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Fractional Navier-Stokes Equations With Delay Conditions

M. H. Ben tahir , S. Melliani , M. Elomari

ABSTRACT: Throught this paper,we study the cauchy problem for the conformable fractional Navier-Stokes
Equations (FNSE) with finite delay external forces, contains some hereditary features, on a bounded domain.
We prove the existence and uniqueness of local mild solutions for the initial datum by using semigroup theory,
conformable fractional calculus and Banach contraction theorem. In the end, with more conditions on delay
external forces, we establish the globality and continuation of the mild solutions.
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erator.

Contents
1 Introduction 1
2 Preliminaries 2
3 Existence and uniqueness of mild solution 4
3.1 Exemple of delay External force : . . . . . .. .. o 8
4 Globality of mild solution 8
5 Conclusion 10

1. Introduction

In fact, there are many researches dealing with the local or global existence of mild solutions of the
Cauchy problem for the Navier Stokes equations (NSE). In spite of the variation of researches about this,
approaches to study this problems remains the same, the basic principal of this approaches is to transform
the Navier-Stokes equations, with the finite delay external force f, charachterised by hereditary qualities
related not only with the present state, but also on the past history of the system. The first mathematical
study of NSE was carried by J. Leray [9]. In 2001, T. Caraballo and al.[2] was the first to consider
several situations of ordinary NSE in which the external force contains some hereditary features and
prove existence of solutions. After, the study of model with time fractional differential 3,13, 14], become
more advanced than the ordinary model [4,7,12], in the field of science and engineering researchers and
applications.

In our work, we study the local existence and globality of mild solutions for time fractional NSE with
finite delayed external forces in R3 with conformable fractional derivative. We find the existence result
by using the Banach contraction mapping principle and fractional power of operators.

This paper will deal with the following sections. In section 2, we make a recapitulation of some basic
facts on the conformable fractional calculus and Fractional Laplace transform, the other sections are
specified for proving the mains results: Existence, uniqueness of mild solutions and example of delayed
force function to illustrate our existence result in section 3, and globality of mild solution in section 4.
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2. Preliminaries

The system model presented as follows:
Let B C R? be a bounded domain with regular boundary 9B.

Div—Av+4(v-V)v=—=Vp+ f (t,n),t >0,z € B
V-ov=0,t>0,z€B

v]pg = 0,t >0,

v(z,t) =p(z,t), —a<t<0, z€B,

such that:

ov = v(.,t) = (v;i(., 1), v;(., 1), vi(., 1)) is the velocity of the fluid,

ep = p(z,t) is the associated pressure,

ovi(s) =v(t+s),—a < s<0,f is an external force related to vy,

ey is the initial datum in the delayed interval [—a, 0],

eDv is the conformable fractional derivative of order « € (0,1) with respect to ¢.

First, we give some basic definitions and properties of the fractional calculus theory notations and pre-
liminary results which will be used further in this paper.

we introduce the usual abstract space as follows:

V:{UE(CSO(B))gzv-sz}

eH,(B) = closure of v in (LQ(B))B,With the norm || - ||,

Let P: (LQ(B))3 — H,(B) be the Projection operator,

eA=—PA: D(A) C H,(B) — H,(B) with D(A) = H,(B)n (HL(B))’ N (H2(B))’ is a Stokes operator
associated to the bilinear form define as a(u,v) = (Vu, Vv), where u,v € ¥ and (,) is the user inner
product on H,(B),

o(—A) generates analytic semigroup of contractions {7T'(t)};>0 on H,(B).

Using the projection operator and Stokes operatoron on (1), we can transform the system to the following
evolution equation in a Banach space H,(B):

(2.2)

Do+ Av=Fv+ Pf(t,u), t>0,
v(t) =p(t), —a<t<O0,

where F'v=—P(v- V).
Now, we present the sectorial operators on H,(B), as follows:

Definition 2.1. [11] A: D(A) C X — X is said to be sectorial operator of type (M, w, ) if there exist
M >0,w€eR and 0 <0 < 3 such that:

1. A be a closed and linear operator,

2. VA & w + Sp, the resolvent (\I — A)~! of A exists,

3. VA ¢ w4 Sg,|(M - A7 < |K’w|-
where

w+Syp:={w+A| XeC with | Arg(—)\)| < 6}.

Theorem 2.2. [11] (—A) densely sectorial operator generates a strongly analytic semigroup (T'(t))i>o.

Moreover, we have:

1
T(t) = —/ M+ A)7d, (2.3)
27TZ b
with ¥ being a suitable path \ ¢ w + Sp.

Definition 2.3. [8] Let o €]0,1]. The conformable fractional derivative of order a of a function x(.) for
t > 0 is defined as follows:

da(t) _ i z (t+et'™?) —m(t).

2.4
dte e—0 € (2:4)
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For t =0, we adopt the following definition:
d*z(0) . doz(t)

= lim
dte t—0+ dt@

The fractional integral 1¢(.) associated with the conformable fractional derivative is defined by:

¢
I*(z)(t) = / s* 1a(s)ds (2.5)
0
Theorem 2.4. [8] If x(.) is a continuous function in the domain of I*(.), then we have
de (I1%(z) (¢
d* (I*(@)(®)) dt(a)( ) = z(t) (2.6)

Definition 2.5. [1] The Laplace transform of a function x(.) is defined by:

L(z(t)(\) = /0 - e Ma(t)dt, A > 0. (2.7)

The adapted transform is given by the following definition.
The Fractional Laplace transform of order o €]0,1] of a function x(.) is defined by:

Lo(z(t)(N) = /;OO o te A O yde, A >0 (2.8)

Proposition 2.6. [1] If z(.) is a differentiable function, then we have the following results:

° <d2fa(')) (t) = z(t) — 2(0) (2.9)
L. (ﬂjﬁ”) (V) = ALu(2() (V) — 2(0) (2.10)
For two functions x(.) and y(.), we have
Lo <x (g)) () = L(z(t)(N) (2.11)
ca ([ 50 (E25) wo1as) 00 = L)) (2.12)

Now, Let 0 € p(—A), where p(—A) is the resolvent set of —A,
then for 0 < 8 < 1, we can define a closed linear operator with the fractional power A? on its domain
D (A7),

Definition 2.7. [11] Let A be a sectorial operator defined on a Banach space X, such that Reo(A) > 0;
for B >0, we note by A=P the operator defined by:

1 +oo
-8 _ - B-1
A ) /O P (t)dt.

Definition 2.8. [11/Let A be a sectorial operator defined on a Banach space X, such that Reo(A) > 0.
We define the family of cperators (AB)6>0 as follows: A° = Ix, and for 3 >0,

AP = (A4%)7" D(A%) =Tm (47P).

For analytic semigroup {T'(¢) }+>0, the following properties will be used.
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Lemma 2.9. [6,11,12] If (—A) is the infinitesimal generator of an analyic semigroup (T(t)))i>0 and if
0 € p(A), then:

(a) D (AP) is a Banach space with the norm Hx||% = ||A5x|| for every x € D (AP).

(b) There is a M > 1 such that:

M:= sup |T(t)| < oo
t€[0,4+00)

(c) for any B € (0,1], there exists a positive constant Mg such that
M,
4T < 27, 0<t<T

(d)For x € H,(Q) and t > 0, APT(t)x = T(t)APz.
(e) For0 <a< B <1, D(AP)< D(A%).

Lemma 2.10. /4] Let u,v € D (A%), then following estimations hold:

)

Lemma 2.11. [14] Let 0 < 8 < 1 and T(t) is defined by (3). Then there exists Mg > 0 such that
|APT(t)— APT(s)|| < Mg (t1=F) —sU=F)) for all s,t > 0 with t > s. implies that, t — APT(t) is
continuous for t > 0 with respect to uniform operator topology.

(1)There exists l; > 0 such that HAfiFuH <l HA%UHQ,
(2) A% (Fu— Fo)|| <t [[4% (= o) (aa| + 4o

Lemma 2.12. [10] Let X be a Banach space and A: D(A) C X — X be a closed operator.
For —oo < a <b<ooand f:I =]a;b[— D(A) be such that the functions t — f(t),t — Af(t) are
integrable (Bochner sense) on I. Then

/bf(t)dteD(A), A/bf(t)dt:/bAf(t)dt

3. Existence and uniqueness of mild solution

This section is speciefed to prove the local existence and uniqueness of mild solution to (2.2).
First, by using the fractional Laplace transform in equation (2.2), we have:

ALa(v(t))(A) + AL [v(1)](A) = @(0) + La(Fo(t))(A) + La(Pf(t, ) (N) (3.1)
Then :
Lo(v(t)= A+ A)_1 (0(0)) + (N + A)_lLa(Fv(t))(/\) + A+ A)_lLa(Pf(t,xt)()\) (3.2)

Applying the inverse fractional Laplace transform combined with (2.11) and (2.12), we obtain:

o(t) =T (g) (0(0)) + /Ot 1 (ta - Sa) Fu(s)ds
+ /Ot s*IT (ta ; Sa) Pf(s,x,)ds; t€0,7)] (3.3)
vo(t) = ¢ (1); t € [—a,0]

Now , we can introduce the following definition of mild solutions for the Cauchy problem (2.2);
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Definition 3.1. Let 0 < T < co. We say that v : [—a,T] — D (A%) is a local mild solution of the
cauchy problem (2) if v e C ([0, T)|; D (A%)) and v satisfies:

o(t) =T <g) (0(0)) + /Ot s°~iT (ta ;Sa> Fu(s)ds
4 /Ot ST (ta ;Sa> PF(s,05)ds; te[0,7] (3.4)
vo(t) = ¢(t); t e [—a,0]

we denote by C = C ([—a,O];D (A%)) the Banach space of continuous functions from [—a;0] into
D (A%) with the norm ||.||. , V' C C be open, and C(]0,T)); D (A%)) is endowed with sup-norm topology.

To obtain the existence of Mild Solution, we will introduce the foollowing assumptions:

(Hy) : Pf :[0,00) x V — H,(Q) be such that : |[Pf(t,9)| < pu@®)||o|« for allt > 0,0 € V and
pe LY [0,00), where p > 2,

(H2) :||Pf(t,0) — Pf(t, V)| < K¢ll¢ — |« for all ¢, ¢ €V and for some K¢ > 0.

Theorem 3.2. If (Hy) — (H2) are satisfied, Then for every ¢ € V, there exists a unique mild solution
v:[—a,T| = D (A%) to the Cauchy problem with delay (2.2) , for T =T, > 0.

Proof. Let ¢ € V and R > 0 be such that {C€C:|[(—¢|« <R} C U. Let T > 0. we define the
following set:

- {u e C([-a,T]); D (A%) cup = g and [Jug — ||, < R,V € [o,T]}

1
piz

YopcC ([—a,T]); D(A%)) is non-empty and closed .
Now, we define an operator I" on Y, 1 as follows,

T (L) (9(0) + [ 52T (1225 Pu(s)ds

ro(t) = ST (K2 P (s, v)ds, teo,T),
o(t), te[—a,0).

Step 1: we prove that I" (Y%%) C Yw;% Let v € Y%%.
So, we have [[v(t)[| , o\ =[ve(0)[ / 1\ < uell, < R+ [l for all ¢ € [0,T].
DAz DAz

Now, Vt € [0, ] and 6 € [—a,0] such that 0 <t 4 0 < T, we have;
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1) (6) — @(9)||D<

S
(S5
~—
A
=
>
+
=
2
5
=
|
5
=
=
—~
S
|
~—

t+6 .
eangad [ (0 =) F o) ] s+ 0) — PO, ()
S IO 2Ol 3

. t+6 . 5
Msail TH(E+0)r —s5*)T d
Fagadly [T (0 - 50) ||v<s>||D(A%) :

+ ll(0) = (0)]| Mo %/ H(t+0)" = s°)7 (s) [[vs], ds

DA% B

< T ((t+6)%)e(0 ) (A%)

t+6 B
eazatiy [ s (@) - (R o)) ds
0

) =001,

=

+ M:io

t+6 —1
| 0 =) F ) (R + ) s

%

choose :

t1 > 0 such that [|o(t +6) —p(0)]] .3 < vt
<

ty > 0 such that ||T (L) ¢(0) — ¢(0) |D )

t € [0,1] and 6 € [—a, 0] such that ¢t +6 <0,
% vVt € [O,tg],

[V
\/\ ~—

t3 > 0 such that fg se1(t — s) T pu(s)ds 7Vt € [0,13]. and

M (R+||<P||

l\J

)

ty > 0 such that fo sOTL(tY — 59) T ds < WWE [0, t4].
2

Let Ty = min {t1,t2,13,t4}. For t + 0 € [—a, 0], € [0, Tl] we have:

[(T"v)(0) — (0 )||D(A§> = lle(t +6) = )l | ( ) <i<R

Hence, ||(I'v); — ¢||, < R for all ¢t € [0, T1].

Step 2 : we prove that ['v(t) is continuous on (0,7}] with respect to the topology induced by D (A%)—
norm.
First define u(t) := [j s*~ 1T (£°=5) Fu(s)ds and let t, € ]0,T1]
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Fort >tygand e >0 .

HA% (u(t)—u(to))H SHA% /Oto ¢ [ <
+HA% o1 44 [ (

HA? s*TLAT T<t ) Fv(s)ds

Z—Il + IQ + 13.

For I, we get that:

g [ (17— s® -~
I, <ly sup A1 {T( i )— < )]H/ 54T 1’A2v ds
0<s<tg—e (%
< sup [at (B o (B )]H (R4 lpl)? =9
0<s<to—e ol @

So, by using Lemma 2.6, — A%T(t) is continuous in the uniform operator topology on [e, T}] for every

€ > 0, there exists n € [0,%o — €] such that,
toc _ toc _ &
M= [ (52) -2 (5]
0<s<tg—e « (e}

() o (5

hence I — 0 as t — t3. Now, consider I and I3 . Using Lemmas 1,2 we have,

sup
0<s<tp—e

to o _ g e ga
I g/ sl Ad [T( > ) —T< 0% )]A%FU(S) ds
to—c « «
5 to _3 -
SM%ale/ ST — 5T 45Tty — s” T ‘ H
to—e
3 2 to 1 =3
< 2Myatly (R+ gl.) / S0 — s7)Fds - 0 as € — 0,
to—e
Similaraly:
3 t —1 2
I3 < Mso le/ YT — s T (R+ ||¢ll«)* ds — 0 as t — to.
to
Therefore, |[AZ (u(t) —u (to))H —0ast—to+.

we can be proved that HA% (u(t) —u (to))H —0ast—=to—.

Hence, t — u(t) is continuous on (0, 77| with respect to the topology induced by D (A%)—norm.

Now, define v (t) := f(f s@71T (E=22) Pf(s,vs)ds and let to € (0,71] with ¢ > £ and e > 0 small enough.

Analogously, by using Lemma 2.6 and assumption H;, Ho we show that:
HA% (u,(t) —u (to)) H —0ast—=tp
Therfore, t — u’ (t) is continuous on (0, 73] with respect to the topology induced by D (A%)—norm.

Since u(0) = ¢(0) € D (A%), therefore by the continuity of T'(¢) , we can say that
|43 () 0(0) = AT () (0) | = |7 (£) Atp(0) - T (£) Ate(0)| » 0 as t =t
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Hence, we proved that ¢t — I'v(t) is continuous on [—r, T1] with respect the topology induced by D (A%)—
norm, and I’ (Y%) C Y%
Step 3 : let u,v € Y, 1,¢ € [0,T1]. Then using Lemmas (2.2),(2.3) and (Hy), (Hz) we get,

e — s@

|

= || () — ro)| < HA% /Ot s AR ( ) A} (Fu(s) - Fo(s))ds

[satr (“55) Pr ) = Pr (s ds
0

_|_

< Msai /t oY — SO‘)_T3 A_%(FU(S) - FU(S))H ds
0
t
#Myat [ =) F (P () = Pf (5.00) | s

t
<aatgat [[ st fabtum o fate] <
0

o

t
+M%Q%Kf/ S — )T uy — v, ds
0

2

t
<tzat s -5 F us vly, 42 (R + ollds
0
t
#Mpatky [t = s [ad ) - o) s
2 0 0<r<T,
3t a—1(3 ay =2 1 ta—1(1 N
|ay] < {2+l Myad 7ot = s)Fds + Myat K o527 (0 — 5 T ds  llu—olly, 5.
Since: M%a% Jy st — 52) T ds + M%Q%Kf [7 s 1t — s*) 7 ds — 0 as t — 0, we can choose:
T, < T such: HA%{Fu(t) - I’v(t)}H < L|lu— vaw , forallte0,T,] and 0 < L < 1.
'3
This implies that [[I'v — I'vlly_, < Lfju— vHsz L for0< L <1,
12 12
Therefore, I : Y%% =Y,

1 is a contraction map.

Hence, by Banach contraction theorem, I" has a unique fixed point v € Y%% which satisfies the inte-
gral equation (3.4). This proves the existence of uniqueness local mild solution of (2.2). O

3.1. Exemple of delay External force :

Let w : [0,00) X [—a,0] — R a measurable function such that |w(t,p)| < (—p) 7 for all ¢t > 0,—a <
p<0and~y<l1.
For ¢ € C ([—a, 0); D (A%)), we define the project of a function f,

0
P(tw) = [ wtpvsds, =0,
Then Pf (t,v;) = fi)a w(t,p)v(t+p)ds. and (¢,v) — Pf(t, 1) satisfy the assymptions (Hq) — (Hz) of the

Theorem 4 with p(t) = Ky = “11;: for all ¢ > 0.

4. Globality of mild solution

Theorem 4.1. Under the same assumptions as in Theorem 3.1 for V = X% andt > 0, for every ¢ € X% ,
the problem (2.2) has a unique mild solution on a mazimal interval of existence [—a,tmax). and either
tmax = 00 or limsup, ,; ||v(t)|\D(A%) = 00.
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Proof. according the result under the conditions , the mild solution of (2.2) exists in the interval [—a, T'.
Now we prove that this solution can be extended to the interval [—a, T + 6] for some 6 > 0. Let v be the
mild solution of (2.2) on [—a,T]. Define u(t) = v(t + T') where u(¢) is a mild solution of:

Dyu+ Au(t) = Fu(t) + Pf (t+T,u), t>0,
Uug = vr.

we have v € C' ([—a, T); D (A%)), then ug = vp € X%. Therfore, according to the Theorem3.1, the mild

solution of (4.1) exist on some interval [—a, 7], where 7 > 0. So, Let R > 0 fix and Cy = C ([—a, T + 0]),
Consider the following set:

Apr =¥ eCy:9(t) =0v(t),Vt € [-a,T], sup [[¢y—¢ll, <R, sup @) —o(D) , .
0<t<T T<t<T+6 D(A2

)"

Similaraly as the prove in Theorem 3.1, we show that there exists a § > 0 such that the problem (2.2) has
a unique mild solution in A, 1 wich prove the maximality of the interval of existence of mild solution
the problem (2.2)

let [—a, tymaz) be the maximal interval of existence of mild solution of (2.2). So:

-case 1: If ¢y mae = 00, then the mild solution is global.

-case 2: If ¢ mae < 00, we prove that limsuptﬁtwmzﬂv(t)HD 1\ = oo

A2

suppose that limsup; t,,,.. [[v(t)]| 3 < o0o. Then, limsup;st,,,,. |vellx, < oo.
DAz 3

Therfore, there exists B > 0 such that ||vt|\X1 < B Y te0,tyman)-
2
Then ||Pf (t,v)]| < Bu(t), Vt € [0,tpmaz)-
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Now, Let 0 < t < tg < tmax and € > 0 be sufficiently small. Then we have

) =l 41 = e - 10| "
A el
) 152 el
L 52 (5 e
+||Az /Oto_e so 1A [T (ta ;Sa> -7 <t8 asa)] A~7Fu(s)ds
+ A2 /ttoe s 1A% {T <ta ;Sa) -7 (tg ;Saﬂ A~ Fo(s)ds
+lad /t: AT (ta . Sa) A~ Fo(s)ds

< |rEe - 70 v Byl [ " 0 1y — ) p(s)ds

+ B sup
0<s<t—e

G R G | AR

¢
+ QB/ sty — s)Tlu(s)ds
¢

e [ (55) o (552)

t B to B
+ 2B/ s (tg — s)TldS + BQ/ s* Lty — S)Tlds.
t—e t

ta
+ B?gmar sup
« 0<s<t—e

by applying Holder’s inequality with g € LP[0,tpmas) for p > % and the continuity of T(t) in the
uniform-topology norm, we get that ¢ — v(t) is uniformly continuous on (0, tymax ) With respect to the
topology induced by D (A%)—norm.

Hence lim;—, v(t) = v (t,max) exists, so , one can extended the interval of existence which contradicts
the maximality . the proof is complete. 1

By the same procedure as the proof of theorem 4.1, we can proved the globality of mild solution by
using more conditions, and get the following theorem.

Theorem 4.2. Under the same assumptions as in Theorem3.1, if there exist B > 0 and a locally
integrable functions £(t) such that ||Pf (t,¢)|| < BE(t) Vt > 0,0 € X1 and § € L? 10,00), where p > 2,
then Equation (2.2) has global mild solutions.

5. Conclusion

In this paper, we proved the existence of D(A% )-valued local mild solution for a time fractional Navier-
Stokes differential equations with the finite external forces involving conformable fractional derivative of
order 0 < a < 1. The existence theorems is proved by using some Lipschitz conditions and Banach
contraction theorem. As application, an example of delayed force function is presented to illustrate the
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applicability our main result. The globality has been established by using more assymptions on forces
when the initial datum curve belong to the whole space V' = X 1
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