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Abstract. This paper deals with time-fractional stochastic Navier—Stokes equations, which are
characterized by the coexistence of stochastic noise and a fractional power of the Laplacian.
We establish sufficient conditions for the existence and approximate controllability of a unique
mild solution to time-fractional stochastic Navier—Stokes equations. Using a fixed point technique,
we first demonstrate the existence and uniqueness of a mild solution to the equation under
consideration. We then establish approximate controllability results by using the concepts of
fractional calculus, semigroup theory, functional analysis, and stochastic analysis.

Keywords: approximate controllability, time-fractional Navier—Stokes equations, stochastic
analysis, semigroup theory, fixed point technique.

1 Introduction

The origin of the theory of stochastic Navier-Stokes equations (SNSEs, for short)
dates back to the work of Landau and Lifshitz [20] in their 1959 book entitled “Fluid
Mechanics”. Later on, after the pioneering work of Bensoussan and Temam [2] on the
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mathematical viewpoint of SNSEs, these equations have been widely studied and applied
to characterize several phenomena in various domains, especially in the fields of fluid
dynamics, gas dynamics, nonlinear acoustics, and traffic flow. The stochasticity intro-
duced in the well-known Navier—Stokes equation might help us comprehend physical
processes and the mechanisms of fluid turbulence in a more sophisticated manner. The
SNSEs provide a relatively simple method for investigating turbulence, distortion caused
by laminar momentum transport, and the decay of dissipation layers formed as a result. In
the last few years, significant progress has been made in the mathematical and numerical
analysis of SNSEs. In particular, Da Prato and Debussche [6] and Brzezniak [3] studied
two-dimensional SNSEs. Kim [17] established the existence of strong solutions to SNSEs
in R3. Recently, Hofmanova [13] has derived global existence and non-uniqueness results
for three-dimensional SNSE:s.

It is well known that fractional derivatives (rather than integer-order derivatives) have
proven to be highly useful in analyzing many real-world problems because of their ability
to represent long memory processes; see [16,22,24]. Experiments show that fractional
derivatives are among of the top tools for modeling anomalous diffusion processes and
viscoelasticity; see, for instance, [4, 10, 11, 26]. Consequently, fractional-order Navier—
Stokes equations (FNSEs, for short) can be used to model more precisely anomalous
diffusion in fractal media. As a result, numerous researchers have conducted in-depth
studies regarding FNSEs. For example, de Carvalho-Neto and Planas [8] established the
existence of mild solution to FNSEs in R"™; Momani and Odibat [23] studied analytical
solutions of FNSEs using different methods; Zhou and Peng [29] established the existence
and uniqueness of local and global mild solutions to FNSEs. Xu et al. [28] and Zou
et al. [31] have analyzed FNSEs driven by fractional Brownian motion. Recently, Han
[12] studied L,-solvability for stochastic time fractional Burgers’ equations driven by
multiplicative space-time white noise. The author established conditions for the existence
and uniqueness and Holder regularity of the local and global solution.

Controllability plays an essential role in the design and analysis of control systems.
Starting from the seminal work of Kalman [14] in 1963, the notion of controllability
helps one to understand whether a particular dynamical control system can be controlled
or not, and if it can, what the optimum control should be in order to obtain the intended
outcome. Our understanding of the controllability of fractional control systems has greatly
increased in recent years as more scientists have become interested in the topic of con-
trollability and its applications in biological science, economics, aerospace engineering,
and electrical engineering; see, for instance, Barnett [1], Curtain and Zwart [5], Dauer
and Mahmudov [7], Karthikeyan et al. [15], Sakthivel et al. [25], and references therein.
In spite of its being an important topic, only a few papers deal with the controllability of
FNSEs. Xi et al. [27] established approximate controllability results for time-fractional
Navier—Stokes equations involving time delay, and Liao et al. [21] have recently pre-
sented global controllability results for Navier—Stokes equations. However, the existing
literature does not address the question of existence and approximate controllability of
FNSEs involving randomness and fractional powers of the Laplacian. Therefore it is quite
natural and interesting to establish existence and controllability results for time-fractional
SNSEs.

https://www.journals.vu.lt/nonlinear-analysis
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This paper makes significant contributions to this unexplored domain by investigating
the existence and approximate controllability of solutions to time-fractional SNSEs. We
develop an innovative application of fixed point theorems tailored to handle the intrica-
cies of fractional stochastic systems, establishing the existence and uniqueness of mild
solutions under conditions not previously addressed. By examining the approximate con-
trollability within this complex setting, we provide new theoretical results that expand on
existing controllability concepts, accounting for both fractional and random influences.
Our results have practical implications for modeling and controlling fluid dynamics phe-
nomena where anomalous diffusion and random effects are prevalent, such as pollutant
dispersion in atmospheric sciences and intricately controlled flows in biotechnology. We
mainly focus on the following time-fractional SNSE. This SNSE is the simplest repre-
sentative equation of the tri-interaction between wave steepening, small dissipation and
random perturbations, which are represented as the nonlinearity, the fractional power of
the Laplacian and the stochastic process, respectively, in a bounded domain @ C R?
(1 < d < 3) with a smooth boundary 9O:

N z(t,x) + v(—A) 22 (t,x) — (2(t,2) - V) 2(t,x) — Vp(t, z)

=Cvu(t,x) + h(t, z(t, ;v)) dVth(t) , (D
where (¢, z) € (0,T] x O, with the incompressibility condition
Vz(t,z)=0, (t,z)e (0,T]x O, 2)
the Dirichlet boundary condition
z(t,x) =0, (t,x)€ (0,T] x 00, 3)
and the initial conditions
2(0,z) = z0(x), z€O. 4

Here 7 € (0,1), z(t,z) denotes the velocity field at a point + € R?, v > 0 is
the viscosity coefficient, p denotes the associated pressure field, C represents a linear
operator, v denotes the control function, % is a nonlinear function, which represents the
external force, 1 () denotes a Wiener process, and the operator (—A)*/2, a € (1,2),
denotes a fractional power of the Laplacian; see [9, 19].

The time-fractional stochastic Navier—Stokes equations formulated in this work serve
as a robust framework for modeling fluid behavior in scenarios where classical assump-
tions of instantaneous response and deterministic evolution no longer hold. The fractional
time derivative effectively captures memory-dependent dynamics, which are character-
istic of viscoelastic or anomalously diffusing fluids, while the stochastic perturbations
reflect uncertainties and fluctuations inherent in many natural and engineered systems.
Such a model becomes particularly relevant in applications ranging from subsurface con-
taminant transport and atmospheric dispersion of pollutants to microfluidic flows in bio-
medical devices. In these settings, the combination of long-range temporal correlations
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Lemmas 1-56 |———— Lemma 6

Assumptions 1-2 |———————| Theorem 1 < Definitions 1-2
Assumption 3 |————— Theorem 2 < Definition 3

Figure 1. Logical structure of the paper: lemmas, definitions, assumptions, and theorems with explicit depen-
dencies.

Y

Lemma 7

and random influences plays a crucial role, and understanding the controllability of such
systems can significantly inform the design of efficient monitoring, control, and optimiza-
tion strategies.

2 Notations and preliminaries

For 1 < p < oo, LP(0O) denotes the Lebesgue space, and W*:?(0) denotes the Sobolev
spaces with H*(0Q) := W*2(0). For p = 2, L?(0) =: H denotes the Hilbert space with
inner product (-, -). Let C*°(QO) denote the space of all infinitely differentiable functions
and C§°(0) = {z € (C>®(0))% V -z = 0, 2 has compact support in O}. Let H}(O)
denote the closure of C§°(O) in (LP(0)).

Let (X, pt, { et }1>0, P) be a filtered complete probability space with normal filtration
{1t }1>0. The Wiener process {W(t), ¢ > 0} possesses a linear, bounded covariance
operator > 0 of finite trace, with Tr(Q) = > °_ vy, = v < 0o and Qc¢,, =
Vi Cm, Where {¢,,, m € N} denotes a complete orthonormal basis for H. If {w., } men is
a sequence of one-dimensional Wiener processes, then

W(t) = i VVm W, (£)Cm, t=0.

m=1

L = L*(QY2(U), H) denotes the Hilbert space of Hilbert-Schmidt operators from
Q'/?(U) to H endowed with the norm

0o 1/2
4]z = (Z |vam||2> , YelLf
m=1

Furthermore, let L? (3; H) be the Hilbert space of H-valued random variables with norm

12O 2o sy = (EI=ONE) ™

https://www.journals.vu.lt/nonlinear-analysis
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where E represents the expectation with respect to the measure P defined by

E()|, = / @), dP(w) < 00, weS.

Let P be the Helmholtz projection operator defined on (LP(0))¢ with range Hg (O).
Let A = —vPA denote the Stokes operator in Hg(O) with domain D(A4) = {z €
HYO)N H2(0): z(t,z) = 0V(t,z) € (0,T] x dO}. Since O is bounded, the inverse
A~ exists and is a compact operator on H. Furthermore, the fractional powers of A, that
is, A%/2 = A, = vP(—A)*/?, can be defined by

a/2 /2
A/vm—em/vm

with domain
HY = D(Ao‘/z) = {z € H: |23 = Z /%2, < oo},
m=1

where wu,, = (z,v,,). We set ||z|5« := |[|A%/?z| and consider the associated dual
space H % with the inverse operator A~%/2. The operator —A,, generates an analytic
semigroup S, (t) = e '« of operators, which are compact for ¢+ > 0. The control
function v € LF([0,7],U), where U is the separable Hilbert space. For simplicity
of notation, the set of admissible controls is denoted by Unqa = LF([0,7],U). The
mapping C : U — H is a bounded linear operator. We also consider the bilinear operator
G(z,w) == —P(z - V)w with D(G) = H}(O). In a slight abuse of notation, we write
G(z) = G(z,2).

Applying the Helmholtz—Hodge projection operator P to the time-fractional SNSE (1)
subject to conditions (2)—(4), we obtain the following abstract equation:

dw (t)

“DM2(t) = —Anz(t) + G(2(t)) + Co(t) + h(t, 2(t)) T

t e (0,7, 5)

where “D" denotes the Caputo fractional derivative of order n € (0,1). Here —A, is
the infinitesimal generator of an analytic semigroup {S,(¢), ¢ > 0}. The initial value z
is an H%-valued pio-measurable random variable, which is independent of W. Instead of
Pu(t) and Ph(t, z(t)), we will use the notation v(¢) and A(t, z(t)), respectively.

Definition 1. (See [24].) The Caputo fractional derivative of z € C™([0,T]]) of order 7,
m — 1 < n < m,is defined by

t
1

CDg+z(t) = T —n) /(t —p)ymon—l

T —n z(r)dr,
0

dsm

where 2(™~1) is absolutely continuous in every compact interval [0, 7], T > 0.
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Lemma 1. (See [30].) For any a > 0, the operator — A, generates an analytic semigroup
Sa(t) = e~ ta ¢t >0, on LP. Moreover, we have

HA/BSa(t)Hﬁ(Lp) < Ca,ﬂtiﬂ/a, t>0,

where 8 > 0, the constant Cy, g > 0 depends on o and 3, and L(LP) denotes the Banach
space of all bounded linear operators from LP into itself.

Lemma 2. (See [18].) Foranyp > 2, 0 < s1 < so < T, and predictable stochastic
process x : [0, T] x ¥ — L2 such that

T p/2
E Hx(s)Hdis) < o0,
(1o

P s2 p/2
< H(p)E</Hx(S)||ig ds) :

() = (g(p_ 1))1)/2 <ppl)p(p/2—1).

Definition 2. (See [30].) A 11;-adapted stochastic process {z(t) }+c[o,7 is said to be a mild
solution of (5) if for each v € Uaa, {2(t) }repo,m € C([0,T], H®) P-a.s. and

we have

S2

[xsraws

S1

E

Here the constant

z@szm+/w4wﬂhm—mmww+mwwr
0

+ /(t — r)"_lMW,(t — r)h(r, z(r)) dW (r). (6)

Here M,,(t) and M, ,(t) denote the generalized Mittag-Leffler operators given by

M,(t) = /Kn(s)Sa(t”s) ds and M, ,(t) = /nsKn(s)Sa (t"s) ds,
0 0

where K, : C — C is the Mainardi function, which is defined by

e (=)™ (=z)"
Ky(z) = Z m!T(—ngm +1—1n)

for eachn € (0,1).

https://www.journals.vu.lt/nonlinear-analysis
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Next, we recall some properties of M, (t) and M, , (t), which are demonstrated in
[30].

Lemma 3. (See [30].) The operators M, (t) and M, ,(t), t > 0, are linear bounded
operators such that for 0 < 8 < o < 2, we have

My (82|, < Cat ™" |12l| and || My (t)2]] 5,0 < Cot ™77 2],
where

N Ca-ﬂ]'—‘(]' — g)
oTa-%)

nCoz,ﬁF(2 B g)
P +n(1-2))

Lemma 4. (See [30].) The operators M, (t) and M, ,,(t), t > 0, are strongly continuous,
andforany 0 < Ty <11 <o <Tand0 < < a < 2, we have

[[(Miy(72) = My(10)) 215, < Cap(ra — )"/ 2]

and Cp, =

and

H(Mnm(72) - Mn,n(Tl))ZHHﬁ < Onﬁ(7'2 - Tl)nﬁ/a“z|‘a

where

aCapl'(1 - 2) anCo,pT(2 - £)
Cop = and Cyg = B/ EIRE
BT, "T(1+n(1—=2))

BT - 1)
Now we define the stochastic controllability operator L € L(U,q, LP(X, H)) by

T
Lrv:= /(T —8)"" M, (T — 5)Cv(s) ds
0
and the corresponding adjoint operator LY. : LP(X, H) — U,q by
Lyz=C"My (T — s)E{z | pe}.
Similarly to the Grammian matrix, we have the stochastic Grammian operator
YL = Ly(Ly)z
T
_ / (T = )7~ My (T — 5)CC* M, (T — $)B{z | i} ds.
0

Next, we define the reachable set K (T') := {2(T), 29, v): v(-) € Uaq} of (5), which is
the set of all final states z with initial state zy and control v at the terminal time T'.

Definition 3. The time-fractional SNSE (5) is called approximately controllable on [0, T’]
if K(T)=L*(X,H).

Lemma 5. (See [7].) For any 2y € LP(X, H), there exists p € Lb (X, LP((0,T), L))
such that zr = Ezr + fOT o(s)dW (s).

Nonlinear Anal. Model. Control, 31(Online First):1-25, 2026
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3 Existence and controllability results

Assume the following conditions:
(i) The bounded bilinear operator G : H — H~!(O) satisfies the conditions
1G(2)]| - < Cull2]
and
|G(2) = G(w)]| ;-1 < Ca(ll2ll + [lwl) [z — wll,

where C and C, are positive constants.
(ii) h:[0,T] x H — L2 is a measurable function, which satisfies the conditions

It 20) 5 < L1+ 121
and
Hh(ta Z(t)) - h(ta ’lU(t)) HL% < LQ(HZ - ’IUH),
where L; and L, are positive constants.
(iii) The linear deterministic system corresponding to (5),
Dz(t) = —Aqz(t) + G(2(t)) + Co(t), te€(0,T],
2(0) = 2o,

is approximately controllable on [¢, T, that is, for each ¢t € [0,7T), the operator
A + 7)) — 0as A — 0+ in the strong operator topology.

For any zr € LP(X, H?), we define the control function

AMt,z) = C*M;: (T — ) | (M +1T) ™ (Bar — My (T)z0)

()\I—l—TOT)_lcp(r) dW(r)—/(AI—i—TOT)_lMW,(T—r)G(z(r))dr

0

_|_

(M +00) " M,y (T = #)h(r, 2(r)) dW (r)

O O —

Lemma 6. Forp >2,0< 3 < a <2, and forall z,w € LP(Z, H?), we have

t

EHv)‘(t,z) — ’L))‘(t,w)Hp < % EHZ(T) — w(r)”pdr,
0
\ o (. | )
Bl el < 21+ [ B0 ar ). ™
0

where C,, denotes a constant.

https://www.journals.vu.lt/nonlinear-analysis
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Proof. For z,w € LP(X, H?), using the bounds of the linear operator M, , from Lemma 3,
Holder’s inequality, and conditions (i)—(ii), we obtain

EHUA(t,Z) - v)‘(t,w)Hp

<2 E C*M:]‘m(T—t)/()\I—i—ng)fan,n(T—r) [G(z(r))—G(w(r))}dr
0
E|c My, / A+7T) 1MM(T—7‘)
X [ﬁ(r,z(r)) h(r,w( ))] dW (r) ]
< 2P 1HC’*H”H (T — t)H
E /()J+TOT)_1A1MW7”(T—7‘)A_1[G(z(r))—G(w(r))]dr
0
/ A+TY) o My (T—=r)[A(r, 2(r)) = B(r,w(r))] AW (r) ]
0
< QP’IHC:\%C?S E /Aan,n(T—r)A,l[G(z(r))—G(w(T))] dr
0
E /Mnm(T—r) [h(nz(r)) - h(r,w(r))} dW (r) 1
0
< 21’—1”(’;%05;[11 + L), (®)
where
B =E| [ 40, =) A [G(:0) = Glu(m)] dr
and ’
Ir,=E /Mnm(T —r) [h(r,z(r)) — h(r,w(r))] dW (r)
Using Holder’s inequality, we obtain
( / M (=) 3777 dr) JBlG0) - G- ar
0

Nonlinear Anal. Model. Control, 31(Online First):1-25, 2026
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t p—1
< </Cg;/(p_l)(T—r)_m’/(“(f’_l))dr)
0

t
x / 3 (max B0 + max Bllw()]”)B]=) ~ w(r) | ar
0

< ChCy (trer[lg)%] EHz(t)Hp + max] EHw(t)Hp)

telo,T
t p—1 t
X (/(T—r)”p/(a(pl)) dr) /EHZ(T) —w(r)”pdr
0 0
< 305 (max Bl=0)]|" + max Blluw()]]")
p—1 Pl P

o TP(t—n/a)-1 |:p(1 - J /EHz(r) - w(r)” dr. 9

0

Using the Burkholder—Davis—Gundy inequality from Lemma 2, we find that

! p/2
(/ ||M,,,,,(T —r)[A(r,2(r)) — B(r,w(r))] Hig dr) ]
0

t (p—2)/2
<o | e ar)
0
t

I, < k(p)E

X O/EHh(r,z(r)) — h(r,w(r))”ig dr

t
< /i(p)Cf;Lg-/EHz(r) — w(r)”pdr. (10)
0
Using (9) and (10) in (8), we infer that

t
B, - Aol < 52 [ Blle) - wi)| an
0

where

C, = 2p1||C'*|pC$p{C'§ (tIeI%(?J}J{“] E||z()]” + max] EHw(t)HP)T”“*”/“]*1

tel0,T

-1

p—1 "

rmmr) )
[e3

Since inequality (7) can be obtained in a similar manner, we omit its proof here. O

https://www.journals.vu.lt/nonlinear-analysis
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For any \ > 0, we define the operator F(2(t)) : LP(%, H?) — LP(%, H®) by

Fa(z(t)) = M,(t)zo + /(t — 7)1 My, (= 1) [G(2(r)) + Co(r, 2)] dr
0

+ /(t - r)"fan,n(t —r)h(r, z(r)) dW (r).
0

Theorem 1. If conditions (i) and (ii) are satisfied, then the time-fractional SNSE (5) has a
unique mild solution (2(t)),ejo.r) in LP(S,HP) forp > 2, np # 1, and 0 < B < o < 2.

To prove this result, we use the Banach contraction principle to demonstrate that the
operator F(z(t)) has a fixed point, which is a mild solution to (5). To this end, we first
prove the following lemma.

Lemma 7. Forp > 2,0 < 8 < a < 2, and for any z € LP(E,HB), the operator
Fx(z(t)) is continuous on [0, T] in the LP sense.

Proof. For0 < 71 < 7o < T and a fixed z € LP(3, H*B), we have

EH]—“)\ (Z(TQ)) — Fa (2(7'1)) HI})N*

< AP E|| (M (r2) = My(11)) 20|55
+E /(Tgfr)"*IMnm(Tgfr)G(z(r)) dr—/(ﬁfr)nfanm (Tl—r)G(z(r)) dr
0 0 HE
+E /(Tg—r)”_lMW,(TQ—T)CU)‘(T, z)dr—/(ﬁ—T)"_lMW](Tl—r)CU)‘(r, z)dr
0 0 HB
+E /(TQ—T)n_an,n(TQ—T)h(T,Z(T))dW(’I‘)
0
_ /(Tl—r)"_anm(ﬁ—r)h(r,z(r)) dW (r) ]
0 HP
<4p_1ZJj, (1m)
where

Ji = E|| (M, (r2) — My(10)) 2055,

Nonlinear Anal. Model. Control, 31(Online First):1-25, 2026
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T2

Jo=E /(7'2 — r)"_an,n(Tg - r)G(z(r)) dr
0
— /(7'1 — r)"_lM,m(Tl - r)G(z(r)) dr
0 HP
<3P HE /(Tl - r)"_l(M,m(TQ —r)— My ,(m1 — r))G(z(r)) dr

0 HB
1 P
+E / [(72 — )T (- r)”_l}Mnm(Tg — T)G(Z(T)) dr
0 HP
P P
+E /(7'2 — r)"*anm(Tg — ’)")G(Z(?")) dr ]
T1 HB
=3P (Ja1 + Joz + Ja3),
Js=E /(7'2 — )T M, (1o — 1) C0* (1, 2) drr
0
! P
— /(7’1 — r)”fanm(ﬁ —r)CvM(r, 2) dr
0 HP
1 P
<3 L E /(7’1 — r)"fl(M,,,,,(Tg —r)— My, (11 — T))CU}‘(T, z)dr
0 HP
1 P
+E / [(TQ —r)1 (- T)nil]Mn,n(TQ — T)C’v)‘(r, z)dr
0 s
2 P
+E /(7'2 — 7)1 My (T2 — r)Co*(r, z) dr
T1 Hﬁ
=377 (Js1 + Js2 + Js3),
and
Ji=E (10 — r)”*anm(Tg — r)h(r, z(r)) dW (r)
0
k! P

— /(Tl — r)”fan,n(Tl — r)h(r,z(r)) dW (r)

HB

(=)

https://www.journals.vu.lt/nonlinear-analysis
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p
<3P E

/ 71— 1)1 (M (2 = 7) = My (11 — 1)) A, 2(r)) AW ()

0

HB
p
+E

He

/ (72 = )" = (11 = )" [ My (72 — ) B (, 2(r)) AW ()
0

p ]
e

+E

/(7'2 — r)”_anm(Tg — r)h(r, z(r)) dW (r)

T1

=327 Uy + Juo + Jus).

Using Lemma 4, we see that
J1 < CP (2 — )PP | 20]|P.

Next, using Lemmas 3 and 4, condition (i), and Holder’s inequality, we find that

T1

/m—r) LAG[Miy (72 — 1) — My(r1 — 1)]G (2(r)) dr
0

p

Jo1 = E

T1

p—1
< 056(7'2 _ Tl)pn(ﬁﬂ)&(/(ﬁ — )= Dp/(p=1) dr)

0
T1

< [BIGE) - ar

0

p—1
<opem| ] s Bl n - npern

np—1 t€[0,7]

p

Jos = E / To—1r)T" — (11 — r)"_l]ABMn,n(Tg —7)G(z(r)) dr

0
p—1
(/{ Ty — 7)1 — (1 — )1 1](Tz—r)(ﬂ+1)"/“}p/(p_1) dr)
0

p—1
-1
QCgch{ p 1} sup EHZ(t)HQP(TQ _Tl)pn(a—ﬁ—l)—a/a’

@) _ te[0,T]
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and
P P
Jog = E /(7'2 — T)nianm(TQ — T)G(Z(T)) dr
T1 Hﬁ
) p—1 72
< Cﬁ?( JICE r>’7—1-"“+”/“]p“”‘”dr) [ElGE) o

1 p—1 9
< CpCp{ P } sup Elz(8)||™ (ry — 7 )P1le=B-1/
n-'1 p[n n(ﬂ(jl)] 1 te[0.7] H ( )H ( 2 1)

Next, using Lemmas 3, 4, and 6, we obtain

T1

/(7’1 — )=t [Mn,n(Tg —7r)— My (11 — r)] Cv)‘(r7 z)dr
0

p
J31:E

HB
1 p—1 71

< CPy(ry —mp)PnP/e </(n — r)t= D/ (p=1) dr) /EHCM(?«, 2)||7dr
0 0

t

1+/EHZ(T)der] (72 —7'1)’"’5/0‘,

0

C p—1 p-l
<Cp C||p =27mp
w5 L?PJ

T1

/ [(7’2 — 7’)"71 —(n — r)"il]Mfm(Tg — ’I")C’U)\(T, z)dr
0

p

J3o = E

HB

T1 p—1
< cz;( / {[(rz = 7)™t = (r1 = 7)1 (rg — ) B+ D/} P/ 7D dr>
0

T1

X /EHC’U’\(T, z)der
0

C, p—1 p=l
< Cﬁllcllp/\pT{p[n EETCET 1}

t

1+ /E||Z(T)||pdT]
0

X (14 — Tl)pn(a—ﬁ—l)—a/oé,

and
T2

/(7’2 - T)"_lMW,(Tg - T)Cv’\(r, z)dr

T1

p
J33:E

HB
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T2 p—1 T2
<cg;< / [(72—r)n—l—n<6+1>/ay’/<p—”dr> [Elcd 2P ar

T1 T1

¢
Cv p— 1 ot p
<cplerd bo{u [l ac
n 2P _nB+y
pln— 5= -1 ,
X (1y — Tl)pn(a—ﬁ—l)/a_

Using Lemma 2 and condition (ii), we get

T1

/(7-1 S [Mnm(Tg—r)— M,,,,,(Tl—r)]h(r, z(r)) dW (r)
0

p
Ju=E

H#A

T p/2
< K(p)E ( / (71 =r) 7~ A [ My (73 =1) = My (=) || 2) | dr)
0

T1

(r=2)/2 1
< K(p)CP s (ra—r1)P9/® (/(n—r)g”("_l)/(”_2) dr> /EHh(r, 2(r)) Hfg dr
0 0

p—1
opn—p—1)/2 | __ P~ » N
< '{(p)CSBL?T( prer= b/ LP??—P—Q] [1+t:Eé%]E||Z(t)|| }(72*71)1”75/ )

T1

/[(Tz—r)n_l_ (Tl—r)n_l]an(W_r)h(T’ Z(T)) dw ()

Jio=E

HSB
T1 p/2
< k(p)E (/H [(rp—r)"" = (Tl—T)nfl]AﬂMn,n(TrT)HQHh(rvZ(T))Hig dr)
0

i (r—2)/2
< K(p)CY (/{ [(ra—r)171 = (1 =1)"17 Y] (rp — 1) T8/} 2P/ (=) dr)
0

T1

X /EHh(T,Z(T))H;g dr
0
(r—2)/2

[1+ sup E[l=)]"]
te[0,T]

a(p—2)
2pn(a—p) — (p+2)

(2p77(0t—ﬂ)—(p+2)0¢)/(20¢),

< K(p)CRINT

X (19 — 71)
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and
Jis = E /(TQ P My (1 — P)A(r, 2(r)) AW ()
T1 Hﬁ
T p/2
< [l asbtton = ) 0

T1

T2

(p—2)/2 72
< K(mcﬁ(/ [(7—2 _ 7-)77—1—77/8/@]217/(17—2) d7‘> /EHh(r, z(r)) Hig dr

T1 T1

1+ sup El[=(0)]"]

(p—2)/2

-2
< 5(p)CPL o(p —2) } [ s
€10,

7 {21977(04 —B)—(p+2a
X (1y — 7-1)(21077(0476)*?04)/(204)_
Combining the above inequalities and plugging them into (11), we see that
EH]-')\ (2(12)) = Fa(z(m1)) H?{/ﬂ —0 asm—7m —0.
Hence F)(z(t)) is continuous on [0, T7]. O

Proof of Theorem 1. We first show that F maps LP (%, H?) into LP(3, H?). Indeed, for
z € LP(%, H?), we have

E[|Fx(2()) s < ’“[ sup |0y (t)zolf}ys + sup ZEH@Z Mis |-
te[0,T] te[0,7] ;4

where

sup EHMn(t)ZoHZB < C’gT_p"B/”‘EHzOHp,
te[0,7]

sup B|67(1)|[},

te[0,T)
t p
< sup E /(t — )" M, (t — 7)Gz(r) dr
t€[0,T 18
t P
< sup E /(t — )" A1 My, (t — 1) A_1Gz(r) dr
t€[0,T

t t

p—1
< sup Cﬁ(/(t _ 7ﬂ)p[nflfn(ﬁﬂ)/a]/(pfl) dr) /EHA_lG(z(r))der
0

te[0,T]
0

p—1

<cre? p—1 Trin—nB+1/al=1 phax EH H27
n pln — M] ~1 te[0,T]

«
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sup B[03(1)|[}

t€[0,T]
t P
< sup E /(t — )" My, (t = 7)CV (1, 2(r)) dr
t€[0,T] e
0
t P
< sup E /(t — 7)1 Ag M,y (t — r)Cv* (1, 2(r)) drr
t€[0,T]
t p—1 t
< sup Cp</( — pypln=1=nb/al/(p=1) dr) /EHCU’\(T,Z(T))der
te[0,T] 0 0

_1 p—1
<c£§||c||”f;’{p _1} Trln—nb/e]

t
P
p[n—%] 1+t§&§]/EHZ(T)H dr],

0

and

sup E||9§(t)||1;1ﬁ
t€(0,T
t

/(t - r)"fan,n(t - r)h(r, z(r)) dW (r)

p

< sup E
t€[0,T]

HB

t p/2
<x(p) sup E( = s e = )Pl 0) dr)
0

te[0,T)

t (r—2)/2 1
< fi(p)Cf,’(/(t _ r)2p[71—1—77ﬂ/a]/(p—2) dr> /EH?’L(T, z(r)) Hiz dr
0 0

) (r-2)/2
p— ] TS/ =2/2 (14 sup B2(0)]]]
1-18) 2 t€[0,T]

PICYLE |

Hence E||F\(z(t))|};s < oo. Using the continuity of the operator Fy, we get that

Fxz € HP. Hence for each A > 0, F, indeed maps LP(X, H?) into itself, as asserted.
Next, for z,w € LP(X, H?), we have

)(t) -
/f—r )T My (t = 1) [C0* (1, 2(r)) = C0* (r,w(r)) ] dr

0

EH ]‘-)\Z }')\w

0)ll7zs
P

tfr My, (t = 1) [G2(r) — Gu(r)] dr

HB

p

HB
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p }
HB

t

/(t — r)"_lM,W(t —r) [h(r, 2(r) — ﬁ(r, w(r)))} dW (r)
=1+ J2+ J5,

+ E

where

p
Ji=E

/(t — r)"_an,n(t —r) [Gz(r) — Gw(r)] dr

HB
t

/(t—r)" LAy Myt — 1) Ag 1 [Go(r) — Gu(r)] dr

<E

p—11

¢
C”E(/ r)(n—1=n/a)p/(p= 1>d7‘> /EHAB [Gz(r) — Gw(r ]dr”
0 0

T(n—1-n/a)p/(p-1)
+ max EfJuw(®)” ){ ]
7 ejo ) HP m—1-24)%5

CpCp( max EHz

te[0,T]

x/tEHz(r) Hp dr

i

PP b p_l "
< 0508 (s Bl + oo Bl ) | P
t
< /et [Blr) = w(r)f,
0
: P
t/ P) T My (8= 1) [C0M (1, 2(r)) = O (ryw(r))] dr
HB

p

/ )1 My (t = 1) Ag [C0 (1, 2(r)) — Co* (ryw(r)) ] dr

t

t p—1
< C’,’I’HCH”(/ ) =D/ (p=1) dr> /EH’L))\(T,Z(T)) v)‘(r w(r )||Zﬁ
0

0

np—1

pce Copem | 21 o P
<cplep S | 22 (Bl - w)y,
0

C’”||C’||pT(p" 1) {pl] B /EHv)‘(r,z(r)) va(r,w(T’))HZ;Iﬁ
0

np
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and

p

Js=E

/(t - r)"ianm(t —r) [h(r, z(r)) — h(r, w(r))] dW (r)
0

HB

p/2
CPE</H )" My (t — 1) Ag [R(r, 2(r)) fh(r,w(r))mig dr>
0

(p—2)/2 ¢
<oy fenrmosa) " feasieso) ne o]0

0 0

p_2 D2
<s(pCpyrer e S EE [ B — (o) ar

2np—p—2 e
0
Hence
E[|(F22) () — (Faw) (@[},
< oren g =0 L+ g, Bl

p— p—1
y {}9—11} Tenll—1/a]— 1+C"HC’||p T(pn)[ 1}
pn[l—2]—1 np—1

, ) p—2 (p—2)/2 »
n(p)Cf,’LgT( pn—p—2)/ [2771)]?2] } /EHz(r) — w(T)HHB dr
0

As a result, there is a positive number () such that
¢
E||(Frz)(t) — (‘FAw)(t)Hi{ﬁ < P(N) /EHz(r) - w(r)”i;ﬁ dr.
0
Iterating, we see that, for any natural number n > 1,

t

| (732)(0) - (Bw) 0 < T2 [B]s) i, ar

n!
0

for any A > 0. When n is sufficiently large (so that (T'®(\))™/n! < 1), using Banach’s
fixed point theorem, we obtain that the operator 3 has a unique fixed point uy €
LP(%, H?). Since

FR(Falun)) = Fa(FR (u)) = Falun)
and F} has a unique fixed point, it follows that F () is the unique fixed point of Fy,
that is, F\ (uy) = wy, which is a mild solution to (5). O
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Remark 1. Theorem 1 proves that under assumptions (i) and (ii), the time-fractional
SNSE (5) has a unique mild solution (2());c[o,r] of the form (6).

Theorem 2. If conditions (i)-(iii) hold true and the functions h and G are uniformly
bounded, then the time-fractional stochastic Navier—Stokes equation (5) is approximately
controllable.

Proof. Let z) be the fixed point of F). Using the stochastic Fubini theorem, one can
show that the fixed point of F) satisfies

A(T) = 20 = AN + 1) " [Bap — M,y (T)z]
T

+ /)\(/\I + 1) THT = r)7 M, (T — 1)G (2 () dr

T
+ /)\ (M +XT) (T = #)7 My (T — )R (r, 22(r)) — ()] AW (7).
0

Since the functions & and GG are uniformly bounded, there exist constants D; > 0 and
D5 > 0 so that

5 x)[F < D and [[Gen0) 7 < Do

Therefore we can find a subsequence {#(c, zx(c)), G(zx(c))}, which converges weakly

to {A(r, z(r)), G(z(r))}.

Using the Lebesgue dominated convergence theorem, we obtain

E/HMMUE4ﬂMnaﬁD—h@dﬂﬂdeao
and ’ .
E/WWAT—ﬂW@Wﬁ—G( |7 dr — 0
0
Hence

E|l2A(T) = 2|

<6t [H/\(AI +70) T [Bar — My(T)z0] ||”

T
E(/(T =) AT+ 1) T e dr>
0

+E (T - r)”*H)\(AI + TOT)AH ||M7m(T —r) [G(Z)\(T)) — G(z(r))] || dr)

VR
O\q
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+E(
+E(
+E(

From assumption (iii) it follows that the operator

<T—r>"-1uw+n?)‘luHMW<T—7«>G<z<r>>Hdr)
p/2
[(T—r)""NAL +TF) ™ My (T—1) [, 22 (7)) — R, 2(r))] Higd7“>

p/2
|(T—r)1= NN + Tg)_anm(T—T)h(T‘, z(r)) Hig dr) ] .

Oty Oy T

AT+ T(;‘F)_l — 0 strongly as A — 0.
In addition, )
MM +77) | < L
Thus, using the Lebesgue dominated convergence theorem and the compactness of the
operator M, ,,, we obtain
E|[2a(T) — 27||” =0 asA— 0.

Hence using the definition of approximate controllability, the time-fractional SNSE (5) is
approximately controllable on [0, T'], as asserted. O

Remark 2. Theorem 2 proves that under assumptions (i)—(iii), there exists a control
function that steers the solution of the time-fractional stochastic Navier—Stokes equation
(5) from the initial state zq to the neighborhood of the final state z7 in [0, T].

4 Example

To demonstrate the applicability of the theoretical results on approximate controllabil-
ity, we consider the following two-dimensional time-fractional stochastic Navier—Stokes
equation in the square domain O = (0, 1)? with Dirichlet boundary conditions:

Oz (t,z,y) + v(=A)Y22(t, z,y)

= Co(t,z,y) + oz(t,z,y) dlgt(t) Ve (0,1] (12)

2(0,2,y) = zo(z,y) = sin(rz) sin(my),

where z(t, z,y) denotes the unknown variable, = 0.7 is the fractional time derivative
order, « = 1.8 is the fractional Laplacian order, v = 0.1 is the viscosity coefficient,
o = 0.05 is the noise intensity, the control operator C' = I, and W(¢) is a standard
Wiener process. The control input is

v(t,z,y) = sin(wz) sin(wy), ¢ € 0,1].
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The target state is the velocity field pattern induced by the control input, i.e., the first
Fourier mode sin(7z) sin(my).
Setting A = v(—A)®/2, the mild solution of (12) is given by
t
2(t) = By (—At") 20 + /(t - s)”flE,m(fA(t —s)"Mv(s)ds

0
t

+o /(t — )1 By (At — 8)7)z(s) AW (s).
0

Here F, 3 denotes the Mittag-Leffler function, and the last term is an It6 stochastic
convolution. Under the assumptions stated in Section 2, analyticity of A, admissibility
of C, linear growth, and Lipschitz condition on the noise coefficient, this integral equation
admits a unique mild solution in L?(Q2; C([0,T]; H)).

4.1 Numerical scheme

1. Fractional derivative. We approximated the fractional derivative using the Griin-
wald-Letnikov formula with recursive computation of weights:

1
wo =1, wk:<1—77—]:)wk1, k1.

2. Fractional Laplacian. We approximated the fractional Laplacian spectrally. For
a velocity field z(x, y) expanded in sine basis, the fractional Laplacian is applied
in Fourier space:

2, . .
(—A)*2(x,y) = Z (7% (m?* + nz))a/ Zm.n sin(mmz) sin(nmy),
m,n
where Z,, ,, are the Fourier coefficients.
3. Noise term. Discretized as
o AW
At
with independent realizations at each spatial point and time step.
4. Time integration. Semi-implicit Euler scheme is used:

gz

AW™ ~ N(0, At),

2=y At(—u(—A)O‘/Qz" + v™ 4 noise — fractional derivative term).

4.2 Results and interpretation

Figure 2 shows the evolution of the L? norm of the velocity field ||z(t,-,-)||z> with
and without control over time ¢ € [0, 1]. This clearly demonstrates that the controlled
trajectory of the velocity field approaches the desired target pattern sin(7x) sin(7y) over
time. Despite the presence of stochastic perturbations and memory effects, the applied
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Time evolution of the velocity field norm

16 - —— With Control
——- Without Control

14 1

=
N
L

L~2 Norm of z(t)

=
o
L

0.0 0.2 0.4 0.6 0.8 1.0
Time t

Figure 2. Time evolution of the L2 norm of the velocity field ||z(¢,-,-)|| 2 under the controlled and
uncontrolled stochastic fractional Navier—Stokes dynamics.

control successfully guides the system close to the intended state. This illustrates the
approximate controllability of the time-fractional stochastic Navier—Stokes system, con-
firming the theoretical results derived in Section 3.
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