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Abstract

This paper studies the nonlinear stochastic partial differential equation of fractional orders both in space
and time variables:

(aﬁ I %(_A)aﬂ) u(t, x) =1 [pGu(t, )W, x)], >0, x eRY,

where W is the space—time white noise, « € (0,2], B € (0,2), y > 0 and v > 0. Fundamental
solutions and their properties, in particular the nonnegativity, are derived. The existence and uniqueness
of solution together with the moment bounds of the solution are obtained under Dalang’s condition:
d <20+ % min(2y — 1, 0). In some cases, the initial data can be measures. When g € (0, 1], we prove
the sample path regularity of the solution.
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1. Introduction

In this paper, we study the following nonlinear stochastic space—time fractional diffusion
equations:

(aﬂ n g(—A)a/z) w(t, x) = 17 [p (u(t, ) W(t, x)], 1> 0, x e RY.

(0, ) = 1 it e (1/2, 1], (1.1)
3

u(os ) = Mo, _M(O, ) = U1 lfﬂ € (17 2) s

with @ € (0,2] and y > 0. In this equation, A = Zl L 9%/ (8x2) is the Laplacian with respect
to the space variables and (—A)*/? is the fractional Laplacian. W denotes the space—time white
noise. v > 0 is the diffusion parameter. The initial data u, po and @, are assumed to be some
measures. p is a Lipschitz continuous function. 3# denotes the Caputo fractional differential
operator:

/ f(m)(r) " <5<
m— m,
AP f(1) = F(m B) (t — )f+i-m

dt—mf(t) itp=m,

and I is the Riemann—Liouville fractional integral of order y > 0:
1 1
I f(0) = —/ (t — )L f(s)ds, forr >0,
I'ty) Jo

with the convention It0 = Id (the identity operator). We refer to [18,31,33] for more details of
these fractional differential operators.
This paper is motivated by some special cases of Eq. (1.1) studied in the literature.

(1) Whend = 1,0 =2 and y = [B] — B, where [B] denotes the smallest integer not less
than B, this equation was studied by the first author [4], who proved the existence of a
mild solution for all 8 € (0, 2). The motivation comes from the study of diffusions in
the viscoelasticitic media (a media between fluids and solids, such as honey or rubber)
perturbed by a multiplicative noise. In the absence of noise, we refer to the work
[19,25,32]. Notice that the role of the fractional integral operator I,V is to make the
noise term more regular. When this smoothing factor disappears (namely y = 0), the
solution becomes less regular. In this case one can show that the mild solution exists only
when B € (2/3,2]. On the other hand, motivated by modeling the molecular motion in
biological cell, the special case « = 2, 8 € (0,1) and y = 0 of Eq. (1.1) was studied
in [9,21]. The dimension can be general and the noise is a colored one. We refer to the
references in [21] for more biological application when the noise is absent. One may find
more interesting motivations in recent work [13,27,28].

(2) The above case is for time fractional (general B). The spatial fractional one (general «,
fractional Laplacian) is a classical subject in probability theory. The special case when
B =1,y = 0of Eq. (1.1) has been studied in literature. We refer to [8,11] and the
references therein.

It is worth pointing out the following two famous special cases of our equation.
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(3) Whend = 1,8 =2, = 2 and y = 0, the spde (1.1) reduces to the stochastic wave
equation (SWE) on R:

02 v 92 .
37 29x2 u(t, x) = p(u(t, x)W(, x) , (1.2)
with the speed of wave propagation (v/2)!/2.
4) Whend = 1,8 =1, = 2 and y = 0, the spde (1.1) reduces to the stochastic heat
equation (SHE) on R:

9 v d? .
<— — _T> u(t, x) = put, x))W(, x) . (1.3)

These two special cases (3) and (4) have been studied extensively and there are many references.
Among them let us mention [3,5-7,14,15,17,20]. The spde (1.1) for 8 € (0, 1]and y = 1 — g has
been recently studied in [27,28]. When the noise does not depend on time, a similar model with
a general elliptic operator has been studied in [21]. Another related equation is the stochastic
fractional heat equation (SFHE) on R:

d .
(E — ng‘) u(t,x) = p(u(t,x))W(, x), (1.4)

which has been studied recently in [8,12] under the setting of « € (1, 2] and |§| < 2 —«; see also
[17,20]. Here , Dy is the general (asymmetric) stable operator with « € (0, 2] and the skewness
parameter § such that |§| < min(2 — «, ). In particular, ,Dj = —(—A)*/2,

The goal of this paper is to unify the above mentioned special equations. There are two
considerations for our unification: one is that the unified equation should be general enough
to cover all the mentioned cases; the second one is that the equation should also be sufficiently
specific so that we can solve it. We found that Eq. (1.1) meets both of these goals.

One motivation for us to find such a unified theory is that we may be able to apply some ideas
from the study of one special equation to the study of other special equations. However, in this
work we shall concentrate on the existence, uniqueness and sample regularity of the solution.

To solve the general equation (1.1) we shall first find its corresponding Green’s functions. As
proved in the next sections, there is a triplet

{ Z(t,x), Z*@t, ), Y(t,x): (t,x) €[0,00) x R* },

depending on the parameters («, 8, ¥, v), such that the solution to (1.1) with p(u(t, x))W(t, X)
replaced by a continuous function f (¢, x) with compact support is represented by

u([ )C): (Z(ts )*M)(X)+(Y*f)(t,x), lfﬂe(o»l]» (1 5)
’ (Z7(t, ) * po)(x) + (Z(1, ) * p))(x) + (Y * ) (1, x), if pe(l,2), '
where “x” denotes the convolution in the space variable:
(Z(t, ) * p)(x) = /Rd Z(t, x — y)u(dy), (1.6)

and “x” denotes the convolution in both space and time variables:

Y~ ), x) = / / Yt —s,x —y)f(s, y)dsdy.
0 JRA

The difficulty to solve (1.1) comes from the complexity of the Green’s functions, which are
expressed by using the Fox H-functions [22]. This special function is much more complex than
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the heat kernels associated with the Laplacian or fractional Laplacians. To get a sense of our idea
let us explain our approach to consider the problem of estimating the second moment. As we
shall see very soon, this boils down to finding an effective estimation of the following space—time
convolution

t
/ / Y2(t — 85, X — y)Y2(s, y)dsdy,
0 JRrd

in a way that one can do it recursively. The new and key idea to achieve this in this paper is to
bound the function (¢, x) — Y?(¢, x) from above (resp. below) by some known kernel functions
that satisfy the semigroup property, specifically by the heat kernel type or Poisson kernel type
functions (see (3.7)). For the upper bound, one may need x + Y (1, x) to be bounded; for the
lower bound, one may need this function to be nonnegative.

If we denote the solution to the homogeneous equation of (1.1) by Jy(, x), i.e.,

ot x) = (Z(t, ) * ) (x) %f,B € (0, 1], 0
(Z*(t, ) * po) (x) + (Z(t, ) * wy) (x)  if B €(1,2),

then the rigorous meaning of (1.1) is the following stochastic integral equation:

u(t,x) = Jo(t,x)+ I(t,x), where

1.8
1<r,x>=// Y (= sx =) 0 (s, ) Wds. ), (1.8)
[0,7]x

The stochastic integral in the above equation is in the sense of Walsh [36].
1.1. Existence and uniqueness

To establish the existence and uniqueness of random field solutions to (1.1), the first step is to
check Dalang’s condition [16]:

t
/ ds/ dy |Y(s, y)|*> < oo, forallt >0,
0 R4

which is equivalent to the following condition (see Lemma 5.3):

d < 2a+ %min(Zy ~1,00= 6, (1.9)
which is also equivalent to
1 d
ﬁ+y>§<1—|——'3) and d < 2. (1.10)
o

In the following, we will call these two equivalent conditions (1.9) and (1.10) Dalang’s condition,
which are assumed throughout of the paper.

Note that (1.10) implies that the space dimension should be less than or equal to 3. Among all
possible cases in (1.9), the following two special cases have better properties:

y=0 or a>d=1, (1.11)
a>d=1. (1.12)
Clearly, case (1.12) is a special case of (1.11). As shown in Lemma 4.3 and Remark 4.4, under

(1.11), the function x + Y (1, x) is bounded near zero and hence bounded for all x € R?. We
rely on this property to implement a procedure of bounding Y?(¢, x) from above by the heat-type
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or Poisson-type kernel functions. If we strengthen the condition from (1.11) to (1.12), then all
functions Z(1, x), Z*(1, x) and Y (1, x) are bounded near zero. Since Z(1, x) and Z*(1, x) get
involved in the equation only through the initial data (see (1.7)), this boundedness property of
Z(1,x) and Z*(1, x) near zero allows the initial data to be unbounded near zero, for example,
in this case one may allow the initial data to be the Dirac delta measure (distribution). The
differences between these conditions are manifested in full details through the three cases —
Cases I, II and III — below.

We prove the existence and uniqueness of random field solutions to (1.8) in the following
three cases:

Case I: If we assume only Dalang’s condition (1.9), we prove the existence and uniqueness
when the initial data are such that

sup | Jo(s, x)| < o0, forallt > 0, (1.13)
(s,%)€[0,1]xRd

which is satisfied, for example, when initial data are bounded measurable functions.

Case II: Under both (1.9) and (1.11), we obtain moment formulas that are similar to those
in [4,7,8]. The initial data satisfy (1.13).

Case III: Under both (1.9) and (1.12), the initial data can be measures. Let M(IR) be the set of
signed (regular) Borel measures on R. For x € R, define an auxiliary function

fp(n, x) = exp (—n |x|"T1F)) (1.14)

where | 3] is the largest integer not greater than 8. Note that the difference between [8] and
LBl + 1 for B € (0,2)is only at 8 = 1. The initial data are assumed to be Borel measures such
that

(Il * f5(n, ) (x) < o0, foralln > O0and x e R, ifa = 2,

. (1.15)
su (dx) < 400, ifae(l,?2),
R S T

where for any Borel measure u, 4 = p4 — p— is the Jordan decomposition and |u| = p4 +pn—.
We use M, g(RR) to denote these measures. In this case, we prove the existence and uniqueness
of a solution to (1.4) for all initial data from M, g(R).

Here are some special cases:

(1) For (1.3),1.e., =2, 8 = 1 and y = 0, the set of admissible initial data studied in [7] is
My (R), which corresponds to M, 1(R) in this paper.

(2) Under the condition thatd = 1, ¢ = 2, 8 € (0,2), y = [B] — B (as in [4]), one can
easily verify that condition (1.9) is always true. The possible initial data is M?(R), which
corresponds to M g(IR) in this paper.

B) Ify =1—Band B € (0, 1), then it is ready to see that (1.9) reduces to

d < amin2, g7,
which recovers the condition by Mijena and Nane [27].
(4) If y = 0, then (1.9) becomes
d + ! 2
-4+ =<2
o« B

Moreover, if « = 2 and d = 1, then this condition becomes 8 > 2/3, which coincides to
the condition in [13, Section 5.2].
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(5) If B =1 and y = 0, then Dalang’s condition (1.9) reduces to o > d. Since @ € (0, 2], we
have that & € (1, 2] and d = 1, which recovers the condition in [8].

As in [6-8], we will obtain similar moment formulas expressed using a kernel function /C(z, x)
when (1.11) is satisfied. For the SHE and the SWE, this kernel function /C(¢, x) has explicit forms.
But for the SFHE [8], (1.1) withd = 1, y = [B] — B and @ = 2 in [4], and the current spde
(1.1), we obtain some estimates on it. In particular, we will obtain both upper and lower bounds
on K(t, x).

1.2. Holder regularity

After establishing the existence and uniqueness of the solution, we will study the sample-path
regularity for the slow diffusion equations (i.e., the case when 8 € (0, 1]) with y € [0, 1 — B].
Given a subset D C [0, 00) x R? and positive constants by, by, denote by Cj, 1, (D) the set of
functions v : [0, 00) x R? > R with the following property: for each compact set K C D, there
is a finite constant C such that for all (¢, x) and (s, y) € K,

o(t, %) = v(s, M| < C (It =5 + |x = yI”?). (1.16)
Denote

Cp— by —(D) = Ngye 0,6)) Naze 0,67) Cay,an (D) -

We will show that for slow diffusion equations with y € [0, 1 — f], if the initial data has a
bounded density, i.e., u(dx) = f(x)dx with f € L*°(R?), then

d
u(-, ) € C%(Z(ﬂﬂ/)—l—dﬁ/a)—, 1 min(©—d.2)~ ((0,00) x RY), as., (1.17)
where O is defined in (1.9).

Example 1.1. When y =0, « = 2 and d = 1, Dalang’s condition (1.9) becomes 8 > 2/3. The
exponents by and b; in (1.16) become

38 -2 301
b1= 4 and b2:§_E

Both b, and b, viewed as functions of 8 € (2/3, 1], are nondecreasing, i.e., the more derivative
one takes in 3”, the more regularity of the solution one obtains. So 3” plays a regularization role.

Example 1.2. Wheny =1 — 8, =2 and d = 1, the exponents in (1.16) reduce to

b=2"F b2=[<l—l>m}=l itp e (©,2/3],
4 B2 1/B—1/2 ifpe(2/3,1],

which recover the temporal Holder exponent in Theorem 3.2 of [4] and improve the spatial
Holder exponent obtained in the same reference from 1/2 to b,. It is clear that 1/2 < b, < 1 for
B € (0, 1] and when 8 = 1, b, = 1/2, which recovers the classical results; see [5,36]. Contrary
to the previous Example 1.1, with the presence of the smoothing operator 1 both exponents b,
and b,, viewed as functions of 8, are nonincreasing, i.e., the larger is 8, the less regularity of the
solution we have. This means that regularization factor I,l_ﬂ (noticing the negative sign in the
exponent ) plays a more important role than the regularization factor 9%.
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1.3. Moment Lyapunov exponents and intermittency

When the initial data are spatially homogeneous (i.e., the initial data are constants), so is the
solution u(z, x), and then the moment Lyapunov exponents

1
m, = limsup - log E [|u(z, x)|], (1.18)
t—oo I
o rinf L p
m, = lllrgégf;logE[m(t,xN ], (1.19)

do not depend on the spatial variable. In this case, a solution is called fully intermittent it m; = 0
and m, > 0 (see [2, Definition III.1.1, on p. 55]). As for the weak intermittency, there are various
definitions. For convenience of stating our results, we will call the solution weakly intermittent
of type I if m, > 0, and weakly intermittent of type 1l if m, > 0. Clearly, the weak intermittency
of type I is stronger than the weak intermittency of type II, but weaker than the full intermittency
by missing m; = 0. The weak intermittency of type II is used in [20].

The full intermittency for the SHE and the SFHE are established in [1] and [12], respectively.
The weak intermittency of type I and II for SWE are proved in [6] and [14, Theorem 2.3],
respectively. We will establish the weak intermittency of type II for both slow and fast diffusion
equations. For some slow diffusion equations, we will prove the weak intermittency of type L.
Moreover, we show that

_ S
m, < C p " 2Fn-1=dp/e (1.20)
It reduces to the following special cases:
(1) The SHE case,ie,f=1,a =2,y =0andd =1:m, <C p3. See [1,7,20];
(2) The SWE case, i.e., B =2,0 =2,y =0andd = 1:m, < C p*2. See [6];
(3) The SFHE case, i.e., =1,y =0andd = 1:m, < C p*™/@=D_See [8];
(4) The time-fractional diffusion equation case as in [4] thate =2,y = [B] — B and d = 1:
411~
n, <C p4rﬂﬂ3—2—ﬂﬂ;
(5) The time-fractional spde as in Theorems 3.11 and 3.13 of [9] withd = 1 and « = 1°:
20—p
m, < C pr-F-e when y =0,

_ 2a[p1-p
m, < C p%lFl-F~«  wheny = [B] — B.

In general, meaningful lower moment bounds are usually harder to obtain than the upper
bounds. Much more effort is required, especially in our general framework. One of the key
ingredients that we need for the lower bounds is the nonnegativity of Y, which we are able
to prove in this paper for the following cases:

Case It ae(0,2], Be(0,1),deN, y >0,

Case II: ae(0,2], B=1,de N,y e {0} U (1, 00),
Case I11: l<B<a<2,d<3, y=>0,

Case IV: l<B=a<2,d<3, y>d+3)2-26;

(1.21)

see Theorem 4.6. These results, which generalize those obtained by Mainardi et al. [26],
Pskhu [32], and Chen et al. [9], have their own interest. Based on this nonnegativity property,

3 In [9), the constant « is the exponent for the Riesz kernel, and the case k = 1 corresponds to the space—time white
noise.
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we can carry out the procedure of bounding Y? from below by some reference kernel functions,
similar to that for the upper moment bounds, to derive some satisfactory lower moment bounds.

1.4. Some comments

After introducing our main results we elaborate in more details about the smoothing effect of
the fractional operator 1, which can be seen from the following three aspects: Firstly, for the
existence and uniqueness of solution, we can see immediately that the larger is y, the larger is
the domain of « and B, for which Dalang’s condition (1.9) is satisfied. Secondly, for the Holder
regularity (1.17), the exponents both in time and space are nondecreasing functions of y, i.e., the
large is y, the more regular is the solution. Lastly, from the upper bound of the moment Lyapunov
exponents in (1.20), we see that the larger is y, the smaller is the upper bound, hence the less
intermittent is the solution.

We would like to highlight some contributions of this paper here. Firstly, to the best of our
knowledge, this is the first time that the SPDE (1.1) of this generality has been ever studied.
This equation not only contains some very interesting known equations but also covers new
ones. For example, while in the literature y is set to be either 0 or [B] — B, in this paper, y
can be any positive real values. Secondly, from the methodology point of view, we give a way
to handle equations that do not satisfy the semigroup property (i.e., the case when 8 # 1) by
comparing with known semigroup kernel functions, through which we obtain upper and lower
moment bounds. It turns out this is a very robust, though not necessarily sharp, method that may
be applied to other SPDE’s, for example, the same SPDE as in this paper with a more general
Gaussian noise. Thirdly, the nonnegativity of the fundamental solution is established for all cases
in (1.21), which generalizes recent results by Pskhu [32] and Chen et al. [9]. The proof is very
technical where we have used some ideas from Pskhu [32]. Lastly, even in such generality, we are
still able to prove many fine properties of the solution, beyond the existence and uniqueness of
the solution, such as sample path regularity for the slow diffusion case, upper and lower moment
bounds, intermittency, etc.

Finally, we list several open problems for future investigation.

(1) The Holder regularity is proved for 8 € (0, 1] (slow diffusion case) with the constraint
y € [0, 1 — B]. It is interesting to study the case y > 1 — B. A more challenging problem
is the regularity when 8 € (1, 2] (fast diffusion case). It seems that almost none is known
except for the case of the stochastic wave equation (i.e., o = 8 =2,d = 1, y = 0); see
e.g. Theorem 4.2.1 of [3].

(2) Sample path comparison principle plays a vital role in the study of the stochastic heat
equation; see [12,29]. One would expect this principle continues to be true for the slow
diffusion case § € (0, 1]. A related and more ambitious problem is to establish the
existence and smoothness of the density of the random variable u(¢, x) with both ¢ and
x fixed; see [10] for a special case.

(3) Even though the PDE part of the SPDE studied in this paper takes a very general form,
the noise is very special, that is, W is the space—time white noise. One may investigate
this same SPDE (possibly for the linear case p(#) = Au) with a general colored Gaussian
noise W.

This paper is structured as follows. In Section 2 we first give some notation and preliminaries.
The main results are stated in Section 3. The fundamental solutions are studied in Section 4.
The proof of the two existence and uniqueness theorems are given in Section 5. Finally, in the
Appendix, we prove some properties of the Fox H-functions.
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2. Some preliminaries and notation

Let W = {W,(A): A € B, (RY) , 1 = 0} be a space—time white noise defined on a complete

probability space ({2, F, P), where B, (Rd ) is the collection of Borel sets with finite Lebesgue
measure. Let

Fi=0(W(A):0<s<t,AeB,(RY)) VN, >0,

be the natural filtration augmented by the o-field N generated by all P-null sets in F. We use
|11, to denote the L7(§2)-norm (p > 1). In this setup, W becomes a worthy martingale measure
in the sense of Walsh [36], and | f[o, jxrd X (5, Y)W (ds, dy) is well-defined for a suitable class of
random fields {X(s, y), (s,y) € [0, 00) x Rd}.

Recall that the rigorous meaning of the spde (1.1) is in the integral form (1.8).

Definition 2.1. A process u = {u(t, x), (¢, x) € (0, 00) x R?} is called a random field solution
to (1.1)if

(1) u is adapted, i.e., for all (¢, x) € (0, 00) x RY, u(t, x) is F,-measurable;
(2) u is jointly measurable with respect to B ((0, 00) x R4 ) x F;
(3) forall (¢, x) € (0, c0) x R?, the following space—time convolution is finite:

(Y2 * lp@)l3) (1, x) = / ds / dy Y2(t — s, x — y) [|p(u(s, y)II3 < +00;
0 R

(4) the function (¢, x) — I(t, x) mapping (0, 00) x R? into L2({2) is continuous;
(5) u satisfies (1.8) a.s., for all (¢, x) € (0, 00) x R4,

Assume that the function p : R — R is globally Lipschitz continuous with Lipschitz constant
Lip, > 0. We need some growth conditions on p": assume that for some constants L, > 0 and
E Z 03

o) <L, (% +x7), for all x € R. 2.1
Sometimes we need a lower bound on p(x): assume that for some constants /, > 0 and s> 0,
PPz 2 (P +x%),  forallx eR. 2.2)

For all (¢, x) € (0, 00) x R, n € Nand A € R, define
Lo (¢, x) = Y2(t, x)

L, (t,x):=Ly*...xLy) (t,x), forn > 1, (n convolutions), 2.3)
K, x;0) = Zﬂ"“)cn (t, x). (2.4)
n=0

We will use the following conventions to the kernel functions K(z, x; A):

K, x) = K, x; L), K(t,x) =K (t, X; Lp) ,

~ (2.5)
K@, x)=K (t, X lp) , Kyt x) =K (t, X 4ﬁLp) , forp>2.
Throughout the paper, denote
o=2(1-B—y)+ Bd/a. (2.6)

4 This is a consequence of the Lipschitz continuity of p.
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Note that
(1.9 = d<2a+%(2y—1) <& 2B4+y)—-1-dB/a>0 <& o <1.(27)

Let ; D denote the Riemann—Liouville fractional derivative of order a € R (see, e.g., [31,
(2.79) and (2.88)]):

1 dﬂl t
S /er ifm—1<a<manda >0,
I'(m —a)dtm [ (t — 7)eti-m
D) = (i—mf(t) ifa =m >0, (2.8)
1 /’ | .
ST f(s)ds ifa < 0.
I'(=a) Jo
We will need the two-parameter Mittag-Leffler function
0 k
z
E,3(2) = _ >0, >0, 2.9
@ ;F(aHﬁ) B 2.9)

which is a generalization of exponential function, E| ;(z) = €%; see, e.g., [31, Section 1.2].
A function is called completely monotonic if (—1)" f™(x) > 0 forn = 0,1,2,...; see [37,
Definition 4]. An important fact [34] concerning the Mittag-Leffler function is that

x €[0,00) = E, g(—x) is completely monotonic <<= O<a <1AB. (2.10)
By [22, (2.9.27)], the above Mittag-Leffler function is a special case of the Fox H-function:
E, — gl |OD _
#&) = Hi < “lon a-pa

3. Main results

The first two theorems are about the existence, uniqueness and moment estimates of the
solutions to (1.1). The second one, in particular, possesses the same form as the one in [4,
Theorem 3.1]. See also similar results for other equations, e.g., SHE [7, Theorem 2.4], SWE [6,
Theorem 2.3], and SFHE [8, Theorem 3.1].

Theorem 3.1 (Existence, Uniqueness and Moments (1)). Under (1.9), the spde (1.1) has a unique
(in the sense of versions) random field solution {u(t, x) : (¢, x) € (0, 00) x R?} if the initial data
are such that

C,i= sup |Jols, x)| < +o0. 3.1
(5,%)€[0,1]x R4

Moreover, the following statements are true:

(1) (t,x) — u(t, x) is L?(2)-continuous for all p > 2;
(2) For all even integers p > 2, allt > 0and x,y € R?,

lutt, I3 < 202G, x) + [ +2C] exp (cxér) , (3.2)
where C is some universal constant not depending on p, and o is defined in (2.6).

This theorem is proved in Section 5.6. Note that if the initial data are bounded functions, then
(3.1) is satisfied.
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Theorem 3.2 (Existence, Uniqueness and Moments (I1)). If Dalang’s condition (1.9) is satisfied,
then the spde (1.1) has a unique (in the sense of versions) random field solution {u(t, x) : (¢, x) €
(0, 00) xR?} starting from either initial data that satisfy (3.1) under condition (1.11) or any Borel
measures from Mg g(R) under condition (1.12). Moreover, the following statements are true:

(1) (t,x) — u(t, x) is L?({2)-continuous for all p > 2;
(2) For all even integers p > 2, allt > Qand x,y € R,
B, x)+ ([S2+ J3]+ K) (2, x), ifp=2,
203, x) + ([T +208] «K,) (1, %), if p>2;
(3) If p satisfies (2.2), then under (1.9), (1.11) and the first two cases of (1.21), forall t > 0
andx,y € R, it holds that
late, )13 = 73,0 + (2 + )+ £) (). (3.4)

The proof of this theorem is given in Section 5.5.
The following theorem gives the Holder continuity of the solution for slow diffusion
equations.

2
llutt, )| <

(3.3)

Theorem 3.3. Recall that the constants o and © are defined in (2.6) and (1.9), respectively. If
B€(0,1], y € [0,1 — B] and (3.1) holds, then under (1.9),

sup ||u(t,x)||i <400, forallT >0andp > 2. 3.5)
(t,x)€[0, T]xRY

Moreover, we have
1¢) € Clu_or-, Y mingo—-a- ([0-90) RY) , as., (3.6)
and (1.17) holds.

Proof. The bound (3.5) is due to (3.1) and (3.3). The proof of (3.6) is straightforward under (3.5)
and Proposition 5.4 (see [5, Remark 4.6]). [

In order to use the moment bounds in (3.3) and (3.4), we need some good estimate on the
kernel function C(¢, x). Following [4], define the following reference kernel functions:

cp (41)7'rtﬁ)_d/2 exp <—% (t_ﬁ/2|x|)w+l> . ifa =2,

ga,ﬂ(tax) = cy [/3/01 ) (37)
)(d+l)/2’ if a € (0, 2),

(1267 + x|

for B € (0,2) where |x|> = x?+--- +x2,c5 = 1if B € [1,2) and ¢ = 2~ Dv=4/2['(d/2)/ T
(d)if B € (0, 1), and ¢y = 7 ~“*tD2((d + 1)/2). Define also

g\—d/2 |x|2 .
(vret?) " exp ) ifa =2,
G, 41, %) = cq 1P/ . (3.8)
e e e©,2),
(291 + 1<)

These reference kernels are nonnegative and the constants cg and ¢, are chosen such that the
integration of these kernels on R? is equal to one.
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Theorem 3.4. Fix A € R.

(1) Under (1.9) and (1.11), there are two nonnegative constants C and T depending on «, 8,
y, and v, such that, for all (¢, x) € (0, 00) x R¢,

K, x; 1) < t% Ga 5(2, %) (1 1% exp (x% T;)), (3.9)

where o is defined in (2.6);
(2) Under (1.9), (1.11) and the first two cases in (1.21), there are two nonnegative constants
C and T depending on «, B, y, and v, such that, for all (¢, x) € (0, 00) x R4,

K(t.x: 1) = C G, ,(t. x)exp (x% It) . (3.10)

Proof. This theorem is due to Propositions 5.10, 5.11 and [4, Proposition 5.2]. [

The last set of results are the weak intermittency.

Theorem 3.5 (Weak Intermittency). Suppose that (1.9) holds and the initial data satisfy (3.1).

(1) If p satisfies (2.1), then for some finite constant C > 0,

2
— B T—dBla l4+=m—t
m, < CL;(“”) B Y- forall p > 2 even.

(2) Suppose that the initial data are uniformly bounded from below, i.e., u(dx) = f(x)dx and
f(x) > ¢ > 0forall x € R If p satisfies (2.2) with |c| + Is| # 0, then under (1.9),
(1.11) and the first two cases in (1.21), there is some finite constant C' > 0 such that

m, > C/l,mp, forall p > 2.
Proof. By (3.3), (3.9) and (5.11),
llu(t, 0|2 < C2+C 17 (% +2C2) (1 + 1o exp(TL;-%pﬁ r))
Then increase the power by a factor p/2. As for the lower bound, it holds that
e, DI = e, DIF = 2+ € (6 + ) exp (152“1:) ,

thanks to (3.4) and (3.10). O

4. Fundamental solutions

Theorem 4.1. Fora € (0,2], 8 € (0,2) and y > 0, the solution to

(0% + %(—A)“/Z) w(t, x) = I/ [f(t, %), t>0, xR,
k

ﬁu(t, x)

.1
= uy(x), 0<k=<T[Bl—1, xeR’
=0

u(t, x) = Jo(t,x)+/ ds/ dy f(s,y) DYV 2t — 5, x — y), (4.2)
0 R4
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where
[B1-1
Jo(t, x) == Z /d up—1-k(NI* Z(t, x — y)dy 4.3)
k=0 /R

is the solution to the homogeneous equation and

x| pa,n, (81,8
20=lyB | (@d/2,0/2), (1, 1), (L,a/2))’

Zapalt, x) =1~ P x|~ H < (4.4)

Ya,ﬁ,y,d(t, X) = fD_E_ﬂ-liﬂiyZa,ﬂ,d(t, _x) = ﬂid/2|x|7dt/3+yfl

a1 XY A gty
X Hys (2"‘1vtﬁ @/2,a/2), (1, 1), (1,a/2) (45)

and, if B € (1, 2),

Zapalt X) = %Z“‘ﬂ‘d(t’ b (2"‘|xl|vﬂ3 E;’/za(/lz’f)u, D, (1,a/2)> '
(4.6)
Moreover,
FZapalt, )E) = P17 Eg 19 (=271 viP €], 4.7
Flapyalt, )E) =177 Eg g, (27 0P 15, 4.8)
FZgp.a1.)E) = Eg(=2""v’|g|"),  if B € (1,2). 4.9)
This theorem is proved in Section 4.2. For convenience, we will use the following notation
Y(t,x) = Yo pya(t,x) =, DFP7 721, x), (4.10)
ZHt, x) = Zy g 4(t, x) = %Z(t,x), if B €(1,2). 4.11)
A direct consequence of expression (4.5) is the following scaling property
Y(t,x) = tPry=imdbley (1, 47P/y) 4.12)

Remark 4.2. By choosing @ = 2, d = 1 and B arbitrarily close to 2, one can see that the first
condition in (1.10) suggests the condition y > —1. However, when y € (—1, 0), one needs to
specify another initial condition, namely, I,l_y f(t,x)| .Forexample (Example 4.1 in [31, p.
138]), the differential equation =0

172

1/2
D/ /

g +gn=0, (>0; I g(t)’r:():C,

is solved by g(t) = C (\/L;t — e’erfc(ﬁ)). This initial condition is obscure when the driving

term f becomes the multiplicative noise p(u(t, x))W(z, x). Hence, throughout this paper, we
assume y > 0.

This following lemma gives the asymptotics of fundamental solutions Z, g 4(1, x), Y4 8,5.4
(1, x), and Z;ﬂ’d(l, x) at x = 0 by choosing suitable values for 7:
[B] in case of Z,
n=4{B+y incaseofY,
1 in case of Z*, when 8 € (1, 2).
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Lemma 4.3. Suppose o € (0,2], 8 € (0,2), n € R, andd € N. Let

1,1
1,1, 0,8 ) £ 0.

I o
8(x) = x""Hy s (x @/2.a/2), (1,1), (1,a/2)

Then as x — 0, the following holds:

M a—d min(2a—d,0) . .
I'(n—B)I'(a/2) . + 0k ) ifn#FBandd > a: Case 1,

o

- =
I(n—pIra+d/2)

2 I'(1 —d/e)I(d/a)

ogx + O(1) ifn#Bandd =« : Case 2,

z a—d : . )

o« TO —dpjaT@d)D) + o) ifn#Bandd <a: Case 3,

20(d/e) s .

«I'@d)2) + O0(x7) ifB=n=1: Case 4,
8) = —72(1(5_;)2]?()4)2) 2 oGOy yrg =y £ 1anddja > 2 Case 5,

200 |
r—pra+d/2)
2 I'd—d/a)r(d/a)

ogx + O(x%) ifB=n#landdja =2: Case 6,

= 20—d o .

a—F(ﬂ(l—d/a))F(d/2)+O(x ) ifB=n#1landd/a € (1,2): Case7,
—F(%M—O—O(x“) ifB=n#landd/a =1: Case 8,
2w+0(x") ifB=n#landd/a <1: Case 9,

a I(B(1 —d/a)I(d/2)

where all the coefficients of the leading terms are finite and nonvanishing.

The calculations in the proof of this lemma is quite lengthy. We postpone it to Appendix A.1.

Remark 4.4. Since Dalang’s condition (1.9) implies d < 2, the cases 5 and 6 are void under
(1.9). Combining the rest seven cases in Lemma 4.3, we have that

400 ify>0anda <d <2«: Cases 1-2,
. G ify>0anda >d=1: Case 3,
113% Yopyall, )= C, ify=0,=1landa #d: Case 4, (4.13)
C; ify =0,8#1andd <2« : Cases7-9,
and
+oo iff#landa <d <2a: Cases -2,
lir% Zoypa(l,x)=1Cy if#Alanda >d=1: Case 3, 4.14)
= C, ifp=1landa #4d: Case 4,
and when g € (1, 2),
. N _ fH4oo ifa<d<2a: Casesl-2,
Nim Zep.a(1, %) = {Cs ifa>d=1: Case 3, (4.15)

where the constants C; € R\ {0},i = 1,...,5, only depend on «, g, y and d. Combining all
these cases, we see that under (1.11), Y (1, x) is bounded at x = 0, and under (1.12), all functions
Z(1,x), Z*(1,x) and Y (1, x) are bounded at x = 0.
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Lemma4.5. Y, g, 4(1, x) has the following asymptotic property as |x| — oo:

Aglx |70 ifa #2,

Y, 1,x)~ . 4.16
.ﬂ,}/,d( ) Azlxlaefb‘xl ifa — 2, ( )
where the nonnegative constants are
_—d/2 pa—1__L(d+a)/2) .
A = 177 Fape e o2 4.17)
« —ap e B+2=2(B+y)) 2B —d+D) )
T 2-p) / (/5+)/)13 -5 (Qu) 2P ifa =2,
and
dp—-1)-2 -1 B 1
a= (B )~ 2Pty ), b=Q2—-pB)BrPFRv)F2, and c (4.18)

2- 8 28
Moreover, the asymptotic properties for Z(1, x) and Z*(1, x) are the same as that for Y(1, x)
except that the argument y in both (4.17) and (4.18) should be replaced by [B] — B and 1,
respectively.

These asymptotics are obtained from [22, Sections 1.5 and 1.7]. We leave the details for
interested readers.

Theorem 4.6. Suppose that @ € (0,2], 8 € (0,2), and y > 0. The functions Z(t,x) =
Zoga(t,x), Y(t,x):=Yyqp,4(t,x)and Z*(t, x) := Z;_ﬁ,d(t, x), defined in Theorem 4.1, satisfy
the following properties:

(1) Foralld € Nand B € (0, 1), both functions Z and Y are nonnegative. When B = 1, Z is
nonnegative, and Y is nonnegative if either y = 0ory > 1;

(2) All functions Z, Z* and Y are nonnegative if d < 3 and 1 < B < o < 2. When
1 < B=ua <2, Y is nonnegative if y > (d + 3)/2 — B;

(3) When d > 4, Yy p.0,4(t, x) assumes both positive and negative values for all o € (0, 2]
and B € (1, 2).

This theorem is proved in Section 4.3. It generalizes the results by Mainardi et al. [26] from
one-space dimension to higher space-dimension. Moreover, in [26] only Z when 8 € (0, 1] and
Z* when 8 € (1,2) are studied. When 8 € (1, 2), it also generalizes the results by Pskhu [32]
fromo =2 and y = 0to general @ € (0,2] and y > —1.

4.1. Some special cases
In this part, we list some special cases.

Example 4.7. When y = O or y = [B] — B, the expressions for Z, Y and Z* in Theorem 4.1
recover the results in [9].

Example 4.8. When o = 2, by [22, Property 2.2], we see that

IXI* | (781.8)
2vth 1 @2, 4,n)’

Zapa(t, x) =g 2 x4 g ) < (4.19)

and

v (1, x) = g2 P+7 =1 || g 20 x> | B+7.8) (4.20)
2py.ds 2T = L2\ 2uB L@, a,n)° '
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and, when 8 € (1, 2),

7% — 72|~ 20 x? 1, 8) 491
2pall;0) =7 T H 2wth L@, a,n)’ “.21)

In particular, for 8 € (0, 1) and y = 0, the expressions for Z and Y recover those in [19,24].
For Z, g 4, see also [23, Chapter 6]. When 8 € (1,2), y = 0 and v = 2, the expression for ¥
recovers the result in [32].

Example 4.9. When o = 2 and d = 1, using Lemma A.2 and (A.8), we see that

2x2 lfﬁ]—l—ﬁ/z |x|
L[A1—1 1710 (81, B)
Zypa(t, x) = x| P H ( ) = ———— Mg 11 ( )

B 1,2 NG /072 tP2
(4.22)
and
2x2 A2y =1 |x|
=l By—lgglo (X | B+, B
Yopy1(t,x)=|x|""t H,\ (vtﬂ 02 =7 Mg2.p+y NI A
(4.23)
and, when 8 € (1, 2),
2x? P2 |x]
. o (2T A _
Z5 5., x)=|x|""H (vtﬁ (1’2)) = mMﬂ/z,l <—mtﬂ/2) ) (4.24)
where M, ,(z) is the two-parameter Mainardi functions (see [4]) of order A € [0, 1),
o0 (_l)n Zn
M = , f dzeC. 4.25
o (2) g T n or p and z (4.25)

For example, My 1(z) = \/LE exp (—z2 /4). The one-parameter Mainardi functions M,(z) are
used by Mainardi, et al. in [25,26].

Example 4.10. In [26], the fundamental solutions Zy g 4(t, x) for B € (0, 1] and Z;, 8 2, %)
for B € (1, 2] have been studied for all « € (0, 2) and d = 1. From the Mellin—Barnes integral
representation (6.6) of [26], we can see that the reduced Green function of [26] can be expressed

using the Fox H-function:
1 LD, 1,8, d,s2

2 (e [ODEOE5E0) e R, (4.26)
’ 1,0, (1), (1, 5%)

[x]
where o and B have the same meaning as this paper and 6 is the skewness: |#| < min(«, 2 — @).
For the symmetric «-stable case, i.e., & = 0, this expression can be simplified using Lemma A.2.

Hence,
1
0 _ 2,1 o | (LD, (1, 8)
Kaﬁﬂ(x) = —ﬁ|x|H2’3 <(|x|/2) A2/, (LD, (l,a/Z)) , xelR. 4.27)

Therefore, their fundamental solution [26, (1.3)]

K;{ﬂ(x) =

Gy px, ) =17PK) 17P/%x) =

2 x| |, a8
Jrlx| T F3 208 [ a/2./2), (.1, (1Lay2)
corresponds, in the case when v = 2, to our Z, g (¢, x) when 8 € (0, 1] and Z;!ﬂql(t, x) when

B e(l,2).
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0.5¢

2 4

Fig. 1. Some graphs of the function Y> g o,1(1, x) withv =2, and g = 15/8,5/3,3/2,1,3/4,1/2, and 1/8 from top to
bottom.

Fig. 2. Graphs of the Green functions Y2 g o,1(t,x) for1 < 8 <2forl <t <6and |x| < 5.

Here we draw some graphs® of these Green functions Y(z, x): see Figs. 1 and 2. As B
approaches 2, the graphs of Y (¢, x) become closer to the wave kernel %1|x|5w 72

4.2. Proof of Theorem 4.1

Proof of Theorem 4.1. Eqs.(4.4)—(4.9) have been proved in [9] when y = 0. Let fand g
denote the Fourier transform in the space variable and the Laplace transform in the time variable,
respectively. Apply the Fourier transform to (4.1) to obtain

aﬂﬁ(t,$)+§lél"ﬁ(t,5)=lty [fe,8)], &er!
k

0
mﬁ(hé) _O=ﬁk($), 0<k<[Bl—1¢€eR".

Apply the Laplace transform on the Caputo derivative using [18, Theorem 7.1]:

[B1-1
Lo a, &) () =" us. &) = Y P w@).

k=0

5 The graphs are produced by truncating the infinite sum in (4.25) by the first 24 terms. In Fig. 2, due to the bad
approximations for small # when truncating the infinite sum, the graphs are produced for ¢ staying away from O.
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On the other hand, it is known that (see, e.g., [33, (7.14)]),

LIV [F.8)] =577 F(s.6). Re(y) > 0.
Thus,

e o
Fo o= (L + 2 | S S me s T o) |
(s +3

k=0
Notice that (see [31, (1.80)])

a=p

L[tP Ey p(—=2")] (s) = for Re(s) > |A]"/“.

4427
Hence,

[B1-1 t
W.6) = Y 1 Epurt (—5 16107 ) ) + /0 dr o7 By (—3161°77) Fr ),
k=0

from which (4.7)—(4.9) are proved. The expressions for Z and Z* in (4.4) and (4.6), respectively,
are proved in [9]. By the fact that (see [31, (1.82)])
DY (P Eq p(t®)) = tP VT Eq 5o, (M%), y €R.

Recall that ; DY is the Riemann-Liouville fractional derivative of order & € R (see (2.8)). Hence,
we see that

Y(t,x)= DlZ({t, x), witho:=[B]—B—y,

which can be evaluated using [22, Theorem 2.8] in the same way as in [9] for the case y = 0.
This completes the proof of Theorem 4.1. [J

4.3. Nonnegativity of the fundamental solutions (proof of Theorem 4.6 )

We first prove some lemmas.

Lemma 4.11. The following Fox H-functions are nonnegative:

(1) forall 6 € (0, 1),

1.1 0.1, 0.0\ 1 x1/0 -
2 (x ©, 1, (0,9)) T 1+ 2x1/9 cos( ) + x2/° >0, forx>0; (4.28)

(2) forall p > 0 and 0 < 60 < min(1, w),

R>x > H'Y (|x| E’f?) > 0. (4.29)

(3) foralld € Nand a € (0, 2],

R>x— H <|x| 1 ) > 0. (4.30)
’ d/2,a/2), (1,a/2)



L. Chen, Y. Hu and D. Nualart / Stochastic Processes and their Applications 129 (2019) 5073-5112 5091

Proof. (2) and (3) are covered by Lemma 4.5 and Theorem 3.3 of [9], respectively. As for
(1), expression (4.28) can be found in [26, (4.38)] for the neutral-fractional diffusions. For
completeness, we give a proof here. Because the parameters A and 8, defined in (A.2) and (A.5),
of this Fox H-function are equal to 0 and 1, respectively, Theorem 1.3 implies that for x € (0, 1),

il ([0 ©.6) Zi(_l)k Lh+D 4
2.2 0, 1), (0,6) k! I'(—=k6)I'(1 + kO)

=Y — (=1 sin(rke)x"/’ (4.31)
k=0

o0
Im (Z _(_l)kekeixk/9>
k=0

1
M el 170
1/

1 X
7 1+ 2x1/0 cos() + x2/¢°

where we have applied [30, (5.5.3)] in (4.31). Similarly, when x > 1, Theorem 1.4 of [23]
implies that

gl (| @D ee) i (=Dt I'k+1) (k6
22 ©. 1), (0,6) k' T'(—(1+ k&)1 + (1+k)o)

k=0

= Z(—l)k sin(r (1 + k)§)x~1+0/0

k=0
=1Im (Z —(—1)kek0ix_k/6)
k=0
1
= —Imm
1 X0

T a1+ 211/ cos(m@) + x2/¢"

Finally, the existence of this Fox H-function at x = 1 is not covered by Theorem 1.1 of [22]
because A = 0 and u = 0 (see (A.4) for the definition of the parameter w). In fact, as one can
see that the series in (4.31) with x = 1 diverges. Nevertheless, we may define that

1 176 1 1
H2121 1 ‘(0, 1), (0,6) — lim — b _ 1 -0
: (0. 1), (0,6) x—1 7 14+ 2x19 cos(m@) + x2/¢ 27w 1 4 cos(7h)
This completes the proof of Lemma 4.11. O

Lemma 4.12. For u € (0, 2], 8 € (0,2] and d > 1, the function

—d 720 [ 2| (. 6)
= H
Japo®) =x""H, (x W, . 1)) , x>0,
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has the following properties:

d
_fd wo(x) = —2xfd+z 1,6(X).

) fan) == [t frir oo forx = 0
(¢) faue(x)=>0forallx >0if6 <2min(1, u) and d < 3.

Proof. (a) Apply [22, Property 2.8] withk =1, w = —d,c = 1 and 0 = 2 to get

d cdt g2t (2] @D, (w6
Ef"*“-e(") = By 5| * @21, 4,1, (+d,2)

By the recurrence relation of the Gamma function, we see that
I'(l—d-—2s)

I'(—d — 25) Idj2+s)= =2 +d/2)I'(d/2 +5) = =2I'(1 +d/2 +5).

By the definition of the Fox H-function, the above expression can be simplified as

d _d_ (1, 0)
afd,uﬂ(x) =—2x"¢ 1le,'z1 <x2 g > = —2xfav2.u.0(x).

(d+2)/2,1), 4,1
(b) By the definition of the Fox H-function,

7((1“)# / I'd+10)/24s)I'(1+s) s,
2mi I'(l —pu—06s)

Jat1,u0(x) =x forany y > —1,

LiV

(4.32)

where the contour L;, « is defined in Definition A.1. Assuming that we can switch the integrals,
which can be made rigorous by writing f in the series form and applying Fubini’s theorem, we
see that

oo

P @ = / I'(d+1)/2+s)I'(1+5s)
i \/—“’““9Z i), T T —u—6s)

oo Z72s7d

dz ———.
x 72— x?
By change of variable (z/x)* — 1 = y and Euler’s Beta integral (see, e.g., [30, 5.12.3 on p.142]),
we see that

00 Z—Zx—d x—ZS—d 0 1, x—2s—d \/E F(d/z + S)
dz = y2o(l+y .
x «/Zz—xz 2 0 2 F((d+l)/2+s)
Note that the above integral is convergent provided that Re(2s 4+ d) > 0, which is satisfied by
choosing, e.g., ¥y = Re(s) = 0 in (4.32). Therefore,

* oy @ = f a1l F(d/2+s)F(1+s)x_2sds
i 4/— d+lu6l 2mi )iy, T(L— i —6s)

= {fd W, 6(x).

X
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(c) By the recurrence in (b), we only need to prove the case d = 3. Apply Lemma A.2, Properties
2.4 and 2.5 in [23] to obtain

N —3 71,0 2 | (i, 0)

Sruex) = Tx Hyy | 4x 2.2

T

_ VT s p0 (2 | 0407

8 ’ 2,1
e -
VT F10 (20 | =020
16 ’ 1, 1)
Then (c) is proved by an application of part (2) of Lemma 4.11. [J

Proof of Theorem 4.6. By comparing the Fox H-functions in (4.4), (4.5), and (4.6), We only
need to consider the following Fox H-function:

TN 1,1, (1, B)
§x) = Hy <x d/2,@/2), (1, 1), (1,a/2)> , x>0

The parameter 1 takes the following values
[B] in case of Z,
n=431B+y incaseofY,
1 in case of Z*.

(1) If B =1and y =0, then Z = Y and by Property 2.2 of [23],

_ 72,0 1,
§x) = Hij <x d/2,a/2), (1,0(/2)) ’ x>0

which is positive by part (3) of Lemma 4.11. If 8 < 1, then we can apply Theorem A.5 to obtain

that
[o.¢]
_ L, [ Lo (X |mp)d
g(x)_/(; H, (t W a, (1,a/2)) Hy ( > . (4.33)

t 1,y ) ¢
In fact, conditions (A.12) are satisfied because
A1=O, B]Zd/Ol, A2=1, Bz:OO.

Moreover, af = 1 and 8 € (0, 1) implies that a; = 1 — B > 0. Hence, condition (1) of
Theorem A.5 is satisfied. This proves (4.33). If 8 = 1 and y > 0, thena; = A, = 0.
In view of condition (3) of Theorem A.5, relation (4.33) is still true if Re(u,) > —1 with
ur» =1—mn,ie., y > 1. The two Fox H-functions in (4.33) are nonnegative by parts (2) and (3)
of Lemma 4.11.

(2) In this case, we have that d < 3. When o = 2, by Property 2.2 of [23] and Lemma 4.12,

d/2,1), 1,1)
because 8 < 2 < 2min(l, n). If @ # 2, by Property 2.2 of [23], we see that

1,1 1 2
g(x)sz,;(x‘(,>,(n,ﬂ),(,a/> ) x>0,
2 d/2,a/2), (1,a/2), (1,1), (1, a/2)

m, B)
glx) = H} (x " ) =x"f1,5(/X) =0, x>0,
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As in the previous case, by Theorem A.5, we see that
00
[ (e an) 2 GLE GR)
(L )

Note that condition (A.12) is satisfied because in this case,

A =00, By=min(d,2)/a, Ar=1, B,=0.
When o < 8, then

ai=a—-p>0, aj=2—a>0,
and condition (1) in Theorem A.5 is satisfied. When 1 < § = o < 2, then

a2=2—(x>0, a1=A1=0, R€(/L1)=1+§—77—§.
Hence, in view of condition (2) of Theorem A.5, the integral (4.34) is still true if 1 +d/2 — n —
1/2 < —1,ie,y >(d+3)/2 - B.
Now, by Property 2.4 of [23], the first Fox H-function in (4.34) is equal to

220 (270 | 028/ 2
“H*> Jo | U _ Zid/a 1/a
P <f @) =gt fan2set).

By Lemma 4.12(c), we see that under the condition that 2a_/3 < 2min(l, n), the first Fox H-
function in (4.34) is nonnegative. This condition is satisfied if | < 8 < o < 2. By Property 2.3
in [22], the second Fox H-function in (4.34) is equal to

Iy L‘@UJQWD
22\ x O, ©a2)"

Thanks to Lemma 4.11(1), this function is strictly positive for  /x # 0 when o € (0, 2).

(3) Now we consider the case when d > 4. The case @ = 2 is covered by Lemma 25 of [32].
In the following, we assume that o € (0, 2). By the scaling property, we may only consider the
case t = 1. Hence, it suffices to study the following function

1,1
(1.1, B, B) )7 £ 0.

_ .—d 21 o
() = x""Hys (x @/2,a/2), (1, 1), (1,a/2)

Because a* =2 — 8 > 0, we can apply Theorem 1.7 of [23] to obtain that
3 I'id+a)/2)

rep)yr(—a/2)
The condition o € (0, 2) implies that I'(—a/2) < 0. Thus, the coefficient of x¢~! is positive.
Hence, g can assume positive values.

Now we consider the behavior of g(x) around zero. Because 8 > 1 and 2a¢ < 4 < d, we can
apply the case 6 of Lemma 4.3:
I =20)/2) 4,

I'(=p)I'a)

2a—d

x4 o9y asx — oo,

gx) =

+ O(xMinGe=d.0)y  ag v 50,

glx) =

The coefficient of x is negative because I'(—8) > 0 for 8 € (1, 2). Therefore, g(x) can
assume negative values. This completes the proof of Theorem 4.6. [
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5. Proofs of Theorems 3.1 and 3.2
The proofs of Theorems 3.1 and 3.2 will follow the same arguments as the proof of [7,
Theorem 1.2], which requires some lemmas and propositions.

5.1. Dalang’s condition

Lemma 5.1. Suppose that 6 > 1/2 and B € (0, 2). The following statements are true:

(a) There is some nonnegative constant Cg g such that for all t > 0 and A > 0,

t20—1
5.1)

t
20-) 2 (5. B
/0 w Eg o(—Aw")dw < Cg [T (/B2

(b) If B < min(1, @), then for some nonnegative constant C ;},9,

t2971

t
20-1) 2 (4.8 /
\/0\ w Eﬁ’g( Aw )dw Z Cﬁ,e 1 + (tAl/ﬂ)min(Zﬂ,ZO—l) 5

forallt > 0and A > 0.

Remark 5.2. When 6 = 8 = 1, then E;(x) = ¢* and thus [ e***dw = (23)"'(1 —¢2*) and
(5.1) is clear for this case.

Proof of Lemma 5.1. (a) In this case, by the asymptotic property of the Mittag-Leffler function
(see [31, Theorem 1.6]), for some nonnegative constants C;’s,

' 201y 2 5 t w2@=D
“VEL J(—AwP)dw < C ——d 5.2
/0 w ,3,9( w’)dw < 1/0 (1 f A17Buw)P w (5.2)

c ;291/1 u2@-"D .
= ——du
2 o (1+ AV/Bru)h

=C3 127 L F1(2B,20 — 1,20; —tAV/P) (5.3)
_ 201 71,2 1/ | A1=26,1, 201 -6),1)
= Cy 1™ Hy5 (r,\ O 021, , (5.4)

where in (5.3) we have applied [30, 15.6.1] under the condition that & > 1/2, and (5.4) is due
to [22, (2.9.15)]. Notice that A = 0 for the above Fox H-function, which allows us to apply
Theorems 1.7 and 1.11 of [22]. In particular, by [22, Theorem 1.11], we know that

H2122 (x (=26, 1. G0 =), 1)) ~0(), asx— 0.
, 0, 1), (1-26,1)
When 6 # B, by [22, Theorem 1.7],

H)2 (x (1-26.1), (1 -6), 1)) ~ 0 (BB sk s oo,
; ©,1), (1-26,1)
In particular, when 6 = 8, by Property 2.2 and (2.9.5) of [22],

1,2 1=281, 20 -6),DY\ _ 1.1 Qe1-0),DY\ _ 1-26
H2’2 (x O.1. (1—26. 1) ) = H1,1 <x on ) =120 — 1)1 +x) .

(b) When 8 < min(1, ), by (2.10), we know that Eg ¢(—]|x|) is nonnegative, hence, for another
nonnegative constant C’, one can reverse the inequality (5.2). This completes the proof of
Lemma5.1. O
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Lemma 5.3 (Dalang’s Condition). Let Y (t, x) = Y4 ,,,4(t, x) with o € (0, 2], B € (0, 2), and
y > 0. The following two conditions are equivalent:

(i) d < 2a+ %min(Zy ~1,0)
t
= (ii) / ds/ dy Y(s, y)> < oo, forallt>O0.
0 R

Proof. (i)=(ii): Fix an arbitrary ¢ > 0. By the Plancherel theorem and (4.8), we only need to
prove that

t
/ ds/ddg s* P DED 4o (—sPIE1Y) < too. (5.5)
0 R

Notice that d > 0 and Condition (i) together imply that 8 4+ y > 1/2; see also (2.7). Thus, we
can integrate ds first using Lemma 5.1(a). Then it reduces to prove that

1
g d§ < o0,
/Rd 1+ |€|2a+3 min(2y —1,0)

which is guaranteed by (i).

(i))=(): The case B € (0, 1] can be proved in the same way as above by an application of
Lemma 5.1(b). The case 8 € (1, 2) is trickier. Fix # > 0. Denote the integral in (5.5) by 1(¢).
Then by change of variables,

! 2p+y—1)—B4 > d_1 2
I1t)=C Odss 14 a ; dy ye Eg 5., (=)

Note that the double integral is decoupled. The integrability of ds at zero implies that 2(8 + y) —

1-— ’i—d > 0, which is equivalent to

d <2a+ %(2;/ —1). (5.6)

By the asymptotics of Eg g, (—y) at +00 (see, e.g., Theorem 1.3 in [31]; note that the condition
B € (1, 2) is used here), we see that there exist yy > 0 and some constant C > 0 such that

Eé,ﬁﬂ,(—y) > for all y > yj.

14,2
Hence, the integrability of dy at zero and infinity implies the following conditions:
djao — 1> —1 and dja—1)—2 < —1. 5.7

Combining (5.6) and (5.7) gives (i). This completes the proof of Lemma 5.3. [
5.2. Some continuity results on Y

This part contains some continuity results on Y. All the results proved in this part will be
used in the proof of Theorem 3.2. In particular, Proposition 5.4 will be used to prove the Holder

continuity (Theorem 3.3).

Proposition 5.4. Suppose o € (0,2], B € (0,2), y > 0, and (1.9) holds. Then Y(t,x) =
Yo ,y,4(t, x) satisfies the following two properties:
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(i) For all 0 < 0 < (@ —d)A2and T > 0, there is some nonnegative constant
C=C,B,y,v,0,T,d) such that forallt € (0, T]and x,y € R4,

// drdz Y(t —r,x—2)—Y (@t —r,y—2)°<C|x -y, (5.8)
[0,00) x R4

(ii) If B < land y < [B] — B, then there is some nonnegative constant C = C(«, B, y, v, d)
such that for all s,t € (0, 00) withs <t, and x € R4,

/ dr/ dz(Y(t—r,x—2) =Y (s —r,x —2))* < C(t —5)>Prr-I=dble
0 R4

(5.9)

and

t
/ dr / dz Y2 (1 —r,x —2) < C(t — s)XPHn)-1=dp/e (5.10)
K R4

Proof. (i) Fix # > 0. By Plancherel’s theorem and (4.8), the left hand side of (5.8) is equal to

t
— — o —i&-x —igy|2
/Odr(z—rf“’“ ”/Rddé' E3 5, (=270 — r)Plg[) [ — e

Q2m)t
2 t B ) )
:(Zﬂ)d /]Rd dé (1 —cos(§é - (x — y)))/o dr (t — r)2tr=0 Eé,ﬂw (_2 Wt — rflE] )
Cgpr
5(2n)d /Rd dg (1 —cos(§ - (x —y)) - |§_|2a+%ymin(0,2y—1)

where we have applied Lemma 5.1 in the last step (see also the proof of Lemma 5.3). Denote
6 =2a+ %min(O, 2y — 1). Because 1 — cos(x) <2 A (x2/2) for all x € R, we only need to
bound

PR B
R4 0

du
1+1¢1¢ 1+ |x —y|"'w)®

©—d > 2

The second integral on the right hand side of the above inequality is finite provided that © > d,
which is Dalang’s condition. By [30, 15.6.1], for some constant C > 0,

V2 wd+1 5 1
du =C,F(0,24+d,3+d; —V2|x —y| ),
A (1+|x_y|71u)@ 2Fi( | yIm)
which is true under the condition thatd + 3 > d + 2 > 0. By [22, 2.9.15],
V2 d+1
/ u S C/,H21,22 V2lx =y (-1-d.D. (1-6.D)
o (A+|x—yl'we ' O, 1), (-=2—d, 1)

Since A = 0, by [22, Theorem 1.7], for all § € (0, min(O, 2 + d)),

V2 ud+l o
du = O(]x — y|"™), as|x—y|— 0.
/o I+ x —y[ e g Y

Combining these cases, we have proved (i).
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(i1) Denote the left hand side of (5.9) by I. Apply Plancherel’s theorem and (4.8),
s
I =C, / dr / d& ‘ t =" Eg gy (=270 — r)PIELY)
0 R4

—(s = Eg gy (=270 — 0)PIEN) 2'

Then by Lemma 5.5,

s
[=c.c / dr [( — P27 —DdBle | (g _ pyBy—D-dse]
0

“ac, / Larl(c - s — P HG),
where ’
H(r) = fR By (227100 = ) EI Ep oy (<2705 — 1) EI)dE.
By (2.10)and ¢ > s,
HOY = [ By (=270 = el

=@ =P = PTVER o (<27 = )P IEI)dE
R

=(t— r)‘z(ﬂ”")/ Y(t —r, y)*dy
R4
= Gyt —r) ¥,
where in the last step we have applied Lemma 5.5. Because 8 4+ y < 1, we see that
N s
/ dri(t = r)(s = NPTV H@G) > Cn/ dr(r — r)2 B+ —2-dp/a
0 0

Denote p := 2(B8 + y) — 1 — df /. Note that p > 0 is implied by Dalang’s condition (1.9).
Therefore,

C.C:

C.C
[tF =@ =) +5" =20t" —(t —5)")] < SR — 5)P.
P
This proves (5.9). As for (5.10), by a similar reasoning, we have

t t
/ dr / dz Y?(t —r,x —2) < CCq / dr (t — ry?Prv=Ddble —
s R4

N

cc
ZE i — )P .
0

This completes the proof of Proposition 5.4. [J

The following lemma is a slight extension of [27, Lemma 1] from the case where y =1 —
to a general y.

Lemma 5.5. Assume thatd < 2a, B € (0,2), and y > 0. Then
/d Y2, (1 x)dx = Cy 2y -D-da,
R
forallt > 0, where

2 o0
C = S g2 (—u®)du. 5.11
: F(d/2)(2nv)d/2/0 u 5.y (—u)du 511



L. Chen, Y. Hu and D. Nualart / Stochastic Processes and their Applications 129 (2019) 5073-5112 5099

Proof. By Plancherel’s theorem and (4.8),
R 2B+y=1) ) b
/Rd Y(t, 2 dy = W/Rd E3,. (—2 TuPlg[o)de

27pd/2 f2B+r—=1)

o0
— s d71E2 _271 tﬁ o d
rd/2) Qny ./0 P By (2 v

22 2B+y—D-dB/a

“Tap e U)d/Z/o W Ep (T

Note that by the asymptotic property of the Mittag-Leffler function ([31, Theorem 1.7]), the last
integral is finite if d < 2. [J

The corresponding results to the next Proposition for the SHE, the SFHE, and the SWE can
be found in [7, Proposition 5.3], [8, Proposition 4.7], and [6, Lemma 3.2], respectively. We need
some notation: for t > 0, @ > 0 and (¢, x) € (0, 0o) x R¥, denote

Biiro =]t x)e(0,00) xR : 0<t <t+7, |x—x| <a}.

Proposition 5.6. Suppose that 8 € (0,2)andy € [0, [8]1—B]. Then forall (¢, x) € (0, 00)xR?,
there exists a constant A > 0 such that for all (t',x’) € By x.1/2,1 and all s € [0,t") and y € R4
with |y| > A, wehavethatY(t’—s,x/—y) <Y@+1-—s5,x—y).

Proof. Without loss of generality, assume that v = 2.
Case I. We first prove the case where &« = 2. The proof here simplifies the arguments of [4,
Proposition 6.1]. Fix (¢, x) € (0, c0) x R?. By the scaling property and the asymptotic property
of Y, we have that
Y(t+1—s5x—y) _ ( t'—s )f“” e — yI
Y —s,x" —y) X" =yl

¢ exp (X blx =y
(' — )2 (141 —s)pei2 )’

as |y| — oo, where the constants a, b and ¢ are defined in (4.18), and
ap ap
— 14+ _Bg_ @
fB)=1+ > B—v+ 5
Notice that
t+1—s t+1-7 t+1-7+ t+1 1
=1+ >1+ > =1+ >
t t+1/2 2t + 1

1. (5.12)

t—s t—s

If £(B) <0, then

s NP a1 \I®
- - = —- > 1.
t+1—s t—s -

If f(B) > 0, then

s \/®
t+1—s

v

/= s\ B
(t n 1) =@+ 17 Plexp (If (B)] logt' - 5)).



5100 L. Chen, Y. Hu and D. Nualart / Stochastic Processes and their Applications 129 (2019) 5073-5112

The rest arguments are the same as the proof of [4, Proposition 6.1]. We will not repeat here.

Case II. Now we consider the case when « € (0, 2). By the scaling property and the asymptotic
property of Y, we have that

Yt+1—s,x—y) ([ t'—s 2 =y
Yt —5,x —y) t+1—s lx — y] ’

as |y| — oo. Because 8 > 1/2 and y > 0, we see that 1 —28 — y < 0. Hence, by (5.12),

f—s 1-28—v f+1—s 28+v—1 1 28+v—1
- - = — > |1 1.
(t+1—s) ( 7 —s ) —< +2z+1) g

On the other hand,
/_ _ / _ /_ _
[x" =yl . [yl — 1x'] . Iyl —(x" — x|+ [x]) . [yl — 1+ |x]| 7
lx =yl = |x[+ |yl x| + |y [x] + |yl

as |y| — oo. Therefore, we can choose a large constant A, such that for all |y| > A and all
(l/, x/) € Bt,x,1/2,1 and s € [0, l/],
Yt+1—s5s,x—y)
Yt —s,x' —y) ~
This completes the proof of Proposition 5.6. [

1.

Proposition 5.7. For all (¢, x) € [0, 00) x RY 1 < B <2andy € 10,2 — B], we have

lim f/ dsdy (Y(t’—s,x’—y)—Y(t—s,x—y))2=0.
[0,00)x R4

', x")—>(t,x)

Proof. This proposition is a consequence of Proposition 5.6. The proof follows the same
arguments as the proof of [4, Proposition 6.4]. [

5.3. Estimations of the kernel function K
Let G : [0, 00) x R? > R withd € N, d > 1 be a Borel measurable function.

Assumption 5.8. The function G : [0, o) x R? > R has the following properties:

(1) There is a nonnegative function G(¢, x), called reference kernel function, and constants
Co > 0, 0 < 1 such that

C
G, x)* < t—f G(t,x), forall(z,x) € [0, 00) x R?. (5.13)

(2) The reference kernel function G(z, x) satisfies the following sub-semigroup property: for
some constant C; > 0,

/ dyG(t,x—y)G(s,y) <Ci G(@t+s,x), forallt,s > 0and x € R?.
R4

(5.14)

Assumption 5.9. The same as Assumption 5.8 except that the two “<” in (5.13) and (5.14)
are replaced by “>". We call the property (5.14) with “<” replaced by “>" the super-semigroup
property.
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Proposition 5.10. Under conditions (1.9) and (1.11), the function Y (t, x) satisfies Assump-
tion 5.8 with the reference kernel Gy g(t, x) defined in (3.7), two nonnegative constants Cy and
C\, depending on (a, B, y, v, d), and o defined in (2.6).

Proof. The proof is similar to that of [4, Proposition 5.8]. We first note that ¢ < 1 is implied by
Dalang’s condition (1.9); see (2.7).

Case I.  We first consider the case where o = 2. In this case,
-d/2 1, _ 1
G (1, x) = (4vr1?) ™ exp <_R (P2 1x]) P )
Notice that

2
ﬂ > |Bl+1, forBe0,1)U(,?2),
and when 8 = 1, the constant b defined in (4.18) reduces to 1/(2v), which is bigger than 1/(4v).
Hence, by (4.16) and (4.13), we see that
Y(t,x)? Y(1,y)? c
sup ——— =sup ———— =: Cp < 0.
(1,x)€[0,00)x R4 t70g2,ﬂ(ta )C) )‘ERd gZ,ﬂ(la }’)

Note that in the application of (4.13) in the above equations we have used the fact that Dalang’s
condition (1.9) implies d < 2. When 8 = 1, we see that

2
Go1(t, x) = (4vmt) "2 exp <_ﬁ> ’
4yt

and hence, C; = 1 and (5.14) becomes equality in this case. When g8 € (0, 1),

d
B g\ —d)2 ] p-1/2 Il
Gop(t, x) = (dvmtF) exp( aorf ) = l_[ (4vmtP) " exp i)

i=1

Then by Lemma 5.10 of [4], for some nonnegative constant C,

/d Grp(t —s,x — y)Go g(s, y)dy < C1 Gy g(t, x).
R

When g € (1, 2),

2
Gop(t, x) = (dvrr?) ™ exp (—%) =GP, ).

Hence, by the semigroup property for the heat kernel,

[, 920 =5 = 02505, 3)y = Gat =5 +5%.) = 207G 1, ),
where in the last step we have applied the inequalities:

2178P < (t — 5)P + 5P < 1P, for B € (1,2).
Hence, in this case, C; = 2(!=A4_Therefore, Assumption 5.8 is satisfied.

Case II. We now consider the case where o # 2. In this case,
Cp tﬂ/u‘

(tz/j/a + |x|2)(d+1)/2

Gup(t, x) = =G,t""* x),
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where G (¢, x) is the Poisson kernel (see [35, Theorem 1.14]). By the scaling property and the
asymptotic property of Y (1, x) at 0 and oo shown in (4.13) and (4.16), for some nonnegative
constant C,

C tPHr—1-dp/a C (PHr—1-dp/a

Y(t, x) < < :
(14 1728/ x[2) T2 T (1 4 =2/ ) DA

where the second inequality is due to (d + «)/2 > (d + 1)/4, which is equivalent to d > 1 — 2c.
Hence,

Y(t, x)° r(,yy
sup = —

—————— = sup = Cp < 0.
@0e0.00xd T 790, X) g Gap(l,y)

Then, it is ready to see that

G p(t, x) = G ,(tP*, x)

By the semigroup property of the Poisson kernel, we have that

/d Gop(t —5,x — ¥)Gq (s, y)dy = G, (S’S/a +(t — s)ﬁ/“,x). (5.15)
R

Then use the inequalities
tﬁ/a Ssﬁ/a + (t _ S)'B/a < 2]_ﬁ/atﬁ/a lf,B/Ol < 1,

5.16
21-Blaghla <Blu | (4 _ gyl < 1Bl if B/a > 1, 10

to conclude that for some constant C; > 0,
/ Gt = 5.5 = VG5, DAy = C1Gyp (17, 2) = C1Gplt, ).
R

This completes the proof of Proposition 5.10. [

Proposition 5.11. Under (1.9) and the first two cases of (1.21), the function Y(t, x) satisfies
Assumption 5.9 with the reference kernel G, ﬂ(t, X) defined in (3.8), two nonnegative constants
Co and Cy, depending on (a, B, y, v, d), and o defined in (2.6).

Proof. The proof is similar to the proof of the previous proposition. We have several cases.

Case I: When o =2 and B € (0, 1), by the scaling property (4.12), and the asymptotics at zero
and infinity in (4.13) and (4.16), we see that

t_agzﬁ(tvx) Qw(l,y) 1
sup Vo oz ~ 5 = A <too. (5.17)
(t0el0.00xrd Y (1 X) yerd Y(1,y) Co

By the semigroup property of the heat kernel,
/ Gopt =5 x =G, 45, dy =G, , (" + (1 =), x) = 207V2G 1, 0),
R ' ’ '
where the last inequality is due to

P <(t—s5)f +5P <27PP, for B € (0, 1).
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Case II: Wheno <2 and 8 € (0,1 V «), by (4.12) and (4.16),
177G, 4. %) G,y 1
sup — 5 = Sup ———— = — < +00.
(tx)el0.00)xrd Y (T, %) yerd Y (1,y) Co

The super-semigroup property can be proved in the same way from (5.15) and (5.16). O
5.4. A lemma on the initial data

Lemma 5.12. For all compact sets K < (0, 00) x R¢,

sup ([1+ J5]*K) @, x) < oo,

(t,x)eK

under the following two cases:
(1) Both (1.9) and (1.11) are satisfied and the initial data satisfy (3.1);
(2) Both (1.9) and (1.12) are satisfied and the initial data belong to Mg g (R).
Proof. In both cases, the kernel function (¢, x) has the following upper bound
K(t,x;2) < C1Gaplt, x) (177 +€').

Part (1) is clear because

-0 Cot _
([1+Jg]*ic)(r,x)s(1+@)<1*i€)(t,x>=cl<1+a><1t a+ezc 1)’
- 2

where 0 < 1 (see (2.7)). The proof of part (2) requires more work. The case when o = 2 is
proved in Lemma 6.7 of [4]. The proof for & € (0, 2) is similar to that of Lemma 4.9 in [8]. Let

o
o —d/2 =1, —d 2.1 x| (L, D, (n,B)
Capalt, x) =m0 T s (20‘1vtﬂ @/2.0/2). (1. 1), (1.a/2)
with n = [B] in case of Z and n = 1 in case of Z*. Hence, we need only consider
Jo(t,x) = (Ju| * G(t, -))(x). By the asymptotic properties both at infinity and at zero (see
Lemma 4.5 and Remark 4.4), we have that for all r € (0, T],
o C =1l v T)

G(t,x) =" 7Pl G(1, tPlx) < <
14 |t=Plax |t 1+ |x|dFe

Thus, for s € (0, ],
Jo(s, y) < ACs" 1=l (1 v 1) P,

where

1
A=su /w(d —
v S T e

The rest of the proof follows line-by-line the proof of part (2) of Lemma 4.9 in [8]. This
completes the proof of Lemma 5.12. O

5.5. Proof of Theorem 3.2

Proof of Theorem 3.2. The proof is the same as the proof of [4, Theorem 3.1], which in turn
follows the same six steps as those in the proof of [7, Theorem 2.4] with some minor changes:
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The proof relies on estimates on the kernel function /C(z, x), which is given by Proposi-
tion 5.10.

In the Picard iteration scheme, one needs to check the L”({2)-continuity of the stochastic
integral. This will guarantee that the integrand in the next step is again in P,, via [7, Proposition
3.4]. Here, the statement of [7, Proposition 3.4] is still true by replacing in its proof [7,
Proposition 3.5] by either Proposition 5.4 for the slow diffusion equations or Proposition 5.7
for the fast diffusion equations, and replacing [7, Proposition 5.3] by Proposition 5.6.

In the first step of the Picard iteration scheme, the following property, which determines the
set of the admissible initial data, needs to be verified: for all compact sets K < [0, co) X R4,

sup ([1+ J5]*K) (2, x) < 4o0.
(t,x)eK

For the SHE, this property is proved in [7, Lemma 3.9]. Here, Lemma 5.12 gives the desired
result with minimal requirements on the initial data. This property, together with the calculation
of the upper bound on K(#, x) in Theorem 3.4, guarantees that all the L?({2)-moments of u(¢, x)
are finite. This property is also used to establish uniform convergence of the Picard iteration
scheme, hence L?({2)-continuity of (¢, x) — I(¢, x).

The proof of (3.4) is identical to that of the corresponding property in [7, Theorem 2.4]. This
completes the proof of Theorem 3.2. [

5.6. Proof of Theorem 3.1

Proof of Theorem 3.1. The proof of Theorem 3.1 is similar to that for Theorem 3.2. Because

C,= sup |Jo(s,x)| <oo, forallt >0,
(5,x)€[0,1]xR4
the Picard iterations in the proof of Theorem 2.4 [7] give the following moment formula
lut, DI, < 20, %) + [ +2C7] (1xK,) @, ).

Note that the function (1 * IC p) (t, x) is a function of ¢ only. For convenience, we denote it as

H(; \) = / ds/ dy K(s, y; A). (5.18)
0 R4

Therefore, we need only to prove that H(¢; A) is finite, which is proved in Lemma 5.13. This
completes the proof of Theorem 3.1. [

Lemma 5.13. Foralla € (0,2], B €(0,2), y =0, andd € N, under Dalang’s condition (1.9),
we have that

H(: %) < exp (C)\% t) ,

forallt > 0 and A € R, where o is defined in (2.6) and C is some constant depending on «, B,
y and d.

Proof. By Lemma 5.5,
stﬂ

1
(1% Lo)(t.x) < C. f ds 207 it = 22
0
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where C; is defined in (5.11) and § = 1 —o. Note that & > 0 is guaranteed by Dalang’s condition
(1.9). Now we claim that, forn > 0,

Cn+]F (9)n+] (1o

i
(Lx L,)(t, x) < T'((n+ 16+ 1)

of which the case n = 0 is just proved. Assume that (5.19) holds for n. By the above calculations,
we see that

) (5.19)

Cg+2p (9)n+l ' 16 0 Cgl+2[v (9)n+2 t(n+2)9
(1*£n+1)(l,x)§m/; ds (t —s) s7 = T +20+D
Therefore,
o0
H(t; )) = Z A x L£,)(t, x) < Eg g1 (C:T(OAY) .
n=0

Then apply the asymptotic property of the Mittag-Leffler function (see, e.g., [31, Theorem 1.3]).
This completes the proof of Lemma 5.13. O
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Appendix. Some properties of the Fox H-functions

In this section, we follow the notation of [22].

Definition A.1. Let m, n, p, g be integers such that 0 < m < ¢,0 < n < p.Leta;,b; € C
be complex numbers and let «j, B; be positive numbers, i = 1,2,...,p;j =1,2,...,q. Let
the set of poles of the gamma functions I'(h; + B;s) does not intersect with that of the gamma
functions I'(1 — a; — «;s), namely,

—b; —1 1—a; +k

by =—2 ,1=0,1,...} {aik=—,k=0,1,...}=w
{j B ﬂ Q;

foralli =1,2,...,pand j =1,2,...,q. Denote

HT:I F(bj +,3J‘S) 1_[?:1 F(l — da; —a,-s)

f=l1+l I'(a; + a;s) H?Zm+l ra-— bj — ,Bjs)'

Hipy () =
The Fox H-function
m,n m,n (ahal) (apsap)
H =H"
ra = Hp [Z b1 B) - (b By)
is defined by the following integral
1 )
H'(z) = oy /L Hiyy()z7%ds, z€C, (A.1)
where an empty product in (A.1) means 1, and L in (A.1) is the infinite contour which separates

all the points b;; to the left and all the points a;; to the right of L. Moreover, L has one of the
following forms:

(1) L = L_4 is a left loop situated in a horizontal strip starting at point —oo + i¢; and
terminating at point —oo + i¢, for some —co < ¢; < ¢y < 00
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(2) L = L, is aright loop situated in a horizontal strip starting at point 400 + i¢; and
terminating at point co + i¢, for some —00 < @) < ¢y < 00

(3) L = L;,« is a contour starting at point y — oo and terminating at point y +ioo for some
y € (=00, 00)

According to [22, Theorem 1.1], the integral (A.1) exists, for example, when

q 14
A=) "B;—Y >0 and L=L_, (A.2)
j= i=1
or when
n p m q
a*=Y ai— Y o+ Bi— > B;=0 and L=Liy. (A.3)
i=1 i=n+1 j=1 Jj=m+1

The following two parameters of the Fox H-functions (A.1) will be used in this paper:

w=Yy b=y a " (A.4)

=1 i=1

~.

and
p q 5
=[Te 18" (A5)
i=1 j=1

Lemma A.2. Forb € Cand B > 0, there holds the relation

24m,n (@i, oi)1.p _ A1=2b 1+m,n
pr2+q <Z =2 \/_H J+g

(b, B). (b +1/2,B), (bj. Bjig

(a! Oll)l P
(26,2p), (bj, Bjrg

and

(@i, o), p b_—1/2 yyl4+mun [ 48
=4""x H 47z
bj, Birgs (b, B), (b+1/2, ﬂ)) pltq (

(@i, o)y
H"' |z . .
p2ta ( by, By (2b,28)

Proof. Let

]_['j" WACTESIO ) | A E? —a-s)
1_n+1 I'(ai + o S)Hq—erl Ira - ﬁ,s)
By the definition of the Fox H-function,

2+m,n
HPY2+¢1 (Z
By the duplication rule of the Gamma function [30, 5.5.5 on p. 138]
Iz +1/2) = V7275 Qz), 2:#0,—1,-2,..., (A.6)

H(s) =

(@i, oi)1.p 1 _s
= — I'ob I'oc+1/2 ds.
(b, B), (b+1/2, B), (b, ﬂj)l.q> 2mi /L HOLE A+ B)I(b +1/2+ Bs)zds

we have that
2+4m,n
HPY2+Q <Z

Then apply the definition of the Fox H-function. The second relation can be proved similarly. [J

(ai, @i)1,p 1-2b 1 B_\—s
=2 — | HESOIT'2b+2 4 ds.
(b, B), (b+1/2, B), (b/‘vﬂj)l.q> ﬁZJTi /; ()I'2b +2ps5)(@"2) " ds
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Here are some direct consequences of this lemma:

i (@i, a1 p, (b, B) 2b—1_—1/2 gyl+m.n (ai, i,
Fy o ’ ) /2 glitmn (4B ’
tepdta \ | 26, 28), 0, 801, " rita \" 2 aptn.p). 0.801,)

(@i, a)1,p, (1/24 Db, B) 2b—1_ —1/2 gyl+m,n (ai, i),
H1+m,n z ? =2 T / H y 4’3Z ’ s
I+p.1+q (2b,28), (bj, Biq p.l+q b, B), (bj, B
(@i, ai)p
by Brgs 0, 8))°

Hm,l+n (Z (1/2+ b, B), (aivai)],p> — 4b7_[1/2 Hm,n <4ﬂz
(@i, ai)1,p
by By 0. )

P40\ 1 b B)rg. (2b.2B) p1+q
m,14+n (1/2+ b, B), (@i, oi).p __ b _1/2 m,n —B
H1+p,l+q (Z by, Brgs (2b,28) > =4 Hp,1+q (4 z
Remark A.3. In [4], the Green function Gg(t, x), which corresponds to Y5 g g1-p,1(Z, X), is
represented using the two-parameter Mainardi function of order A € [0, 1) (see (4.25)). By the
series expansion of the Fox H-function ([22, Theorem 1.3], which requires that A = 1 — A > 0),
one can see that

- S
M \(z) = 27" H (z E‘: 1))) . Aelo,1). (A7)
By Property 2.4 of [22], the above relation can also be written as
A Z
HY (z2 o 2))) =2 Mipu@. Ael0. D). (A8)

Remark A.4. Another commonly used special function in this setting, such as in [32], is
Wright’s function [38-40] (see also [25, Appendix F]):

oo k
Z
¢()\—, 122 z) = kgom, for A > —I,MGC. (A9)

We adopt the notation ¢ that is used by E. M. Wright in his original papers. By (2.9.29) and
Property 2.5 of [22],

' Hyy (z ) if A >0,
DO, w2 2) = [=1.0em](1,1), (1 +X — u, ) (A.10)
T H)Y (z E’l‘ ;k’ - it € (=1,0].
Comparing (A.7) and (A.10), we see that
M, (1) = ¢(=A, u—X;z), forie(0,1]. (A.11)

The following theorem is a simplified version of Theorems 2.9 and 2.10 in [23], which is
sufficient for our use in the proof of Theorem 4.6.

Theorem A.5. Let (af, Ay, ny) and (a3, Az, (o) be the constants (a*, A, ) defined in (A.3),
(A.2) and (A.4) for the following two Fox H-functions:

(ai, @i)1,p M.N (di, 61, p
H™ | x ! and Hp ) |x ,
P4 ( (ijﬂj)l,q> P.Q ( (cj, Vj)l.Q)
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respectively. Denote

1 — Re(a; Re(b;
A; = min 1= Re(a) '), By = min e ’),
1<i<n o; I<j=m B
Re(c; 1 — Re(d;
Ay = min e(cj)’ B, = min A,
1<j=M  y; 1<i<N 8;

with the convention that min(¢) = +o0. If either of the following four conditions holds

(1) ai > 0anda; > 0;

(2) ai = Ay =0, Re(u1) < —1 and aj > 0;

(3) a5 = Ay =0, Re(uz) < —1 and aj > 0;

(4) af = Ay =0, Re(u) < —land a; = Ay =0, Re(uz) < —1,

and if
Ai+B >0, Ay+B,>0, Aj+A,>0, B +B,>0, (A.12)

then, forall z > 0, x € R,

m+M,n+N
HP+P.q+Q <Zx

(@i, &)1y (diy 8)1.ps (@is @dnstp
by, Bi)ims (i vro> iy Bidmtig

m,n (ais ai)l.p M,N X
H H, ) | —
/ < (h,-,ﬂ,-m) r.0 <t
Proof. By Property 2.3 of [23],
X | (di, )P Nm [ |d=ci iy
HMN (2 : = HY - o rine A.13
p.0 (l <c]»m,g) Q. (x (1—d,-,a,->].p> (A-13)
If condition (1) holds, one can apply Theorem 2.9 of [23] withn = 0,0 = 1, w = 1/x, and with
the following replacements: N - M, M — N, P — Q,Q — P,c; > 1 —cj,di —> 1—d,.

If either of conditions (2)—(4) holds, we apply Theorem 2.10 of [23] in the same way. Note that
the parameters p for both Fox H-functions in (A.13) are equal. O

(di, 81, p ) dr

iy t°

A.l. Proof of Lemma 4.3

Proof of Lemma 4.3. Let

g2l 1,1, 0, p)
Fox) = Hys <x @/2,a/2), (1, 1), (1,a/2)> ‘

Then g(x) = x ™ f(x%). Let

I'd/2+4+as/2)I'(1 4+ s)['(—s)
I'(n+ Bs)['(—as/2) '

Denote the poles of I'(1 + s) and I'(d/2 + as/2) by

Hd,afﬂ,n(s) =

20+d
A={—(1+4k:k=0,1,2,...} and B:={—L 1=0,1,2,. }
o

respectively. According to the definition of Fox H-function, to calculate the asymptotic at zero,
we need to calculate the residue of Hyq g ,(s)z~° at the rightmost poles in A U B. Because
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a* =2 — B > 0, all the nigh cases are covered by either (1.8.1) or (1.8.2) of [23]. The notation
h;l below follows from (1.3.5) of [23].

Case 1. Assume that n # g and d/o > 1. In this case, the rightmost residue in A U B is at
s = —1 and it is a simple pole. Hence,

L _ T@-02)
T rm—-prer)
and

fx)=h3x+ 0 (xmi"(z‘d/"‘)) , asx — 0Og.

Case 2. Assume that n # 8 and d/a = 1. The rightmost residue in A U B is at s = —1 and it
is of order two. Hence,

Res (Ha. (¥ ™) = Tim [(5 + Do (x|

= lim ([(s + 12 Hy g p(5)] — (s + 1)2Hd,d,ﬁ,n(s)1ogx) X

1
=Cx — xlogx,
I'm—pIra+d/?)
whenre we have used the fact that I'(x) has simple poles at x = —n,n = 0, 1, ..., with residue
%. Therefore,
1
xX)=— xlogx + O(x), asx — 0O,.
f) T — BT +d)2) g (x) +

Case 3. Assume that n #  and d/a < 1. The rightmost residue in A U B isats = —d/« and
it is a simple pole. Hence,

. 2 I'A—d/a)'d/a)
= — > .
7 aI(n—dp/o)I(d/2)
where the nonnegativity is due to the fact that n > 8 > Bd/«. Therefore,
) = R 4 o(xmn@FD/ely — pr xdle L O(x), asx — 0.

(A.14)

Case 4. Assume that n = 8 = 1. By Property 2.2 of [23],
11
fe) = Hy; <x Ed/Z?a/z), <1,a/2)> '
Hence,
. 20d/e)
0= 5Ty T
and

fx) = Rigx® 4+ 0“2/ asx — 04

Case 5. Assumethatn = 8 # 1 and d/a > 2. The rightmost residue in AU B is ats = —1, but
this residue is vanishing because lim;_, _; 1/I'(8 + 8s) = 0. The rightmost nonvanishing residue
in AU Bisats = —2 and it is a simple pole. Hence,
I'(d —2a)/2)

I'(=p)')

o —
h21—_
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Hence,

f(x) = b3 x% 4+ O(x™nGd/ey - ag x — 0.

Case 6. Assumethatn = 8 # 1 and d/a = 2. As in Case 6, the rightmost nonvanishing residue
in AU B isats = —2, and it is of order two. Then

SBESZ(Hd,d/Z,ﬂ,ﬂ(S)X_J) = SEHJZ [(s + 22 Hyapnp 5000~

= SE72 ([(S + 2)2Hd,d/2,ﬂ,ﬂ(s)]/ — (s +2)Hyap,p.4(s)log x) x’
2
=Cx* + x?logx.
r-pra+ds2)
Therefore,
2
fx)= x?logx + O(x*), asx — 0.

F(=p)r{+dj/2)

Case7. Assumethatn =B # landd/a € (1, 2). Asin Case 6, because /%, = 0, the rightmost
nonvanishing residue in A U B is at s = —d/«, and it is a simple pole. Hence,

f(x) =hix¥* + 0(x?), asx — 0y,
where h7, is defined in (A.14) with 5 replaced by §.
Case 8. Assume that = 8 # 1 and d/a = 1. The rightmost nonvanishing residue in A U B is
at s = —1, and it is of order two. Hence,

Res (Huapp(6)x™) = lim [+ 1*Ha.ap.005"]

= lim [H1(s)Hals) + Hi()Ha(s) — Hi(s)Hals) log x]x ™,

where
I'(—s)

Hi(s) = (s + D2I((1 +$)d/2T(1 +5) and Ha(s) = TN TR

As calculated in the proof of Lemma 7.1 of [9], we have that

a2 (+sy 2
M= = lim M) = 5 = lim e s = 7

Ha(=1) = lim H3(s) =0,

d o T(=s) | /
& W) = r s (F(ﬂ(l n s»)

. ra lim Y (B +9)
T I(d)2) s—-1 (B +s5))
B

T Id/2)’

where ¥ (z) is the digamma function and the last limit is due to (5.7.6) and (5.7.1) of [30].
Therefore,

. p
Res(Haatp s = [y g7y ™
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and

__ B 2
fx)= T +d/2) x4+ O0(x"), asx — 0,.

Case 9. Assume that n = 8 # 1 and d/a < 1. The first nonvanishing residue in A N B is at
s = —d /o and it is a simple pole. Hence,

fx) = hjpx® + 0(x), asx — 0y,

where h}, is defined in (A.14) with 5 replaced by B. This completes the whole proof of
Lemma4.3. O
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