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Abstract: This paper studied the incompressible Navier-Stokes (NS) equations with nonlocal diffu-
sion on T9(d > 2). Driven by a time quasi-periodic force, the existence of time quasi-periodic solutions
in the Sobolev space was established. The proof was based on the decomposition of the unknowns into
the spatial average part and spatial oscillating one. The former were sought under the Diophantine non-
resonance assumption, and the latter by the contraction mapping principle. Moreover, by constructing
suitable time weighted function space and using the Banach fixed point theorem, the asymptotic sta-
bility of quasi-periodic solutions and the exponential decay of perturbation were proved.
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1. Introduction

Consider the following incompressible Navier-Stokes (NS) system with nonlocal diffusion

Ou+ (=N u+Vp =—u-Vu+ef(wt, x),
V-u=0,

(1.1)

where the variables x € T¢ = R?/(27Z)¥(d > 2),t € R. The field u(x, ) and scalar p(x, f) represent the
velocity and pressure of fluid at point (x, 7), respectively. The nonlocal operator (—A)* with @ € (0, 1)
is defined by the Fourier transform on the torus

(A u = ) kP ak)e™,
kezd

The parameter £ is a small positive constant, and the time-dependent external force f(T”,T%) is
quasi-periodic with frequency w = (wy, -+ ,w,) € R”.
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The incompressible NS system with nonlocal diffusion describes the fluid motion with internal fric-
tion interaction [1], and corresponds a stochastic representation given in terms of stochastic differential
equations driven by Lévy processes [2,3]. It has received increasing attention over the past few decades,
and many interesting results have been established in several works [2,4-10]. For instance, see [4, 5]
for the global well-posedness, [6] for the regularity theory of Caffarelli-Kohn-Nirenberg and [8, 9] for
the ill-posedness of weak solutions.

Concerning the time periodic solutions of system (1.1) with @ = 1, we refer the readers to [11-15]
for the bounded domain cases, and to [16-22] for the unbounded domain cases. Serrin [11] proved
the existence of time periodic solutions based on the solvability and stability of an initial value prob-
lem. Kozono and Nakao [16] converted the original time periodic problem into a mild formulation,
and then established the existence and uniqueness of solutions by the LP-L? estimates of an associ-
ated semigroup and Kato iteration. Based on the decomposition of unknowns into a steady part and
a purely periodic part, Kyed [17, 18] derived the maximal regularity of the linearized problem and
then established the unique existence of solutions for the nonlinear problem. Galdi, jointly with his
collaborators [19-21], handled the scenario of flow around a rigid body, which moved or rotated in a
prescribed periodic manner.

Recently, Montalto [23] obtained the existence and stability of quasi-periodic solutions for incom-
pressible NS equations on T(d > 2). Some authors have applied the normal form method and cel-
ebrated the Kolmogorov-Arnold-Moser (KAM) theory to the NS and Euler equations (¢ = 0), and
obtained several intriguing results [24-26]. Baldi and Montalto [24] proved the existence of quasi-
periodic solutions for Euler equations on T°. Montalto [25] considered the inviscid limit problem for
the quasi-periodic solutions to the NS equations on T2. Berti, Hassainia and Masmoudi [26] proved
the existence of vortex patches close to the Kirchhoff ellipses. In addition, Crouseilles and Faou [27]
constructed an explicit quasi-periodic solution with compact support on T2, and a generalized version
of the higher dimension was established in [28].

However, regarding the time periodic problem for the general case of a € (0, 1), to the best of our
knowledge there are few results available in the literature. Motivated by the works above, we would
like to extend the results in [23] to system (1.1) and obtain the existence of quasi-periodic solutions
near zero for @ € [1/2,1). It is worth mentioning that the remained case of solutions near zero for
a € (0,1/2) is hard to handle, which is due to the lack of the sufficient smoothing effect to control the
nonlinear convection type term u - Vu. Nevertheless, the issues considered in the present paper do not
involve the small divisor problem due to the presence of dissipation.

On one hand, to seek the quasi-periodic solutions u,(t) := U(wt, x), p,(t) := P(wt, x) of system
(1.1), it suffices to solve the following equations:

w-0,U+ (=A)*U+U-VU+ VP = gf (g, x),

(1.2)
V-U=0,
then one can decompose system (1.2) as a spatial averaged part and an oscillating one,
w - 0,Uo(¢) = efo(p) (1.3)
and
w-0,U,+ (=AU, =P(—=(U,-VU,) + &f,). (1.4)
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Here, the terms independent of x appear in the nonlinear term vanishes due to V - U = 0. The first
equation (1.3) could be solved under the assumption that the frequency w is Diophantine, i.e., for some
y € (0, 1),

s

lw - €] > ,
[€]

V¢ € Z\{0}. (1.5)
The existence for the second equation (1.4) is obtained by means of the contraction mapping prin-
ciple, provided that ¢ is suitably small. The main results are stated as follows.

Theorem 1.1 (Existence). Letv > 1, d > 2 and a € [1/2,1), and let o0 > v/2, s > d/2 + 1 and

N > max{o + v,0 + s — 2a} be real numbers. Assume that f(wt,x) € CN(T” x T RY) is a time-
dependent quasi-periodic function with Diophantine frequency w and satisfies

flp, x)dxdp = 0, (1.6)

TYxTd

then there exists a positive constant gy such that if € < &, system (1.1) admit time quasi-periodic

solutions
u,(t,x) = U(wt, x) € C(Tv, HS) N CI(TV; HS—ZQ)’

Po(t, x) = P(wt, x) € C(T"; H?).

Moreover,
f U(p, x)dxdp =0 (1.7)
TXTd
and
WUllc,msncimse < Ce, o IPlic,n; < Ce. (1.8)
In particular, if f satisfies
ﬁd fle,x)dx =0, VepeT, (1.9)

then the above conclusion holds for w € R”, and
f U(p,x)dx =0, VYeeT.
Td

Remark 1.2. If we look for the quasi-periodic solutions near a constant vector { € RY satisfying a
suitable assumption, a similar statement may be obtained for a € (0, 1) by the normal form method
and KAM method. Precisely, solutions are written as

u(t,x) = ¢ +wl(t, x),

where V-w = 0.

Remark 1.3. It is easy to see that if Uy(¢) is the solution of Eq (1.3), then Uy + C(C € R?) is also a
solution of Eq (1.3). In this paper, we choose the zero order term as zero.
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On the other hand, let u(t, x) = wu,(t, x) + v(¢, x) and p(t,x) = p,(t, x) + ¢q(t, x) be the perturbed
quasi-periodic solutions. The asymptotic stability of quasi-periodic solutions u,(t, x), p,(t, x) can be
investigated by studying the global existence of solutions for the following initial value problem

ov+(-AN)v+Vg=—-u,-Vv—-v-Vu,—-v-Vy,
(1.10)
V.-v=0,

with initial datum
vo(x) = v(0, x). (1.11)

By constructing time-weighted function space, we prove the global existence of small solutions by
the Banach fixed point theorem. As a by product, we present the exponential decay estimates of the
perturbation v.

We state the asymptotic stability of quasi-periodic solutions as follows.

Theorem 1.4 (Asymptotic stability). Let @ € (1/2,1), B € (0, 1) and the assumptions of Theorem 1.1
hold. Suppose that uy = u(0, x) € H* and

f (up — u,(0))dx = 0. (1.12)
Td
Put

Ey = |lup — u,(0)||ps,

then there exists a positive constant 6, such that if E, < 6, the problems (1.10) and (1.11) have a
unique global solution (v, q) € C([0, 00), H*). Moreover,

f(u—uw)dxzo, Yi>0, (1.13)
Td
and

I = u,)Ollgs < CEre™, |l(p = po)(Ollys < CEe™, V1> 0. (1.14)

The paper is organized as follows. In Section 2, we give some function spaces and useful lemmas.
Then, in Section 3, we prove the existence of time quasi-periodic solutions which have the same os-
cillation frequency with the f(wt, x). Finally, the asymptotic stability of time quasi-periodic solutions
obtained in Section 3 discussed in Section 4.

2. Preliminaries
This section collects some notations, function space and useful lemmas.

2.1. Notations and function spaces

We introduce some notations and function spaces used in this paper. For m € N, let Zjj := Z™\{0}.
Let P denote the Leray projection operator on solenoidal vector fields. We denote a generic positive
constant by C. For any vectors u = (uj,uz, -+ ,ug) and v = (vi,va, -+ ,vg), U ® v = (UVj)i<ij<d
represents the matrix-valued tensor product of u and v.
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For any u(x) € L*(T?), one can expand it by the Fourier series [29]

u(x) = ) ale™,

kezd

where the Fourier coefficients are given by

(k) =

1 .
2 fq; ) u(x)e **dx.

Let 7y be the orthogonal projection operator defined by

mou(x) :=

) jq; ) u(x)dx = u(0).

For any s > 0,0 > 0, H* = H*(T9) is the standard Sobolev space with the norm

1

el ray = (Z(l + |k|2)3|a<k>|2) :

kezd

And let H® = H*(T¢) be the corresponding Sobolev space with the norm

ol ey = {Z |k|“'|a(k>|2) .

kezd

For any u(¢p, x) € L*(T"; L*(T%)), one can expand it as

u(p,x) = > > il ke e,

(€2 kezd

where the Fourier coefficients are

~ 1 —ilp —ix-
Wb = 5 fT ) fT ulp, e e dydx.

The function space H”* = H?(T”; H®) is defined by

H™ = {u € L*(T"; LX(TY) | lullygn; < +o0},

where
2
el ;= {Z D A+ 1D+ kP, k)P] :
teZ’ kezd

For an interval I and a Banach space X, C"(I; X) denotes the space of m-times continuously differ-
entiable functions on / with values in X. One can also define C"'(T”, X) in a similar way.
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2.2. Two lemmas

Lemma 2.1. Let o > v/2, t > 0, then H*™(T”) is compactly imbedded in C'(T") and
llullc: < Cllullgzrs.
Note that H*(T?) is a Banach algebra whenever s > d/2. The result below readily follows.
Lemma 2.2. Let o > v/2, s > d/2, then one can get
Neevllg < Ml VIl 2.1)

for u(x), v(x) € H(T?), and

levllag i < Vel e VIl (2.2)

Jor u(e, x),v(g, x) € H7(T”; H*(T%)).
3. Existence of quasi-periodic solutions

This section is devoted to establishing the existence of quasi-periodic solutions that have the same
oscillation frequency as f for system (1.1).

3.1. Proof of Theorem 1.1
Proof. First, for Eq (1.3), by (1.6) we have

F(£,0) .
Uo(p) = Z —8{( )e‘g“".

tezy ' ¢
Clearly, V - Uy = 0 and

f Uo(@)dxdg = f Uo(¢)dpdx = 0.
TvxTd

TdxT”
From the Diophantine condition (1.5) and the Holder inequality, it follows that
10o@lug < &y~ follugs < Cey™ I llggormo- (3.1

Next, for Eq (1.4), we would justify the solvability by the contraction mapping principle in the
setting H? (T”; H*(T)) with o > v/2, s > d/2 + 1. To this end, define the following function space

X7 ={ue H (T"; H(T) : V-u=0, mou =0, |jully < oo},

where

leellxe == lloell g .-

Let
Lw = w - aw + (_A)a . X0'+1,s+2a — X7,
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Owing to the operator £, as invertible on X”**, define the mapping
T (u) := L'P(ef, —u- Vu), (3.2)

where

Ligpn=3 3 BED v,

2(1
= iw- €+ |kl

Now, it suffices to verify that the mapping 7 is a strict contraction on some closed ball in X,
Define the function space
Xr=Xg" ={ueX™: |lullx <R}

where R is a positive constant that will be determined later. For any u € X”¥, a direct calculation shows

that
la(t, k)

L2 s Dl e < € D (L Y20 s

ey kezg

<C YL A+ Wit k)P (3.3)

ez” kezg

2
< Cllulie .

where we have used the equivalence of ||u|| HOHS and ||u|| HTHS> then for any u € Xg, it is easy to check
that

f T (u)dxdp=0 and V-7 (u)=
™ J1¢
From (3.3), Lemma 2.2 and the Sobolev embedding theorem, it follows that
T llugas = 1L, P(efy — u - Vi)llpzms
S C”(Sfp —Uu- VM)HH;TH;‘M
S Cgllfp”H:rH}rZa + C”u ® I/l”HZ’H;H—Za (3.4)

< Céllflley + Cllull;

HrrHH—l —2a

2
<Cie+ CzllulngH;.

Taking R = 4C, ¢ yields
7 (w)llx <2Cie <R, (3.5)

whenever € < 1/(16C,C,). Moreover, for any u;, u, € Xg, from (3.2), (3.4) and Lemma 2.2, we have
17 (1) = T W)llagry < Collur ® (ur = uz) + 1z ® (U1 — u2)l| gy 12
< Cy(lluillggmy + lluallga)lluy — wallg s

< 2CaRlluy — wollugmy-
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Noting that R = 4C g and € < 1/(16C,(C3), it gives us

1
17 (1) = T (u2)(@)llx < 5””1 — Ur||x. (3.6)

Combining (3.5) and (3.6), we arrive at 7 as a strict contraction from Xy to Xg. Thus, there exists a
unique fixed point in Xy of the mapping 7, which is a unique time quasi-periodic solution U, of (1.4).
Finally, we end the proof with the regularity of solution U = U + U,,. By Lemma 2.1, we have

”U“C‘pH){ <R <Cs.
For the C! regularity with respect to ¢, from (1.3) and (1.4), it follows that

10, Uollg < Céell follug < Ce

e 10, Uplltgpis—20 < Cll = (=A) U, + P(=(U), - VU)) + &)tz -2
< ClUllugns + C”Up”%]gHs + Cell fpllg -2
< Cs,

hence,

1Ullcyp2e < Ce.

For the pressure P,
I1Pllc,us < ClIPllagns < CIIAT'Y - (V- (U ® U) + &f)lug s
< Ol + & fllgg
< Ce.

On the whole, we conclude that u(wt, x) = U(g, x) and p(wt, x) = P(p, x) are solutions of system
(1.1) and satisfy the desired properties (1.7) and estimates (1.8). For the particular case of f satisfying
(1.9), Eq (1.3) only admits a trivial solution Uy = C € R¢ and the verification of Eq (1.4) is similar
with the above one. We omit here for simplification. The whole proof of Theorem 1.1 is completed.

4. Stability

In this section, we prove the asymptotic stability of quasi-periodic solutions.
Lemma 4.1. Let a € [1/2,1), s > 0. Assume uy € H* satisfies mouy = 0, then it holds that
le™ ™ uolly: < euollge, ¥t >0. 4.1)

Let1 < 5o < s+ 1andp € (0,1), then for g € H"'=% satisfying mog = 0, it holds that

eV - gl 4e < Craa(1 = B) % e P||gllgorio, V1> 0. (4.2)

Electronic Research Archive Volume 31, Issue 12, 7182-7194.



7190

Proof. We only prove (4.2). From Parseval’s equality and the basic property of rapidly decaying func-
tions, one can get

—t(—A)* 2 2(s+1) =21k A N2
le A"V - g2, = > WD (i)

kezgd

— Z e—2tﬂ|k|2a|k|2(s+l—S0)|k|2sOe—2t(l—ﬁ)|k|2“|g(k)|2
kezZd

< e =Py T KPP

d
keZO

X (T = By = e

< CeP U1 =P Y KPP

kezZd

= Ce_zﬁt(t(l - ﬁ))_g ||g||3_'1s+1—50 .

The lemma is proved.

Denote .
Bwyy:—f}WﬂHWM%m®wﬁmn 4.3)
0
Lemma4.2. Leta € (1/2,1), B € (0,1) and s > d/2. There holds that
sup || B(u, V)|l < Cs sup €[]z sup llullps, 4.4)
>0 >0 >0
sup €”(|B(u, v)||zs < C3 sup [Vl sup € [|ullzs 4.5)
>0 >0 >0
and
sup & |BO, v)llus < Cs(sup & |vlls)’, (4.6)
>0 >0

for u,v € C([0, 00); H*) and sup,, €”'||v||gs < c.

Proof. Since the proof of (4.4) and (4.5) are similar, we only prove the former. If 0 < ¢ < 1, by (4.2)
with 5o = 1 and Lemma 2.1, we have

!
HM%MWSC]WKW%MW®W@Mm&
0
! 1 1
=¢ f e P01 — 1) % (1 = B) % |(u ® v)(T)||sdT
0

1
1
< Ce " sup vl sup [l f Edr
0

>0 >0

< Ce™ sup |||y sup ||ullgs.
20 20
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If t > 1, we decompose the integral as

!
f lle™ A (w @ V()| s dT
0

r—1 t
:f (...)dT+f (--)dt
0 t—1

=J1+ Ja.

By changing variables, one can treat J, similarly with the case 0 < ¢ < 1. For the term J;, from the
Sobolev imbedding inequality and (4.2) with sy = s + 1, it follows that

r—1
I < f (t—1) % (1 =B % e |(u® v)(T)|dr
0

!
s+1
< Ce® sup vl sup [l f A dr
1

>0 >0

< Ce™ sup &”||v||gs sup ||ul|zs-

>0 >0

Since e < 1 for any ¢ > 0, the estimates (4.6) can be proved in a similar way. The lemma
is proved.

Now we turn back to the proof of Theorem 1.4.

Proof. Note that
q= (—A)_l(V-(uw-Vv+v-Vuw+v-Vv))

and, therefore, we mainly focus on the unknown v(z, x) in the following. Due to Duhamel’s principle,
one can deduce that

t
v =e Ay - f e TN Py Vg, + u,, - Vv + v - V)(1)dT.
0
Therefore, define the following mapping

t

My = ey — f e TIENPY L (u, @V + V@ uy, + v V)(T)dT

0 4.7

= Vy + B(u,,v) + Bv,u,) + B(v,v),
where B(:, -) is defined in (4.3). For 0 < 8 < 1 and s > d/2, define the following functional space
Yg = {u € C([0,00); H'(TY) : |lully <R},
where
llully := sup & llullgs.

>0
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For the linear term, from (4.1) we get

sup (| Vollgs < sup e® Y vollgs < [vollas. (4.8)

>0 >0

For the Duhamel integral terms, applying Lemma 4.2, one can get
1B(ttey» v) + B, )l < 4C,CzeP'ellvlly, (4.9)

and
IBO, Wl < Cze ™ |vf3 (4.10)

Combining (4.8)—(4.10) yields
IMvlly < Ey +4C,Cselvlly + Cslivily-

Taking R = 4E/, one can obtain
IMy|ly < 2E; <R, 4.11)

provided that £y < 1/(32C3) and € < min{1/(16C,C>), 1/(8C,C3)}. For any vy, v, € Yg, letvs = vi —vy,
and we get

!
IMv1) = M)l <l f e TICVPY - (4, ® v + V5 © ) (T)dT] s
0

!
ol f D BY (1 @ vy + vs ® Vo) (D)l
0

< 1B(ue, vo)lls + [1Bvs, )llis + 1Bv1, volllas + [1B(vs, vi)llrs-
Applying Lemma 4.2 again, one can get
3
IME1) = M)l < 4C1Caelvr = vally + 2C5RI = vally < v = vally, (4.12)

provided that E; < 1/(32C3) and € < min{1/(16C,C,), 1/(8C;C5)}. Combining estimates (4.11) and
(4.12), one can see that map M is a strict contraction. We then obtain that there exists a unique fixed
point v of the map M in Y, which is the unique solution of problems (1.10) and (1.11). Therefore, we
conclude that the quasi-periodic solution in Theorem 1.1 is asymptotically stable. Moreover,

1t = |l = VIl < CEre™.

This completes the proof of Theorem 1.4.
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