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Abstract

In the first part of this paper, we establish the well-posedness for so-
lutions of Caputo stochastic fractional differential equations (for short
Caputo SFDE) of order a € (3,1) in L? spaces with p > 2 whose coef-
ficients satisfy a standard Lipschitz condition. More precisely, we first
show a result on the existence and uniqueness of solutions, next we
show the continuous dependence of solutions on the initial values and
on the fractional exponent «. The second part of this paper is devoted
to studying the regularity in time for solutions of Caputo SFDE. As a
consequence, we obtain that a solution of Caputo SFDE has a §-Holder
continuous version for any § € (0, — 1). The main ingredient in the
proof is to use a temporally weighted norm and the Burkholder-Davis-
Gundy inequality.

Keyword: Stochastic fractional differential equations, Existence and unique-
ness of solutions, Well-posedness, Regularity.

1 Introduction

In this paper, we consider a Caputo stochastic fractional differential equa-
tion of order a € (1, 1) on the interval [0, 7] of the following form

© DX (1) = bt X(1) + o1, X (1)) T, 1)
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where b : [0,7] x RY — R4 o : [0,T] x R?* — R? are measurable and
(Wi)te[0,00) 1s @ standard scalar Brownian motion on an underlying complete
filtered probability space (€2, F,F := (F)ic[0,0), P)-

The stochastic differential equations involving Caputo fractional time deriva-
tive operator as in (|1f) give good models to investigate the memory and hered-
itary properties of various branches of physical and biological sciences more
precisely (see [8, [10, 13]). The main reason for this fact is that fractional
derivatives provide an excellent instrument for the description of memory
and hereditary properties of various materials and processes. For more de-
tails we refer the reader to the monographs [2, O, [10] and the references
therein.

According to the authors’ knowledge, the main achieved results for Equation
are limited to problem of the existence and uniqueness of strong solutions
[3, 15, 16] and mild solutions [I1] in L? spaces. A proof of coincidence of
strong and mild solution of in L? spaces under some natural assumptions
on the coefficients has recently been proved in [I]. An Euler-Maruyama
type scheme for Caputo stochastic fractional differential equations and the
convergence rate of this scheme have been established in [4]. Very recently,
several results on well-posedness and continuity on fractional exponent « for
solutions of (1) in L? spaces have been developed in [14]. However, the well-
posedness as well as the regularity of solutions of Equation in LP spaces
with p > 2 were not investigated systematically in any article. Thus, in this
paper, we are trying to fill this gap. Precisely, our first aim in this paper is to
establish the well-posedness for the solutions of Caputo stochastic fractional
differential equations with generalized Lipschitz-type coefficients driven by
general multiplicative noise in LP spaces. Secondly, we are interested in the
Holder continuity of the solutions for Equation in LP spaces.

The paper is organized as follows: In Section |2 we introduce briefly about
Caputo SFDE and state the main results of the paper. The first main
result is about global existence and uniqueness of solutions (Theorem [1f(i)),
continuous dependence of solutions on the initial values (Theorem [Ifii))
and on the fractional exponent (Theorem [If(iii)). The second main result
is about regularity in time of solutions (Theorem . The proof of the first
main result and the second main result are given in Section [3| and Section
respectively.



2 Preliminaries and main results

2.1 Caputo fractional stochastic differential equations and
standing assumptions

For p > 2,t € [0,00), let X} := LP(Q, F;,P) denote the space of all F;-
measurable, p' integrable functions f = (f1, fa,..., fa)* : @ — R¢ with

1
P

d
1Fllp = (Z E(\filp)> :
=1

A measurable process X : [0,7] — LP(§, F,P) is said to be F-adapted if
X(t) € X¥ for all t > 0. For each n € Xg, a F-adapted process X is called
a solution of with the initial condition X (0) = n if X(0) = n and the
following equality holds on X% for ¢ € (0,7]

= L t — ) y(r 7)) d7 t — ) lo(r T
X0 =t ([ =00 x ) ar [ -0t x >>d(v2v;),

where () := [ 7% ! exp (—7) dr is the Gamma function, see [15, p. 209].

2.2 Well-posedness and regularity of solutions

In this article, we assume that the coefficients b and o of satisfy the
following conditions:

(H1) Global Lipschitz continuity in R? of the drift and diffusion term: For
all z,y € R%, t € [0, T], there exists L > 0 such that

[b(t, ) = b(t,y)lp + lo(t, ) — ot y)lp < L]z —ylp.

(H2) Essential boundedness in time for drift and diffusion term: o(-,0) is
essentially bounded, i.e.

esssup |b(7,0)|, < M, esssup|o(7,0)[, < M.
r€[0,T] T€[0,T]

Note that the contents of assumptions (H1) and (H2) are independent on the
choice of the norm on R%. However, for a convenience in several estimates



below, we equip R? with the p norm, i.e. for any vector x = (z1,...,24)" €
1
R4, the p norm |z, of x is defined by |z|, = (Zle |xi|p> "

The first main result in this article is the well-posedness of solutions of
Caputo SFDE.

Theorem 1 (Well-posedness of solutions of Caputo SFDE). Suppose that
(H1) and (H2) hold. Then the following statements hold:

(i) Ezistence and uniqueness for solutions of Caputo SFDE: for any n €
XP, the initial value problem with the initial condition X (0) = 7
has a unique solution on [0, 7] denoted by ¢u (-, 7).

(ii) Continuous dependence on the initial values for solutions of Caputo
SFDE: for any (,n € X}, the solution ¢, (-,1) depends Lipschitz con-
tinuously on 7, i.e. there exists L1 > 0 such that

¢a(t, Q) — @alt,mlp < L1l|¢ —nll, for all £ € [0, T].

(iii) Continuous dependence on the fractional exponent o for solutions of
Caputo SFDE: The solution ¢, (-,7) depends continuously on «, i.e.

lim esssup ||¢a(t,n) — @a(t,n)||, = 0.
a—a tG[O,T}

The second main result in this article is the regularity of solutions of Caputo
SEFDE.

Theorem 2 (The regularity of solutions). Suppose that (H1) and (H2) hold.
Then, there exists D > 0 depending on «,p, L, M,T such that

1
lalt;n) = wals,n)lly < D[t —s[*72, foralls,te0,T].  (3)

Corollary 3. For all § € (0, — %), there exists a modification Y of X with
0-Holder continuous paths, i.e.

P(X;=Y;) =1 forall tel0,T].

Proof. Thanks to and using Kolmogorov test, see e.g. [5, Theorem,p.

51], X (t) has an §-Hélder continuous modification for any § € (0,a—3). O



3 Well-posedness of solutions

3.1 Existence and uniqueness of solutions

Our aim in this subsection is to prove the result on existence and uniqueness

of solutions to Equation (I)). For this purpose, let HP([0,T]) be the space
of all the processes X which are measurable, Fpr-adapted, where Fp :=
(Ft)iejo,r) and satisfies that

| X ||z == esssup || X (t)]], < oo.
t€[0,T)

Obviously, (HP([0,T7), || - ||me) is a Banach space. For any n € X§, we define
an operator 7, : HP([0,T]) — HP([0,T]) by 7,£(0) := n and the following
equality holds for t € (0,7

T(0) =1+ ( [e=mtuinemy s [ ntonem) d )
)

The following lemma is devoted to show the well-defined property of this
operator. In the proof of this result and also several results below, we use
the following elementary inequality

lz+ylp < 2p*1(|x\§ + Jy[h)  forall z,y € R, (5)

Lemma 4. For any n € X{;, the operator 7, is well-defined.

Proof. Let § € HP([0,77]) be arbitrary. From the definition of 7,¢{ as in (4)
and the inequality (), we have that for all ¢ € [0, T]

I @)1} < 2p—1\|n||p+%i“ fo (=70 e@ir (6)
+a s = e (g ()




By the Holder inequality, we obtain that

t

(t— 7)1 (. € (7)) dr

p

p

(/0 ‘“rbw(mdf)p
((/Ot (t—7) 51 dT> /|b (1€ (7 |pdT>
1

(p / 16 (r, € (7)) [[2dr. (1)
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From (H1), we derive
b &(r)IE < 2271 ([b(r,€(7)) = b(r, 0)[} + [b(7,0)[})

2L IPIE(r) ] + 2 b, O)

IN

Therefore,

t L. t
/ Ib(ré@)Edr < 1P (esssupns(f)np) / Ldr 4 20! / b(r, 0)[2 dr
0 0 0

T€[0,T7]

IN

T
L LPT|¢|ff + 27! /0 Ib(r, 0)[2 dr

which together with implies that

P pler=1)(gp — 2)p—1 < T
< LPT§p+/ bT,OpdT>.
| T el + [ 10
(8)

Now, using the Burkholder-Davis-Gundy and the Hélder inequalities, we

/0 (t— 1) b (r.€ (r))dr




obtain

| @=nro e p
<ZE/ (t — 1) Loy (T, £(T))dW.

< Z@E' [[= 7o eypa|

p

p

p—2

< Zo IE/ 7202 g (7, €(7))|Pdr (/Ot(t = T)M%) 2

T2a—1 T t B
<G (5y) " [ = e e iar

pp+1

D
where C), = (W) *. From (H1) and (H2), we also have

o (r, §(n))Ip < 227 LPIE(T)IE + 207 o (7, 0) [ < 2P NLPIE(r) [ + 2P M.

Therefore, for all t € [0,7] we have
t 2 2
| =2 e gar

t p t
< QP_ILP/ (t— 7')20[72 (esssup ||§(T)Hp> dr + QP_IMP/ (t— 7')2a72 dr
0 0

T€[0,T]
2p—lT2a—1
2T e ).
< (Llgly, +
This together with (6], (8) and (H2) implies that ||7,£||y, < oc. Hence, the
map 7, is well-defined. O

To prove existence and uniqueness of solutions, we will show that the oper-
ator T, defined as above is contractive under a suitable weighted norm (cf.
[6, Remark 2.1] for the same method to prove the existence and uniqueness
of solutions of stochastic differential equations). Here, the weight function
is the Mittag-Leffler function Ea,—1(-) defined as follows

tk

Fou_ f 11t eR.
2 1 kZOF a—lk—{—l) or a S




For more details on the Mittag-Leffler functions we refer the reader to the
book [10, p. 16].

We are now in a position to prove Theorem [Lfi).

Proof of Theorem (i ). Choose and fix a positive constant v such that

v > k2P7IT (20 — 1), (9)
where
op—17p perl 5 T2a-1 % T(P—2)a+1
= — . (10
= | (567 m) (at) (ozzeyT |
p—1
On the space H?([0,T), we define a weighted norm || - ||, as below
1
Xl \»
|| X || := esssup < for all X € HP([0,T]), (11)
T o) \ B (yt207h)

Obviously, two norms || - ||g» and |||, are equivalent. Thus, (H?([0,T),|-]l4)
is also a Banach space. Choose and fix n € X¥5. By virtue of Lemma {4} the
operator 7, is well-defined. Now, we will prove that the map 7, is contractive
with respect to the norm || - ||,. For this purpose, let ¢,& € HP([0,T)) be
arbitrary. From and the inequality , we derive the following inequality
for all ¢ € [0,T7:

~ P 9p—1 t P
[rew-mgon]] < mm || =00 b Eear
p
p—1 t p
—i—li%a) /O(t—r)a Yo(r,&(7)) — o(r,&(1))) dW,|| .
Using the Holder inequality and (H1), we obtain
t R p
| [ 06600 - ot Erpar
0 p

p

IN

(/Ot(t — 1) b (r, (7)) — bi(, 2(7'))|d7->

(( e >””d> ([ = m2intr o - bt 2@))%))

p7(ap—2a+1)(, _ 1\p—1 pt o N P
(ap — 2 —l(—pl)l’—2 /0 (t— T)2 i Hé(T) B éh(T)Hp dr.

IN

d
Y E
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Y E
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On the other hand, by the Burkholder-Davis-Gundy inequality and (H1),
we have

‘ /0 (t — 1) o (1, (7)) = o (7, E(7))) AW,
_ ZE

SZCPE’/ )220y (1,€(r)) — o (7, € () ) [Pdr

p

p
p

/ (t — 1) (o3(m £(r)) — o3(r E()))dV;

[MiS]

p—2

< ZC e [ -t (rem) - o (nE0) par [ - rtar)
< e, <2Ta_ 1) /Ota—a?a-?(]ém—Em\[ dr

Thus, for all ¢t € [0,7] we have

|mew - mEw)||

¢ ~ P
<w [t e - &) ar
0 p

where £ is given as in (10]). This estimate with the definition of || - ||, as in
implies that
~ ||P
|7e® - mEw)|
E2a_1(7t2a—1)
E P
I{fo Qa 2 || ( )Hp Eoq_1 ( 2a—1)d7_

E‘2 _1(,},7-204 1)
E2a 1(,#201 1)

H H —7)** 2B (v dr
< K | esssup

ei01] | Bra—1(y72071) Eaq—1(yt?*1)
kI'(2a — 1) ~
< ﬁﬂﬁ = &5

where in the final step, we used the inequality

t
i 20—2 20—1 20—1
_— t— Foo_ dr < Eoq_1(7t

9



see [3, Lemma 5]. Consequently,

_ T(2a — 1)\ » R
17— Todlly < (<j)) € — 2l

By @, we have % < 1 and therefore the operator 7, is a contractive
map on (HP([0,77), ] - ||y). Using the Banach fixed point theorem, there
exists a unique fixed point of this map in HP([0,7]). This fixed point is also
the unique solution of (1)) with the initial condition X (0) = 7. The proof of
this theorem is complete.

O

Remark 5. (i) Results about the existence and uniqueness of solutions of
Caputo SFDE in case p = 2 have been shown in [3].
(ii) In [16], the author considered the following form in L

¢ t
X(t) = X(O)—i—/ (t—7)"*0(t, 1, X (7)) dT+/ (t—7)"o(t,r,X(1)) dW-,
0 0
(12)
where X(0) € R4, 0 : Ry xRy x R - R x R™ b : R, x Ry x R4 — R
are Borel measurable functions and oy € (0,1), a2 € (0, 5). He obtained the
existence and uniqueness of solutions with non-Lipschitz coefficients in L?

with p > max( 2

12
1—ay1?’ 1—2a9

holds for all p > 2 and random initial condition X (0) = n € X}.

). In this paper, we prove that the result still

3.2 The continuous dependence of the solutions on the initial
values

Our next result is to evaluate the distance between two different solutions.
As a consequence, we obtain the Lipschitz continuity dependence of solutions
on the initial values.

Proof of Theorem[][ii). Choose and fix ( € X§. Let n € X} arbitrarily.
Since 4 (+,n) and @4 (-, ¢) are solutions of (1)) it follows that

1 L o(1, 0a(T,m)) — b(T, 9a(T,())
/0 dr

0a(t,n) —pal(t,() =n—C( +

L(a) (t—7)l-«
1 [P o(r,0a(r,n) — o(7, 0a(7,C))
+ I'() /0 (t—71)l-= A



Hence, using , the Holder and the Burkholder-Davis-Gundy inequalities
and (H1) (see proof of Theorem [I[i)), we obtain

t
lea(t,n) — alt,QIb < 2’3‘1%/0 (t — 1) ?lpalr,n) = @a(r, Q)|Ib dr

—1
+2°7 |ln = Cl13-

Applying the Gronwall inequality for fractional differential equations, see [7,
Lemma 7.1.1] or [I7, Corollary 2], we arrive at

lpalt,n) = @alt, OlIb < 277" Epar (227 6 D200 = )12 7H) [l — ¢|5.

Hence,
lim [l¢a(t, 1) — @a(t, Ollp = 0.
n—¢

The proof is complete. O

Remark 6. A result about the continuity dependence of solutions of SFDE
on the initial values in case p = 2 has been shown in [3].

3.3 The continuous dependence of the solutions on the frac-
tional exponent «

In this part, we shall prove the continuous dependence on « of the solution.

Proof of Theorem[{{iii). Let a,a € (3,1) be arbitrarily but fixed. Choose
and fix n € X}. Since ¢4(-,n) and @g(-,n) are solutions of () it follows that

ealt,n) — valt,n)

- F(la) /Ot(t—f)a—l(b(f,%(m))—b(T,%(T,n))) dr

i /ot ((t }502;1 -t }g?l)b(n a(T,n)) dr

+F(1a) /Ot(t — )t (U(T, ©a(T,n)) — o(T, cpa(r,n))) dW-

+/ot (¢ _mi) — -4 }(2) _1)o<n ealr,m)) dW,.

11



Using the inequality , the Holder and the Burkholder-Davis-Gundy in-
equalities and (H1) (see proof of Theorem [Ii)), we obtain

lea(t,n) — walt,n)lH

t
< / (t = 7)22 | pa(r.n) — galr,n)|E dr

v [ t;zi“ st o,

e /0 _r(a) - r(?z) )o(reatr.m)
(t—7)t  (t- T)a*1 ’

L)  T(a)
Applying the Hélder inequality, (b)), (H1) and (H2), we obtain that

t _ el _ a1
H/O ((t r(cz) -& r(az) )b(T’ #a(Tm)) dTHZ

- z‘zd;E</otg(t’7’a’a)|bi(7a‘Pa(ﬂn))|d7'>p

sz;E ((/Ot(g(t,r,a,a))zﬁld7>p1 /t |b; (7, 0z (T, 1)) |P d7>

</Ot(g(t,7',a,&))2d7')2 </ 1d7) /|b )L dr

t 5,
< /0 <g<t,7,a,a>>2d7) 7' /0 21 (1] palr )| + [b(r. 0) ) dr

Now, let

glt.m,0,0) = |

IN

IN

IN

N ;0
= </ <g<t,7,a,a>>2d7) T% 277 (LPesssup || pa (T, )L + MP).
0 T€[0,T

On the other hand, using the Burkholder-Davis-Gundy inequality, (H1) and

12



(H2), we have

t | — r)a-1 P
H/o ((t F(oz) _ 1“(62) )J(T, va(T,n)) dW; .,
< gE‘/Otg(t, 7, a, Q)|oi (7, pa(T,m))| AW ’
d n Z
< ;cpE‘/o (g(t, 7 0, 8))2| 0 (7, o (7, )|
<

éCpE [(/Ot(g(t,T,a,a))Qyo'i(ﬂ va(r,m)|P dT)i (/Ot(g(tm 0.3))? dT)p;TQ’

p—2

= G, jﬁig<u7sa,a>Pno<T,¢a<fnﬁ>nzdf (}ﬁig<@7;a,a>yzd7) 2

t 5
< G (/ (g(t, 7, o, @))? dT) 2P~ (LPesssup |4 (T, Ml + MP).
0 T€[0,T]

Combining the above calculations and by the definition of || - ||, yields the
estimate

lpalt,n) —ea(t,n)|p
E204—1 (,-Yt2a—1)

A p
k2P~ 1 fg(t —7)%02 ”9022172 (Viazc(l’?;”” Foo1(ym? dr

— E2a—1(7t2a_1)

t 5
+WﬂmWwwwwm+W(/MW%®mﬂ'ﬁ
T€[0,T] 0

:
+ 273 (LPesssup || pa (7, m) [} + MP)C, </ (9(t,7,@,@))? dT>
7€[0,T] 0

K2PIT (200 — 1)
< ,y lealsn) —wal,mIE
t g
HWW%MWMWW+WK/MW%W%>T2
T7€[0,T 0

D
2

t
+ 2373 (LPesssup || 0a (T, L+ MP)C, (/ (9(t, 7,0, @))? d7'> ;
T7€[0,T 0

13



where in the finall step, we have used Lemma 5 in [3]. Thus, we have

k2P (200 —
(1= 2D ) el

t z
< 9% 3(LPasssup [lpa(r, m) [ + MP) ( / <g<t,T,a,a>>2dT) T
r€[0,T] 0

t 5
+ 2773 (LPesssup [l pa(r, )|} + MP)C, </ (g(t, 7,0, @))? dT>
7€[0,T 0

By @D and p > 2, therefore to complete the proof it is sufficient to show
that

t
lim sup /(g(t,7,oz,@))2 dr =0.
1J0

a—age(o,T

Indeed, we have

t o B t(t_T)2a—2 _ t(t_T)%Z—2 - t(t_T)a+&—2 .
fytemaanrtar = [ Sgi—irs | Sa 2 S

t20¢—1 t2a—1 2t0¢+a—1

= 20-D%0) T Ra- 1)@  (at+a-Dh@r@)

Thus, we conclude that

t
lim sup /(g(t,v',()z,f)}))2 dr =0.
1J0

a—age(o,T
The proof is complete.
U
Remark 7. To prove Theorem [I|i) and Theorem [I[ii), we only require the
assumption (H1) and the following assumption (weaker than (H2)):

(H3) LP-integrable in time for drift term and essential boundedness in time
for diffusion term:

T
/ b(7,0)[) dT < 00, esssup |o(7,0)], < M.
0 T€(0,T)

14



4 Regularity of solutions

This section is devoted to proving the regularity of solutions to Caputo
SFDE.

Proof of Theorem[3. Choose and fix t,s € [0,7] with ¢ > s.

Using , we derive that

EZ 2)”%('5 ) = eals, )}
i /OS (t—i)la a (s_i)la‘b(ﬂ Pa(T,n)) dr Z
! /08 (t—l)l—a B (s_i)l—a‘a(ﬂ%(ﬂn)) AW, :

Now, applying the Holder and the Burkholder-Davis-Gundy inequalities, we
arrive at

7 (a)
Sz 1Paltn) = @a(s,n)}

—s)P~L(p—1)p~1
¢ Lp 0= [ ibtreutrom

otrgalr)lE (1 252
o (t—7)2 2 dr (/s (t —7)22 dT)
T / Iocrpatr. ) dr( [ | — ] )
0 TR o I(t=7)l7 (s —7)le

+6, [ (mays ~ o) lotneatmaig dr

x[/os <(t71-)1a — (Si)1a>2 drr%.

On the other hand, since ¢4 (-,n) € HP([0,T7]), there exists M; > 0 such that
esssupyero. 7] [10alt,n)|lp < Mi. This together with (H1) and (H2) implies

IN

15



that
16(7, pa(T,m)II7

lo (7, ea(m,m)

IN

2p—1(LPH<pa(T,n)H£ + 1b(7, 0)I) < 2@~L(LP M, + MP),

IN

2L (LP |l pu(r, ) |2+ |o (7, 0)|[B) < 2P~ (LP M, + MP).

Moreover, we have

/0 ((t—i)l—a_ (s—i)l—a)QdT = /0 ((s—rl)Q—Qa_(t—Tl)2—2a)dT

$2a—1 _ t2a—1 (t _ S)Qa—l
200 — 1 + 200 — 1
(t —s)%e-t
200—1

Combining the above calculations yields the following estimate

I'?(a)
mll%(t,n) — pals;n)p

_9\p—1(1p 12 o p—1(7p P o
. -2 Mpl:M ST eGP M+ M ) (¢ — gy
(ap—1) (2a —1)%
_ p _
L2 1(T)2 (LpMi)Jr MP) (t— 5252 €201 (LP My j MP) (¢ — 5252
(2a —1)2 (2a —1)2

Thus, we have

_1
[ealt;n) = @als,mllp < D (¢ —s)""2,

where
pr. — 22]7—2 (2p — Q)P—l(Lle + MP)T% Cp2p—1(LpM1 :_ Mp)
Ir(a) (ap — 1)p~1 (20— 1)
+22p—2 Qp—l(T)%(Lle + MP) N C,20-1(LP M, + MP)
t7(e) (20— 1) (20— 1)} ’

which together the fact that o € (%, 1) and p > 2 implies that
lim [|pa (£, 1) = ¢als,n)llp = 0-
The proof is complete. ]

Remark 8. When p = 2, then result of Theorem [2|coincides with the result in
[12] in the special case that b(t, X (t)) :== AX(t)+g(t) and o(t, X (1)) := f(¢).
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