bounded by

sup sup / pr(x — Wluo()|” dy e !
0<t<T xeRd | /R?
= , ug sup su (x —ye e
(120) C(T, Mluolly), oo sup_sup / pi(x — y)etdy 4]
" 0<t<T xeRrd | JR?

< C(T, %, p)luolly) . o

In this calculation we have used Jensen’s inequality, as well as the fact that

(121) [, pite = e dy < €T 2y
R

forr < T and A € R (see Lemma 6.2 of [7]).
We bound the second term on the right-hand side of (119) with the help
of the factorization method of [2] [cf. (81) and (82)]. Let 0 <a < (1 — n)/2

and choose arbitrary p* > ltlﬂ > 2. Assume that p > p*. Recall |v|; , =
[/ lv(x)|Pe ¥ dx]'/P. Use (112) and apply Holder’s inequality to get

b A
o |x>

t
E(sup sup /0 /Rd pr—s(x —y)o (u(s,y))W(dyds)

1=<T xeQ?

(122) :E(sup sup |J“—1Jau(z,x)|l’e—“x|)

1<T xeQ
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t
/ (t _ S)a—l
0
N —
2/p
x | Jau(s, y)|p/ze_)‘/2y|dy> ds
t | - 1/p
/ (t—s)"" (/ Pr—s(x —y)“e 'y'dy)
0 R4
P ,—Alx|
x 1 Jattsls.p ds. Pe )

t p
<C(T, A)E(sup(f (t—s)a_l_d/(zm-||Jaus||,\,pds) )
0

t<T

< CE(sup sup

t<T xeQd

b A
= |x|>

< CE( sup sup

1=<T xeQ?

T r—1 T
e ([ setaernevas ) TRl ) ds.
0 0 ’

Here, we have also used (121) and p;(x) < C19/2?. Lemma A.2 implies

E(/ | Jau(t, x)|Pe ! dx)
R4

<C(T, X, p)cf13 sup sup (1 + Gj 2, pu(s, x)).

0<s<t xeRd

Recall that a < I_T" and p > p* > ]zﬂ. A bit of algebra shows that the whole

expression in (122) is finite and bounded by

C(T, A, p)cl; sup sup (L4 Gy, pu(s, x)).
0<s<T xeR4
This together with (119) and (120) proves (118) for all p > p* with p = p. Note,
however, that if p < p*, then (118) also holds with p = p* due to the fact that
uP <1+ uP” for any u >0, p < p*. Hence, we are done. [

The next result gives bounds on spatial and temporal differences of stochastic
convolution integrals which, in particular, will imply they are Holder continuous.

The result is an adaptation of Theorem 2.1 of [8] to our situation.

LEMMA A.4. Let u be a solution to (12) satisfying the assumptions of
Lemma A.3. Define

(123) Z(t,x) = /OZ/p,_s(x —y)o (u(s, y))W(dsdy), t>0,xeRY.
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Then, for T,R >0, and0<t,t’' <T,x,x" € R such that |x —x'| < R, as well as
pEl2,00)and§ € (0,1 —n),

[E(|Z(Z‘,X) _ Z(l‘/, x/)|pe—)»|x|)

(124) 5C(T,A,p)cf13<1+ sup sup GM(,,H),,,u(s,z))

0=<s=<T zeRd
x (|t —t'[52P 4+ |x — x'|%P).

In particular, if Gy p+1), pu(-, -) is bounded on [0, T'] x R? | then there is a version
of Z which is uniformly Hélder continuous on compact subsets of [0, T] x R? with
coefficients % in time and & in space.

PROOF. The proof follows the proof of Theorem 2.1 in [8]. We use the same

notation as in the proof of Lemma A.3, so Z(t, x) = JUu(t, x) by (112). Now
assume that ¢’ > 7. By Lemma A.2 and Holder’s inequality, we obtain

E(|Z(t/’ x/) _ Z(I’x)lp)e—klx\
t
I 1 na—1
fC(P)E(‘/O /Rd(pt/_s(x y)(f S)
— pr—s(x —y)( — s)a_l)

X Jau(s,y)dyds

u A
)e— x|

I |
+ (| [ [ post =30 = sy dy ds

P A
)e— x|

<C(T, A, p)cfm(l + sup sup G;L/(p+1),pu(s,x)>e_kx|

0<s<T xeR4

. {(/ot /Rd |py—s (X" = ) (&' = 5)*7!

)4
P (x = )t — )P I gy ds)

t p
+(/ f dpw—s(x/—y)(t’—svlew’“)'ydyds) }
t JR

Here, we have in the second inequality also inserted additional factors of
e~ P+ DIyl (p+DI¥l 50 that we could apply Lemma A.2 to bound the expectation
of J,u by using Jensen’s inequality. From this point, we proceed as in [8] (proof of
Theorem 2.1), the only difference being that we have to take care of the additional
nuisance factors ¢*/(P+DIYI This can be done with the help of (121) and (48) of
Lemma 5.2 using the remaining factor eI, [
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The next lemma assures that, for any u € C(R4, Cery) which solves (12),
G.,pu(t, x) is bounded.

LEMMA A.5. Let ug € Ciem and let o be a continuous function satisfying
the growth condition (113). Assume that (A), holds for some n € [0,1). If u €
C(Ry, Ciem) a.s. is a solution to (12), then it satisfies the following moment bound.
Forany T >0and p > 1,

(125) sup sup E(ju(t, x)|Pe ) < Cr; ple11s, uolliyp.oo)s
0<t<T xecR4

where Cr ;. p(-, -) is bounded on the compacts of Ry x R.

PROOF. Define
T, = inf{z: ||ut||)»/p,oo > nj.
We set
Gy u(t, x) :==E(ju(t, )1t < Tp)e M,
Note that, by definition,

(126) sup sup G;’fpu(t, x) <nP Vt>0,n>1.

S=I xeR4

From (12), we get

sup sup G;”pu(t,x)
0<t<T xeRd

b A
o |x|>

t
+C sup sup E(‘// Pr—s(x — y)1(s < 1)
0 Jrd

0<t<T xeRd

(127) <C sup sup E(MW pi(x — y)uo(y)dy

0<t=<T xeR4

(128)
x o (u(s, y))W(dyds)

Py
e~ |x>.

By (120), the term on line (127) is bounded by

(129) C(T. . p)lluolly . so-

Again, as in Lemma A.3, we use the factorization method to bound the term
in (128). First, we assume that p > % > 2 so that we can choose a constant a
with 0 < % <a< I_T" < 1. Recall (112), and by several applications of Holder’s
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inequality, we obtain

E(|J* I mu(r, x)|Pe )

t
=Cu(| [ [ =9 pimste = s vy dy ds
0 JRI

§CIE<</(;I(t —5)*!

< (’ [, pimste = 0 uts, vy dy
Rd

<C(T, A)E((/Ot(t — )]

N 1/p P
< ([, 1uG st = e ay) as))

T p—1
<C(T,)) (/ §P/(p=Da=1) ds)
0

p
eklxl)

p 1/p p
e_Am) ds> )

(130)

1
x (/(; /Rd E(1J7u(s, »1P)e ™ prs(x — y)dy ds)

t
< C(T, A, p)c{’w(l + sup sup G;’fpu(r, z)ds)

0 0<r=<szeRrd
Vi<T,xeRY,

where we have also used Lemma A.2 and (121) in the last inequality, as well
as a > %. Taking (129) together with (130), we obtain that there is a constant
C =C(T, A, p) independent of n such that, forall t < T,

sup sup G;" u(t, x)
O<s<txeRd

(131) < Clefiz + luolly/p.o0)
t
X <1+/ sup sup G;"pu(r,x)ds> Vn>1.
0 0<r<sxeRrd '

But the left-hand side is bounded [due to (126)]. Thus, by Gronwall’s lemma,

(132) sup sup G;",pu(f,x) < Cra,pc113, luolla/p,00) Vn>1,

0<t<T xeRd
where C7 3 (-, -) is bounded on the compacts of R x R. (We have obtained this
result with the restriction p > %, which then immediately implies that it is true
for all p > 0 since we are considering L? norms with respect to a finite measure.)
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Now, recall that u € C(Ry, Ciern) a.s. so that 7, 1 oo a.s., and, hence,
B (|u(t, x)[Pe ) = E(nlgrgo lu(t, 0)|PL(t < me—*"”)
< lilrg%)%fG;’jpu(t, X),

where the second inequality follows by Fatou’s lemma. Use this and the fact that
the right-hand side of (132) does not depend on n to obtain
(133) sup sup E(lu(t, »)[’e ) < Cr pleris, luollajpo)  Yrz1,

0<t=<T xeRd

where Cr (-, ) is bounded on the compacts of Ry x Ry. [

PROOF OF THEOREM 1.2. Recall our hypotheses imply (A); holds for some
n € [0, 1) (see Remark 1.1). We can choose a sequence of Lipschitz continuous
functions o, on R? such that the growth bound (6) holds uniformly [0, (u) <
c6(1 + |u]) for all u € R, n € N], and such that the o, converge uniformly to o
as n — 00. We also set

up(x), if lug(x)| <m,
up (x) ={ m, if ug(x) >m,
—m, if ug(x) < —m,

which implies that ug' € Cp, (R?) and
(134) sup sup |ufy (x)le !

meN xeRd

< Q.

Hence, by Theorem A.1, for each m, n, there exists a unique solution to

u™"(t,x)= | pi(x —y)ugy (y)dy
(135) fRd

t
+A /]Rd Di—s(x —y)oy (um’”(s, y))W(dy ds).
It is easy to check that the first term on the right-hand side of (135) is jointly con-

tinuous on [0, c0) x R¢. Moreover, by Theorem A.1, SUPg<; <7 SUPyerd E(u™"(t,
x)|?) < o0, and, hence, by Lemmas A.3 and A.4 we obtain that

(136) u™" e C(R+, Ctem)-

Now let us go to the limit as m, n — co. Let Z"™" denote that stochastic integral
on the right-hand side of (135). Since u™" € C(R4, Ctem), We may apply Lem-
mas A.4 and A.5 to get

(137)  E(1Z™"(t,x) — Z"" (', x")|Pe ™) < Cr.a.p(co, 14Q 13/ p.00)s

where Cr ;. (-, -) is bounded on the compacts of Ry x R . Inequality (137) com-
bined with a Kolmogorov type tightness criterion (see Lemma 6.3 of [7]) now
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implies that the stochastic integrals Z"" are tight in C (R4, Ciem). It is also not
hard to show that (¢, x) = [ga p;(x — y)ug dy are tight in C(R, Ciem) by using
the Arzela—Ascoli theorem and the uniformity in m as in (134).

Therefore, u™" are tight in C(R4, Ciery) and we can choose an appropriate
probability space and define #™-" on it identical in distribution to a subsequence
of the original sequence of solutions which converge a.s. in C(R, Ciery) to some
process u. It is routine to establish from this that all the terms in (12) converge
a.s. to the appropriate limits so that the limit u € C(R4, Ciey) is indeed a solution
to (12) with the desired o and ug € Cery. [

PROOF OF PROPOSITION 1.8. Recall from Remark 1.1 that our hypotheses
imply (A), for any n € («/2,1). Lemmas A.3 and A.5 now imply (a). Now use
Lemma A.4 (and Lemma A.5) to derive part (b) for Z. For ug € Ciem, Stug(x) =
[ p:(y — x)up(y) dy is smooth on (0, c0) x R4, and so is uniformly Lipschitz on
compact subsets of (0, 00) x R?. This gives the required Holder continuity for u.
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