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

This work is motivated by the following question: Does pathwise uniqueness hold in the
parabolic stochastic pde

%u@x):%Au@xmn+Mu@$nV@¢ﬁ (1)

Here A denotes the Laplacian and W is space-time white noise on R+ x R. Tt 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 [P02]). One motivation for studying pathwise uniqueness is the hope that such an approach
would be more robust and establish uniqueness for closely related equations in which +/u(t, z)
could be replaced by /7 (u(t, z))u(t,z). Such models arise as scaling limits of critical branching
particle systems in which the branching rate at (¢,z) is given by y(u(¢,z)). 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
non-robust, although one of us was able to extend this method to powers of u(t,x) between 1/2
and 1 (see [M98]).

The difficulty in proving pathwise uniqueness in (1) arises from the fact that /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 differential equation there are no off-diagonal
terms in the noise part of the equation and the diffusion coefficient for the x coordinate is a
function of that coordinate alone. For finite-dimensional sde’s this was the setting for Yamada
and Watanabe’s extension ([YWT1]) of Ito’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 R such that

/ p~2(z)dx = oco. (2)
0+
Now assume that o : R — R is such that for all z,y € R,

o(z) —o(y) < p(lz —yl). 3)

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

X@:X@+A%a@mmm (4)

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 [RY91])
by the notion of the local time of a semimartingale and the fact that u(t,z) will not be a
semimartingale in ¢ for z 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

0 1
au(t, x) = §Au(t, x)dt + o(u(t,z))W(z,t). (5)



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 uw € R there exists a constant
cg such that

o ()] < (1 + Jul). (6)

Here and elsewhere ¢; and ¢; ; will denote fixed positive constants, while C' will denote a pos-
itive constant which may change from line to line. The noises W considered here are Gaus-
sian martingale measures on Ry x R? in the sense of Walsh [Wal86]. T is defined on a fil-
tered probability space (2, F,F;,P) and Wy(¢p) = fg Jra @(s, )W (dzds) is an F;-martingale
for ¢ € C®(R; x R?), the space of compactly supported, infinitely differentiable functions on
R, x RY If W(¢) = Woo(), W can be characterized by its covariance functional

Io0) = BEW@W ) = [ [ [ os.00bla s, pdsdyds, @

for ¢, € C*(R; x R%). We call the function k : R?* — R the correlation kernel of . Some
sufficient conditions for the existence of a martingale measure W corresponding to k are that
Jk is symmetric, positive definite and continuous. Thus, necessarily, k(x,y) = k(y,x) for all
z,y € R% Continuity on C2° is implied, for example, if k is integrable on compact sets. We also
note that a general class of martingale measures, spatially homogeneous noises, can be described
by (7) where k(z,y) = k(z — ).

If o(u) = u then equation (5) arises as the diffusion limit of super-Brownian motion in RY
where the offspring law depends on a random environment, whose spatial correlation is described
by k. For k bounded, this was proven in [Stu03]. 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 [Vio76] proved pathwise uniqueness for solutions to (5) on bounded
domains of RY for o(u) = /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 R? 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 dy in the above. Our main result (Thm 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,

|k(z,y)| < cg[|lz —y|™® + 1] for all z,y € R? and appropriate a > 0. (8)

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

/ Fo)p(a)dr = | Fo©u(de) (9)
R4 R4

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

p(dg)
L e < (10)

To relate (8) with condition (10) used in the literature, we introduce:



(A)y: (n > 0) W is a Gaussian noise with correlation kernel |k(x,y)| < crok(z —y),z,y € R?
for some symmetric, locally bounded and positive definite kernel £ whose spectral measure
satisfies (10).

(A)o: W is a Gaussian noise and its correlation kernel k is bounded.

Remark 1.1 Note that (8) implies (A), for a € (0,27 A d) : Here, k(z) = |z|~® + 1 and the
spectral measure is of the form u(d€) = c1 1[|€|*~4dE + 6o(d€)]. Hence, condition (10) is satisfied
if and only if a € (0,2n A d) (see Chap. V Lemma 2(a) of [Ste67]). Note also that the positive
definite spatially homogeneous kernels ko (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 constants form of
solutions: Denote by p be the d-dimensional heat kernel

L exp(- L2 (1)
(27TZE)g T

pi(x) =

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

wta) = [ ma-puwdys [ [ oo potus )Wy, a2)

Solutions to (12) have been well studied in the case where o is Lipschitz continuous in u. A
sufficient condition for strong existence and uniqueness of solutions is given by (A4), for n < 1,
see Dalang [Dal99] (see also Theorem 6.1 in the Appendix) and Peszat and Zabczyk [PZ00].
Hélder continuity of the sample paths was established by Sanz-Solé and Sarra [SSS02] if n < 1
(cf. Lemma 6.4 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
00, indicates that functions are in addition & times, respectively infinitely often, continuously
differentiable. A subscript b, respectively ¢, indicates that they are also bounded, respectively
have compact support. We also define
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ei)“xl?

\o00 = Sup |f(.fC)‘
z€R4

set Crem = {f € C(RY),||f|ln00 < 00 for any A > 0} and endow it with the topology induced
by the norms || - ||y for A > 0. That is, f, — f in Ciem iff limy oo || f — frllxco = 0 for all
A > 0. For I C Ry, let C(I, E) be the space of all continuous functions on I taking values in a
topological space E, endowed with the topology of uniform convergence on compact subsets of I.
A stochastically weak solution to (12) is a solution on some filtered space with respect to some
noise W, i.e., 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 uy € Ciem, and let o be a continuous function satisfying the growth bound (6).
Assume that (8) holds for some o € (0,2 A\d). Then there exists a stochastically weak solution to
(12) with sample paths a.s. in C(Ry, Clem).

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 k 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 Sturm [Stu03]: Define L (R?) := LP(RY, e~ M*ldz) and
denote the associated norm by || -||xp. Then if E(Huon\’p) < 00, for some p > 2 and X\ > 0 there
exists a stochastically weak solution u € C(Ry, LY (R?)), to (12) which satisfies

E ( sup |lu(t,-)|[% p> < oo for any T > 0. (13)
0<t<T ’

We say pathwise uniqueness holds for solutions of (12) in C'(R4, Cier,) if for every ug € Ciem,
any two solutions to (12) with sample paths a.s. in C(R4, Ciep,) must be equal with probability
1. For Lipschitz continuous o, it is easy to modify Theorem 13 of [Dal99] and Theorem 2.1
of [SSS02] to get pathwise uniqueness and Holder continuity of solutions for a@ < 2 A d. Also,
Theorem 11 and Remark 12 of [Dal99] show that function-valued solutions will not exist for
a > 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), o : R — R satisfies (6), is Holder continuous
of index v for some v € (HTO‘, 1], and

|k(x,y)| < crallz —y|~ + 1] for all x,y € RY.
Then pathwise uniqueness holds for solutions of (12) in C(Ry, Clem,).

Remark 1.5 The Hélder condition on o may be weakened to to the local Héolder condition:
For any K > 0 there exists L = L(K) such that

o(u) —o(v)] < L{ju — 0" + |u—vl) Vu,v: [ul, o] <K,
where v is as Theorem 1.4. The required modifications in the proof are elementary.

In the above result there is a trade-off between the Holder continuity of ¢ and the singularity
of the covariance kernel of the noise. For d = 1, letting @ — 1— and renormalising will give
white noise. More specifically, if kq(z — y) = 15a’$ — y|=®, then for ¢,9p € C(Ry x RY),
limg—1- J;_(¢,9) = 1" J (s, 2)¢ (s, x)dads. The Hélder condition in Theorem 1.4 approaches
Lipschitz continuity. (As k should be locally integrable we cannot expect to take a = 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 « 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 o exceeds 1 and so we believe our condition on the Holder index
in Theorem 1.4 is non-optimal in dimensions greater than 1. At the other end of the scale we see
that as « 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)y holds and that o : R — R satisfies (6) and (3). Then pathwise
uniqueness holds for solutions of (12) in C(Ry, Crem,).

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
fg [ pe—s(xz — y) f(u(s,y))dyds to the right hand side of (12), where f satisfies the growth bound
(6), is continuous in the existence theorem, Theorem 1.2, and is Lipschitz continuous for the
uniqueness results, Theorems 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 [RY91]).

(¢) Theorem 1.6 holds true if we consider solutions with paths in C(Ry, LY (R?)) as was done in
Viot’s work [Vio76]. In fact, the arguments given in sections 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 Cyep-valued solutions to the equation (12). Let Si¢(z) = [ pi(y — 2)d(y) dy. The
following result will be proved in the Appendix.

Proposition 1.8 Let ug € Ciem, and let o be a continuous function satisfying the growth bound
(6). Assume that (8) holds for some o € (0,2 A d). Then any solution uw € C(Ry, Crep,) to (12)
has the following properties.

(a) For any T,\ >0 and p € (0,00),

E( sup sup |u(t,9:)]pe_>‘|x‘) < 0. (14)
0<t<T zeRd

(b) For any & € (0,1 —«/2) the process u(-,-) is a.s. uniformly Holder continuous on compacts
in (0,00) x R?, and the process Z(t,z) = u(t,x) — Syup(x) is uniformly Hélder continuous
on compacts in [0,00) X R?, both with Hélder coefficients % in time and & in space.
Moreover, for any T,R > 0, and 0 < t,t' < T,z,2' € R? such that |x — 2'| < R as well as
p € [2,00) and £ € (0,1 — a/2), there exists a constant c15 = c15(T, p, A\, R, &) such that

E (]Z(t,x) - Z(t',w’)]pe*)‘p:‘) <5 <\t - t’|%p + |z — a;’|£p> : (15)

Remark 1.9 The proof of the above will only require (A), for somen € [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 Appendiz.

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

/]Rd u(t, z)®(r)dr = /]Rd uo(m)cb(:):)dx—l—/ot /Rd u(s,m)%Afb(x)dxds (16)

+/0 /Rd o(u(s,x))®(z)W(dzds) Yt>0 a.s.



In fact, given an appropriate class of test functions, the two notions of solution (12) and (16)
are equivalent. In our case, {® € C®°(R%) : ®(z) < Ce Ml for some C' > 0 and all z € R%} is a
suitable class of test functions. For the details of the proof we refer to Sturm [Stu02] 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 solutions, u!' and u?, to (12),
set & = u' —u?, and use (16) and Ito’s lemma to derive a semimartingale decomposition for
fot [ (s, z)|¥s(x)dads, where Wy(x) > 0 is a smooth test function. This involves approximating
|a(s, )| by ¥n({ts, P (-—z))) as m,n — oo, where {1, } are smooth functions approximating the
absolute value function as in [YW71], and {®,,} is a smooth approximate identity. In Section 2
the martingale and standard drift terms which arise are handled 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 I3"" below, is the one
arising from the ¢! /2 term in using Ito’s lemma and so will involve the quadratic variation of
the martingale term. In the context of the Yamada-Watanabe proof, it is the one which leads to
the local time at 0 of the difference of two solutions to the sde, LY(X* — X?). 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, I5"" 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

/]E(|ﬂ(t,x)|)\1/t(x)dx§/0 /E(|a(s,x)|);A\Ps(a})+\Ps(x)|dxds, (17)

from which @ = 0 follows easily by taking Ws(z) = [ pi—s(y — z)¢(x)dz. 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
[SSS02] and Lemma 6.4 below).

In Section 4 we complete the proof of Theorem 1.4 by showing lim, .. I3"™" = 0 for a

judicious choice of m,,, which again leads to (17). In this setting @(¢, z) is only Holder continuous
1—a/2

of index — e in time and 1 — § — € in space (see Lemma 6.4 or [SSS02|) and this additional
irregularity makes the argument more involved. In the Yamada-Watanabe context, the key fact
that LY(X! — X2) = 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 regular in
(t,z) at small values of @(t, x), i.e., when the solutions are close (see Theorem 4.1). For example,
they will be Holder of index 11__0‘4 2A1—€in space near space-time points where 4 is sufficiently
small (see Corollary 4.2). Theorem 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 independently 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 ([SSS02]) and the factorization method they
use (see [PKZ87]), play a critical role in the proof of Theorem 4.1 in our colored noise setting.
Section 6 is an Appendix including the proofs of the weak existence theorem (Theorem 1.2) and
the required moment estimates (Proposition 1.8).
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2 Some auxiliary results

Let p be as in (2). An elementary argument shows that [, (p(z) +/x)"2dx = +oc (e.g. consider
liminf, o p~2(z)z > 1 and liminf, o p~2(z)z < 1 separately). As we will be using p as a modulus
of continuity (see (3)) we may replace p with p(z) + /x and so assume

p(z) > Va. (18)

As in the proof of Yamada and Watanabe [YWT71], we may define a sequence of functions ¢, in
the following way. First, let a, | O be a strictly decreasing sequence such that ag = 1, and

/an_l p~(z)dx = n. (19)

Second, we define functions i, € C2°(R) such that supp(¢n) C (an,an—1), and that

2p™2 2 an-1
0 <9Yp(z) < () < — forall z € R as well as / Yp(x)dr = 1. (20)

- n nx

Finally, set
||
On(x) = /0 /Oy U (2)dzdy. (21)

From this it is easy to see that ¢,(x) T |z| uniformly in « > 0. Note that each 1,, 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

$n(z) = sgn(@) [ Yn(y)dy, (22)
n(@) = Yn(z)). (23)

Thus, |¢},(z)| <1, and [ ¢ (z)h(z)dz — h(0) for any function h which is continuous at zero.

Now let u! and u? be two solutions of (12) with sample paths in C(Ry, Cien) a.s., with
the same initial condition, u!(0) = u2(0) = up € Ciem, and the same noise W in either the
setting of Theorem 1.6 or Theorem 1.4. We proceed assuming Proposition 1.8 which will be
derived in the Appendix. Define % = u' — u?. Let ® € C°(R?) be a positive function with
supp(®) C B(0,1) (the open ball centered at 0 with radius 1) such that [p, ®(x)dz = 1 and
set @7 (y) = m®(m(x —y)). Let (-,-) denote the scalar product on L?(R?). By applying Ito’s



Formula to the semimartingale (@, ") of (16) it follows that
On (U, 7))
= / L (@5, @2)) (o (u' (s, ) — o (w(s, ) @7 (y)W(dyds)
/ &L, ({ts, P (s, %A@?)ds
+2/ Un(|(as, 7)) (o (u' (s,9)) — o (u?(s,y))) (o(u' (s, 2)) — o(u?(s, 2)))
0 JRr2d

7 (y) @y (2)k(y, 2)dydzds.

We integrate this function of  against another non-negative test function ¥ € C2°([0,¢] x R%).
Assume I' = {z : ¥4(z) > 0 3s <t} C B(0, 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
[P02] to handle the time dependence in 1, that for any ¢ > 0t,

(on (T, @), Ut) (24)
= / y (¢, ({5, @)D (), Us) (0 (u'(s,9)) — o(u’(s,y))) W(dy, ds)

+ /0 (60 (i, ®7)) (1, L AR, W)

by [ a1 82D (o0 (s,) = (0 (5,0) (ol 5:2)) = ol%(s,2))
o JRrsd

B () B (2)k(y, =) dyd= T (x)dds + / ({1, B™)), F) ds
= LVU(t) + L) A+ L0 () + I ().

We need a calculus lemma. For f € C?(R9), let ||D?f||loo = max; ||a f||oo

Lemma 2.1 Let f € C2(R?) be non-negative and not identically zero. Then

su{ (52) f@) 1 £(2) > 0} < 21 D2

PROOF. Assume first d = 1. Choose x so that f(z)|f'(x)| > 0. Without loss of generality
assume f'(z) > 0. Let

r1 =sup{z’ <x: f'(2') =0} € (—o0, ).
By the Cauchy (or generalized mean value) theorem there is an x2 € (21, ) so that
d 2
(@) = @) @) = ()~ S T )

and, as f'(z2) > 0, we get

1)) 2f" (x2).

< 2/ lloo-
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For the d-dimensional case, assume z satisfies f(z) > 0 and let e; 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 (24) stopped at a stopping time 7', that we
will specify later on. For all the terms except I3"" 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:

(a)

E(I;""(t AT)) =0 for all m,n. (25)
(b) tAT
tisup B(15" (¢ A7) < E /0 /R \&(s,x)]%A\Ds(m)dwds). (26)
(C) tAT
i E(I(EAT)) = E( /0 (s, )W, (z) ds). (27)

PROOF. (a) Let gm n(s,y) = (¢}, ({Gs, ®™))P™(y), ¥s). Note first that I;""(¢AT) is a continuous
local martingale with square function

Iy = /OMT / / G (5, 9)gmn(5: 2)(0 (! (5,9)) — 0 (63(5,)))

(0 (' (s, 2)) — o (u*(s,2)))k(y, =)dyd=ds

IN

tAT
c/ //rgmn 50| gmn (5. 21 (16t (5,9)] + [62(5, )] + 1)
x (Ju'(s, 2)| + [u?(s, 2)| + 1)(|z — y|~* + 1)dydzds.

An easy calculation shows that |gn,n(s,y)| < [|[¥]1(Jy| < K +1). Now use Holder’s inequality
and (14) to conclude that

t
E(L"")iar) < C’/ //1(“/’ <K+ D1(Jz| < K+ 1)(Jy — 2|7+ 1)dydzds < oo Vt > 0.
0

This shows I;7""(t AT) is a square integrable martingale and so has mean 0, as required.

(b) In order to rewrite I;"" we note that both ¢, ({is, ®™)) as well as (@5, sA®™) 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 acting with respect to z. Since 4 is locally integrable
and ® smooth we have for |z| < K,

N 1. . : 1, . 1 3 .
/ u(s,y) 5 Ay ® (:v—y)dy—/ u(s,y) 5 Ar® (w—y)dy—Ax/ (s, y) @™ (x —y)dy, (28)
]Rd 2 ]Rd 2 2 Rd
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for all m. This implies for any ¢ > 0,

B =[] o) A (0 W w)deds

d | ot T I
- _;2/0 /]Rd or; (¢n(<us7¢x >)) ot; ((as, 7)) Ws(x)dads

] 7

d | R S
_;2/0 ” ¢”(<u5’@$>)£(<u57¢)x )) o U, (2)dads

d 1 [t o 2
= _22/0 qu/’nﬂ@s’@?)’) <%(ﬂs,®?)> U (z)dxds
=1 7
0

d oy gt N S
_;2/0 i ¢n(<U57q)x >)aiﬂ’jl (<u57©z >) aixl\lls(x)dxds

1 ) 2
= =35 [ L vt e (5 o) v edods
i—1 0 JRd €Ly
1 ) 9
o n ~37(I)21 a_ ~57(I);n ~57(I);n 7‘115 d d
33 L i ) 5 G, 92) 0, 0) )
t
1
—i—/ & (g, P iis, @) = AV (z)dxds
0 Rd 2
¢
= /0 I35 (s) + 15" (s) + 153" (s)ds. (29)
Above, we have used that ¢!/ = 1, and we have repeatedly used integration by parts, the product

rule as well as the chain rule on ¢/, ({5, ®7)). In order to deal with the various parts of I;"" we
will first jointly consider IQT:LI’” and IZLQ’". For fixed s and ¢ = 1,...,d we define a.s.,

A = {x: (;xi@s,@m)zws(gg) < <as,<1>g@>a(zi<a57q>g@>;%xys(x)} N{z: Vy(x) >0}

+,s —,8 0,s
AU AT U AN

where

b = (L, om0

1 (3 axl Y T Y

_ )

AT = ASA{— (i, ®™) <0

; ; {8xi<u, 7)< 0},
)

A% = ASN (G, &™) = 0).

i ; {8%(% z) =0}

On Aj’s we have
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and therefore for any ¢t > 0,

t 9 o
L S ~S’(I)ZI \I/s a ~s,q);n
[ w0 ) 0 7

A R
(707 Us(2))?
< /A+én1{an 1< (s, DI \<an}|<u37 >|62le‘d8 by (20)
2an (822\11('%))
< //Rd )deds
< 22” 2| D0, | Area () ds = (W),

where Lemma 2.1 is used in the last line. Similarly, on the set A; ",

0

0>
o0x;

O (1, &YW, (2) > (i, @)

o7, V().

Hence, with the same calculation

Ll 20 s ) 5 ) 0 s

0 ox; Oz;
2a, (52-Uy(x))?
< SO0Ly T 77
< //Rd > 0y e
< 2“—"0

Finally, for any ¢ > 0,

' my O 0
(| (s, gy )~ Wy () o (i1, D) ds = 0,
/0 ASS¢ (I{as, ©3*)|){a >8wi (33)8% (@ ydrds =0

and we conclude that

E(IZY"(t AT) + 15" (t AT)) < 4C(W) 22,
’ ’ n

which tends to zero as n — oo. For 13" recall that ¢/, (u)u 1 |u| uniformly in u as n — oo, and
that (s, ") tends to u(s,x) as m — oo for all s,z a.s. by the a.s. continuity of 4. This implies
that ¢! ({(us, ®7)){(us, PT) — |a(s, z)| pointwise a.s. as m,n — oo, where it is unimportant how
we take the limit. We also have the bound

|60 (s, @) (s, D) < [ihs, )| < (1], 7). (30)

The a.s. continuity of @ implies a.s. convergence for all s,z of (|us|, ") to |u(s,x)| as m — oo.
A simple application of Jensen’s Inequality and (14) shows that |(|as|, ") | is LP bounded on
([0,t] x B(0,K) x §,ds x dx x P) uniformly in m. This implies

{{|as|, ®7*) : m} is uniformly integrable on ([0,¢] x B(0, K) x Q). (31)
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and so gives uniform integrability of {|¢] ((@s, @) (s, )| : m,n} by our earlier bound (30).
This implies

tAT
hm E(I5"(t A T)) / /|usx| AU (x )dxds)
Collecting the pieces, we have shown that (26) holds.

(c) As in the above argument we have
On((Us, PT'Y) — |u(s,x)| as m,n — oo a.s. for all z and all s < 1. (32)
The uniform integrability in (31) and the bound ¢, ((as, 7)) < (|us|, }*) imply
{on (s, ') : n,m} is uniformly integrable on [0,¢] x B(0, K) x Q.
Therefore the result now follows from the above convergence and the bound

|Us(2)| < CL(J2| < K).

3 Proof of Theorem 1.6

Here, we let T' = t be deterministic. Given the results from Section 2 it now remains to estimate
E(I3""(t)). We will then let m — oo before letting n — oo. By the boundedness of the correlation
kernel k and Jensen’s Inequality, I5""(t) is bounded by

st [ [ (o)~ ot 20 ) vl 8200w
< Sl [ (ot — 6.0 ([ ol 80000 01 ) dus

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

t
/0 / (o (s,) — o (4 (5,9))? L1y <10 dyds.

Therefore, the Dominated Convergence Theorem implies that

limsupE (I3""(t)) < %Hk‘HOOIE </0 (thn(1s) (o (uy) — J(ui))2,\1’s>d5>

t
< C)[Hllo (3)

where the last line follows by (3) and (20).
Return to equation (24) and let first m — oo and then n — oo. 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

/Rd (la(t, =)]) Ty (z d:c<//Rd NE A\p() W, (2)|dxds. (34)
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Let {gn} be a sequence of functions in C°(R?) such that gy : R — [0, 1],
B(O,N) Cc{zx:gn(z) =1}, B(O,N+1)°C {x:gn(zx) =0},
and

Sl]i[p[vaNHoo +[1D%gnlls] = Clg) < oo,

where Vg denotes the gradient with respect to the spatial variables. Now let ¢ € C°(R?),
and for (s,x) € [0,¢] x R? set Uy(s,z) = (S;_s¢(x))gn(x). Tt is then easy to check that
Uy € C2([0,t] x RY) and for A > 0 there is a C' = C()\, ¢) such that for all N

A .
SN (s ) + Bx(s2)] =

d
ZZ; aiStsﬁb(xi)aigN(:ci) + St—SQb(x)%gN(x)

< Ce_)‘|l’| 1{|$|>N}

Use this in (34) to conclude that

/Rd E(ji(t, 2)))é(z) dz < c/o /RdE(\&(s,x)])eMxl{be} da ds.

By Proposition 1.8 the right-hand side of the above approaches zero as N — oo and we see that
E( |a(t,m)]dx) —0.
Rd

Therefore u'(t) = u?(t) for all t > 0 a.s. by a.s. continuity.

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?, o is Holder continuous with exponent - :

lo(u) —o(v)| < Llu —v|” for u,v € R,

and |k(z,y)| < craf|lz —y|~* + 1] for some « € (0,1). We choose p(x) = /2 for our smooth ap-
proximation 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 : sup,cga(ju’(t,z)| + [u?(t, z)])e N > K} A K. Note
that
Tk — 00, P—as., (35)

since u’ € C(Ry, Ciem)-
Also define a metric d by

d((t,z), (', 2") = /|t = | + |& — 2’|, t,t' € Ry, z, 2" € RY,
and set
Zrne={(t,x) eRy xR t < Tk, |2| < K,d((t, ), (f,%)) < 27N for some
(t, ) € [0, Tx] x R? satisfying |a(f, #)| < 27 N¢}.

We will now use the following key result on the improved Holder continuity of @ when 4 is
small. It will be proved in Section 5.
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Theorem 4.1 Assume the hypotheses of Theorem 1.4, except now allow~y € (0,1]. Let ug € Ciem
and i = u' —u?, where u® is a solution of (12) with sample paths in C(Ry, Ciem) a.s. fori=1,2.
Let € € (0,1) satisfy

INg = Ne(K,w) € N a.s. such that YN > N¢, (t,x) € Zg N
d((t' y), (t,z)) <27Vt < Ty = |u(t,z) —a(t',y)| < 27NE. (36)

Let 0 < & < [y +1—§] A L. Then there is an N¢, = Ng (K, w) € N a.s. such that for any
N > Ng¢, in N and any (t,x) € Zg ne

d((t',y), (tx)) <27V 6t < Tx = |a(t, =) —a(t’,y)| <27V (37)

Moreover there are strictly positive constants R, 0, css.1, c33.2 depending only on (£,&1) and N(K) €
N, which also depends on K, such that

P(Ng, > N) < e3g1(P(Ne > N/R) + K4 exp(—c33.22"?)) (38)
provided that N > N(K).

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 SPDE’s.

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

Corollary 4.2 Assume the hypthoses of Theorem 1.4 except now allow v € (0,1]. Let ug and
@ be as in Theorem 4.1, and 1 — 5 < £ < 11 2 A1. There is an a.s. finite positive random

variable C¢ i (w) such that for any e € (0,1], ¢ 6 [0, Tx] and |z| < K, if |a(t,#)] < € for some
|2 — x| < e, then |u(t,y)| < C¢ ket whenever |z — y| < e. Moreover there are strictly positive
constants 6, csg 1,¢39.2, depending on &, and an ro(K), which also depends on K, such that

P(Cex > 1) < 391 K (K +r1)_ef(K+1) ) . + K exp(—C39.2 ( (K _,_Tl)_e/(\a(KH))d)} (39)

for allr > ro(K) > 6 + (K + 1)eME+1),

PROOF. By Proposition 1.8(b) and the equality & = Z! — Z2, where Z(t,x) = u'(t,x) — Syuo(x),
we have (36) with £ = ¢y = %(1 — 5). Indeed, @ is uniformly Hélder continuous on compacts in
[0,00) x R? with coefficient ¢ in space and 5 in time provided that & < 1 — 5

Inductively define &,11 = [(ﬁn'y +1- 7> A 1} (1 — —) so that &,
€ng = € > &np—1. Apply Theorem 4.1 inductively ng times to get (36) for 5,10,1 and hence (37)
with &1 = &,

First consider e < 2 Véno. Choose N € N so that 27 V-1 < ¢ < 27N (N > Ng, ), and assume
t < Tk, |z| < K and |u(t,2)| < € < 27N < 27N&o-1 for some |2 — x| < € < 27N, Then
(t,z) € Zk,Ng,, - Therefore (37) with & = &, implies that if [y —z[ < e < 2=V then

la(t, y)

’ﬂ,(t, i")‘ + ‘ﬁ(tv ‘%) - ﬁ(t, x)’ + ’ﬂ’(t’ :ZJ) - fL(t, y)|

<
< 27NE4 9.0 Neny <327V < 3(26)€ < 6eL.

For ¢ > 2 o we have for (¢, ) and (t,y) as in the corollary,

a(t, y)| < (K + DD < (K 4 1)eMEFD2Neng €
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This gives the conclusion with Cg¢ g = (K + 1)6)‘(Kf1)~2N§"0 + 6. A short calculation and (38)
now imply that there are strictly positive constants R, d, c40.1, C40.2, depending on & and K, such
that

1

P(Cex >71) < caoa []P)(N%(l_%) > RlOg2<(K +7’1)—6A6(K+1))>

(K +r1)_ef<z<+1> )N (40)

+ Kd+1 exXp (—040‘2 <

for all » > 79(K). The usual Kolmogorov continuity proof applied to (15) with & = Z' — Z2 in
place of Z (and & = (1 — ¢)) shows there are €, &3 > 0 such that

= o—Mé
for all M € R. Thus, (39) follows from (40). O

Now fix «, v satisfying the conditions of Theorem 1.4, so a < (2 — 1) and notice that since

1>~ > % this implies that 1113 > 1. Hence, we can choose £ € (0,1) such that

o < €2y —1) (41)

g

and 1 — 5 <&< = /\ 1. This means that £ satisfies the conditions of Corollary 4.2.
We return to the setting and notation in Section 2. In particular ¥ € C°([0,#] x RY) with
I'={z:¥4(x)>03s <t} C B(0,K). Recall Lemma 2.2 is valid in the setting of Theorem 1.4.
_1
Let m(™ := a, . Note that m(™ > 1 for all n. We set co(K) := ro(K) V K2e* (where
ro(K) is chosen as in Corollary 4.2) and define the stopping time

Tex =inf{t >0:t > Tk or t < Tk and there exist € € (0,1], 2,2,y € R with
2| < K, |u(t,#)] < ¢, |z — &| <€ | —y| < esuch that |a(t,y)| > co(K)e}.

Assuming our filtration is completed as usual, T¢ x is a stopping time by the standard projection
argument. Note that for any ¢t > 0, by Corollary 4.2,

P(Tex <t) < P(Tx <t)+P(Ce i > co(K))

< P(Tg <t) +c391 [((KKje:)iA(_KiU)é (42)
E eXp<_C39'2 ( ( KKjelA);(—Kfil) )6)} (43)

which tends to zero as K — oo due to (35).
With this set-up we can show the following lemma:

Lemma 4.3 For allx € T" and s € [0, T¢ ], if |(Ts, @Z‘WH < ap—1 then

sup  |u(s,y)| < co(K)an—1.
yEB(z,—==)

m(n)
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PROOF. Since \(ﬂs,q)?(n))\ < ap—1 and s(-) is continuous there exists a & € B(x, ﬁ) such
that |@i(s,2)| < an_1. Apply the definition of the stopping time with € = 1/m( € (0,1] and so
€4 = a,,_1 to obtain the required bound. O

Next, we bound |I3" (n)’n| using the Holder continuity of o, as well as the definition of ¢,. If
l0(2) — o (y)] < Llz -y, then

(n) cg L2

‘I?r)n ’n(t/\T&K

t/\TEK 1
Y Y |7 s
[ i o O 1 (2)

" ()" (2)[y — 2|~ + 1]dyd=V,(x)dxds.
Now set I'! = {x € R? d(z,T) < 1}. Since ®(z) < Clpo,1y(7) and

1
lB(O,l)(m(n) (x—y))- 1B(0,1)(m(n) (x—2) < lB(O,l)(m(n) (x—y))- 1B(0,1)(§m(n) (y —2)),
we obtain from Lemma 4.3

’Im( )n(t/\TgK

n t/\TgK
< cglic(K 27 O
= allalk o {an </, @2) | <an_1}

o™ ()@ (2)[|y — 2|7 + dydz W, (z)drds

L2 U K 27y aZ'Y t/\T&K n n
SAL ( / @$<)<y>¢?(><z>dx) ly — 2|7 + 1dydzds
0 Tixrt r

<
n
CgL2 Ul|s0co 2715(1 1 _
< P eo ST s [ (i (o™ 2y — =1 + 1)y
n Qp, Tlxr? 2
Clcg, L, W, ®)co(K)*'t
< (687 ) )CO( ) an 1 [(m(n))a + 1]
n an,
_ 0(087-[/7\1]7@)00([{)271: ( )
B n an
Observe now that [~ z7'dz ~ n so that “=1 ~ ¢" or (using that ag = 1) a, ~ e~ mt . Thus,
lim E(|5""" (A Tex)l) =0 (44)
n—oo

ifnn+1)—(2y— %)(n — 1)n < 0 for n large. This is equivalent to
1—(27—%) <0sa<E(2y-1)

which holds by (41).
Use (32) and Fatou’s Lemma on the left-hand side of (24), and Lemma 2.2 and (44) on the
right-hand side, to take limits in this equation and so conclude

/R dE(|a(mT§,K,x)y>qft(m)dm < liminf /]R E(%(@MT&K,q>g*’”>))\1zt(;p)dm

n—oo

E( /0 e /R d \ﬂ(s,:):)%(A\IJS(x)—i—\i/s(x))dxds)

< /Ot /RdIE<|a(s,:c)]>\;A‘I!s(:v) 0, (2)|dads.

IN
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Since T¢ i tends in probability to infinity as K — oo according to (42), we know that
w(t AN Te i, x) — u(t,z) and so we finally conclude with another application of Fatou’s Lemma

that
Adm(\a(t,x)|)mt(x>dxg/o /RdEOfL(s,x)\)BA\IIS(x)—|—\i’s(x) dwds.

This is (34) of Section 3 and the conclusion now follows as in the proof of Theorem 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.

Lemma 5.1 Let B be a standard d-dimensional Brownian motion. For o < d there exists a
constant cs.1 = c5.1(a,d) such that for all z,y € R? and t,t' > 0,

|, | o= w22l duds =B,y Bias| ) < Bal|Busel ™) < esa(t+#)5. (45)
Re JR
In addition, for any N >0, ¢>0, and 0 <t <,
/ / N D py (2 —w)py (y—2) [Jw— 2]+ cJdwdz < 5123 N HID (14" 1], (46)
R4 JR4

PROOF. The first equality of (45) is immediate from change of variables. The second inequality

then follows from a simple coupling argument: Let |B}| for i = 1,2 be the radial part of a d-

dimensional Brownian motion started at 0 and |z — y| respectively. Define the stopping time
= inf{t > 0:|B}| > |B?|}. Then

B3| = |B2| fort<T,
t |B}|  fort > T,

has the same law as |B?| and the property that |B}| > |B}| for all ¢ > 0 a.s., which implies the

o lwp

inequality of the expectations in (45). We finally compute by setting T

d—c

2 o0
Eo(|Be|™) = / |w\_°‘(27rt)_% exp(—’21|f)dw = cd/ r 7 Lexp(—r)dr-t72 = c(a, d)t™2
R4 0

provided that o < d. This shows (45). For proving (46) we note that for 0 < ¢ < ¢/,
/ d
X lpy(w) < 22 exp(N|w| — t!w\2)p2t( w) < cqe™ ) pay(w) (47)

since N|w| — 4 |w[? < (X)?t. Therefore,

/Rd /Rd eA/(\w\+|z\)pt(x —w)py(y — 2)[|w — 2|7 + ]dwdz

< Nl / / N WHHED () pu (2) [ — 2+ 7 — 4|~ + dwdz
Rd JRY
< 22N N (el Hlyl) / / pat(w)pay (2)[|[w — 2 + x — y|~* + cJdwdz
Re JRd
< (e d)eQ/\Qtle’\(MHy‘) [(t+1)"2 + .
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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). O

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

Lemma 5.2 There are constants cag(d) and cag(cv,d) such that if 0 < 3 <1 and X > 0, then
for any z,y e R, 0 <t <t,

/ ol = w) — puly — W)X Pldw < e (Xl g N (29X e (48)
R

(t*5/2|x —ylP + P — t|5> :

/Rd /Rd Ipe(z — w) — pey — w)||pe(@ — 2) — pe(y — 2)|[Jw — 2|7 + 1] dwd=
et 7 E 7l -y, (49)
and
/Rd /Rd Ipe(z — w) — py(z — w)||pe(z — 2) — py(z — 2)|[Jw — 2|~ + 1] dwdz
< gt R — o (50)
PROOF. We consider the space and time differences separately. For the former, define v = x —y,

and set g = 0,04 = v, and U; — U;_1 = v;e;, where v; is the i-th component of v and e; is the i-th
unit vector in R?. Therefore,

lw + v|? |wl|? lw + ;]2 lw + ;1|2
B Ll N _ = < S ] B B e e
oxp(- 50 —ep(- 1 < 3 e~ e
d Vi gy, . 5. 0.2
w; + 74 ‘w + Vi—1+ T267,|
= E | ———exp(— )dri].
=l Jy 2t

Hence, by a change of variables, (47), and using |w| < |w;] + |w;| (W; = w — w;e;), we have

/Rd pe(a — w) — pe(y — w)|eNldw

d |vi] . . o 0.2
< e)‘/|z|(27rt)7% Z L)l il exp(— [w+ B + rieil )e’\l‘w‘dwdri
. 0 R4 t 2t
=1
d lvil  poo . . ) \2
< g N et 3 / / [wi vl o LT Nl gy
= ) 2
02 Nt b (S N = r’
< cqe e t™2 Ze o] ;eXp(_It)dT
i=1 0
< Cde()\’)2t’e>\’|I\+2)\’|;B—y|t—% |33‘ _ y| (51)
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Similarly, using that a < cexp(a?/4) for all a € Ry, we get

/ puCe = w) = iy — )] I — 2) — puly — 2w — 21+ 1) duodz

< ot / / /lvl /w] Jwi &7l +er p( [+ Bt el
< e 2t
. . 0; Fiei|?
w exp(— A vz_21t+ fied Jdridri[lw — 2|7 + 1] dwdz
< ot 12/“ /”f / / exp(— lw + D1 + e |wl+n|2)
B i,7=1 R TR .
. = 12 72
eXp(_\z+vl_1+7’zez\ n |2i + 7 Mlw = 2|~ + 1] dwdz)dr;dF;
2% 4t
|’U'L |/U]‘ o
< Cla,d)t™ Z/ / [t72 + 1]dr;dr;
,j=1

< Clad)[t™' 7% + 7 Mle — g%,

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

4 ,_d |wl|? , lw|? |wl?
pe(w) = pr(w)| < Ol =% exp(—10) + CF 2 exp(— 15 1) — exp(— 120
e Jw|? a [ lw|? . |w|?
< Ol —tjt—2! ¢
< o~ ew(-lah) ot [ ew-DE
< Ct Yt —t| (pi(w) + pay (w)), (52)

since u < exp(| wl® ). Therefore, another application of (47) yields

/ pe(w) — pp(w)]eXPldw < C(d)e V1 — 4|,

Taking this estimate with a change of variables, together with (51), we obtain

! ’ / - t/ - t
/’pt T —w)—pp(y —w) ]e)‘ wl g < C(d)e2/\2t eNlel 2N |zl \x\/gy + | " ‘} (53)

An application of (47) and a change of variables also shows that
/!pt z —w) = pp(y — w)|eldw < C(d)e® (Nl 4 W), (54)
If 8 € (0, 1], the inequality z A1 < 27 for z > 0, and the previous two bounds now show that

/Ipt z—w) —py(y—w)eXdw < C(d)e2X) (Nlel 4 Al

x [PV 7=Yl| g — y|Pt=0/2 4 | — 1) P,



21

which implies (48). Similarly, using (52) and (45),

/ pule — ) = pole — w)] - Ipu(e — 2) — poe — 2w — 2| + 1] dud>

IN

Ct2 it — 1f? / / P1() + por () (pu(2) + par ()| — 2|~ + 1] duwdz
< Cla,d)(t™ 275 + 72|t -t

which proves (50). O

We will also need the following rather technical lemma:

Lemma 5.3 For b,c >0 withc < 3(b+1—%), and a € (¢,1 — /2), there is a finite constant
¢5.3 = c5.3(a,b, c,a) such thatt >0,

/

Q(t,a,b,c,a) = / / yerlme( — oyamtze /OTM (t—5)°(r—s)7(" —s)™@

/ / Pr—s(W)pp_s(2)[|w — 2|7 + 1] dwdzdsdrdr’
Re JRA

< C5.3[tb+1_a/2_26 + tb+1_26].
PROOF. By Lemma 5.1 it suffices to estimate

/ / o te(y gy

/

/07" ' (t—s)P(r— )% — s)(r —s+1' —s)"2 + 1] dsdrdr’

= o[ [ e

x ( / (= =) ()] dr’) drds,

where we have used the symmetry in 7 and " and concentrated on the case r < r’. Substituting

=" and using that ¢ < a < 1— § we calculate for t > r > s,

U= t—r

/ (t— ) — 8)7% 2 + (7 — 5) " dr

o ! r—S a «a — S
= (- T)?C/O (1—v)* ¢ (v + ) ()R (v 4+ )| dv
< C(a,c,a)(t —r)*°[(t — P2 (r — s)_a_o‘/2 +(Et—r)""A(r—s)"7.

Hence the required @ is at most C(a, ¢, &) times the sum of the following integral, I(3), for 5 = a
and f=a+ a/2:

I(B) = /Ot(t —s) /St(t ) B () I ((t —r)PA(r— s)_ﬁ) drds.
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For these values of 3, I((3) is at most

t+s t

/ot@ ~s)! </ St e [

2

(t —r)2e=172¢(p — s)_a_ﬂdr> ds

t+s

C(a,a) /Ot ((t _ 3)b+2a—1—2c—6/8 2 (r — ) %dr + (t — 5)b9F [i

2

IN

@

(t— T)QG_I_QCdT) ds

t
< C(a7 c, a)/ (t o S)b+a72cfﬁd8 < C(a, b, c, a)tb+a72cfﬂ+1'
0

Here, we have used that ¢t —r > “TS for r € [s, HTS] and analogously r — s > ths for r € [HTs,t]
as well as our assumption of a > ¢ and ¢ < %(b +1 — §). The result follows upon summing over
the two values of (3. O

PROOF OF THEOREM 4.1.
Fix arbitrary (deterministic) (¢, z), (¢',%) such that d((t,z), (t,y)) < e=2"" (N € N)and t <t
(the case t' <t works analogously). As & < (§y+ 1 — «/2) A1, we may choose § € (0,1 — a/2)
so that

1>6v+1—a/2—6> 6. (55)
Note that &y < 1 shows we may choose ¢ in the required range. Next choose ¢’ € (0,0) and
p € (0,&7v) so that

I1>p+1—-a/2-6§>¢&, (56)

and
1>y +1—a/2-6>&. (57)

Now consider for some random N; = Nj(w,&,&1) to be chosen below,

P (!ﬁ(t, ) —a(t,y)| > |z —y[' "2 0P, (t,2) € Zg e, N > Nl) (58)

Qo

+ P (|a(t’,:c) —a(t, )| > | — 25D (t2) € Zine,t < Ti, N > N1> .
In order to simplify notation we define

D" (w,2,5) = |prs(@ —w) = py—o(y — w)| pr—s(x — 2) = py_o(y — 2)|
Jals, w)[Ma(s, ) [lw = 2[7* +1],

D™ (w,z,8) = py—s(@—w)pp_s(x — 2)|a(s, w)|[a(s, 2)[[w — 2|~ + 1],
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With this notation expression (58) is bounded by

P(fita) - (t.9)| 2 o — o150 (t,0) € Ze, N = Ny (59)

¢
/ / DYt (w, 2, 8)dwdzds < |z — y[27a725,62p>
0 JRrd JRd

+ P(\a(t’,x) —at,z)| > [ — |27 (t,2) € Zgnet < Ti, N > Ny
t t
/ / D (w, z, s)dwdzds —|—/ / D (2, §)dwdzds < (' — t)l_%_(;,er)
t JR4JRd 0 JRd JRd

t
+ IP’(/ / D¥¥ (w, 2, 8)dwdzds > | — y[> 2 € (t,x) € Z e, N > Nl)
0 JR4 JRd

% t
+ P(/ / Dx’t,(w,z,s)dwdzd5+/ / DPPE (w, 2, s)dwdzds
t JraJRrd 0 JRrd JRd

> =)V (t2) € Zgnet <Ti,N > Nl)
=: P+ P+ P3+ Py

Notice that the processes f fg Jga pt—s(z—w) (o(u'(s,w)) — o(u?(s,w)) W(dwds) are continu-
ous local martingales for any fixed x,%¢ on 0 < ¢ < ¢t. We bound the appropriate differences of these
integrals by considering the respective quadratic variations of @ (¢, z) —u(t, y) and a(t', ) —a(t, x)
(see (12)). If |o(u) — o(v)| < Llu — v|7 and recalling that |k(z,y)| < c14[lz — y|~* + 1], we see
that the time integrals in the above probabilities differ from the appropriate square functions by
a multiplicative factor of L?ci4.

If " =0 —0 > 0, B is a standard one-dimensional Brownian motion with B(0) = 0,
and B*(t) := supg<s<; |B(s)|, then the first two probabilities of (59) can be bounded using the
Dubins-Schwarz Theorem:

Pl S ]P) (B*(014L2‘x _ y‘2—a—25’62p) Z ‘x _ y‘l—%—(SeP)
= P(B'()yeriLle -y E 0 > o — " 0e)
= P (B*(l) > (Veral) o — y|_5") < cgo exp(—chole —y| ), (60)
where we have used the reflection principle in the last line. Likewise,

P < P (B*(cl.4L2]t’ sy > t|%(1—%—5)ep>
1" 5//
= P(B"(1) > (Veral) It — 877 ) < conexp(—clt’ 7). (61)
Here the constants cgo and cj, depend on d, L, and ¢; 4.
In order to bound P3 and P, we estimate the respective integral expressions by splitting them
up in several parts: Let &1 € (0,3(1 — %)) and g = 0,41 =t — €%,to = t and t3 = t'. We also
define

APS(z) = {weR?: |z —w| <2VE—se %} and A (x) = R?\ A7S(x), (62)
A2(z) = {weRY: |z —w| <27} and A3(z) = R4\ A2(z). (63)

For notational convenience we will sometimes omit the index s for Al(z). We continue to write

t
/ ! /
Ty = D&Y (w, 2, s)dwdzds = Tyt
P g ZJJg 9
0 JR4 JRd

i,5,k=1,2
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where

’]y}:’t : / / / D”’y’t’lt (w, 2, s)dwdzds.
L tii1 i Z(I

t/
Qz,t,t ) / / D“ (w, z, s)dwdzds = Z Qx7t’t
Rd JRd

7,k=1,2

xtt,' / / / DY (w, z, s)dwdzds.
A2 (z) JAZ(z

Before we proceed let us note that @ can be bounded on the sets A} as follows: Set

Ne(w)) , [Nele) 4
o1 1-46

And likewise,

where

N (w) = [ ] €N, (64)

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

Lemma 5.4 Let N > Ny. Then on {w: (t,x) € Zg ne}s
la(s,w)| < 10e(1—01)¢ fors e [t— e t],we Ad(z), (65)
(s, w)| < (84 3K2NeE) Al (¢ — 5)5 =018 fors € [0,t —€,we A% (x).  (66)

PROOF. We choose N’ € N so that 2=V'~1 < 3¢9 < 2N Then 27N'—3 < 2-N(1-41) <
2-N'=1 "and so by (64),

N'>N(1-6)-3>N(1-61)—3>Ne. (67)
Assume (t,7) € Zg ng, 0 <t < Tk and choose (£, #) such that
t < Tk, d((t,x),(t,2)) <e=2"N and |a(f,2)] < 27N = €. (68)
We first observe that for s € [t — ¢2,#] and w € A3(x) so that |w — x| < 2¢! 791, we have
d((s,w), (t,x)) < €+ 261701 < 3170 < 27N, (69)
Therefore by (36) and (67), for s € [t — €2,¢] and w € A?(z),

2.9~ NE 4 9=
2€¢ + (81 701)¢
101908 (70)

|a(s, w)]

(VAN VAN VAN VAN

which proves (65). Similarly, if s € [0, —¢2] and w € A}’S(x) meaning that |w—x| < 2/ — se %1,
we have

d((s,w), (t,x)) <Vt — s+ 2Vt — s % < 3/t — se L. (71)
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Notice that if 31/ — se =% < 27N¢ then there exists an N/ > N¢ such that 2~ (N'+1) < 3Vi—se 0
27V" 50 that we can as in (65) bound

(L, 2)| + |a(t, &) — a(t, z)| + |a(t, z) — (s, w)]

9~ NE 4 9=NE 4 9= N'¢

9.9 NE 4 9. 9=(N'+1)¢

ot — 5)5 +2-3E(t — 5)5e0E

8(t — 5)3e0E, (72)

since € = 27N < /T — 5. If on the other hand 3% — se% > 2=N¢ then we bound

|a(s, w)]

IANIA IA A

IN

(s, w)| < KM

= (K(t—s) el —s)
< (KeME38aNe) ol g5

£
2

(73)
Taking (72) and (73) together we obtain (66). O

In the rest of this section C(K') denotes a constant depending on K (and possibly A) 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<3<1—-%, 0 <&y +1-%, and ' <1, then on {w: (t,x) € Zx n¢},

z7y7t7t

211 = cra(or, d, B, K) e 08 g — |25 (74)
;cicift’ < cu(a,d, B, K)e 2(1761)57“/_“[37 (75)
QYT < crla,d, B, 6y, K) (8 + BK2N) e 2087 | — gy 20, (76)
QU < ergla,d, 3,67, K)(8 + 3K 2NeS e 28|y — )7 (77)
T < ers(a, d)erEITD Y 173, (78)

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

Qg,%ﬂlf,t < 1007 2(1-81)&y / / Ipt—s(z —w) — py_s(y — w)] (79)
w t—e2 JA2(z) JA(x
: ]pt_s(x —2) —py_s(y — 2)| [Jw — 2|7 + 1] dwdzds,
t—e?
Qﬂlmf,i,t’ < 8+ 3K2N§€)2’Y€—2515’7/ (t — 5)67/ / MWl A2 (80)
1y 0 Al Al

[P (@ = w) = pry(y — )| [pe—s(@ — 2) = pr_y(y — )| [lw — 21~ + 1] dwdzds.

Note that the above integrals only become larger if we integrate over the domain [0, ] x R??, which
we will do in the following. We will use a version of the factorization method first introduced in
[PKZ8T7] to estimate them. Noting that for s <tand 0 < a < 1,

s

/ (t— r)“*l(r —s) %r = (81)

sin(wa)’

and that for s <r <t,

[pt—s(z — w) — py—s(y — w)| < /Rd pros(w —w) - |pr—r(x —w') —py_(y —w')|dw’  (82)
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we obtain with (79),

I,y,t,t/ < 1 61 é’y - (L 1 83
2,1,1 - / / /Rd /]Rd (83)

Ipt—r(x —w') = py—p(y — W')| - [Pty (x = 2') — Ppr— (y *Z)Idw'dzdrdr

where

B2y = [ L L= =9 ! = s = 2) (34)

Jlw— 2|7 + 1] dwdzds,

where J2 ,(w',2') < J?2,,(0,0) according to (45) of Lemma 5.1. So we get
QLU < C(a)e2=er / / t =) I2(0,0) (85)

( /R s =) = porly = 0 )( | I @ = ) = puly = )

The integrals in brackets can now be estimated with the help of (48) in Lemma 5.2. Recall that
(t,z) € Zrxne and |z —y| < 27N, so0 that [z| < K, |y| < K + 1, and ¢t < K, and so (48) implies

Cla, a, d)e 0z — P Q(t, 0,0, 5/2, )
< Clad, B, K)U =0 g — gy 2041 =0/270]1 4 40/2), (86)

Q
N8
NE
=5
=

IA

Here we use 3 < 1 — § and choose a € (3/2,1 — (o/2)) so that Lemma 5.3 may be applied in
the last line. As t < K (74) follows. Likewise we get for the time differences, 3 < 1 — 5, and
g <a<1—a/2, (use Lemma 5.2 with 3/2 in place of (),

Qyt < Cla, @)W —1PQ(t,a,0,5/2, )
< OB, a,d, K)21=008 4|8, (87)

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

QUL < O(a)(8 + 3K 2V 2V —20E / / - yet / / (w',2') (88)
51y R4 Rd

pt—r(z — ") = py—y(y — )| - [Pty (x — 2') = ppr—p (y — 2")|dw'd2' drdr’,

where

J%T/(w’,z’) = / t—sé'Y// r—s)"%r' —s)7® (89)
R4 ]Rd

pr_s(w' — w)pr _o(2' = 2) - e UHED [y — 217 4 1] dwdzds

rAT
C?le)\Q(r+r’)e)\’y(w’|+|z’|)/ (t B s)ffy/ / (74 B 8)_a(7“, _ S)—a
0 Rd JRd

Papr—s) (W = w)pg(—g) (2" = 2)[|Jw — 2|7 + 1] dwdzds
@ M ) 1

IN

w', 2,
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where in the second inequality we have bounded |w| < |w'| + |w" — w| (and likewise for z) and
then used (47). Again J! ,(w',2’) < J! ,(0,0) independent of w’ and 2’ due to (45) of Lemma
5.1. Hence, we get

IR]

’ t t ~
Q‘fv:lg»:tlyt S C(d, a)62>\2K(8 + 3K2N§£)27€—251§VA /Ov (t _ T)a_l(t _ 7,‘/)0,—1!]’;1[,7‘/ (O, 0) (90)
Rd
X (/ Ipe—r(x — 2") — py—p (y — z’)\e’\”/|dz’> drdr’.
Rd

And so, after a change of variables, the spatial differences are bounded by

/

Qii%%vi,t C(d, 0/)62)\21{(8 4 3K2N§§)2'}/64)\2K+2)\(K+1)+4)\6—251§’y“,I; _ y‘Qﬁ,Q(Qt, a, g,}/, %, Oé)

it

IN

A

C(d, &7, ', a, K)(8 + 3K 2Ne€)2 201875 28 (91)

if f/ <&y+1—-9%, 4 <1, and ais chosen in (/2,1 — a/2) # () (recall a < 1), according to
(48) of Lemma 5.2 and Lemma 5.3 combined with (47). This proves (76). Similarly, for the time
differences we obtain

Qi

/
< O(d, a)e™ K (8 + B 2NN IHFAUEDHAE 1 — 117 Q(0,0,0,2t, 0, &7, % o)
< C(d,&v, 8, a, K)(8 + 3K 2Ne6) 2120187y _ ¢ (02)

if again ' <&y +1— ¢,/ <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:

Qf’i’tl < et /t/ / / pr—s(x —w)py_s(z — 2)[|lw — 2|7 + 1] dwdzds
t JR4 /Rd
< mmagﬂlml%w—$3+u@
< Cla,d)e [ — 175 ¢ — 1], (93)
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 |a(t, )| < KeMl.

Lemma 5.6 For 0 < < 1—§ we obtain fori=1,2, and on {w: (t,x) € Zx N¢},

2
x 1 _
Qz2y2tt < coua(d, o, K) exp(—ze 261(1 - 0))|xr — 9‘257 (94)
z,z,t,t 1 _
Qs < ol K exp(—ge P (1= D — o), (95)

/ 1 _ _o
55" < con(d, o B, K) exp(— e (1= B — !5, (96)
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PROOF. Recall d((t,z), (t,y)) < e. For i = 1 we are interested in the case s € [0, — ¢2] and
lv — w| > 2y — s % Since |z — y| < e this implies that |y — w| > ||z — w| — |z — y|| >
2Vt —se% — e >/ — s¢ . Furthermore, t/ —s =t —t+t—s5 < e+t —s5 <2(t—s). This
implies

|z — w]? ly — wl? |z — w]® ly — wl? 1 o5
——)V ——) < ——)V ——Q) < —= Y. (97
exp(— )V exp(— ) < exp(— g ) Vep(— g5 < exp(—ge ). (97)
Therefore, forv=z orv=yandr=torr =1t
d 1
prfs(v _w> <22 eXp(—gﬁ 261)p2(r—s)(v _w)' (98)

Using this we obtain for any 5 € (0,1) by applying Hélder’s inequality that ng%t/ is bounded

by

/ot_E2 (/A;s(z) /A;aS(z) (Pr—s(x —w) + pr—s(y — w)) (pr—s(x = 2) + pr—s(y — 2))

1-p
[jw = 2|7+ Ul(s, w)| 75 (s, 2)| 7 dwdz)

. (/1 /1 |pt78(x_w)_ptlfs(y_w)Hpt*S(x_z)_ptlfs(y—z”
Ay (z) JAYS ()

B
flw =27+ 1}dwdz) ds

t—e?
< C(d, a)eQ)‘zKKQVeQM(KH) exp(—iF%1 (1- 5))/ [(t — )" 2070 4 1] (99)
0
B
( / [Pl = w) = po sy — )| Ipro(@ = 2) = po—s(y — )| 1w = 2|7 + 1)dwdz) "ds.
Rd JRA

Here, we have used that @(t, z) < Ke*l and (98) as well as (46) of Lemma 5.1. We have also used
the fact that eM#l and eM¥l are both bounded by e +1 since |z| < K and |z — y| < € < 1.
Using (49) of Lemma 5.2 to estimate the integral in parentheses when ¢ = ¢’ we obtain

2 1 _
TS O a)e R (KNE) exp(— e (1 - B))e —

t—e?
/ (t—s)" 2P 4 (t—s5)Pds
0
< () KON (L1 gyl 2, (100)

provided that 3 < 1 — &, showing (94) for i=1. Likewise, using (50) of Lemma 5.2 for the time
differences when z = y implies (95) for i=1 if again 0 < 8 < 1 — §-here we replace § with 3/2
in the above.

Fori =2 and Qg:é’tl we will proceed analogously. We merely have to establish (97) in the case:
s€[t—e t'] and |z —w| > 2¢17%1. Since |z —y| < e this implies now |y —w| > ||z —w|— |z —y|| >
2¢17% — ¢ > 791 Furthermore, /' —s =t —t+t—s < e+t — s < 2. From this the bound
(97) follows and we obtain immediately (94) and (95) for 7 = 2 provided that 8 <1 — §.
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Lastly, we obtain with the help of (97) (verified above) and (46) of Lemma 5.1,

< O MK expl(— e P (1 B))

tl
/ / / lwl+zD) v —wpus (v = 2w — 27 + 1] dwdzds
Re JRR4

1 ) o
< C<d,ﬂ,a)K”eMK“VﬁeQMK“)exp(—ge‘%l(l—ﬁ)) /t (G =)7 +1]ds

< C(d,a, 5, K))exp(— e (1= A 7%, (101)

which is (96) and hence completes the proof. O

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 follow the same steps as in Lemma 5.6 treating the
case j = k = 2. In this manner, we obtain the same bounds as in (94) to (96) With the only
difference that exp(—1e=201(1— 3)) is replaced by exp(—fe 201(1—3)) and exp(—3e21(1— B))
by exp(—ge 2 (1 = 3)).

We are now taking the estimates (74), (76) and ( 4) together with those for the mixed terms
and choose 3 =1 — 4 — ¢, respectively, 3/ =1— 4 — ¢ + &y < 1 (by (57)) in those estimates.
This shows that for (t x) € ZgNg, |z —y| <e= 2 Nand N > Ny,

Quht < C(K)|x —y[21=27%) [62(1—61)67 + (8 + 3K 2Ne6) 2120187y g2

+ exp(—%{%l(g +6) + exp(—%e (%4 )

< C(K)]w—yyz(k%*‘s')[ 21=018792Ne8Y | axp(— : 66 —201) 1 (102)

We have the analogous bounds for Q%% 4+ Q4! with the help of (75), (77), (78), (95), and
(96); just replace |z — y|? with [t/ — ¢| and use |t —t| < €2. We deduce that for N > N; and
(t, ZL‘) S ZK,N,Ea

Q:Jc,x,t,t’ + Qm,t,t’ < C(K)‘ t|17775'|: 2(1— 51)5’722N§£7 4 eXp( 102367251) ) (103)

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

C(K)|20700)8192Ney exp(—%e_%l)} <. (104)
For this it is sufficient that
1
C(K)e2(1-008192Nely - 5621’, (105)
1
C(K) eXp(—Ee_%l) < 56217. (106)

Since (105) is equivalent to 2C(K) < 22NI(1=00)&v=pI=2Ne€ it suffices to choose d; > 0 small
enough so that (1 — d§;1)§y — p > 0 (which is possible since £y > p) and then to assume N >
[Co(&,01)Ne] € N as well as N > No(K,&,61,p) € N deterministic so that both (105) and (106)
hold. Note that the constants depend ultimately on £, &; and K. Hence, (59), (60) and (61) imply
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that if Na(w, €, &1, K) = [55] V [Co(&, 1) Ne] v No(K, €, 01,p), then for d((t,), (¢,y)) < 277,

t<t,
IP’(W(t,x) —a(ty)| > o -y E 02V (o) € Zgye, N > N2>
+P([a(t', @) — a(t,@)| = | — 1307327 (1,2) € Zig g, t < T, N 2 V)

< c6o(exp<—c'60|x — y|75”> + exp(—c’G0|t’ — t\f%)) (107)

Now let e¢; be the I unit vector in RY and set

d
Moy = max{) [a(j27", (z +e)27") — a(j2~*", 227"
=1
Ha((G+e)272", 227" — a(j27, 227
2] < K2", (j4+€)27" < Tk,j € Zy,z € 74,
e€{1,2,3},(j27°",227") € Zr ne}-

(107) implies that if
Ay ={w: forsomen > N, M, ng > (d+1) 2770757027V N > Ny},

then for some fixed constants C(d), c1,co > 0,

P(UnsnAn) < Cd) > Y K lo(dt2)n —e2m”
N'=N n=N'
< C(d)K¥iny,

where ny = e=22""" Therefore N3(w) = min{N € N:w € A§, for all N > N} < co a.s. and
in fact

P(N3 > N) = P(UnrsnAn') < C(d) Ky, (108)

Choose m € N with m > logy(3 + V/d) and assume N > (N3 +m) V Na. Let (t,2) € Zx ne,
d((t',y),(t,z)) <27V and ¢/ < Tx. Forn > N let t,, € 4 "Zy and z,,; € 27"Z (i = 1,...,d)
be the unique points so that t, < ¢t < ¢, +47", z,; < 2 < xp; + 27" for ; > 0 and
Tp; — 27" < x; < xp; if x; < 0. Similarly define ¢, and y,, with (¢,y) in place of (¢, x).
Choose (£,4) as in the definition of Zx ¢ (recall (t,x) € Zx n¢). If n > N, then

d((tyn), (£,2)) < d((tyn), (t,y)) +d((,y), (t,2)) + d((t, 2), (£, 2))
< Vit —tl+ly =yl +27% +277
< B+ Vd)2™N <o2m N,

Therefore (t),, yn) € Zx,N—m.¢, and similarly (and slightly more simply) (¢, zn) € Zg N—me. Our
definitions imply that ¢ and ¢y are equal or adjacent in 4~N7. and similarly for the components



31
of zn and yy in 27VZ, . This, together with the continuity of @, the triangle inequality, and our
lower bound on N (which shows N —m > N3), implies

oo
+ Z |'L~L(tn+1, xn—&-l) - ﬂ’(tna wn)‘ + ’a(t;wrl? yn-i-l) - a(t;w yn)‘

n=N
oo
< MyN-mK + Z 2My 1, N—m K
n=N
oo

< 4 Z (d+1)-27"1=2=0)g=(N=mp

n=N
< co(d,p)2 VU270
< 9—N&1

The last line is valid for N > Ny because 1 — § — § +p > & by (56). Here N is deterministic
and may depend on p, &1, 9, cg and hence ultimately on &, &;. This proves the required result with

5Ne(w)
o1

Therefore, if R =5/61V Cy(§,01) and N > N(K) := Ny V N4 (deterministic), (108) implies that

Ney (w) = max(Ng (@) +m, [ *=£2], [Col&, 81)Nel, No V Na).

P(Ng, > N) <P(N3 > N —m) + 2P(Ne > N/R) < ¢(d) K4y + 2P(Ne > N/R),

which gives the required probability bound (38).

6 Appendix (Proof of Theorems 1.2, 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 result which states necessary
conditions for the existence of solutions to (12) with Lipschitz coefficients and bounded initial
conditions (see Dalang [Dal99)):

Theorem 6.1 Let ug be measurable and bounded and let o be a Lipschitz continuous function.
Assume that (A), holds for 1 = 1. Then there exists a pathwise unique solution u to (12) which
is also a strong solution. The process u satisfies a uniform moment bound: For any T > 0, and
p € [1,00),
sup sup E (Ju(t,z)]P) < oo. (109)
0<t<T zeRd

We would like to remark that the original theorem of Dalang [Dal99] 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 Lg5, = {u: ess sup, cpa|u(z)le Ml < oo for all A > 0}. Here the esssup is of course
with respect to Lebesgue measure.

We introduce some frequently-used notation. For any function v : R4 x R — R and stopping
time 7, we set

sin

oty = I o - ot p)ayas, (110)
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as well as

TTotz) = /O /R 1(s < 7)(t — 8)~"pu_s(z — 1) (v(s, 1)) W (dyds). (1)

The stochastic Fubini Theorem implies

J VTt ) = /Ot /Rd 1(s < 7)pi—s(x — y)o(v(s,y)) W (dyds). (112)
We will use the notation J,v(t,z) = Jiv(t,z), when 7 =t in the above. Also set
G5 u(t,x) = E <|v(t,a:)]p1(t < T)e—w) ,
and again G ,v(t, x) = Gg\’pv(t, x) whenever 7 = t.
Lemma 6.2 Let o be a continuous function satisfying the growth condition
lo(w)] < er1a(1 + [ul). (113)

Assume that (A), holds for some n € [0,1) and let a < (1 —n)/2. Let v:Q x Ry x RT — R be
P(F.) x B(RY)-measurable (P(F.) is the (F;)-predictable o-field). Then for any T, A >0, p > 2,
and stopping time T,

sup sup E (\ng(t,w)]pe_)‘|x‘) < C(T, \,p)cly3 sup sup (1 + G}, pv(s,:v)) , VE<T. (114)
0<s<t zeR4 0<s<t zeRd ’

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

E(1J7u(t0))

< CC?B]E((/O /Rd /Rd(t - 3)72apt—s(m - y)pt—s(‘r - z)l;:(y - Z)
(I+1(s < 7)|v(s,y)])(1+1(s < T)|v(s,z)|)dydzds)g)
g
<

o ([e=97 [ pesomnesteib - aizas

' (/Ot(t —s)7 /Rd /Rd Di—s(Y)pi—s(2)k(y — 2)

: ]E((l F1(s < Po(s,y —2))E (1 + 1(s < 7)|o(s, 2 — x)|)%)dydzds).
Apply Holder’s inequality to the expected value in this expression and shift variables to bound
it by

1

E<(1 F1(s < 7)|uls,y — x)|)p)§1a((1 F1(s < 7)|o(s, 2 — x)|)p)

< O\ p)ez WD (1 4 sup G o(s, 2)). (115)
zZeRd

N[
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Hence, we arrive at

E (|Jgu(t, z) |pe*W|)

-1

t N 3

< C(\p)i; (/ (t—s)2 /Rd/ pts(y)pts(Z)k(y—Z)dydzd8>

( [y [ [ RO (2 ~ 2)dde) 1+ sup G5 o z))ds>
Rd JRd seRd

< COp ( [ rpas) ( [ =0+ s 630t z))ds)

< C(T,\p)cis 0sup sup (1 + G v(s,2)), Vi <T, xv e R4, (116)
<s<t zeRd

where

([ )i - ),

Here, we have used that e§|y|pt( ) < C(T AN)pat(y) for t < T, see (47). We have also used the fact
that f is integrable on [0,7T] for a < 52 (cf. proof of Lemma 2.2 of [SSS02]). This proves (114)
for all p > 2. O

Lemma 6.3 Let ug € Lg5,, and let o be a continuous function satisfying the growth condi-
tion (113). Assume that (A), holds for some n € [0,1). If u is any solution to (12) such that

sup sup E (|u(t, z)|P e_)‘lf’:') < o0, VI'>0,p>0,\>0, (117)
0<t<T zeRd

then for any T,p, X > 0, there exists p > p such that

E( sup sup |u(t,z)Pe A < Craplenss uollx o) [ 1+ sup sup Gasu(t,z) |, (118)
0<t<T zeQd P’ 0<t<T zeRd 2’

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

PROOF.

R ’ e-W')
R

p
e‘”') . (119)

E( sup sup |u(t,z)|? e_’\x|> < CE ( sup sup

0<t<T zeQd 0<t<T zeQd

/ot /Rd Pe—s(x — y)o(uls,y))W (dyds)

+CE | sup sup
0<t<T zeQd

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

sup sup
0<t<T zeRd

/ P — ) o (y) Pdye*
Rd

< C(T,N) Hu0]p sup sup
%0 0<t<T zeRd

[ e e

IA

C(T,\p) (120)
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In this calculation we have used Jensen’s Inequality as well as the fact that
/dpt(x —y)eMWldy < (T, N)eM! (121)
R

for t <T and X € R (see Lemma 6.2 of [Shi94]).
We bound the second term on the right hand side of (119) with the help of the factorization
method of [PKZ87] (compare (81) and (82)). Let 0 < a < (1 —7)/2 and choose arbitrary
1/p
p* > +2 > 2. Assume that p > p*. Recall |[v|[x, = [f [u(z)|PeA*! da:} . Use (112) and apply
Holder s inequality to get

p
<sup sup | [ [ bt = shotuts. )W (dis) e—*'w)
t<T zeQd R
= E <sup sup |J“_1Jau(t,m)|pe_)‘|m|>
t<T zcQd
t -1 My 630l )” dsppe el
< B (swpsup | [(¢= 5" ([ pisle = )R s )l Eeay) " dsre e
t<T zeqd Jo Rd
n 1
< CE (Sup sup | [ (t—s)*t (/ pi_s(xz —y)’e )‘|y|dy> || Jaus||x pds|Pe” )‘|x>
t<T zeQd Jo Rd
t L P
< C(TNE [ sup ( JREE %-HJausHA,pds)
t<T \Jo

-1

T 1 d P p T
< O(T,\) </ gla— —2p>p1ds) / E(HJausHip) ds. (122)
0 0 '

Here, we have also used (121) and p;(z) < Ct~%. Lemma 6.2 implies

IE(/ | Jau(t, z)|Pe ! d:c) < C(T,\,p)cli3 sup sup (1—1—05 pu(s,az))).
Rd 2

0<s<tzeRd

Recall that a < 35 7’ and p > p* > . A bit of algebra shows that the whole expression in (122)
is finite and bounded by

C(T,\,p)ci,5 sup sup (1 +Ga pu(s,m))> )
0<s<T zeRd 2’
This together with (119), (120) proves (118) for all p > p* with p = p. Note, however, that if
p < p* then (118) also holds with = p* due to the fact that u? < 1+ P for any u > 0,p < p*.
Hence we are done.
O

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 Sanz-Solé and Sarra [SSS02] to our situation.

Lemma 6.4 Let u be a solution to (12) satisfying the assumptions of Lemma 6.3. Define

Z(t,x) / /pt s(x —y)o(u(s,y))W (dsdy), t >0, z € RY. (123)
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Then, for T,R >0, and 0 < t,t' <T,x,2' € R? such that |x — 2’| < R as well as p € [2,00) and
£e(0,1—

n)
( Z({t', z')|Pe” ’\|$|) (124)
< C(T, N\ p)clys <1 + sup sup G__ u(s, z)) <\t - t’|§p + |z — x’|5p> .

0<s<T »cRd st

In particular, if G_x_ pu(-, \) is bounded on [0,T] x R?, then there is a version of Z which is
pHL”

uniformly Hélder continuous on compact subsets of [0,T] x R® with coefficients g in time and &

m space.

PROOF. The proof follows the proof of Theorem 2.1 in Sanz-Solé and Sarra [SSS02]. We use the
same notation as in the proof of Lemma 6.3, so Z(t,z) = J* 'J,u(t,x) by (112). Now assume
that ¢ > t. By Lemma 6.2 and Holder’s inequality we obtain

(IZ(t’ ') = Z(t,2)P) e

< 0OE(| [ [ o =) = 9 = pisa = )t - )
Jau(s,y)dyds‘ >e_/\|“|
E ( e pt’fs(x, - y)(t’ - S)G_lJau(s,y)dyds ) el
<

C(T, A D)y (1 + sup sup G ,,u(s,:w) —

0<s<T gzcRd P+’

t
([ [ Ipmsta =) =9 = sl = (e = 9 e ayas)”
0 JRd

tl
+ (/ / po-s(a’ = y)(t' — 5y Lem i dyds)” |
t JR4

A A
Here, we have in the second inequality also inserted additional factors of e et 5o that
we could apply Lemma 6.2 to bound the expectation of J,u by using Jensen’s inequality. From
this point we proceed as in [SSS02] (proof of Theorem 2.1), the only difference being that we

A
have to take care of the additional nuisance factors e7+1%l. This can be done with the help of
(121) and (48) of Lemma 5.2 using the remaining factor e, O

The next lemma assures that for any v € C(Ry,Ciep,) which solves (12), G pu(t,x) is
bounded.

Lemma 6.5 Let ug € Cieny, and let o be a continuous function satisfying the growth condi-
tion (118). 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. For any T >0 and p > 1,

sup_sup E (Ju(t, 2)Pe ) < Crpp(ens, fluola ), (125)
0<t<T xzcRd p’

where Cp » p(+, ) is bounded on the compacts of Ry x Ry.
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PROOF. Define
T, = inf{t : [jwl|r > n}
p’

We set
Grpult, ) :=E (\u(m) P1(t < Tn)e*)‘bﬂl) _

Note that by definition,

sup sup G1" u(t,z) <nP, Vt>0,n2>1. (126)
s<t xcRd

From (12) we get

sup sup G (t, x)
0<t<T zeRd
<C sup sup E < (y)dy
0<t<T zeRd

e‘”x> (127)

+C sup supIE< / / pi—s(@ — y)1(s < 7)o (uls, ))W(dyds)|pe)‘|”’).(128)

0<t<T zeRd
By (120) the term on line (127) is bounded by

C(T, A p) [luoll __ - (129)
p)

Again, as in Lemma 6.3, we use the factorization method to bound the term in (12 ) First
we assume that p > 13 > 2 so that we can choose a constant a with 0 < 5 <a< =5+ <1
Recall (112), and by several applications of Holder’s inequality we obtain

p
em)

E (|77 It a)re )

= CIE<

(t = )" ' pi—s(z — y) 7 uls, y)dyds

Rd

0
t p % p
< CE((/ (t—S)“_l(/ pi—s(z — y) 7 u(s,y)dy e‘*'“”') d8> )
0 R4
t % p
< C(T,A)IE(( / (1 — 5! ( / |Jgnu(s,y)|ppts(x—y)e—mldy> ds>>
0 d

T P
< o < / sp—l(“‘”ds) < / | Bzt P) e‘”m'ptxm—y)dyds)

0

t
< CO(T, A\ p)is (1 —i—/ sup sup G u(r, z)ds> , Vt<T, zeRY (130)
0 0<r<s zcRd

where we have also used Lemma 6.2 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 for all t < T,

t
sup sup G u(t,x) < C(cfy3 + ||uoHA ) (1 +/ sup sup G\ u(r, x)ds) , Vn>1. (131)
0<s<t zcRd 0 0<r<sgcRd
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But the left hand side is bounded (due to (126)). Thus, by Gronwall’s Lemma,

sup sup G;’Lpu(ta l’) < CT,)\7p(Cll37 ||UOHA oo)avn > 1> (132)
0<t<T zecRd4 p’

where Cr 5 ,(-,) is bounded on the compacts of Ry x Ry. (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 LP norms with respect to a finite measure.)
Now, recall that u € C(R4, Ciepm) a.s. so that 7, T oo a.s., and hence
E (Jut,2)PPe ) = B ( lim [u(t, 2)lP1(¢ < ra)e )
n—oo

< liminf GV u(t, z),

- n—oo

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

sup sup E (]u(t, x)\pef)‘m) < COrpplens, Juolla o), Vn > 1, (133)
0<t<T xcRd p’

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 (o, (u) < c¢g(1 + |u|) for all u € R,n € N), and such that
the o, converge uniformly to o as n — co. We also set

wo(z) i [uo(z)| < m,
ugl(x) =¢ m if ug(x

which implies that ul* € C,(RY) and

sup sup |ufl(z)]le ! < co. (134)
meN zeRd

Hence, by Theorem 6.1, for each m,n there exists a unique solution to

wota) = [ pe— 0@+ [ [ pee = o, )W) (135)

It is easy to check that the first term on the right hand side of (135) is jointly continuous on
[0,00) x RY. Moreover, by Theorem 6.1, supg<;<7 Sup,cga E (Ju™"(t,2)[P) < oo, and hence by
Lemmas 6.3, 6.4 we obtain that

W™ € O(Ry , Crom)- (136)

Now let us go to the limit as m,n — oco. Let Z™" denote that stochastic integral on the right
hand side of (135). Since u™"™ € C(Ry , Ctemn) we may apply Lemmas 6.4, 6.5 to get

E(]Zm,n(t,x)—Zm,n(tlyq;/)’pe_Alx\) < Cragples lu'lls ), (137)
p
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where Cr7 5 ,(+,-) is bounded on the compacts of Ry x R4. (137) combined with a Kolmogorov
type tightness criterion (see Lemma 6.3 of Shiga [Shi94]) now implies that the stochastic integrals
Z™™ are tight in C(Ry, Cem). It is also not hard to show that (t,x) — [papi(z — y)ug'dy are
tight in C (R4, Cten,) by using the Arzela-Ascoli Theorem and the uniformity in m as in (134).
Therefore, u™™ are tight in C'(R4, Ciep,) and we can choose an appropriate probability space
and define 4" on it identical in distribution to a subsequence of the original sequence of solutions
which converge a.s. in C(R4, Crep,) 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, Cier,) is
indeed a solution to (12) with the desired o and ug € Ciep,.
O

PROOF OF PROPOSITION 1.8. Recall from Remark 1.1 that our hypotheses imply (A), for
any 1 € (a/2,1). Lemmas 6.3 and 6.5 now imply (a). Now use Lemma 6.4 (and Lemma 6.5) to
derive part (b) for Z. For ug € Cem, Stuo(z) = [ pe(y — z)uo(y) dy is smooth on (0,00) x RY,
and so is uniformly Lipschitz on compact subsets of (0, 00) x R?. This gives the required Holder
continuity for u. O
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