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ON A MILD SOLUTION TO HILFER TIME-FRACTIONAL
STOCHASTIC DIFFERENTIAL EQUATION

MCSYLVESTER EJIGHIKEME OMABA

ABSTRACT. Consider a Hilfer time-fractional stochastic differential equation
D u(z,t) = A o(u(y,t)w(y,t)dy, t >0
B(0,t7/«)

of order 0 < a < 1 and type 0 < v < 1. The initial condition u(z,0) =
uo(z), z € B(0,t¥/*) C R? is a non-random function assumed to be non-
negative and bounded, D;"" is a generalized Riemann-Liouville time - frac-
tional derivative operator, o is Lipschitz continuous, w(y, t) a space-time white
noise and A > 0 is the level of the noise. The existence and uniqueness of a
solution to the class of equation is given under some precise condition, we
give moment growth bounds and long-term behaviours of the mild solution for
a > % We show that the energy growth (second moment) of the solution to
the Hilfer time-fractional stochastic differential equation grows exponentially

2
in time at most a precise rate of cg exp (05)\ 2a—1 t) for all ¢ > 0 and at least a
2
precise rate of c7 exp (010)\ 2a-1 t) for some time t, for some positive constants
c2,¢5,c7, c10. More so, we show that when the non-linear term o grows faster

than linear, the energy of the solution fails to have global existence at all times
t for all a € (0,1).

1. INTRODUCTION

Fractional calculus has become very popular and important due to its application
in modeling the anomalous diffusion behaviour of physical processes. They best
describe systems which have long-time memory and long-range interaction.

Hilfer proposed a generalized Riemann-Liouville fractional derivative, which
combines Riemann—Liouville fractional derivative and Caputo fractional derivative.
This family of parameters gives certain degree of freedom on the initial conditions
and produces more types of stationary states. While there have been studies on
both Riemann-Liouville and Caputo fractional derivatives, see [2, 12, 13, 14] and
their references, the Hilfer fractional derivative otherwise known as the generalized
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Riemann-Liouville fractional derivative makes it possible for one to interpolate be-
tween the Riemann-Liouville fractional derivative and Caputo fractional derivative.
This type of fractional derivative operator finds its application in the theoretical
stimulation of dielectric relaxation in glass forming materials and aquifer problems
(hydrogeology), see [5, 6, 7, 8] and their references.

In [4], Furati et al. considered an initial value problem for a class of nonlinear
fractional differential equation involving Hilfer fractional derivative; Sandev et al. in
[16] obtained the solution of a fractional diffusion equation with a Hilfer-generalized
Riemann—Liouville time fractional derivative in terms of Mittag—Lefller—type func-
tions and Fox’s H-function; Gu and Trujillo in [6] also considered the existence of
mild solution for evolution equation with Hilfer fractional derivative. Rihan et al.
in [15] furthered the study by considering a class of stochastic differential system
with Hilfer fractional derivative and Poisson jumps in Hilbert space where the exis-
tence and uniqueness of mild solutions using successive approximation theory were
studied, see also [1, 9, 10] for recent papers on the study of mild solutions of classes
of Hilfer fractional stochastic differential equations.

In what follows, since modeling of most problems of real situations is best de-
scribed by stochastic differential equations rather than the deterministic counter-
part, we therefore perturb a class of Hilfer time-fractional differential equation with
space-time white noise and study the properties of mild solution to a class of Hilfer
(generalized Riemann-Liouville) time-fractional stochastic differential equation. To
the best of our knowledge, this model has not been studied and none of our results
exist in literature for this class of time-fractional stochastic differential equation.
Thus, we consider the following Hilfer time-fractional stochastic differential equa-
tion of order 0 < @ < 1l and type 0 < v <1

DPute) =2 [ aluly )il )y, 0<t <o,
B(0,tv/) (1)

Iz, 0) = ug(z), = € B(0,t"/?), p=a+v—av,

where 10 (y, t) is a space-time white noise, A > 0 the noise level, o : B(0,t*/*) = R
a Lipschitz continuous function, and D;"” the generalized R-L tempered time-
fractional derivative of order 0 < o < 1 and type 0 < v < 1 given by Hilfer as
follows [7]

Df’”u(m,t) — (I;/(lQ)D(It(ly)(la))>u($,t)

The two parameter family of fractional derivatives allows one to interpolate between
Riemann-Liouville and the Caputo derivatives.
That is, for v = 0, it reduces to the classical Riemann—Liouville fractional derivative

D%u(x,t) = D* (It(lfa)u(x,t)) = D{u(z,t),

with
1 0

Diu(z,t) = T —a) ot

/0 (t—s) “u(x,s)ds, a € (0,1)
and

1 t
Iule ) = o / (t — 8)° (e, s)ds, a € (0,1).
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For v =1, it reduces to the Caputo fractional derivative
D tu(e, t) = (I D*Yu(w, t) = . D u(a, t),
with

1 ¢ .
Froay ), (-9 datas)is, @ 0.1

For 0 < v < 1, it interpolates continuously between the two derivatives.
Now, define the mild solution to equation (1) in L?(P) as follows:

«Diu(x,t) =

Definition 1.1. We say that (u(z,t),z € B(0, t*),0 < ¢ < T*) is a mild solution
of Equation (1) if a.s, the following is satisfied

s = g

" / / Yo (uly, )iy, s)dyds
B(O, tv/a)

_UO()(HI L o(uly, s))w .
B F(M)t //Otu/a) (u(y, s))w(dy,ds), p > 1.

Also, if (u(z,t),z € B(0,t"),0 < t < T*) satisfies the following additional
condition

sup sup  Elu(z,t)]? < oo,
te[0,T*] z€B(0,t+)

then we say that (u(z,t),z € B(0, t#),0 <t < T*) is a random field solution to
Equation (1).

The above problem is motivated by the following proposition

Proposition 1.2 ([6]). If 0 < o < 1 and 0 < v < 1, then the solution of the
generalized fractional differential equation

D&Y a(t) = f(t,z(t), t >a

I;I“m(a+) =Ty, h=a+v—av,
is given by
(a=1)(1-v) ) ' 1
t—a)l e 4 /t ) f(s,x(s))ds.

Next, we give an estimates (bounds) on an incomplete gamma function.

z(t) =

Theorem 1.3 ([11]). The following inequalities

1
exp ((Hxl) < %fy(a,x) <1Fi(aa+1;—x) < P (1 + ae_x> for all x > 0,

hold, where 1 Fy(a;a + 1;—x) is a confluent hypergeometric (Kummer) function.
Also, for0 < a <1,

1—e*

a
< — .
L < L)
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The function y(z,x) is an incomplete gamma function given by

~v(z,x) :/ e t*tdt, x>0
0
with the relation
[(2) = y(z,2) + (2, 2),

where I'(z, z) is the complement of the incomplete gamma function given by
o0
[(z,x) :/ e~ t*ldt, x> 0.
xr

The paper is outlined as follows. In section 2, we gave the main results and their
proofs and section 3 contains a concise summary of the paper.

2. MAIN RESULTS

Here, we make the following assumption on o; that is, o is globally Lipschitz:

Condition 2.1. There exist a finite positive constant, Lip, such that for all , y €
B(0,t"/*) C R?, we have

lo(z) — o(y)| < Lip, |z —yl,
with ¢(0) = 0 for convenience.

We define the L?(P) norm as follows:

1/2
el :={ sup sup e-BtMu(x,tn?} ,
0<t<T* zeB(0,t"/)

where T™ is a fixed finite number and obtain the following result

Theorem 2.2. Suppose c3 < m for positive constant Lip, together with Con-
dition (2.1), then there exists solution u that is unique up to modification, with

L T*2§+2a—1 1
€3 = F;(ra) Sa—1 >3-

The proof of the above result is by Banach’s fixed point theorem and is based
on the following lemma(s):

For > 1, we define the operator

u(x :L(x)(“_l) A t —5)Lo(u(y,s)w s
Aute ) = e D g [0 f oty )l ds),

and the fixed point of the operator A gives the solution of Equation (1).

Lemma 2.3. Given a random solution u such that ||ul|2,«,5,, < 0o and Condition
(2.1) holds. Then there exist positive constants co and cs such that

HAu”g,a,ﬂ,v <c+ C3>‘2Lipc27||u||g,a,ﬂ,l/’

T*2%+2u71 1

C1 =
%a—1 >3-

where cg 1= 1ﬂz(u)jl‘*Q(u—l)’ 3= F%m)
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Proof. By Ito isometry and assuming that |ug(z)|? < ¢, we obtain

E|AU(£L‘,t)‘2 _ |U0( )| t2(;4 1)
+ F2 / / 8)2*?Elo(u(y, s))|*dyds
B(0, tv/a
< b g2(p-1)
< I‘Q(
)\2L1pU
v S 2Bluly, ) dyds
B(0, tV/O‘
Cl 1)
< 2(p—
T IP(p)

+

ALi ‘
5 ip; t2”/"/ sup  Elu(y, s)|*(t — 5)?*?ds.
() 0 yeB(0,tv/%)

Multiply through by e=#* we have

—Bt 2 2(p—1) ,—Bt
e 'ElAu(z, )7 < I‘2( )t =
)\ Llpa 2v/a 2 ’ 2a—2 _ —fB(t—s
+ T2 (a) v/ ||u||2’a’5’,, O(t—s) e Blt=s)qsg

_ C1  2(u—1) —pt
= —Ft e
I'2(p)
M\?Lip2
()
1 2(u-1),-pt
—t e
I'2(p)
)‘QLipg 2v/a 2 1—20
FQ(OZ) il / ||u||2,a,,8,uﬁ 7(20[_ 176t)7 R(O[) > 5

Now take sup over ¢ € [0,7%], T* < oo, and sup over x € B(0,t*/*) and upper
bound estimate of Theorem 1.3 to obtain

7t [u]3 0,5, [[(20 — 1) ~ D20 — 1, 1)

1

27 3.2 *2v/a
2! o(u—1) —pt , A Lip; 7T 1
A 2 < — +2u
MAulzapr < gy S0 0T Gy T @a - 1)(20)
X O<S;1<PT*(515)2Q71 <1 + (20 — 1)6ﬁt> ull3.0.5.
) 27 :..2 *2L+2a71
“1 o(u—1) , A-Lip; 71" )
< = t
o F2(/L) O<Stu§pT* + F2(a) 29 — 1 ||u||2,o¢7,6’7y

= co+ esA°LipZ [[ull3 0.5

with positive constants and the second line follows since e Pt < 1foralte
[0,T%]. O

Similarly, we obtain the following result

Lemma 2.4. Suppose u and v are random solutions such that ||ul|2,q,8,0+v]2,0,8,0 <
oo and Condition (2.1) holds. Then there exists a positive constant cs such that

. 2
[ A — Av[3 5, < esNLip2[lu — v[3 4 5.,
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Proof of Theorem 2.2. By fixed point theorem we have u(z,t) = Au(z,t) and from
Lemma 2.3,
)
||u||§,a,6,u = HAu”;a,ﬂ,v <c+ C3A2Llpg‘|u”§,a,ﬁ,v

which follows that

. 1
Hu||§aﬂy[1 — 03/\2L1p3] <eco = |ull2,a,py <00 cg < m
Similarly, from Lemma 2.4,
lu =[5 05, = Aw = Av[[3 , 5, < csNLip]|Ju—vl[5 4 5.,

thus
lu = vll3 0,5, [1 — e3A°Lip;] <0

and therefore
u=2l2a80 <0 (= llu—-wv

|2,0,8 = 0)
if and only if
3 < ——-
* 7 (ALip,)?
The existence and uniqueness result follows by Banach’s contraction principle. [

2.1. Growth moment estimates. For the growth moment results, we present
the following renewable inequalities, which give bounds on the functions involved:

Proposition 2.5 ([3]). Let p > 0 and suppose that f(t) is a locally integrable
function satisfying

t
fit) <er+ /-@/ (t —8)P"1f(s)ds, for allt >0,
0
where ¢y is some positive number. Then, we have
f(t) < coexp (03(F(p))1/”m1/”t), for allt >0,
for some positive constants co and cs.
We also give the converse of the above proposition:

Proposition 2.6 ([3]). Let p > 0 and suppose that f(t) is a nonnegative, locally
integrable function satisfying

t
fit) > e+ /{/ (t —s)P~ 1 f(s)ds, for allt >0,
0
where c1 is some positive number. Then, we have
F(8) > exexp (es(T(p)/210t), for allt > = (T(p)r) ",
p

for some positive constants co and cs.

Theorem 2.7. Given that Condition 2.1 holds, then for allt > 0 and o > % we
have

sup  Efu(z, )] < e exp (sATTE),
z€B(0,tv/«)

for some positive constants co and cs.
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Proof. Following similar steps as in Lemma 2.3 and the assumption that the initial
condition is bounded above,

A 2(u-1)
sup  Elu(z,t)]? < ——t
z€B(0,t¥/ %) I'2(p)

)\QL- 2 t
+ 5 Lo 7rt2”/0‘/ sup  Elu(y, s)|*(t — 5)**2ds
I'2(a) 0 yeB(0,tv/e)
€1 2(pu—1)
< sup tW¥
FQ(M) 0<t<T™*

)\QLiPQ t
+ 9 g ¥/ / sup  Elu(y, s)|*(t — s)**2ds.
I'2(a) 0 yeB(0,tv/«)

Let f(t):= sup  E|u(z,t)|* then we have
z€B(0,tv/«)

IN

f(@) co + 03)\2/0 (t — 5)**72f(s)ds

t
= o+ 03)\2/ (t — 5)22= D71 f(s5)ds.
0
Thus by applying Proposition 2.5 for o > %, we obtain
f(t) < coexp [64)\ﬁ(r(2a — 1))T1*1t] = ¢y exp [C5Aﬁﬂ,
and the result follows. O

Similarly, we have the lower bound estimate by assuming that the initial condi-
tion ug(x) > cg for some positive constant c3 and

Condition 2.8. There exist a finite positive constant, L, such that for all x €
B(0,t/*), we have
|o(z)] = Lo|xl.

Thus

Theorem 2.9. Given that Condition 2.8 holds, then there exists a time t such that
for a > % we have

inf  Elu(z,t)]> > ey exp (croATTt),
z€B(0,t7/*)

for some positive constants c; and cqg.

Proof. With the assumption that the initial condition ug(z) > cg, we have

: 6 o(u—1
f  Elu(z,t))? > ——2D
ceB(0.1/) fule.OF 2 I'2(n)

+ VL tQV/O‘/t inf  Elu(y, s)|*(t — 5)?* 2ds
™ ; —
I2(a) 0 yE€B(0,tv/*) Y

% 2(p—1)
I2(p) 0<1tn§fT* t

vV

NL 2v/ ! 2 20—2
T S r inf /e inf  Elu(y,s)?(t — s)2°2ds.
Fz(a)ﬂ0<1tn§T* /o yeB%gt"/“) luly. )t = <) ’
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Let g(t) := zeBi(gftV/a)Em(x,t)F then we have

t
g(t) > ¢ +08)\2/0 (t— s)2a72g(5)d5

¢
= ¢+ Cs>\2/ (t — 5)2=D=1g(s)ds.
0

e
2a—1

Applying Proposition 2.6 for a > %, then for ¢ > (Cg)\QF(QOz — 1))_2"‘*1 we

obtain
g(t) > crexp [09)\%(1’(2a — 1))ﬁt] = c7exp [clo)\ﬁt],
and the result follows. O

We now give immediate consequences of the above Theorem 2.7 and Theorem
2.9. First is the long time behaviour of the energy solution, which says that the
rate of growth depends on the operator and the noise term (the noise level) as time
t grows to T™:

Corollary 2.10. Suppose that o > % and that positive constants cs, c19 are as in
Theorem 2.7 and Theorem 2.9. Then for all x € B(0,t*/®) and X > 0,
logE t)|?
AT < limint 2B B OF
t—T* t
Remark 2.11. From Theorem 2.9, we obtain the following estimate: log E|u(x,t)|? >
logcr + Clo)\%‘{lt > 610)\2042*1 t.

The next result gives the rate of growth of the second moment with respect to
the noise parameter \:

Corollary 2.12. Suppose that o > % and conditions of Theorem 2.7 and Theorem
2.9 hold. Then for all x € B(0,t"/) and for some time t,

loglog E t)? loglog E )2 2
< g PEOEELE P oglogBlu(r P 2
2a0 — 1 A—00 log A A0 log A 20 — 1

2.2. Global non-existence of solution. We show that if the function o grows
faster than linear, then the second moment E|u(z,t)|? of the solution to (1) ceases
to exist for all time ¢.

Now, suppose that instead of Condition 2.8, we have the following condition:

Condition 2.13. There exist a finite positive constant, L, such that for all x €
B(0,t"/*) C R?, we have

lo(z)| > Ly|z|?, B> 1.
Theorem 2.14. Suppose that Condition 2.13 is in force. Then there does not exist
a solution to Equation (1) for all 0 < a < 1.

Proof. Assuming the lower bound condition on the initial condition ug(x), then by
Condition 2.13, we have

t
E\u(x,t”? > C7+08>\2/ (t— 8)2(a_1)]E|U($,8)‘2(’6)d3

v

t B
cr + CS/\Q/ (t — )21 ( inf  Elu(x, s)|2> ds.
0

z€B(0,tv/«)
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Let g(t):=  inf  EJu(z,t)|*. Then it follows that
z€B(0,tv/%)

t
o) = et [ (- 5P Vg s)ds
0
t
> 07—1—08)\2/ 2@~V gh(s)ds,
0

since t >t — s and (t — s)2(@=1 > ¢2(@=1 for all 2(a — 1) < 0. Multiply through
by t2(>=1) then

t

g2t > c7t2(“*1>+c8>\2/ g% (s)ds
0

s Dg(s))”

t
_ 2(a—1) 2 <—
= cqt + cgA /o 2B(—D) ds.

Let y(t) = t2(@~Vg(t), 0 < t < T*, then we have

toB
*2(a—1) 2 y°(s)
y(t) > 7T + cgA /0 =D ds.

Applying the fundamental theorem of calculus, thus

B
. 2 Y7 (1)
y(t) = csA 2a-1)
and solving the differential equation §(t) = 08)\2%, that is, y%(g) = cg\22P—a)
with y(0) = ¢;T*2(*=1) we have
1
(1= B)esA® 1 iop(1—a) g7
t) = —_—1 @ 0
0 = +9(0)

and the solution fails to exist for all 1 + 25(1 — «) > 0, that is, for all 8 > 1 and
O0<a<l O

3. CONCLUSION

Long term behaviours (with respect to time ¢ and with respect to the noise level
A) of the mild solution to a Hilfer time-fractional stochastic differential equation
were studied. The existence and uniqueness result was obtained under some precise
conditions and we proved the second moment energy bounds (upper and lower
estimates) of the solution. The result showed that our solution grows exponentially
in time and the solution fails to exist for all time ¢t when the nonlinear term grows
more than linear for « € (0, 1).
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