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Abstract

In this paper, we are aiming to prove several regularity results for the following stochastic
fractional heat equations with additive noises

dus(x) = AT uy(x)dt + g(t,x)dn;, uo =0, te(0,T],z€aq,

for a random field u : (t,x) € [0,T] x G + u(t,x) =: us(x) € R, where A% := —(=A)%,a €
(0,2], is the fractional Laplacian, T' € (0,00) is arbitrarily fixed, G C R? is a bounded domain,
9:10,T] x G x Q@ — R is a joint measurable coefficient, and 7, t € [0, 00), is either a Brownian
motion or a Lévy process on a given filtered probability space (€2, F, P; {F; }+cjo,77)- To this end,
we derive the BMO estimates and Morrey-Campanato estimates, respectively, for stochastic sin-
gular integral operators arising from the equations concerned. Then, by utilising the embedding
theory between the Campanato space and the Holder space, we establish the controllability of
the norm of the space C?%/2(D), where § > 0,D = [0,T] x G. With all these in hand, we are
able to show that the g-th order BMO quasi-norm of the ;io—order derivative of the solution
is controlled by the norm of g under the condition that 7; is a Lévy process. Finally, we derive
the Schauder estimate for the p-moments of the solution of the above stochastic fractional heat
equations driven by Lévy noise.

Keywords: Anomalous diffusion; It6’s formula; BMO estimates; Morrey-Campanato esti-

mates; Schauder estimate.
AMS subject classifications (2010): 60H15; 60H40; 35K20.

1 Introduction

For a stochastic process {X;,t € [0, 7]}, for instance, a solution of a stochastic (ordinary) differential
equation, there are usually two most important aspects worth investigating. One is its probability
density function (PDF) or its probability law, and the other is the estimation of moments of random
variables of the process. However, if a stochastic process depending on a spatial variable, to be
more precise, a random field X; = X (¢, z,w) with x being a spatial variable, such as a solution to a



stochastic partial differential equation, it is hard to study its PDF or probability law. So one could
only get to consider certain estimates of moments for spatially dependent processes, though this is
often very hard. In the present paper, we would like to join this adventure and we aim to obtain
several estimates of solutions to stochastic fractional heat equations.

Let us start with a brief review of the topic. For parabolic stochastic partial differential equations
(SPDEs), a number of estimates for their solutions have been established. By using parabolic
Littlewood-Paley inequality, Krylov [23] proved that for the solutions of the following SPDE

du = Audt + gdwy, (1.1)

it holds that for p € [2,00)

EHqu}[’/p((QT)XRd) S C(d7p)EHgH}£p((07T)XRd) (12)

where w; is a Wiener process on a given filtered probability space (2, F,F,P) which we fixed
throughout the paper. Moreover, van Neerven et al. [28] made a significant extension of (1.2)
to a class of operators A which admit a bounded H*-calculus of angle less than 7/2. Kim [16]
established a BMO estimate for stochastic singular integral operators. And as an application, they
studied (1.1) and obtained the g-th order BMO quasi-norm of the derivative of w is controlled
by ||g||ree. Furthermore, Kim et al. [18] studied the parabolic Littlewood-Paley inequality for a
class of time-dependent pseudo-differential operators of arbitrary order, and applied their result to
high-order SPDEs.
More recently, Yang [30] considered the following equation

du = AZudt + fdX;, up=0,0<t<T,

with X; being a Lévy process on (2, F,F,P), wherein the author obtained a parabolic Triebel-
Lizorkin space estimate for the convolution operator.

Regarding elliptic and parabolic singular integral operators, we remark that the BMO estimates
was already established in [4, 12]. Here we would like to consider the following stochastic singular
integral operator

G:g— (Gg), (Gg):[0,T]xRIxQ—R

defined via the following stochastic integral
t
Go)t) = [ [ K(t.s)xglsin2)@) N s,
0 Jz

= // K(t,s,x —y)g(s,y, 2)dyN(ds,dz) (1.3)
0 Jz Jrd

for any integrable and progressively measurable g : [0, 7] xR?x Z — R, where N is the compensated
martingale measure associated with the Poisson random measure of a Lévy process with a marked
(o-finite) measure space (Z,B(Z),v) on the probability set-up (2, F,F,P). Our first objective is
to derive appropriate conditions on the random kernel K : Q x [0,7] x [0,T] x R? — R for the
following estimate

K

=1

q/2
GglBmo(T,y) < N(H(/Z\|g("'7z)|%oo(oT)V(dZ)>

q/q0

| Lot 2t vta)

| Lt Mo vt

LA Q)




where ¢ € [2,po A K], K is the conjugate of a positive constant k, the constant N depends on ¢ and
d, see Section 2. As an application of (1.4), we prove that the solution of the following equation

dug(z) = AZuy(x dt—}—Z/ R(t,z)zNy(dt,dz), uy=0, 0<t<T,

satisfies that for ¢ € [2, qo]

q/90
Voulsorg < N (Elllall o))"

where the coefficient functions g% : [0,7] x R x Q@ — R™, k € N, are progressively measurable,
and fg me sz(ds,dz) =: Y}k,t € [0,7],k € N, are independent m-dimensional pure jump Lévy
processes associated with the Lévy measure ¥, B = a/qo and ¢ is defined as in (5.4), see Section
4 for details. Moreover, we find if we consider the following stochastic fractional heat equation

dug(z) = A2 uy(z)dt + th(t,x)thk, u =0, 0<t<T,
k=1

where Wtk,k € N, are independent one-dimensional Wiener processes. We have the following
estimate, for any ¢ € (0, p|,

N 1/p
[VQU]BM@(T,,]) < N( HHM@”LOO(OT ]) )

under the condition that h € LP([0,T1], ¢2), see Theorem 5.2. Specially, taking o = 2, we obtain the
result of [16, Theorem 3.4].

Due to the difference between Brownian motion and a (non-Gaussian) Lévy process, it is more
difficult to get the BMO estimate for the case with (non-Gaussian) Lévy processes. Following the
idea of [16], we obtain the BMO estimate of stochastic singular integral operators. We notice that
there are many places different from those in [16]. First, the assumptions on the kernel are different
from those in [16], see Section 2; Second, the exponent ¢ in [16] does not depend on the properties
of kernel but our case does depend on the properties of kernel. For simplicity, we only consider an
easily illustrative case, see the discussion in Section 4.

Our second objective is to establish the Morrey-Campanato estimates and then, by using em-
bedding theorem, to obtain the Schauder estimates. For this, let us review some known results.
For the regularity of SPDEs, several important works have been established, see [20, 21, 24, 28, 31].
Similar to the regularity of PDE, the regularity of SPDEs can be divided into two aspects. One is
the LP-theory. Krylov [24] obtained the LP-theory of SPDEs on the whole (spatial) space. Later,
Kim [20, 21] established the LP-theory of SPDEs on the bounded (spatial) domain. Using the
Moser’s iteration scheme, Denis et al. [10] also obtained the LP-theory of SPDEs on the bounded
(spatial) domain. The other aspect is the Schauder estimates. Debussche et al. [8] proved that the
solution of SPDEs is Holder continuous in both time and space variables. Du-Liu [11] established
the C?*theory for SPDEs on the whole (spatial) space. Using stochastic De Giorgi iteration
technique, Hsu-Wang [13] proved that the solutions of SPDEs are almost surely Hélder continuous
in both space and time variables.

The above mentioned results about the regularity of the solutions of SPDESs belongs to the space
LP(Q; C*8([0,T] x G)), where G is a bounded domain in R?. Now, there is an natural question, that
is, can one get the Holder estimate for the p-moment? In other words, can we derive the estimate
in C*%([0,T] x G; LP())? We note that Du-Liu [11] obtained the C?T*-theory for SPDEs in
C*P([0,T] x G; LP(R)), where the Dini continuous is needed for the stochastic term. The method



used in [11] is the Sobolev embedding theorem and the iteration technique under the condition
that the noise term satisfies Dini continuity. In the present paper, we would like to consider
the simple case that the equation with additive noise. We first derive the Morrey-Campanato
estimates for the stochastic convolution operators and then, by utilising the embedding theorem
between Campanato space and Holder space, we establish the norm of C??/2. As an application,
we show that the solutions of parabolic SPDEs driven, respectively, by Brownian motion and by
a Lévy noise are Holder continuous in the both time and space variables on the whole space. Our
approach is different from those in [10, 11, 13]. We would like to point out that by using the Morrey-
Campanato estimates and the embedding theorem, the Holder estimates can be easily derived, and
our Morrey-Campanato estimates can be obtained by direct calculation, thus our method is indeed
simpler than the other methods in the above mentioned references, also see [25, Lemma 4.3] for
the case of deterministic parabolic equations. Besides, we establish the Schauder estimates for the
solutions of parabolic SPDEs driven by Lévy noise.

The rest of the paper is organized as follows. In Section 2, we present the main results of BMO
estimates. The proof of the BMO estimates is given in Section 3. Section 4 is concerned with the
Morrey-Campanato estimates. Application of our results are given in Section 5. The paper ends
with a short discussion, showing that one can have a simple proof of the result in Section 2 if the
coefficient g has higher regularity.

Before ending up this section, let us introduce some notations used in our paper. As usual
R stands for the Euclidean space of points # = (z1,--- ,24), Br(z) := {y € R : |z —y| < r}
and B, := B,-(0). Ry denotes the set {x € R,z > 0}. a A b = min{a,b}, a Vb = max{a,b} and
LP := LP(RY). N = N(a,b,---) means that the constant N depends only on a,b, - - -.

2 The BMO estimates

Let (Q,F,F,P) be a complete probability space such that F; is a filtration on Q containing all
P-null subsets of Q2 and F be the predictable o-field by (F;,t > 0). We are given a o-finite measure
space (Z, Z,v) and a Poisson random measure p on [0,7] x Z with the intensity Leb®wv, defined
on the stochastic basis (2, F,F,P). The compensated martingale measure of y is denoted by

N(dt,dz) := p(dt,dz) — dtv(dz)
Fix v > 0 and T € (0, 0], we set

Or :=(0,T) x RY.

For a measurable function A on Q x Op, we define the ¢g-th order stochastic Bounded Mean Oscil-
lation (BMO in short) quasi-norm of h on © x Or as follows

1
[h]4 = sup IE/ / |h(t,x) — h(s,y)|?dtdzdsdy,
BMO(T,q) o 1Q% Jolo
where the sup is taken over all space-time cylinders
Q = Qc(to, o) = (to — €, to + ") x Be(wo) C Or, ¢ > 0,t9 > 0,209 € R

and |Q| stands for the Lebesgue measure of @, i.e., the volume measure of the space-time cylinder
Qc(to, g). It is remarked that when ¢ = 1, this is equivalent to the classical BMO semi-norm
introduced by John-Nirenberg [15].

Let K(t,s,2) := K(w,t,s,x) be a measurable function on Q x R, x Ry x R? such that for each
teRy, (w,s) — K(w,t,s,) is a predictable Lj, -valued process.

Firstly, we recall the results of [16]. In [16], the following assumptions are needed.



Assumption 2.1 There exist a k € [1,00] and a nondecreasing function ¢(t) : (0,00) + [0, 00)
such that
(i) for any ¢ > A > 0 and ¢ > 0,

/ ‘/ K(t,r,x \dm’ dr
|z|>c

(ii) for any t > s > A > 0,
A 2
/ </ ]K(t,r,:c)—K(s,r,x)\dx) dr
0 \JRd
(iii) for any s > A > 0 and h € R?,
2

A
‘/ < |K(s,r,x + h) —K(s,r,:c)|d:c> dr
0 \JRd

Assumption 2.2 Let Gg be defined by

< o((t=A)ec);

Lm/2

<p(t=s)tAs =21
LF/2()

< Nep([h|(s = N) 7).
Lr/2(Q)

0 t
g(t,z) = Z/ K(t,s,x —y)g"(s,y)dyduw?,
k=1 0 JRd

with w; being a Wiener process. We assume that the following holds

I

L)

T T
EAH@(ﬂmﬁ<Mn£mw»m@m

where & is the conjugate of k.
We note that under the assumptions 2.1 and 2.2, Kim [16] obtained the BMO estimate of Gg.
As for Gg with N defined by (1.3), due to the fact that the BDG inequality for stochastic
integrals with N (see e.g. [26] and [27]) is very different from the BDG inequality with w;, one has
to use the following Kunita’s first inequality (see, e.g., Page 265 of [1])

g [ [ woastwan) < xoel([" [mespuaa)”]
+E UOT/Z\H(t, z)!pu(dz)dt”, (2.1)

for p > 2. We note that when N (ds,dz) is replaced by dws, the second term of right hand side
of (2.1) vanishes. Hence, in order to deal with the arising difficult for the Poisson compensated
martingale measure N, we make the following two assumptions, corresponding to Assumptions
2.1.and 2.2 for wy, respectively.

Assumption 2.3 There exist constants ¢o > 2, k € [l,00] and a nondecreasing function
©(t) : (0,00) +— [0, 00) such that

(i) for any ¢ > A > 0 and ¢ > 0,

<@((t=AN)ec )
Lr/20(9Q)

K(t,r, x)]dx‘qodr
\

z|>c




(ii) for any t > s > A > 0,

A 90
‘ / < |K(t,r,x) — K(s,r, :L‘)]dm) dr
0 \JRd

(iii) for any s > A > 0 and h € R%,
%

A
‘/ ( \K(s,r,x—l—h)—K(s,r,x)\dw) dr
0 \JRd

Assumption 2.4 Similar to Assumption 2.2, suppose that Gg is well-defined via (1.3) and that

the following holds
/°/w,,um<ww

T
B [ G0t )t < No
0
Theorem 2.1 Let Assumptions 2.3 and 2.4 hold. Assume further that the function g satisfies

H/z g, > ) 0y (d2)

where ¢ = qok V % (s =0 if k < qo). Then for any q € [2,q0 A K|, one has

q/2
GglBMmo(T,y) < N(H(/Z‘|9(‘v‘vz)|%°°(OT)V(dz)>

<e((t=s)tAs =N
Lr/90(Q)

< Ne(|hl(s = 2)~).
L0 (Q)

(2.2)

LR ()
Our first main result is the following

<oo, w=2 or qo, (2.3)
Le(2)

K

Lr—a
a/90
| [t o vt
z L7 (@)
#| Lt Miopptas)| ) (24)
Z Lr—a

where N = N(NO7 d; q,40,7; kK, 90)

Remark 2.1 1. Comparing our Theorem 2.1 with Theorem 2.4 in [16], it is not hard to find
in Theorem 2.4 of [16] the exponent q does not depend on qo. Actually, the range of exponent q is
(0,p0 A K] and in our paper is [2,qo A k]. In other words, the range of exponent q depends on the
properties of kernel K. The lower bound of q is due to the fact that the Kunita’s first inequality
holds for q > 2.

2. In our Theorem 2.1 above, we did not formulate the right hand side of (2.4) in a uniform
manner. The reason is that the integral fZ v(dz) might be infinite. If we assume that

L v < v and | [ gt 2o 0+ 17 % +16) wlaz)
Z Z

< 00,

L (9)

where N1 is a positive constant, then (2.4) can be replaced by

Gbanorra < | [ 196 )0y 1+ 5)7% + ) (e

where

K 224122 -1
» fl2) =

K—(q 2

3. The condition (2.3) coincides with (5.4) in Section 4. Under the condition (2.3), it is easy

to check that
| [t e 02

K=KV =22A1.

< 00.

K

Lr—a(Q)



3 Proof of our BMO estimates

In this section, we first estimate the expectation of local mean average of Gg and its difference in
terms of the supremum of |g| given a vanishing condition on g. Then we present the proof of our
first main result.

Lemma 3.1 Given q € [2,q0], 0 < a < b < T. Let Assumption 2.4 hold. Suppose that g
vanishes on (a,b) x (Bs.)¢ x Z and (0,a) x R? x Z. Then
a/po

)

LMQ)

b
E/ / |Gg(t,x)|%dzdt < N(b— a)|Bs|
a JB.

sup / 9, 2) | 0(dz)

ab XBgc
where N = N(Np).

Proof. The proof is similar to that of Lemma 4.1 in [16], so we give a sketch proof. By Hélder’s
inequality and Assumption 2.4,

b
E// |Gg(t, z)|?dxdt
a Be

b a/90
(b— a)(‘IO_Q)/QO’BC‘(QO—Q)/‘IO <E/ / IGy(t, x)’qodxdt)
a Be

T
/ / lg(t, - 2)[| % (d2)dt
0 7

Since g vanishes on (a,b) x (Bs.)¢ and (0,a) x R?, then the above term is equal to or less than the

IN

q/q0

IN

N(b— a)®0=9/0| B |(@0=a0)/w0

LF(Q)

following
b q/90
N(b— a)0~9/%0|B,|(@0-a)/20 // /|g(t,x,z)|qoy(dz)da:dt
a B3c Z L';”(Q)
q/q0
< No-alBul| sp [ gl lme)
(ab)XBgC R(Q)

The proof of lemma is hence complete. [

Lemma 3.2 Given q € [2,q0 ANk], 0 <a <b<T. Let Assumption 2.3 (i) hold. Suppose that
g vanishes on (0, 3b2_“) X Bo. X Z. Then

E [ b /| c / b /| 1G01t.2) = Gol(s.y) sy
q/2
< N(b— a)|BePlp(be )/ (H ([ a0, (a)

i H/Z g€+ 2) e 00y (d2)

where by convention 2 :=1 and N = N(T,q).

K

Lr—a

Proof. Let (t,2) € (a,b) x B, and 0 < r < t. If [y| < ¢, then (r,z — y) € (0,352) x By and
g(r,x —y,z) = 0 for all z € Z. Hence, Assumption 2.3 (i), Hélder inequality and Kunita’s first



inequality (2.1) in turn imply the following

ElGg(t, z)|*

which further implies that

<

IN

IN

IN

IN

E (/Ot /ZV g K(t,r,y)g(r,z -y, Z>dy!2v(dz)dr) a2
+E </0t/z [ K g =y, 2)dy v dZW)

t q/2
E( / / | K(t,r,ym(r,x—y,z>dy\2u<dz>dr)
0 JZ Jlyl>c

t
E (/ / | K(t,r,wg(r,x—y,z>dyrqu<dz>dr>
0 JZ Jlylzc
t o\
Ta0-2)a/Ca)g ( / | / K(tru)ldy dr)
0 ly|>c
) q/2
x ( / ||g<-,-,z>\|Loo<oT>v<dz>)

t q
S| ([ inalasfar) [ ol o, v(d
0 ' Jyl=c Z
t q0 4/
Ny | [ |t
0 \y|20 Lr/ 90

(/Z lg(- -, z)H%oo(OT)V(dz)>q/2

X
L7
¢ /%0
q0
@) [ [ ] ar
0 |y‘ZC r/90

X

LF=q

[ a2l o 102)

q/2
N(T)[p(be )] (H ([ a0t

K

L7

Lr=4q

# | [ 1ot M o 10

b b
E / / / Gy(t, x) — Gg(s, )| dxdtdsdy
a JB:.Ja J B¢

IN

IN

+H [ gt 2l o,9102)

q/2
N(Tq)(b — )| B lp(be )]/ (H ( [ st -,z>|r%m(oT)v<dz>)

b
N a5 [ [ (6glta)tdnar

K

L~—a

LNKQ>

The inequality (3.1) is thus derived. The proof is complete. [



Lemma 3.3 Let g € [2,q0 AK], 0 < a < b<T such that 3a > b. Suppose that Assumption 2.3
holds that g vanishes on (3“2_b, 3b2_a) X Bo. x Z. Then for Gg defined by (1.3), we have

b b
E / / / |Gg(t,z) — Gg(s,y)|?dxdtdsdy
a JB:.Ja JB.

q/2
< N(b—a?B.L(a,b,0 (H( / ug<-,-,z>uim<@>u<dz>)

| Lt Moyt
where N = N(T,q,a,b,c) and
®(a,b,¢) = [p(2)]9% + [p((b — a)e )9 + [p(2 (b — a)~1/7)]9/ %,

Proof. Due to the Fubini’s Theorem, it suffices to show that for all (¢,2) € (a,b) x B, and
(s,y) € (a,b) X B, the following inequality holds

K

Lr—a

a/2
ElGg(t,x) — Gg(s,9)|? < N®(a,b,c) <H</ZIIQ(-,',Z)II%m(oT)V(dZ)>

L,£q>

#| [ 1ot M o)

Clearly, we have

ElGg(t,z) — Gg(s,y)|?
< N(E|Gg(t,z) — Gg(s,z)|? + E|Gg(s,x) — Gg(s,y)|?)
=: ]V(Il%—]é)

In what follows, let us estimate I1 and Is, respectively.
Estimate of I;. Without loss of generality, we assume that ¢ > s. Then by Lemma 3.1 of [26]



10

and the inequality (2.1), we get
I = E|Gg(t,x) - Gg(s,z)|*
t
= E |:’ / / K(t’r’x - y)g(rayaz)dyN(dT', dZ)
0 Jz JRrd

_/ / K(’S?T?:L‘ —y)g(r,y,z)dyN(dr, dz)’q:|
0 JZ JRd

< E U/ot/z » K(t,r,x —y)g(r,y, z)dyN (dr, dz)
_/OS/Z y K(t,r,z —y)g(r,y, z)dyN (dr, dz) q]
+NE “/OS/Z/Rd(K(t,r,x—y)—K(s,mf—y))g(r,yx)dy]v(d?“vdz)‘q}
<

</st/z | Rd Ktz —y)g(r.y, z)dyP’/(dZ)dr) q/2]

r t
e[ [ [ K(t,r,x—y)g(r,y,z>dy|qv<dz>dr]
lJs JZ JRA

+NE —</08/Z | /Rd(K(t,r,x —y)— K(s,r,x — y))g(r,y,z)dy|21/(dz)dr)q/2]

L NE / / | / (K(t,re —y) — K(s,m,e — y))g(ry, z)dyrqu<dz>dr]
L/ 0 7 R4
=: N(I[11 + Lo+ 13 + 114).

Note that g vanishes on (3a2_b, 3b2_“) X B, X Z and a
then yields that

q/2
Li+hy = E[// K(t,r,y)g(r,x — y, 2)dy|*v(dz)d > ]
R4
—HE / / K(t,r,y)g -, z)dy\qv(dz)dr}
R4

) q/2
E |: (t T,y)’dy‘ d?“/ Hg(av'z)H%‘X’(OT)V(dz))
y\>c Z

2| [ [ iwtrsias] [ ot (dz)d]
s ' ylzc

q/2
Nlp((b — a)e 7))o/ (H ([ s iopvta)

i H [ gt 2l o, #102) L> |

Similarly, due to g vanishes on (342, 35-2) x By, x Z, we divide (0, s) into two parts (0, 25-2) and

(i) with A =s

IN

IN

K

L7a
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(%, s). Thus we have

* q/2
Lsy+hs = E |:</M/Z/Rd<K(t’T’xy)K(S’r’xy))g(ray72)dy2u(dz)dr> ]
+E /;_b /Z | /Rd(K(t, roe—y)— K(s,r,x —y))g(r,y, Z)dy|qv(dz)dr]
) En q/2
+E (/0 /Z|/Rd(K(t,T,I —y)— K(s,r,x — y))g(hy,Z)dyFy(dz)dr) ]

+E -/0 2 /Z|/Rd(K(t,r,x —y)— K(s,r,x —y))g(r,y, Z)dy|qV(dZ)dT]

=: Ii31 + I + I132 + T140.

Utilising our Assumption 2.3 (i) again with A = b

t q/2
L1+ Ly < E|:</ /[ ]K(t,r,m—y)g(r,y,z)dy[%(dZ)dT) ]
szt Ji S
[/ q/2
E ( L. |K<s,r,x—y)g(r,y,z>rdy|2u<dz>dr>
st Jir S

[ ot
+E/ / | \K(t,r,x—y)g(r,y,z>|dy|%<dz>dr]

+E/ / | |K<s,r,x—y)g(r,y,z>|dy|qu<dz>dr]
| Jso [ S

a/2
< N[p@(b - a)e )W/ (H ( [ st 'aZ)H%oo(OT)V(dZ)) &
=
+| [ rrg<-,~7z>|rqw(oﬂu<dz> )
L+x—a
On the other hand, our Assumption 2.3 (ii) with A = 3% gives the following

3a—b

2
Iizo + 142 < NE[(/ i ’ ‘K(t77”73€—3/)—K(Sﬂ',x—y)’dy‘ dr
0 Rd

q/2
X/Z\Q(wZ)H%oo(oT)V(dZ)) ]

3a—b

/ ‘Rd|K(tr:c y) — K(s,r,x—y)]dy‘q

< [ Nl D o ptdz)ar
< N (H (f Hg(v-,Z)H%oo(oT)V(dz)y/Q
| [at oMo ).

where we have used s — 3% > g — 3¢ = boa apd (¢ — s)(s 3a-0)=1 < 2 in the above derivation.

+E

K
Lr—q
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Estimate of I». By utilising the fact that ¢ = 0 on (3“2_b, 3b2_“) X Ba. x Z once more, we divide

(0,s) into two parts (0, 3%-2) and (342, s). Direct calculations then shows the following

I, < NE </O/Z‘ RdK(s,r,w)(g(r,m—w,z)—g(r,y—w,z))dw‘QV(dz)dT>Q/2

+E (/0 /Z [ Klsrwtatrs = w.2) = gl —w. z))dquy(dz)dr>

< NE (/b/Z] 3 K(s,r,w)(g(r,w—w,z)—g(r,y—w,z))dw|21/(dz)dr>q/2
s ([ 1 f et - )t ity
([ ]| a0 o ot it )
o ([ 1o ) Ky . itar

< ([ L] ortes . airiasar)

’ q/2
i </ / ‘ (K (s, 7, w)g(r,y — w, Z)|dw|2V(dZ)d7’>
et Jz 1 JRd
+NE / / | [ |K(s,m,w)g(r,z —w, z)|dw|Tv(dz)dr
et 7z JRd

+NE / /| |K(s,r,w)g(r,y—w,z)\dw\qy(dz)dr>
st Jg S

|
<3ab
|
|

a/2
+NE /Z ’ /Rd(K(s, r,x—w)— K(s,r,y —w))g(r,w, z)dw[2l/(dz)dr>

/ 2
0
+NE / /|/ (K(s,r,x—w)—K(S,r,y—w))g(r,w,z)dw|qu(dz)dr)
0 7z JRd
=: Io1+ -+ I.

Similar to I11 + I12, the four terms Io; + - -+ + Io4 is less than or equal to the following

_k_

q/2
N{p(2(b — a)e )]/ (H ( [ Nt z)H%m(oTw(dz))
L7—a

LKNQ>

| Lt Mo vt



Finally utilising our Assumption 2.3 (iii) with A =

13

— 3@2—127 we get

3a—b
2
|K(s,r,x —w) — K(s,r,y — w)|dw‘ dr

Iy + g < NE(/ \
Rd

a/2
« [ Nt DB, i)

q
+NIE</ |K(srx—w)—K(s,r,y—w)|dw‘ dr

[ lates e o ()

q/2
< Np@“e(b - a)Mryalao (H ( [ Nt z>r%w(0ﬂu<dz>)

+ / gl z qoo v(dz >
| [ tstc o imoprtas)|

Combining all above derivations, (3.2) is obtained. This completes the proof. [J
Now, we are ready to prove our first main result. The proof is similar to that of Theorem of

’Rd

K

Lr=4q

2.4 in [16].
Proof of Theorem 2.1. Let ¢ € [2,qp A k]. It suffices to show that for any

Q Qc(to,l’o) = (t() — C’Y,to + CV) X Bc(xo) C OT, c>0,tg >0

we have
1
E/ / IGg(t, ) — Gg(s,y)| dtdzdsdy

) q/2
<N ( / ||g<-,-,z>||Loo(oT)v<dz>)
/ q/q0

19(5 )T 0y (d2)
)N 0r)? @)

# [t oyt L) , (33)

where N = N(T, q, ). Since the operator G is translation invariant with respect to the variable x

K

Lr—a

gg('a ')(t,l‘ + xO) = gg('vx(] + ')(twr)v

we may assume, without loss of generality, that 9 = 0. We divide the left hand side of (3.3) into

two parts. Indeed, we have
1
E/ / 1Gg(t,z) — Gg(s,y)| dtdzdsdy

—E / Gan (. x)|thdxdsdy+ / / Gaa(t, ) — Ggals, y)|"dtdzdsdy

= J1+J2a

IN

where
g2 ‘=g —4g1-

q(t, @, 2) = I((t072c”/)v0,t0+2c’Y)><Bzc><Z<t7$7 z)g(t, x, z)
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Estimate of J;. Since @Q C Op, it holds that {5 — ¢ > 0 and thus
(to—c",to+ ) C (to—2¢7) vV 0,t0 + 2¢7)
and g vanishes on
((to — 267) V 0, tg + 2¢7) x B, x Z} U [(o, (to — 2¢7) v 0) x RY x Z].

It follows then from Lemma 3.1 with a = (tg — 2¢”) V 0 and b =t + 2¢” that

a/q0

5 < 8| [ ot ) o vt (3.4

LR (Q)

Estimate of J. If tg < 2¢7, we apply Lemma 3.2 with a = ¢ty — ¢¥ and b = ty + 7. In this
case, one can easily check that bc™ < 3 and

@2=0 on [(wo +2¢7) x By X Z]

Thus, (3.1) of Lemma 3.2 yields that

qa/2
BN (H( [l Doyt L) (35)

On the other hand, if {5 > 2¢”, we apply Lemma 3.3 with a = {5 — ¢ and b = ty + ¢”. In this
case, one can easily check that 3a > b and

S AT
LAq 4

g2=0 on [(to —2¢7,tg+ 2¢7) X By X Z].
Moreover, by using the nondecreasing property of ¢, we have

sup  D(tg— " tg+ ¢, ¢)

to€Ry,c>0
= sup {[w(QHQ/m)4_[¢((b——a)c*7”q/m)4_[@(21+1/70(b__a)gl/wﬂq/m)}‘ .
to€R4,c>0 a=ty—c
b=ty + "
< ©00.

Hence, (3.2) implies that

REN (H( / ||g<',',zm%wwﬂu(dz))q/z A IA—Te

Finally, combining (3.4), (3.5) and (3.6), we obtain (3.3). We are done. [J

) . (3.6)
L=—4a

Remark 3.1 In the present paper, we only consider the simple case. Actually, one can use

+
K
LF—d

the similar method and Kunita’s second inequality (see Page 268 in [1]) to deal with the following
case

t
Git.) = [ [ Kltos.o—phis.)dyd(s)
0 R
t
+ / / K(t, 5,2 — 1)g(s, v, 2)dyN (ds, d2),
0 Z JRA

where W is a Wiener process and N is a Poisson compensated martingale measure, and both are
independent. For more detailed account, the reader is referred to [26].
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4 The Morrey-Campanato estimates

We first recall some definitions and review briefly some known results. Set, for X = (t,z) € R x R?
and Y = (s,9) € R x R%, the following

I(X,Y) = max{|:r -y, |t — s|%} .
Let Q.(X) be the ball centered in = (¢, z) with radius ¢ > 0, i.e.,
Qe(X)={Y =(s,9) e RxR?: §(X,Y) < R} = (t — &, t + ¢?) x Be(z).
Fix T € (0, 00| arbitrarily. Denote
Or :=(0,T) x RY.

Let D be a bounded domain in R4*! and for a point X € D, D(X,r) :== DN Q,(X) and d(D) :=
diamD. We first give the definition of Campanato space.

Definition 4.1 (Campanato Space) Let p > 1 and 0 > 0. The Campanato space £P%(D;6)
is a subspace of LP(D) such that

1/p
1
(U] v Dy = sup —_— [u(Y) — ux ,[PdY < o0, u € LP(D)
ZP0(Ds) xen,d(D)>p>0 1 DX, p)|? Jp(x,p) P

where |D(X, p)| stands for the Lebesgue measure of D(X, p) and

1
UX,p = o u(Y)dY.
P ID(X, )| Jp(xp) )
For u € £P%(D;6), we define
1/p
lullgnooiy = (Iullhnp) + [mopg) -

It is easy to verify that the Campanato space (£Pf(D;6), | - | #v.0(Dss)) is a Banach space and
has the following property: if 1 <p < ¢ < oo, (§ —p)/p < (¢ —p)/q, it then holds that

Z%°(D;8) C £P°(D;9).
Next, let us recall the definition of Holder space.

Definition 4.2 (Holder Space) Let 0 < o < 1. A function u belongs to the Hélder space
C%(D;6) if u satisfies the following

[U]ca(pes) == sup —|U(X) —u(¥)] < 00.
(D50) XeDd(D)zp>0  O(X,Y)?

For u € C%(D;d), we define

||UHCO‘(D;5) = Slll)P |’U,‘ + [U]CQ(D;(S).

Definition 4.3 Let D € R be a domain. We call the domain D an A-type if there exists a
constant A > 0 such that VX € D, 0 < p < d(D), it holds that

DX, p)| = DN Qu(X)| = AlQp(X)]-
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Recall that given two sets B; and Bs, the relation By = By means that both By C By and
By C Bj hold. We have the following relation of the comparison of the two spaces defined above

Proposition 4.1 Assume that D is an A-type bounded domain. Then, forp>1 and1 < <
1+ %5 (Recall that d is the dimension of the space),

2P9(D; ) = C*(D;0)

with

(d+2)(6—-1)
—,

We aim to obtain Campanato estimates under certain assumptions on the kernel K. Noting
that

1 1/p
sup / u(Y) —ux ,|/PdY
(XED,d(D)>p>O |D(X, p)|° D(X7p)’ ) 2
1/p
1 / 1 / p
= sup —_— ulY) — ——— w(Z)dZ| dY
<X6D,d(m2p>o DA S "™~ B Josp "D

1/p
1
< sup / / w(Y) — w(Z)\Pdzdy ’
(XeD,d(D)2p>0 [ D(X, p)[* Jp(x,p) D(X,p)‘ ) ~u(2)]

it is clear that the semi-norm of the Campanato space can be controlled by some Holder estimates.
We also remark that in order to get the Holder estimate, one must have the condition that 6 > 1.

Let us now consider the Campanato space for stochastic processes (or random functions) defined
on the given probability set-up (2, F,P; {F; }4cp0,77)- For a (jointly measurable) random function h
on Q x Or, we define the (random) Campanato quasi-norm of h on Q x Or as follows

1
hl? . = supE/ / h(t,z) — h(s,y)[Pdtdzdsdy
[ }jp,ﬂ((Qﬁ)’Lp(Q)) ) |Q‘1+9 oJo | ( ) ( )|
where the sup is taken over all Q = D N Q. of the type
Qc(to,aﬁo) = (to — 02,t0 + 02) X Be(xg) C Op, ¢>0,ty > 0.

It is remarked that when 6 = 1, this is equivalent to the classical BMO semi-norm which is
introduced in John-Nirenberg [15]. If the Campanato quasi-norm of h is finite, we then say that h
belongs to the space .Z7?((Q;0); LP(Q)).

Note that we have two type spaces LP(Q; £P9(D;§)) and £P9((D;6); LP()), the former space
is the totality of all random functions u(w,t,z) such that

1
E[u]gﬂp’g(D;é) = Es%p D[ /D /D |h(t,x) — h(s,y)[Pdtdxdsdy < oo
(ie., all ZP?(D;6)-valued LP(Q)-random variables) and the latter space consists of any random

function u(w,t,r) such that |lu(:,t,7)|[1r) belongs to the space £P9(D;6), in other words, the
following norm is finite

1 P
p —
[HUHLP(Q)]gp,O(D;(;) = sup (D[ /D /D ‘HUHLP(Q)(tvx) — [JullLe(0)(s,y)| dtdzdsdy < occ.
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Let us explicate a bit more about the two spaces LP(Q; . £ (D;¢)) and £P?((D;6); LP(Q)). If we
want to prove u € LP(Q; £P(D;0)), that is, to show that

E[ulf

po(Ds) < OO

a naive idea is to verify if the two operations E and sup, , are interchangeable. Unfortunately, it
is hard to give a sufficient condition to assure the above idea goes through. Another naive idea is
to prove the norm of u in ZP%(D;§) could be bounded almost surely, but this is also hard to get
through. We have to adjust our ideas. We remark that the meaning of the space .Z7?((D; §); LP(Q))
is that

ue LP(D;6); LX(Q), i ulloo) € L7 (D;0).
In other words, the following norm is finite
1 p
el olpnoginsy = 50 o [ | [1elzscon(t:2) = ooy () oy < o.
On the other hand, by triangular inequality and Fubini’s theorem, we have
[HU’HLP ]ng(D 5)
sup ———— u(t, r s dtdxdsd
w g [ [ ) — sl y
], ),
= sup u(t,z) — u(s,y)|Pdtdzdsdy.
Byt [ [ futta) —u(s.y)

Thus, we only need to show that

IN

sup \D|1+9 / / lu(t, x) — u(s, y)[Pdtdzdsdy < co.

4.1 The Brownian motion case

Recall that (2, F,P) is the given complete probability space endowed with {F;},c(0,7], a filtration
on ) containing all P-null subsets of Q2. Let W; be a one-dimensional {F;},c[o r-adapted Wiener
process defined on the probability set-up (2, F, P; {Ft }1e(0,17)-

Given a deterministic kernel K : R x R — R, we denote for any no-random (i.e., not randomly
dependent) g : R x R? — R the following stochastic convolution

t
Kott.o)i= [ [ K= raglra = )iy o). (11)
Then we have the following result.

Theorem 4.1 Let D be an A-type bounded domain in R¥Y such that D C Op. Suppose that
g € CA(Ry xRY), 0 < B < 1, is a non-random function and g(0,0) = 0. Assume that there
exists positive constants v; (i = 1,2) such that the non-random kernel function satisfies that for
any t € (0,7

/Os (/Rd |K(t—r,z) — K(s—r2)|(1+ ’Z’B)d2>2dr < N(T,8)(t — s\, (4.2)

/OS (/R K(s—r, z)]dz)zdr < No, (4.3)

t 2
/ < y |K(t—r,2)|(1+ |z]5)dz> dr < N(T,pB)(t — s)7, (4.4)



where Ny is a positive constant. Then we have, for p > 1 and 5 < 7,
(K9l vo((Dss);r)) < N(No, 8,T,d,p),
where § = 1+ 7% and v = min{v1, 72, B}
Proof. Let (t9,z0) € D C O and

Qc(t07$0) (tO - C ,to + ¢ ) X Bc(xo).

Then set C} := diamD, we have D C Qc¢, (to, 7). Denote @ := D N Q.(to, To)-
Set t > s. By the BDG inequality, we have

E/ / IKg(t,x) — Kg(s,y)Pdtdzdsdy
QJQ

_ E/ / ‘/t [ K= r 2o = 2)dzaW (1)

/ K(s—r2)g(r,y — z)dzdW (r) dtdwdsdy

IN

Rd
PLa ) / ‘/ Rd (K(t—r,z) — K(s—r, Z))g(r,fﬁ—z)dZdW(r))p
‘p

+2p—1E/Q/Q‘/O [ K= 2ot = 2) = glry = )iz ()

t
+2p1E/ / ‘/ K(t—rz2)g(r,z— z)dde(r)‘pdtd:L‘dsdy
Q R4

p>// (/' d’K@w)K(snz)Hg(r,xz)uZPdT)
// </ K (s = 2)llg(r x—z)—g(r,y—z)dz|24r>
O NATA RdK(t—nz)g(r,x—z)dzm)g

=: / / (Il + Iy + I3)dtd$dsdy.
QJQ

IN
NS

SIS

Estimate of I;. By using the Holder continuous of g, i.e.,
B
l9(re = 2) = 9(0,0)] < Cymax{rd,|o -2/}

< N(g,8)
N(g,B)

IN

T2 + |z — xo|® + |xo)? + |2/°)
T2+ + |2o)? + |217),

A\
[ vl

(
(

IN

and (4.2), we have
y

no= N (1] 1K= - K=l - 2P )

IA
wors

IN

N(p, 8. T, z0) (/ /Kt—rz (s—r,z)|(1+yz\ﬁ)dz|2dr>

+cPPN (p, B) (/0 \ g |K(t—r,2) — K(s—r, z)dr)g

y1iP

N(p, B8, T, z0)(1 +cﬁp)(t —s)2.

IN

N(p,ﬁ></05| K(t—r.2)— K(s -, >|<T§+cﬁ+|xo|ﬁ+|z|ﬂ>dz\2dr)

M|

18
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The condition (4.3) and
lg(r,x — 2) = g(r,y — 2)| < Cylz —y|’

imply the following derivation

[SiS]

o= N (1] 1K= nalatne - 2) - oty - 2)asar

N (1] 1wl - y|ﬂdz|2dr>§

< N(N()vpvg?/B)’x_y’ﬁp

IN

Estimate of I3. By using the property g(0,0) = 0 and (4.4), we get

L = N(p) </:| RdK(t—r,z)g(r,x—z)dz]er>2
(f
N(p, T, 20, 8) </t /Rd K(t—r,2)|(1+ yz\ﬁ)dzfdr)

No. 2o ([ | [ -l ar)’

< N(p,T,ao,B)(t — )3 (14 |z —y|?P).

IN

D
2 2
/d K (7, 2)|(T + |z — @o|® + |aol® + \z|ﬁ)dz‘ dr)
R

ya
2

IN

Noting that (¢,2) € Q. and (s,y) € Q., we have
0<t-s5<2 and |z—y|<|z—x0|+ |y — 20| < 2c.
Using the above inequality and the properties of A-type domain, we deduce
/Q/thtdacdsdy < N(p, T, B, 20)(1+ )P |Qf

//Igdtdxdsdy < N(No,p,g,8)c|QP;
QJq

/ / Idtdzdsdy < N(p,T, 0, B)|Q%(1 + ).
QJQ

Combining the estimates of I1, Is and I3, we get

/ / lu(t, z) — u(s,y)|Pdtdzdsdy

< N(B,No, T,p)|Q(c’P + 1) (PP 4 P 4 2P),
Since D is a A-type bounded domain, we have ¢ < diamD and

AlQc(to, zo)| < |Qf < [Qc(to, x0)l-

We remark that |Q.(to, 70)| = Nc@*2 and 0 < 8 < 1, where N is a positive constant which does
not depend on c. Noting that @) C Q¢,, we have

IE//|u(t,:v)—u(s,y)|pdtdxdsdy
QRJQ

S N(,B,NO,CMCZ,T”Q‘Q—F%,
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where v = min{~v1, v2, 8}, which yield that

[Kg] zro(D:s)
1
= supE//]ICg(t,:E)—ICg(s,y)|pdtdajdsdy
Q Q""" Jo g
S N(ﬁvNOaTvd,p)a

where 6 =1 + %. The proof of Theorem 4.1 is complete. [J
Theorem 4.1 shows that Kg(t,z) € ZP0((Q;0); LP(R)). That is, I1Kgllrr ) € 279(Q;9).

Applying the result of Proposition 4.1, we have the following result.

Corollary 4.1 Assume all the assumptions in Theorem 4.1 hold, then
Kyg(t,x) € C7((D;9); LF(Q)).

Remark 4.1 1. It follows from Theorem 4.1 and Corollary 4.1 that Kg(t, z) € C7((D;6); LP(2))
and v = min{vy,y2, B} if g € CP(Ry x RY) and ¢(0,0) = 0. For special kernel, we can let v = 3,
see Theorem 5.3. That is to say, the regularity of Kg(t,z) depends heavily on the noise term gdW,
in the equation.

2. It is easy to prove that if g € CFABIZ(R. x RY) and V*g(0,0) = 0, then Kg(t,z) €
Ck97/2(D; §) under the assumptions of Theorem 4.1. Here g € C*BB/2(R, x R?) denotes that
the k-order of g w.r.t spatial variable belongs to C?, and that g w.r.t time variable belongs to CP/2.

3. The regularity w.r.t time variable can not be improved because of the fact that the regularity
of Brownian motion w.r.t time variable is s .

4. If the kernel function K is random, the similar result also holds. The constant N in Theorem
4.1 depending on the choice of xg can be removed provided that

E [Hg‘ Zzooo(oT)} < 09,

where pg > 1 and 1 < p < po.
5. The method used in Theorem 4.1 is similar to that in [25] for the interior Schauder estimate,
see [25, Lemma 4.3].

In Theorem 4.1, the noise term g depends on the times and spatial variables. A natural question
is: if g does not depend on the time ¢, the result of Theorem 4.1 will also hold ? Next, we answer
this question.

Theorem 4.2 Suppose that g € C5(RY), 0 < 8 < 1 and g(0) = 0. Assume further that
(4.2)-(4.4) hold. Let D be a A-type bounded domain in R such that D C Op Then we have, for
p=1,

ch]fpve(D;é) < N(N0> B,T, d7p)a

where § =1 + % and v = min{vy1,v2, 8}.

Proof. The definition of @) is the same as in the proof of Theorem 4.1. Fix t > s. The BDG
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inequality implies that

E//|ICg(t,x)—Kg(s,y)\pdtdxdsdy
QJQ

_ E/ / )/t [ K= r)gla - )dzaw (o)

/ K(s—r,2)g(y — z)dzdW (r) dtdxdsdy

R//‘/ /R (t—r.2) ~ K(s — . 2))g(y — 2)dzaW (r)]”

<
IE/Q/Q ‘ /0 y K(t—r2z2)(g9(x—2)—gly — z))dde(r)’p

+N(p)E /Q /Q | / t [ (= r2g(e - 2)d=dW (r)||drdwdsdy
< IE/Q/Q </O| Rd(K(t—r,z)—K(s—r,z))g(y—z)dz|2dr>g

[MiS]

sf [ ([1 ] 5= ra0te -2 -ty - 2aspar
+N(p)E/Q/Q(/:] RdK(t—r,z)g(x—z)dz]2dr>g

=: //(Il+12+13)dtdasdsdy.
QJIQ

Noting again that (¢,2) € Q. and (s,y) € Q., we have
0<t—s<2? and |z—y|<|z—x0|+ |y — 20| < 2c

The Hoélder continuous of g and (4.2)-(4.4) give that
| [+ Bt tyddsdsdy < Nioup. 5.7 0|QRE + 4 ),
QJQ

which implies the desired result. The proof is complete. [

Remark 4.2 By using Proposition 4.1, one can get Kg(t,x) € C7((D;d); LP(Q)). In particu-
lar, taking g = constant, we have the reqularity of time variable is C2~ and the reqularity of spatial

variable is C°.

4.2 The Lévy noise case

Let (Q, F,F,P) be a complete probability space such that {F;},c(o,7) is a filtration on 2 containing
all P-null subsets of {2 and I be the predictable o-algebra associated with the filtration {F;}co,7)-
We are given a o-finite measure space (Z, Z,v) and a Poisson random measure p on [0,7] x Z,
defined on the stochastic basis. The compensator of u is Leb®v, and the compensated martingale
measure N := uw—Leb®v.

In this subsection, we consider the stochastic singular integral operator

Golt.z) = /O /Z K(t,5,) % g(s, - 2) ()N (dz, ds)

B / / | K= 5,2 —y)g(s,y, 2)dyN (dz, ds) (4.5)
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for F-predictable processes g : [0,7] x R? x Z x Q — R. For simplicity, we assume that the kernel
function is deterministic. We first recall the Kunita’s first inequality.

Definition 4.4 (Kunita’s first inequality [1, Theorem 4.4.23]) For any p > 2, there exists

N(p) > 0 such that
< /0 ! /Z H(t, z)\%(dz)dt)pﬂ]

E<SUP |I(t)|p> < N(p) {E
0<t<T

+E [ /0 ' /Z H(L, 2) |pu(dz)dt} } , (4.6)

for

() = /O t /Z H{(s, 2)N(dz, ds)

with H € Po(t, E), where Po(T, E) denotes the set of all equivalence classes of mappings F :

[0,T] x E x Q — R which coincide almost everywhere with respect to p X P and which satisfy the
following conditions (see Page 225 of [1])

(i) F is F-predictable;
(i) P (fOT [ |F(t,2)2p(dt, dw) < oo) — 1.

Now we are in the position to show our main result.

Theorem 4.3 Let g1 : Z x Q0 — R be measurable and fulfil the following

(/Z |gl(z)|2’/(dz))p°/2+/z|91(Z)|p°u(dz)] < o

for some constant pg > 2. Suppose that the function g satisfies that

E

B
lg(t,z,2) — g(s,y,2)| < Cy max{(t - s)%, |z — y|} g1(z), forall z€Z, a.s., (4.7)

and ¢(0,0,z) = 0 uniformly for z € Z almost surely. Assume further that there exist positive
constants v; (i =1,2) such that the non-random kernel function satisfies that for any t € (0,T],

/os (/Rd [K(t—7,2) = K(s =7, 2)|(1 + Izﬂ)dz)pdr < N(T,B)(t —s)%,

s p
/ (/ |K (s —r, z)|dz> dr < Ny,
0 Rd

/ N e A R I

)

where Ny is a positive constant. Let D be an A-type bounded domain in R¥' such that D C Or.
Then we have, for 2 < p <py and B < «a,

[Kg(t, )] gropisy < N(No, B, T, d,p),

where 0 =1 + % and v = min{vy1, 72, 5}.
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Proof. Similar to the proof of Theorem 4.1 and using the inequality (4.6) we first have the
following estimates.

E|Gg(t,x) — Gg(s,y)[P

_ D// RGNG — €,2)d¢N(dz, dr)
[ ] =9t - & 2ydeaz anf|

< IE“// K =r8) )= K(s —7,6)]g(r,z — £ 2)deN (dz, dr)
o[ [ K- —6,2) — g(ry — & 2)dEN (dz, dr)
+/s /Z K t—T,f)g(r,a:—§,z)d§]\7(dz,dr)‘p]
< E </:/Zy g K(t—r,g)g(r,m—§,z)df\2y(dz)dr)p/2]

FN(p)E / t /Z | RdK(t—r,{)g(r,x—§,z)d£]p1/(dz)dr}
N | ([ [ 1] 6ol 6.2 oty ﬂda?mdz)dr)p/?]
N | [ 1] K= r9latne - 62) = gl - & dePulaz)ar

e _</08/Z | /Rd [K(t—r¢§) = K(s = Qlg(r,o — &, Z)d§|2u(dz)dr)p/2]

N e | [ [ 1[5 - K- 9latrs - € 2)depvia]

By using (4.7) and ¢(0,0,z) = 0 uniformly for z € Z almost surely, we have that the above
inequality is smaller than or equal to

B ([ [ o] [ 160l -zl + 0 - §lﬁ)d£’2u(dz)dr>p/ ]
TNE / t /Z |91<Z>|”\ /R (=79l = 2ol + |20 - £\ﬁ)d§‘py(dz)dr}
+NE -</05/Zgl(z)2\/w !K(s—r,ﬁ)H:U—y\ﬁdﬁrl/(dz)dr)p/z]

+NE /0 S /Z meld /R d |K(3—T7§)|’x—y’5d§’pV(dz)dr]

- | p/2
AR (/0 /Zgl(z)2| /Rd [K(t =78 — K(s —7,8)[(lz — xofﬁ + |xo — §|ﬁ)d§|2l/(dz)dr) ]

r s 2)|P —-r — S—r x—$ﬁ x_ﬁ Py(dz)dr
+NE_/O/Z\91( )I\/Rd\K(t &) — K(s —1,8)|(|lz — 2ol + |wo — &) dé|Pv(d )d].(4.8)

Following the proof of Theorem 4.1, we have

0<t—5<2? and |z —y|<|z—z0|+ |y — 20| < 20
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Thus (4.8) yields that

E|Gg(t,x) — Gg(s,y)’

IN

N(p7T ‘$0| 1 + Cﬁp

([ [aer| [ me-roia+ |s|ﬁ>d£\2u<dz>dr)p/2]
N+ e[ [ [ ] [ 1Ko+ e vazar
([ [aer] [ rK<r,s>|ds\2u<dz>dr)p/2]
5.8 | [ ] [ 19l viaz]
FN(p, T)(1 + P)E [(/ [aer| ] d|K<t—r,s>—K<s—r,s><1+|5rﬁ>d5)2u<dz>dr)p/2]

N+ e | [ [ la@P] [ 16 - K- r ol -+ )] vas)ar]

< N(B,p, T, No)[1 + I=PP)(enP 2P 4 (PP),

N(p, T)c’PE

Similar to the proof of Theorem 4.1, by using the properties of A-type domain, one can complete
the proof of Theorem 4.3. [

Corollary 4.2 Assume all the assumptions in Theorem 4.3 hold, then
Gy(t,z) € C((Ds 6); LP(%2)).

Remark 4.3 In Theorem 4.3, both indices v;,© = 1,2, depend on the parameter p. On the
other hand, we notice that when p = 2, the two indices v;,i = 1,2 will coincide with those in
Theorem 4.1. It then follows from Proposition 4.1 that p > 1 is necessary and hence we can let
p = 2. Moreover, v will reach its biggest value in case p = 2.

5 Applications to parabolic SPDEs

In this section, as applications of Theorems 2.1, 4.1, 4.2 and 4.3, we consider some examples.

5.1 The BMO estimates for stochastic fractional heat equations driven by Lévy
noise

We have alreadt obtained the BMO estimate of the following stochastic singular integral operator
[e.9] t 5
sta) =3 [ [ [ Kitos.o g (s.dye Ntz ds) (5.1)
— m JRd

where K(t,s,z) = VPp(t,s,z) and p(t, s, z) is the heat kernel of the equation
O = A% u.

The fractional derivative of spatial variable is understood in sense of Fourier transform. It is easy
to see that

>t
ZA / R K(ta Sax—y)gk(s,y)dysz(dZ’dS)
k=1
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is the fundamental solution to the following equation

dug(z) = AZuy(z)dt + Z/ g"(t, x)zNg(dz,dt), up=0, 0<t<T, (5.2)
k=1"7R"

where me sz(t,dz) =: Y}¥ are independent m-dimensional pure jump Lévy processes with Lévy
measure of v*. Indeed, one can use the method of [16] (see the proof of Lemma 6.1) to prove
the above result. On the other hand, Kim-Kim [19] considered the general case. We only recall
the results concerned with this paper. In Section 3 of [19], Kim-Kim studied the following linear
equation (see Page 3935 of [19]):

du = (a(w,t)AZu+ f)dt + Z hEAWE + Z Zg’w . dYtk’j, u(0) = wo, (5.3)
i=1 k=1 j=1

where h = (h*,h?,---), Wf is independent one-dimensional Wiener processes and Y} := [, ZN(t, dz).
Note that Y/* are independent m-dimensional pure jump Lévy processes with Lévy measure 1.

Chy = </Rm yz|qu’f(dz)>‘11 .

Fix p € [2,00) and set ¢, := ¢, 2 V ¢ p. Assume that

For any ¢,k =1,2,---, denote

¢ :=sup ¢ < 00. (5.4)
k>1

Let P be the predictable o-field generated by {F;,t > 0} and P be the completion of P with
respect to dP x dt. For n € R, define H})(T) := LP(Q2 x [0,T], P, H), that is, H}J(T) is the set of
all P-measurable processes u : Q x [0, T — H,) so that

T 1/p
gy = (& [ et yee) <o

where H)(RY) := {u : D®u € LP(RY), |n| < n} for n = 1,2,.... And when 7 is not an integer,
H,)(R%) is defined by Fourier transform.
For f3-valued P-measurable processes g = (g', g2, -+ ), we write g € H}(T, lo) if

T 1/p
llsgiren = (B [ oot gt

T 1/p
= (=] no- g ae) <
Lastly, we define
HUHHgM(T) = HUHHQM(T) + HfHHg+a(T) + ”hHHngaﬂ(T’gQ)

m
# 3o 15 gern g+ 1O
j:

1/p
where [|u(0)]|yyta-o/ = (E[nuougg]) :
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Proposition 5.1 [19, Theorem 3.6] Suppose (5.4) holds. Then for any f € HNT), h €

(T ), g9 € BEYTO(T,0), 1< G < omoand wo € UFTTP, Bg. (5.3) has o unique

nta
P

solution w in Hy ', and for this solution

H’U/HngwLa(t) < N(p7T7 a)(HfHHg(t) + ”h"HZ+a/2(t,52)

m
3 19 gyt g+ 100) g
j=1

for everyt < T.

In order to investigate the BMO estimate of the solution, we recall some properties of kernel
p(t, s, x) (see [2, 3, 5, 14] for more details).

e for any ¢t > 0,
Ip(t, )| L1 (ray = 1 for all £ > 0.
o p(t,z,y) is C™ on (0,00) x R x R? for each t > 0;

o fort >0, z,y € RY, 2 # y, the sharp estimate of p(t, z) is
t —d
t,x ~min | ————— ¢t~ ¥,
p(? 7y) <|$_y|d+a7 >7
o fort >0, z,y € R% x # 5, the estimate of the first order derivative of p(t, z) is
. t _d+2
[Vap(t, z,y)| = ]y—x!mln{W,t « } (5.5)

The notation f(z) ~ g(z) means that there is a number 0 < C' < oo independent of z, i.e. a
constant, such that for every x we have C~!f(z) < g(z) < Cf(x). The estimate (5.5) for the first
order derivative of p(t, x) was derived in [2, Lemma 5]. Xie et al. [29] obtained the estimate of the

m-th order derivative of p(¢,x) by induction.

Proposition 5.2 [29, Lemma 2.1] For any m > 0, we have

n=l2)
m m—on . t 7d+2(m7n)
833 p(t,l’) = Z Cn‘$| 2 min {‘x|d+a+2(m—n)’t a } y (56)
n=0

where | %5 | means the largest integer that is less than .

Next, we claim that the kernel V%p(t, $,x), qo > 2, satisfies the Assumption 2.3 with v = «
and k = o0.

Lemma 5.1 Let 8 = [%O. The following estimates hold.

(i) For anyt > X >0 and ¢ > 0,
t
S 9] < N (= e e

(i) For anyt > s> X>0,

q0

A
/ < IVPp(t,r,x) — vﬁp(s,r,xﬂdx) dr < N[(t —s)(t A s— \)"1]%;
0 R4
(iii) For any s > XA > 0 and h € RY,

A q0
/ (/ ’Vﬁp(sw,x + h) — V’Bp(S, T,:E)’d.%) dr < N(P(‘h|(8 _ )\)—1/04)'
0 R4



Proof. Note that g =

¢ P
/‘/ ]VBp(t,r,a:)|da;‘ dr
A |z|>c
t
t—r 90
Nt
/A /lec ] || dTat28 *

t o0
t—r 90
Boggd—1 >~
N//\ ‘/ j]? - |2 ‘x’m%dw dr

t
— Nca(qo+1)/ (t — r)%odr
A

< N[t — N ¥t

IN

dr

IN

When ¢ < (£ — r)a, we have (t —r)~! < =@

/‘/ IVPp( trm)]d:z:’ dr
|ac|>c

t—r
B |pd-1__* "
1 q0
(t—r)« dt28
+/ \33|5-|J:]d_1(t—r)_ o d|x| dr
C
t o0 6 d1 t_
< N/A </C 2|7 - |z| WTQBCZM
1 q0
(t—r)« 4128
+/ R e e (D e dr
0
<

¢ t
N¢olao+]) / (t —r)®dr + Nc¢ @ / dr
A A

< N[t = A)e ] [t = e ).

Hence we obtain the first estimate.
When a+ 2 <2, {O‘Jra/qoj = 0. Using the fact that 8;p = A%/2p, Bgo = 1 and Proposition 5.2,

we get

IN

IN

IN

<

q0

A
/ < \VPp(t,r,z) — VPp(s,r, a:)|da:) dr
0 Rd

(t — )" / (/ VOB (e —rm)]dm)qodr

1
M[peena .
N(t — 5)% / / B[z | P (e — 1)~ T
0 0

> 8 qd—1_ §— *
+/('§_T,)é |Jf|a |33| Wdhﬂ dr

A
Nt — s>q0/0 (€ =)o 1dr
N[t —s)(tAs—A)1P,

where £ = 0t + (1 —0)s, 6 € [0,1].

- < 2. By using Proposition 5.2, we have if ¢ > (t— T)é,

27
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Smceqo>2and0<a§2,wehavea+(%<4. When 2 < o+ & < 4, we have
A o q0
/ (/ IVop(t, 7, x) — qup(s,r,m)!dl‘) dr
0 Rd

(t — )1 /0A (/Rd IVetBp(g — r,x)|dx> "

x [ pe-r)s
< N(t— s / / 2Pl (€ — )
0 0

(&—r)
[ el g -
0
> 48 d-1 §—
+/ ) 2% Iz ‘d+3a+2ﬁd‘x|
i

[e’¢] 5 q0
— d— -
—l—/5 . \x|a+/3 2‘x| 1| ’d+30¢7+25 2d\a:|) dr

A
N(t —s)® /0 (€ —r) 0 g
N[(t=s)(tAs =271,

IN

d+2(;+2B d| x|

d+2a+2B 2 d|$’

Q=

IN

<
where £ = 0t + (1 —0)s, 6 € [0, 1]. Thus we obtain the second estimate
For the last estimate (iii), noting that 1 + 8 < 2, we have for 1 + 5 < 2
dr

q0

A
/ ( VPp(s,rya + h) — Vop(s, :c>|dx>
0 R4

A 90
N/ h4° ( |V1+Bp(s,r,x+9h)|d:c> dr
R4

B
d+2+2 d|:17|

IN

1

N / o / 2|8 [ (s — 1)
s q0
d|x|> dr

o0
148 d—1
Jr/ 1 || - || |z ‘d+a+2+2ﬁ
S—Tr)«o

IN

< Nlh(s =71,
where 6 € [0,1]. When 1+ = 2, similar the case (ii), one can get the same estimate. The proof

of Lemma is complete. [J
It follows from the Proposition 5.1 that Vﬁp(t, s, x) satisfies the Assumption 2.4. By using

Theorem 2.1, we have the following result
Theorem 5.1 Let gy > 2. Suppose (5.4) withp > qo holds. Then for any g € H a/p(T l9)

Eq. (5.2) has a unique solution u in Hy ™ (n € R), and for this solution
N(p, T)HgHHg'W—a/P(t,ZQ)

IN

HUHHnga(t)

for every t <T.
Moreover, we have for q € [2, qo]

a/q0
Voulsoirg < N (Elllalel o))"

where B = a/qo and ¢ is defined as in (5.4)
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If the Lévy noise is replaced by Brownian motion in the equation (5.2), namely, if we consider
the following

dug(z) = A2 uy(z)dt + Z RF(t, ) dWE, wy =0, 0<t<T, (5.7)
k=1

where Wtk are independent one-dimensional Wiener processes. We have the following considera-
tion. Denote h = (h',h%,---). Similar to Lemma 5.1, one can prove that V%p(t, s, x) fulfills the
Assumption 2.1. On the other hand, from Proposition 5.1, we know that Assumption 2.2 holds
for V2 p(t,s,x). Thus, one can show the following result.

Theorem 5.2 Suppose that h € LP(T, {3), there exists a uniqueness solution u in HZJFQ (m €
R), and for this solution

lullgrogy < NG bllggrarz

for every t <T. Moreover, we have for any q € (0, p]

N » 1/p
[VQU]BM@(TV,]) < N(EHHhuz”LOO(OT)]) )

Remark 5.1 1. In Lemma 5.1, the second part (ii) is essential. From the proof of Theorem
2.1, the bound of the BMO norm can be controlled by the function ¢ and some norm of g, where
the bound of the function ¢ depends on the choice of scale of time and space. In second part (ii),
we must prove that the left hand side of (ii) can be controlled by the function of (t —s)(t As— )1,
Only in this form, the left hand side of (ii) can be controlled by a constant.

2. Particularly, taking qo = 2, we have Lemma 5.1 holds for V%p(t,s,aj). Hence we have
Theorem 5.2. Noting that if « = 2, Theorem 5.2 becomes [16, Theorem 3.4]. Thus we generalize
the result of [16].

5.2 Application to stochastic equations driven by Brownian motion

In this subsection, We consider the following nonlinear stochastic parabolic equations

{ du(t,z) = (Au + divB(u) + c(t,x)u + f(t,z))dt + g(t,z)dW (t), t >0,z € RY, (5.8)

u(0,7) = ug(z), x€R%

The existence and uniqueness of (5.8) has been obtained by many authors, see e.g. [6, 7] (and
references therein). Under the assumption that the flux function B is continuous with linear
growth, Debussche et al. [9] obtained the following results, see Theorem 2.5 in [8].

Proposition 5.3 There exists ((Q,.Z,P), W, a) which is a weak martingale solution to (5.8)

and for all p € [2,00) and ug € LP(S); LP),
@€ LP(Q;C([0,T); L*); L*) N LP(Q; L0, T; LP)) N LP(Q; L*(0, T; Wh2)).

Kim [20] obtained the Hoélder estimate of (5.8), where they used Bessel space similar to those in
[24, 19, 17]. Based on the theory of semigroup, Kuksin et al. [22] obtained the Holder estimate of
(5.8).

Let D be an A-type bounded domain in R**!. Note that the Schauder estimate in the present
paper is nothing but the interior estimate. It is well known that the solution of the following
deterministic equation

ut(t,x) = Au+c(t,z)u+ f(t,x)
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has the interior Schauder estimate if ¢ and f are Holder continuous. Let v be the solution of the
following stochastic heat equation

du(t,z) = Audt + g(t,z)dW (t), t >0,z € RY (5.9)
u(0,2) =0, =z <€ R% '
Set w := u — v, then w satisfies that
wy(t, r) = Aw + divB(u) + c(t, z)u + f(t,z), t >0,z € R (5.10)
u(0,2) = uo(x), x€RY '

Borrowing the idea from [8] and using Theorem 3.2 from [8], it is not hard to prove that the solution
w of (5.10) is Holder continuous. That is, there exists a positive constant 7 such that

u(t, x) — uls,
Elwllcv(pyy =E sup |u(t,z)| +E sup |u(t, ) — u(s, y)| < oo,

t.w€Dr (t,x)#(s,y) max{|t — 5]%, |z —y|}Y

where Dy = [0,T] x G and G is a bounded domain in R?. Note that

E _ —
wp  _Eun) —usy)l o Ju(tha) — u(sy)

= 1 )
(ta)2(sy) max{[t — s|2, |z —y|}Y ~  (ta)A(sw) max{|t — 5|2, |z — y|}?

we have the solution w of (5.10) belongs to C7((D7;6); LP(£2)) for some ~ > 0.
It is easy to see that the mild solution v of (5.9) takes the following form

v(t,z) = Kg(t,r) = /0 y K(t,r,y)g(r,x — y)dydW (r),

(z—y)?

where K (t,r;x,y) = (4n(t — r))_ge_ 4t-n) . Tt is easy to check that the kernel function K satisfies

K(t,r;z)dr =1, \x!ﬁK(t,r; x)de < N(T) fortel0,T],
Rd Rd

which implies that (4.3) and (4.4) with 2 = 1 hold. Moreover, we have

/Os < N \K(t—1,2) — K(s—r2)|(1+ |Z|B)d2>2dr

z

= —5)? ) d — i (€& —r *ge_% 2|?)dz 2 r
= - [ ([ lgemr ~ qe o pln(e =) T ez )

s 2 2+ 2 2
)2 _ a2 2|8 z |z Ty dr
< Napu-9* [e-n 2 ([ el s e )
< N@T.A)(E- s [ (€-r)ar
0
< N(d,T,ﬁ)(t—SV[(g—S)il—ffl}
S N(d7Ta679)(t_3)7

where £ = 0t+(1—0)s and 6 € (0,1). And thus (4.2) holds with v; = 1. Therefore, the assumptions
of Theorems 4.1 and 4.2 hold. It follows from Theorem 4.1 that

v(t,z) € C((Dr; 6); L (2)).

Combining the above results, we have the following
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Theorem 5.3 Let Dy be an A-type bounded domain in R4 such that Dy C Orp. Suppose
the flux function B is continuous with linear growth, ug € C?(R?) and g € CP(Ry x R?) with
9(0,0) = 0 almost surely, 0 < B < 1, then the LP(Q2)-norm of solution u to (5.8) is Hoélder
continuous in domain Dr, where p > 1.

Similarly, we can use Theorem 4.2 to obtain the Schauder estimate of (5.8), where g does not
depend on the time variable.
Next, we consider the following stochastic fractional heat equation

du(t,z) = AZudt + g(t,z)dW(t), t >0, z € RY, (5.11)
u(0,2) = ug(z), x€RY, '
where A2 := —(—A)2. Following the result of [29], the solution u of (5.11) can be written as

u(t,z) = (Gxuo)(t,z)+ (G *g)(t )
t
= [ sz + [ [ bt gty o), (512)

Rd 0 JRd

where the kernel function p has the following properties:
e for any ¢t > 0,

Ip(t, )1 (may = 1 for all £ > 0.
e p(t,z,y) is C™ on (0,00) x R x R for each t > 0;

o fort >0, z,y € RY x #y, the sharp estimate of p(¢, ) is
t —d
t,2,y) ~min | ———— ¢~ )
Pl 2:3) <w—yWW )

o fort >0, z,y € R% x #y, the estimate of the first order derivative of p(t, z) is
. t _d+2
|Vzp(t,$,y)|%’y—ﬂmln{wwﬂt g }

The notation f(z) ~ g(z) means that there is a number 0 < C' < oo independent of z, i.e. a
constant, such that for every = we have O~ f(z) < g(z) < Cf(x).

Proposition 5.4 [29, Lemma 2.1] For any m > 0, we have
n=|%]

t d+2(m—n)
m _ m—2n _ _grelim—n)
9y'p(t,x) = Z Culz| mln{WQ(m_n)at g },

n=0

where | % | means the largest integer that is less than .
By using Proposition 5.4, we can show the following

Lemma 5.2 Let 0 < e < 5. The following estimates hold.

s 2
/ < IVp(t —r,2) — Vp(s —r,2)|(1 + ]z\ﬁ)dz) dr < N(T,B)(t—s)7,
0 Rd

S 2
/ ( |Vep(s —, z)]dz) dr < Ny,
0 Rd
2
/t ( [Vep(t —r, 2)|(1+ ]z\’g)dz> dr < N(T,B)(t—s)7,
s R4

where v = %26
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Proof. For simplicity, we first prove the estimates with 5 = 0 hold. It is not hard to prove
that when 8 > 0, the index will be improved and the proof is omitted here. Noting that dyp =
—(=A)2p := Vp, when [25¢] < 1, we have

/Os (/R Vol =) = Vipls =, z)\dz) ar

s 2
< (t—s)Q/ ( \V““p({—r,z)\dz) dr
0 Rd
2 ° oate - 5—7’ _d+2a+2e 2
< (t—s)/o Rd\z[ min W,({—r) a dz | dr
1
2 s ({—T)Oé + d—1 _ d+2a4-2€
S A N A e
0 0
a+te| . |d—1 - T
+/(_T);( |Z’ ’Z‘ W‘Md’z‘> dr
< N(d,a)(t—s)Q/ (€ —r) 2 dr
0
< N(d,a,0)(t—s)"",

where £ = 0t + (1 —0)s and 0 € (0,1).

When 1 < [2£€] < 2, there is a little different from the above discussion. Similarly, we get

/OS </R V) S Ve z)ldz) “ar

s 2
2 ate . - f —-T _ d+2a+2e
2 [° ate—2 - §—r _dt2a42c-2 2
—1—(75—5)/0 Rd|z| min W’(g_” o dz) dr
(-r)a
’ T de1)ate— _ d42at2e _ di2at2e2
< -op [ [ B e [l - ) g )l
[e'S) é. é_ 2
a+te—2 d—1 2 - T —7r
+/(£_T)é || || [IZI Pz + |Z|d+3a+252:| d|z|) dr
< N(da)t-s? [ €-n ¥ ar
0

a—2¢

< N(d,a,0)(t—5s) = ,

where ¢ = 0t + (1 —60)s and 0 € (0,1).
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Using Proposition 5.4 again, we have

/OS (/Rd V(s —r, Z)Idz>2 dr

’ 2
€ mi s—r _ d+2e
- /0 (/Rd’Z‘ mm{|z|d+a+2ea(3—r) « }dz) dr
s (sfr)é sia
S / / ‘Z|€(S—T’)7 a |Z’d71d‘z|
0 0
o 2
e ST 4 -1
/(sr)i 12 W’Z‘ d|2"> dr
< N@ [0 Far
0
< N(dvaaf)sl_% = Np < o0.

Similarly, we get

/: </ [Vep(t —r,2)[ (1 + \zw)dz)er

t
N(d,a,e)/ (t—r)_%dr

1—2¢
[e3

IN

IN

N(d,a,e)(t —s)
The proof is complete. [

Theorem 4.1 implies that the solution u of (5.12) satisfying u € C<tP1:51/2((D; §); LP(2)), where
f1 = min{;3, 27}.

Theorem 5.4 Let Dy be a A-type bounded domain in R4 such that Dy C Orp. Suppose
that ug € CB(RY) and g € CP(Ry x RY) with ¢(0,0) = 0 almost surely, 0 < 3 < 1, then the LP(Q)
-norm of solution u to (5.11) is Holder continuous in domain Dr, where p > 1.

Remark 5.2 Comparing with Theorems 5.8 and 5.4, we find that if we take ¢ = 0, then
Theorem 5.4 with @ = 2 becomes Theorem 5.83. Let us compare the index of spatial variable.
Theorem 5.3 shows that the index is  and Theorem 5.4 shows that the index is € + min{f,2v}.
When B < 2+, the result of Theorem 5.4 is better than that of Theorem 5.4.

5.3 Application to fractional heat equations driven by Lévy noise

For simplicity, we only consider the following SPDEs

du(t,z) = ATu(t,x)dt + [ g(t,z,z)N(dt,dz), t>0, z e R%
Z (5.13)
uw(0,2) = ug(z), x€RY,

where A2 = —(—A)z. The well-posedness of (5.13) has been proved in [17]. The solution of (5.13)
can be written as

u(t,:r) = (g * UO)(tax) + (g * g)(t7$)
= /de(t;x,y)uo(y)dw/o /Rd/zp(tvr;x,y)g(r, y, 2)dyN (dt, dz). (5.14)

Using the properties of g and Lemma 5.2, it is easy to verify that all the assumptions in Theorem
4.3 hold for the kernel function.
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Theorem 5.5 Suppose that ug € C(RY) with § < o and the function g satisfies that
B
l9(t,2,2) = g(s,9,2)| < Cymax { (¢t = )3, [2 — y|} g1(), forall z€7, as,

and g(0,0, z) = 0 uniformly for z € Z almost surely, where there exists a constant pg > 1 such that

g1(z) satisfies that
E [( / \gl<z>|2u<dz>)p°/2+ / \gl<z>rp°v<dz>] .

Let D be a A-type bounded domain in R such that D C Or. Then the LP(Q)-norm of solution
u to (5.13) is Holder continuous in domain Dr, where p > 1.

6 Further discussion

In this section, we give another proof of Theorem 2.1 under some assumptions on g. Similarly, one
can give another proof of [16, Theorem 2.4] under the same assumptions on g. Firstly, let us recall
the proofs of Theorem 2.1 and [16, Theorem 2.4]. The reason why we divide the interval (0, s)

into two parts (0, 34-2) and (3%2,s) in proof of Lemma 3.3 is the singularity of K at time ¢. In

order to see it clearly, we get back to Section 4 and recall that for any ¢t > A > 0 and ¢ > 0,

1 9t aas] e < (= 2+ = 0.

Note that if we choose ¢ = 0, then the above integral will be infinity. Indeed, direct calculations
show that

t t
/ ‘ / |VPp(t,r, :L‘)|d3:‘qodr R~ N/ (t —r) ldr = c.
A R4 A

Obviously, the singularity of V?p appears at t. But p € L'(R%), thus a natural question appears:
when the singularity of p does not appear at t, is there another proof 7 Moreover, it is easy to
see that the derivative of p deduces the singularity of VPp at ¢. In this section, we first give a
similar theorem to Theorem 2.1 under different assumptions. Then as an application, we use the
method of integration by part to deal with the derivative of p and obtain the BMO estimate by
direct calculation.

Theorem 6.1 Assume that the kernel function is a deterministic function and satisfies that
forallt >r >0,

/Ot /Rd \K (t, 7, x)|dedr < N(T).

Assume further that there exists a positive constant qy > 2 such that

a0

2
E (/Z lg(- -,Z)\fm(OT)V(dz)> < o0, w=2o0rq.

Then for any q € (0, qo], one has
q
2
G9lso(ry < NE ( /Z lg(-. 'aZ)H%w(OT)V(dZ))

+E </Z ||g(> '7Z)||qLOO(OT)V(dZ)> )
where N = N(No,d,q,q0,T).
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Proof. It suffices to prove that for each
Q= Qc(to,xo) = (to -, tg + C’Y) X Bc(a?o) C Op, ¢>0,ty) >0,

we have

& [ [ 1G9tt.) Gyt p)rarasdsay
Q° JglJo

< ne(f ||g<-,~,z>||%m<oT>v<dz>>g+E( [l morta) ). (o)

where N = N(T,q,p). Since the operator G is translation invariant with respect to x, we may
assume that zo = 0. Kunita’s first inequality implies that

Hout = </0t/z | /Rd k(t—ry)g(ne—y, z)dy!zu(dz)dr) "

+E (/Ot /Z | /Rd k(t—r,y)g(r,x —y, z)dy|q1/(dz)d7'>

< E ( [ gt 2eqopta) < [ § /. k(t—ny)dyﬁdr)g
E </ZHg(~,~,z)]qLoo(OT)V(dz)x/ot]/Rd k(t—r,y)dyqdr)
< vms( [ ||g<-,-,z>||%oo(oT)u<dz>)g
48 ([l Doyt )
< .

Thus we have

& [ [ 1G9tt.) ~ Gyt plodsdsdsdy
Q° JoJq

IN

;E /Q Gq(t, ) |"dtda

IN

Nz ( [ lat- z>r%w(0ﬂu<dz>)g
+8 ([ 1ol 9ol )

which implies (6.1) holds. The proof of Theorem 6.1 is complete. [
As an application, for simplicity, let us just consider the following stochastic evolution equation

du = Audt + / g(t,z,2)N(dt,dz) u(0,z) = 0. (6.2)
Z

It is easy to check that the solution of (6.2) is

t ~
uto)= [ [ [ K- gty ar.de).
0 Jz Jrd
It follows the properties of heat kernel that

|K(t,r,x)|de =1 for allt >r > 0.
R4

Applying Theorem 6.1, we have



Theorem 6.2 Assume that there exists a positive constant qo > 2 such that

q0

2
E (/Z llg (-, '72)‘fw(@T)V(dZ)) <00, w=2o0r q.

Then for any q € (0, qo], one has

q

2
Wamorg < NE ( / ug<-,‘,z>uiw(0ﬂv<dz>)

4 ([ LoDl oy 12))

where N = N(No,d, q,q0,T). Moreover, if we further assume that

490

2
E (/Z ||v:rg('a '7Z)||1Lvoo(oT)V(d2)> <00, wW=2o0r q.

Then for any q € (0, qo], one has
q
2

Vilamory < NE ( / ||vxg<-,-,z>||im(oT)u<dz>)

TE ( J 19t wz)uzw(oﬂ”(dzﬂ ’

where N = N(Ny,d,q,q0,T) and V.9 = Vzg(t,-, 2).

Proof. Denote u(t,x) = Gg(t,x). Noting that

t
VaGott) = [ [ [ =) aglrs -y 2)dyN dr ).
0 Z JR4

Then similar to the proof of Theorem 6.1, one can get the desired result. [J
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Remark 6.1 Comparing with the proofs of Theorems 2.1 and 6.1, we find that if we assume
the function g has higher reqularity, then the proof of the BMO estimate will be fairly simple. The
proof of Theorem 4.1 will also keep simple if we improve the reqularity of g. On the other hand, if
g=0, thenu =0. To conclude, that is to say, the noise does indeed have an effect on the regularity

of the solutions.
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