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ABSTRACT. In the current issue, we consider two coupled weakly dissipative
fractional Schrédinger equations with cubic nonlinearities that reads

{ut —i(=A)Zu+i (Jul> + v[*) u+yu=f
v —i(—A)Zv+i (\u|2 + |v|2) v+ vz +yv =g
We will prove that the asymptotic dynamics of the solutions will be described

by the existence of a regular compact global attractor in the phase space with
finite fractal dimension.
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The study of systems of coupled nonlinear Schrédinger type equations in math-
ematical and physical aspects are of comparative interest and has attracted much
attention for many researchers as they appear in different sides of applications to
various branches of physics. Lately, interest in dissipative systems increased even
more because of intensive elaboration of strange attractors. For a given dissipa-
tive dynamical system, the first question that arises is determining the existence of

1991 Mathematics Subject Classification. Primary 35B40, 35Q55; Secondary: 76B15, 58F39.
Key words and phrases. Fractional Schrédinger equation, dynamical systems, asymptotic
behavior, global attractor, fractal dimension.

(©2021 International Press

11



12 B. ALOUINI

a bounded (or even compact) attracting set, the global attractor that contains
much of the relevant information about the flow, on which one may reduce the
qualitative study of the system. We refer the reader to [34], [30], [9] and [29] for
general frameworks of this theory.

In optics, systems of coupled nonlinear Schrodinger equations are used to de-
scribe the propagation of light along birefringent optical fiber [25], [40] and [41].
In hydrodynamics, when studying the modulation instability of gravity waves in
fluids in great depths [8], a coupling nonlinear Schrédinger system was considered.
Appearing also in the study of electromagnetic waves [28], the coupling nonlinear
Schrédinger systems arise also when studying either Feshbach resonances in atomic
Bose-Einstein condensate systems [35] or atmospheric gravity waves [26]. With the
appearance of memory materials, a great attention has been focused on the study
of problems involving the fractional space derivative.

In this article we investigate the asymptotic behaviour of solutions for an infi-
nite dimensional dynamical system generated by a generalized class of two coupled
nonlinear fractional dissipative Schrodinger equations that reads

{ut —i(=A)Zu+i (Jul® + [v]*) u +yu = f

1.1 a
(1) vy —i(—=A) 20 +i (Ju]® + [v]*) v+ dv, + v =g

supplemented by
(1.2) u(t=0)=1wup, v(t=0) =1

where a € (1,2], 6 € R and v > 0 is the damping parameter. The unknown
u = u(t,x) and v = v(t,z) map Ry x R into C. At ¢t = 0, the initial conditions wug
and vy belong to the fractional Sobolev space H % (R) that will be specified later.
The functions f and g, that belong to L?(R), are given source terms that are
independent of time.

The system (1.1) is derived from the governing equation for atmospheric gravity
waves [26] and it appears also in nonlinear optics [6] and in the study of large-scale
Rossby waves [33]. When § = 0 and a = 2 it was shown that the resultant sys-
tem, known as Manakov system [28], models the evolution of two orthogonal pulse
envelopes in birefringent optical fibers and it can be derived from the governing
equation of atmospheric gravity waves when studying collision interactions of en-
velopes Rossby solitons in a barotropic atmosphere [33].

From mathematical point of view, the study of fractional nonlinear Schrodinger
equations has attracted a lot of attention among researchers. The prototypal exam-
ple is the Fractional NLS with cubic nonlinearity introduced by N. Laskin [21, 22]
as follows

(1.3) w — i (=A)% u+ijulPu=0.

This equation was recently studied by several authors among which stand out B.
Guo and Z. Huo [17] and Y. Hong and Y. Sire [19] regarding the question of the
initial value problem in Sobolev spaces. Taking into account, in some physical
context, an external forcing term and some damping effect, a similar equation was
considered in [15] in which the issues of existence and regularity of the global
attractor were addressed.
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Now let us go back to the matter at hand. In the conservative case when
v = f =g =0, the study of existence and uniqueness of global smooth solutions
for (1.1) was established in [20], [18] and [38] in bounded domains. However,
existence and stability of standing waves was considered in [32]. While in the
dissipative case where, in some physical contexts, external forcing term and some
damping effects have been taken into account, it should be cited that G. Li and C.
Zhu have considered the system (1.1), with @ = 2 and in a one dimensional bounded
domain. They have established in [23] the existence of a compact global attractor
with finite fractal dimension and their strategy rely on the work of J. Ghidaglia [13].
The asymptotic dynamics for N-coupled Fractional dissipative NLS was studied in
[7] where M. Cheng has proved the existence of a compact global attractor in the
phase space. This result was improved in [4] where the author has established the
regularity and the finite fractal dimension of the global attractor following [3].

2. Mathematical framework and Notations

2.1. Notations and main results. Before giving the main results and the
layout of this article, we introduce briefly some definitions and notations.

We initially recall that in what follows we use the notation (.,.) for the usual
scalar product in L?(R) defined by

(1, v) = Re </Ru(x)v(:z:) d:z:> .

The one dimensional space Fourier transform will be denoted as follows
F(u)(é) = / u(x)e” " d .
R

Now, for a given fractional exponent s € (0,1), we recall (see [11] and [31]) that
(—A)* is considered as the homogeneous fractional pseudo-differential operator de-
fined, for u € .(R), by

(=A)su(z) = C p.U./R ulz) — u(y) dy=F 7 (|E*F(u)) (z),

2 o=y

-1
where C, = (fR 1|E|Clof§§) dC) , Z(R) denotes the Schwarz class and "p.v.” for

principal value.

The fractional Sobolev space H*(R) defined as follows
H*(R) = {u € L*(R) such that /(1 + [€]2)|.F (u) (€)]2d¢ < —l—oo}
R

as an intermediary Banach space between L?(R) and H'(R) is a Hilbert space
endowed, via the Fourier transform approach, with the norm

s o2\ 2
ey = (Il B + ] (=2 B 7. )
and the associate scalar product denoted by
(U7U)H5(1R) = (U,’U) + ((_A)%u7 (_A)%U) , U,V E HS(R) .

For the sake of simplicity and in order to remove any ambiguity in what follows, we
will extensively use the following vectorial notations.
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ForU:<Z1 ), VZ(vl)eCzwedenotes

UV = uiv1 + usvo and |U|2 =UU
For a given p € [2,4+00), the space denoted
1

P

L? = (LP(R))* endowed with the norm ||U]|L» = (HulHiP(R) + HuQHip(R))

is a Banach space. When p = 2, .2 is the Hilbert space endowed with the usual
scalar product
(U, V) = (u1,v1) + (ug,v2), YU,V € L%
Whereas for the limiting case p = 400, we denote
U |Le = sup (||ua]|ze @) |[u2llL=®)) -

In what follows the Hilbert spaces H® = (H*(R))®, s > 0, are endowed with the
norm ,
101 = 101> +[[(=2)20]] -

For convenience use, we denote p the canonical projector defined by

o= ()= ( )

Hence, the system (1.1) — (1.2) will be equivalently written as follows
(2.1) Ui —i(=A)2U +i|UPU + U + 6p(U,) = F € 1.2
(2.2) Ut=0)=U, €H?.

where U=(u1>and F:(f)
Uz g

The first result established in this paper states as follows:

THEOREM 2.1. Let o € (1,2] and F € L2. Then the problem (2.1) — (2.2) is
well posed in H2 and defines an infinite dimensional dissipative dynamical system
that possesses a compact global attractor <, in H .

Once the global attractor is obtained, the question arises if it has special regularity
properties or if it has finite-dimensional character. This will be the subject of the
second main result. We state

THEOREM 2.2. Let a € (1,2] and F € L2. Then the global attractor <, asso-
ciated to the dynamical system generated by (2.1) is a compact subset of H* with
finite fractal dimension in HZ .

These results established in this paper extend those in [23] on the real line
and present significant improvements of those in [15]. This article is organized
as follows: in the subsection below (in the current Section 2), we establish some
helpful results that play a crucial role in what follows. In section 3 we prove the
well-posedness of the problem (2.1) — (2.2) as well as the existence of a compact
global attractor in H2. The regularity of the global attractor 7, for (2.1) — (2.2)
will be discussed in Section 4. Finally, the section 5 we be dedicated to establish
the finite fractal dimension of 7, using a new idea introduced in [3].
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In the end of this section it should be noted that throughout this article, the
constants C's are numerical positive constants that vary from one line to another
and A < B means the existence of C' > 0 such that A < CB.

2.2. Preliminary results. To begin with, we shall briefly introduce some
tools from functional analysis that will be used extensively in the sequel.
We recall a fractional Gagliardo-Nirenberg type inequality (see [12] for instance)

LEMMA 2.3. Let a« > 1. Then for every p € [2,+00]|, 3C = C(a,p) > 0 such
that

1_2(%_,

[lull oy < C'llull 2

PrROOF OF LEMMA 2.3. For the sake of completeness, we give a simple proof.
Using the Hausdorff-Young inequality and the Holder inequality, it leads that for
p>2

lullue S 117 ()]

: (/Rz(1+|€|a)|f(€)|2d§)2 < / <1+|gd|£> )

where p’ denotes the conjugate exponent of p.

|

Hence
(2.3) luller < Casp) (1fullza + [1(-2) %0l g, )

Replacing u by  — u(Az), A € R in (2.3), it leads that

o 1

1 a_(1_1 o
ol < €sp) (g il + 48700 80 ) -

1 1
AFT

Minimizing the right hand side of the previous equation with respect to A achieves
the proof of the lemma. O

For later use we recall the following result

LEMMA 24. Let s € [1,2]. Then there exists C > 0 such that for all p €
[2,+00),

lullr < Cvpllullys, YueH?.

PROOF OF LEMMA 2.4. The proof follows by applying Theorem 8.5 in [24)]
then using an interpolation argument between H z and H'. O

We give now a commutator estimate (see [15]) that states as follows
LEMMA 2.5. Let u € L (R) and v € H*. Then 3C, > 0 such that
(=A% () — u(~A) 3o
< Co (vl [1E1*F @)l Lr + [0l [[1E]F (@)]] 1) -



16 B. ALOUINI

ProoOF OF LEMMA 2.5. Using the Fourier transform, one has
| Z (=) % (u0))(€) — F (u(=A)Zv)(§)|
< / € = nl* = & |7 (w) ()] |7 (v)(§ —n)| dn
R

S / 0| 17 (w) ()] |7 (0) (€ —n)| dn
R

+/ [l |7 (w) () |€ = nl* .7 (v)(& — )| dny
R

where we have used || —n|® — €% < |n|* + € — 0| tn|. Hence, the desired
estimate yields thanks to the Minkowski inequality and the Plancherel Theorem. [J

3. Well posedness of the problem and existence of the global attractor
3.1. The initial value problem.

PROPOSITION 3.1. Let Uy € H%. Then the problem (2.1) — (2.2) has a unique
solution
U € ([0, +00), H? ) N %, ([0, +00), H ?)
and the maps S, (t) : Uy + U(t) are continuous on H% with €,(]0,+o0), H?)
denotes the space of continuous bounded functions which take values in H= .

PRrROOF OF PROPOSITION 3.1. The proof is very standard and then briefly sketch
since similar to that in [7] and [2]. We proceed into two steps:

First step: A local in time solution.
Let T > 0, then applying Duhamel’s formula to (2.1) for 0 <t < T, leads to

Ut) :e—fyteit[(—A)%-i-iéam]UO
t o
—|—/ eV (t=8) gi(t=8)[(=A) 2 +i60,] [F—i|U(s)|2U(s)] ds.
0

Since the operator eit(=2) % ~6t0, j unitary on H®, s > 0 and the Hilbert space H%
is an algebra (due to Lemma 2.3), the mapping ¥ : U ~ |U|?U is locally lipschitz
on bounded subsets of HZ. This ensures, by a standard fixed point argument, the
existence of a local in time solution U in €’([0, 7*), H? ) for the problem (2.1)—(2.2).
Moreover,

either T*" =400 or ||U(¢) +00.

a —
||H2 t—T* t<T*
Second step: The solution is global in time. To begin with, we establish the

following a priori estimate that reads

LEMMA 3.2. Let Uy € H%. Then there exists C > 0 depending only on o and
[|F||Lz such that

3
sup ||[U@)|[2a < Ze Y |Uo||?a +C.
te[w*)l\ Ollgs < 5¢7 " 10ollgs

PROOF OF LEMMA 3.2. On the one hand, the scalar product of (2.1) by U,
leads to

%IIU(t)IIEz +AUMIIE = (F,0)).
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Hence, applying the Cauchy-Schwarz and Young’s inequalities, it can be deduced
by the Gronwall’s Lemma that

112

(3.1) IU®)IE> < [|Uollf2e™" + 242

(1—e 7).

On the other hand, the scalar product of (2.1) by —i(U +~U) leads to the following
energy equation that reads

(32) S I (0) + (U (0) = KU ()

where

JOW) =[-8 U2 +8 (U o) ~ 3 (U V)~ 2(GE, U (D)
(3.4)
KU(®) = 2 (0P, 1) ~1(GF.U )

Observe that due to the Parseval identity and the Holder inequality one has

(U, oU )] = |((iF ), o(F(U2))))|
/ €11 F (U)(©)1317(U) ()P0 Pde

S(/Rma'g( or) " ([17anere)

2 _ 1
(3.5) (U, p(U)))] < [|(~A) 5 U||2, [|U]125 .

Q

Q=

Hence,

Consequently, thanks to the previous inequality, Lemma 2.3, the Young’s inequality
and (3.1) one easily obtain the existence of a non negative reel constant C' that
depends only on ||F|| 2 and 7 such that

(36)  ICAIVO|E -0 < IUH) < ||~ U

(3.7) KU®) < 1 [[(-2)10@)
Gathering (3.6), (3.7) and (3.2) we obtain

dtJ(U(t)) +7JU®) <C.

This concludes the proof thanks to the Gronwall Lemma, (3.6) and (3.1). O

Lemma 3.2 ensure that T* = +o0o and then a global in time solution is obtained.
This step is therefore concluded as well as the proof of the current proposition. [
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3.2. Construction of the compact global attractor. For the sake of com-
pleteness and clarity we recall the definition of the global attractor (see for instance
[9] and [34]).

DEFINITION 3.3. Let (42, (S(t))i>0) be a continuous dynamical system where
A denotes the phase space (complete metric space). We say that a nonempty
subset &7 of S is a global or universal attractor for the semigroup (S(t)):>¢ if and
only if &7 enjoys the following properties:

(1) o« is compact.

(2)  is invariant i.e: S(t)o/ = o/, ¥Vt > 0.

(3) o attracts the bounded sets of J#; i.e: d(S(t)B, <) — 0 as t — +o0,
V B bounded set in 7 with d; stands for the Hausdorff semi-distance
(between two sets) defined by

dn(A, B) = sup inf ||z — y||~ .
zcAYEB

A mere consequence of Lemma 3.2 states as follows

PROPOSITION 3.4. The semigroup (So(t))icr, possesses a bounded absorbing
ball B, inH% . i.e: for any bounded subset B C H? there exists t(B) > 0 such that

Se(t)BC B, Yt>1i(B).

We claim now to prove the existence of the global attractor «7,. To do this, one
only has, thanks to Theorem 1.1 and Remark 1.4 in [34] and Theorem 5.1 in [9],
to prove the asymptotic compactness of the semi-group (Sq(t)):er, , that is

PROPOSITION 3.5. The semi-group (Sqa(t))ier, is asymptotically compact in
H? i.e., for every bounded sequence (Uy)y in H? and every sequence tj, — —+00,
(Sa(ts)Ux )i is relatively compact in H= .

PRrROOF OF PROPOSITION 3.5. We start, as a first step, by proving the following
statement

LEMMA 3.6. The semi-group (So(t))icr, is continuous on bounded subsets of
H?Z for the strong topology of L.2.
PROOF OF LEMMA 3.6. Let (®,), be a bounded sequence in H? that converges
towards Uy € H? for the strong topology of 2. We denote
Z(t) = Sa(t)q)n —Sa (t)UO = Un(t) - U(t)

the difference of two solutions of (2.1) — (2.2) issued respectively from ®,, and U.
Then Z(t) satisfies

1d

3 12Ol + 1120l < Co /R(lUn(ﬂC)l2 +U(@)]*) |Z(2)*dz.

Now we use an argument due to M. Vladimirov [36]. We consider p € (2,+00).
Thanks to the Holder inequality

(3.8)

2p—2

/R(IUn(fv)l2 +U()]?) 12(2)Pdz < (1Unllsr + WUNIEs) 1211l 211"

Since U,, and U remain uniformly bounded in H= (Lemma 3.2), it may be deduced,
in accordance with (3.8), Lemma 2.3 and Lemma 2.4, that

1

d L 2(1- 520
ZI1ZOIE= < CoCropll 2l =7,
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which is equivalent to
d a5
(39) 20 < Cu0f

Integrating (3.9) on [0, 7] for a chosen T > 0 such that C,,T < 1, leads to
pa
(3.10) sup |[Sa(t)®,, — Sa(t)Uo||L2 < (C C"”T—F [|®rn — U0|2p"> .
t€[0,T]
Therefore

(3.11) limsup sup |[Sq(t)®pn — Sa(t)Usllr2 < C1 (CLT)P

n—+00 t€(0,T]
and then the desired result follows by letting p — +o0. |

Next, we show that the semigroup (S (t))icr, is asymptotically compact in L2
on bounded subsets of H? following the idea in [27].

LEMMA 3.7. For every bounded sequence (Uj); in H2 and every nonnegative
sequence t; — +00, (Sa(t;)U;); is relatively compact in L2.

PROOF OF LEMMA 3.7. Let Uy € H? and U(t) = S, (t)Up. Consider a smooth
cut-off function 0 such that 6(x) = 1 if || <1 and 0(z) =0 if |z| > 2, z € R. For
a given R > 0, we set

Or(z) :0(%) and Mg(t) /|U - 0p(2)]? do.
Multiplying (2.1) by (1 — ) then making the scalar product of the resulting equa-

tion by U(1 — 0g) lead to

LAy r(t) 4 Ma(t) =((G(1 — 0r)(~A) 2T, (1 — 6)U))

2 dt
+((1=0r)F, (1 - 0r)U))
—6((p[(1 = Or)U,], (1 — OR)U)).
Since
(6101 = 0)U.), (1 = 0)V)) = Z((9l0RU), (1 — 0R)U)
we deduce by the Cauchy-Schwarz inequality that

L4y () + 7 Ma()

2 dt
(3.12) <| (1= 0r)F12 +0”U1‘%|L ) Mpg(t)

o

+[(1=0R)(=2)2U = (—=4)3[(1 - 0r)
Thanks to Lemma 2.5,

[(1=0R)(—A)2U = (=A)2[(1 - 0r)U

= ||0r(=2)FU — (1) (9rU)]|..

S Uz [HE*F Or) | gy + U [11E] F ORI L1 gy -
Remark that |£]°.% (0r)(§) = RIE|*.F(0)(RE), Vs € [1,2], then it follows that

IZ(=2)30) @ _ C
I1€1* % (0r) | 2 ay = S

]H]Lz MR(t) .

e
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Hence, since a € (1,2] (= 0 < a—1< %) and U is uniformly bounded in H?, we
deduce that

o o 1 1
(313) (|0 - )(-A)FU ~ (~A)F (1~ 00|, S 7+ -
Gathering (3.12) and (3.13) then applying the Young inequality and the Gronwall
Lemma lead to

_ 1 1 _
(3.14) Mg(t) < ||Uo|[f2(p)>mye " +C (||F||H%2(x|>R) T Rea T R2> (1—e™).

Consider now a bounded sequence (U;); in H? and t; — +o0.
By splitting S, (t;)U; as follows
Sa(tj)Us = Sa(t;)U;0r + Sa(t;)Us(1 — 0r) = Wj(t;) + Vi(t;)
we deduce from (3.14) that for a given € > 0, there exist Rg > 0 such that
Vi(tj)lle < e, Vij=>jo.

Moreover, (W;(t;)); remains trapped in a compact set of L? which ensure by
classical argument that (S, (¢;)U;); is relatively compact in L? and the proof is
achieved. O

Finally, we continue the proof of Proposition 3.5 using the well known John
Ball's argument ([5] and [37]). Let (U;); be a sequence in H? and ¢; — +oc. Since
(Sa(t;)U;); is bounded in H? and in accordance with Lemma 3.7, we may assume,
up to a subsequence extraction, the existence of U € H? such that

(3.15) Sa(tj)U; — U weakly in H2 and S,(t;)U; — U strongly in L% .
Thanks to the energy equation (3.2) one has on the one hand

t
(3.16) J(Sa(t;)U;) = J(Salt; —t)Uj)e 2" + 2/ eI K (S, (t) — t+ 5)U;) ds
0
and in the other hand,

t
(3.17) J(U) = J(Sa(—t)U)e~ 2 +/ eI K(Sy(s — t)U) ds,
0
where J and K are defined by (3.3) and (3.4). Thanks to Lemma 3.6 and Lemma
2.3,
(3.18) Sa(t;)U; " U strongly in LP, p € [2,+0).
j——+oo
Moreover, since S, (¢;)U; and U are uniformly bounded in H?, we deduce by inter-
polation that .
Sa(t)U; — U strongly in H? , s € [1,a).

j—+oo
As a result,

(3.19) ((18a(t;)Uj: £(8a(t;)(Us)a))) 2 (1, 9(Us)))

“+o0

Thanks to the Lebesgue dominated convergence Theorem, Lemma 3.6 and Lemma
3.7 we obtain that limsup J(S.(¢;)U;) < J(U) from which we deduce, thanks again
to (3.15), (3.18) and (3.19), that

[1Sa(t)Usllys — 1IUllys as j — +oo.

This concludes the proof of the current proposition. |
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4. Regularity of the global attractor

Following the strategy in [15], let U(¢) be the solution of (2.1)-(2.2) which takes
values in H=. For the sake of simplicity, we may assume that U(¢) remains into the
H % —absorbing set, 4., for t > 0.

The first part of our second main result, is stated as follows

THEOREM 4.1. The global attractor <, associated to the semi-group (S (t))ier,
is in fact a compact subset of H”.

4.1. The auxiliary problem. We introduce, for a given level N > 0, the
orthogonal projector Py acting in L?(R) by setting

an  pvt= [x(§) F@@eeie= 7 (e (5) F0©)

where y is the characteristic function of the interval [—1,1]. Actually, Py is the
projector onto the low-frequencies modes of a given function, at level N. Clearly,
D*Py = PyD®. Moreover, Py and Qn = Id — Py are bounded operators from
H?, s >0, into itself and satisfy the following statements that read

LEMMA 4.2. Let 0 < s1 < s9. Then there exists C' > 0, that does not depends
on N, such that

H(—A)STQPN(u)HL2 < CN#—%

(—A)%PN(u)HLz . Yue H.

o) Qv , < onms

(—A)%QQN(U)HL2 , Yue H*?.

Moreover, for 1 < p < 400, Py extends to a bounded operator from LP(R) into
itself whose norm does not depends on N.

PROOF OF LEMMA 4.2. The first part follows merely from the very definition
of Py and some well known properties from Fourier analysis (see [16]). While
for the second part the proof is classical and we refer the reader to [39] for more
details. O

To highlight the regularity of the global attractor ., the strategy consists on
splitting the solution as U(t) = Pn(U) + Qn(U) = V(t,x) + W(t,z) and then,
thanks to Lemma 4.2, the regularity of U depends only on the regularity of W =
Qn(U). Thus, we shall focus on the long-time behavior of W, solution for Qn(2.1)
supplemented with initial data W (0) = Qx(U(0)), that will be approximated by a
more regular function Z solving the so called auxiliary problem that reads

(4.2a) Zy —i(-N) 2 Z+iQn |V + Z12(V + 2)] +7Z + 6p(Zs) = Qn(F)

(4.2b) Z(0)=0.
Now, we state the main result of this subsection.
PROPOSITION 4.3. There exists Ny > 0 large enough depending only on v, §, «

and F such that for any N > Ny, the problem (4.2a) — (4.2b) has a unique local in
time solution in € (R, H) that remains uniformly bounded in H= .

PROOF OF PROPOSITION 4.3. The proof is standard and then sketched for the
sake of conciseness. The existence of a local in time solution Z in € ([0, 7*),H®) for
the problem (4.2a) — (4.2b) is obtained by a fixed point argument on its Duhamel’s
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form thanks to the embedding of H® into L°° and the fact that the mapping
D:Z— Qu (|Z +VI2(Z + V)) which is locally lipschitz from H® into itself.
Taking the inner product of (4.2a) by —i(Z; + yZ) we obtain that

1d

(43) S (D) +1D(Z(1) = W(Z (1))

where we set
2(2)=[|(-8)3 2|5, - 3 (12 + V|2 + V)
+6 ((iZ, p(Zz))) — 2((iF, Z))

(4.4)

U(2) =1 (12 + V|2 + V) = (GF, 2))

v ((|Z+VHZ+V),Vi+V)) .

For the purpose of establishing upper and lower bounds for ®(Z7), it should be noted
that due to Lemma 2.3, (3.5) and Lemma 4.2 we have

1 a

(4.5)

(1.6 1212 % 575 -8 2] 2
(47) 1211 % s 127 2L
(4.9 (2, 9Z S 5 125 2]

Now we need the following result
LEMMA 4.4. There exists C > 0 depending only on vy, §, a and F such that
1PN (U)llgs + 1PN (Ud)lly-5 < C.

PROOF OF LEMMA 4.4. Thanks to Lemma 4.2, Py is uniformly (in V) bounded
from H? into itself. Moreover, in accordance with (2.1) one has

Pn(U;) = i(—A)2 Py(U) — 6p(Pn(Uy)) — vPy(U) — iPy [|U\2U] + Pn(F)
from which, and the fact that H? is an algebra (Lemma 2.3), we deduce that Py (U;)

remains uniformly bounded in H™% and the proof is completed. |

Thanks to the Cauchy-Schwarz inequality, (4.6), (4.7), (4.8) and Lemma 4.4 we
deduce, for N large enough, the existence of Cy, C; > 0 that not depend on N such
that

o 4
(=852,

N2a—1
Now we derive an upper bound for ¥(Z). Thanks again to Lemma 2.3 and Lemma
4.2

]. [e3 3 [
(49) 5 [|(=a)%2||, - Co ~ 1< 9(2) < S|~ 2|, + G

(410) 121~ £ 5oy [1-2)3 2]
Independently
((1Z+VIPZ+ V), V)< 1Z4+ VP Z+V)||ys IVilly-5
SNZ+VIE<IZ + Vilgs Velly-5
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which, in accordance with Lemma 4.4 and (4.10), leads to

SNEVALS .
(4.11) [((1Z+VEZ+V), V)| < (HW) L+ [[(=2)22]].) -

Gathering (4.6), (4.7) and (4.11) it may be deduced, in accordance with the Young
inequality, that
(4.12)

o C o C. o
U(2) < Cot ;183 2||0 + 5 (1) 2]+ jamy 1) 2] -

In accordance with (4.3), (4.9) and (4.12), the Gronwall Lemma implies that for N
large enough

C t C(t—s o 3
<I>(Z(t))§00+NTl_1/O e M |(=A) T Z(5)| ), ds

C ¢ o
e Al [SVSEE B[

As a result, thanks again to (4.9), one easily deduce by classical arguments that

sup ||(—A)%Z(s)||i2 <C.
s€[0,T*)

This concludes the proof of the current proposition. O

We now prove that Z remains bounded in H* with an upper bound that depends
on N.

ProprosSITION 4.5. There exist a reel K > 0 and Ny > 0 large enough that
depend only on v, §, a and F such that for any N > Ny, the following estimate
holds true

sup ||Z(t)||me < K N% .

teER 4

PROOF OF PROPOSITION 4.5. In order to prove that (—A)?% Z is bounded in L2
we will prove equivalently that Y = Z, is bounded in 2. To do this we will establish
some a priori estimates on [|Y[| ¢ which can be proved rigorously using some

smooth approximation argument. For the sake of simplicity we denote A = W + V.

We differentiate the system (4.2a) with respect to ¢ then we take the scalar product
of the resulting equation by —i(Y; +~vY") lead, by mere computations, to

(4.13) S XY (1) + XY (1) = (¥ (1)
where
wigy YO =RV = (AR YP) = 2] [ReEY)|[ + 8 (Y, 9(Y2)))

=2 (AP, Re(Y.V;)) — 4 (Re(A.V;), Re(A.Y))



24 B. ALOUINI

and
O(Y) = — 2y (Re(A.V4), Re(A.Y)) — (1 +7) (IA]*, Re(Y.V2))
—2(Re(A.Y),Re(Y.Ay)) — (Y2, Re(A.Ay))
(4.15) — —
—2(Re(A.Vy), R A)) — 2 (Re(AY), Re(Vi.Ay))

— 2 (Re(A.Ay), S%e(Y.Vt)) — 2 (Re(A.Vy), Re(AY)) .

First of all, thanks to Lemma 2.3, the estimate (3.5), Lemma 4.2 and since A is
uniformly bounded in H?, the following estimates hold

(116) (AP YP) + |[Re(EY)| 7 S IAIRIYIE: $ — =5 [I(-2)F YL,
. 1 a
(4.17) (Y, (Vo)) S 7o 1= FY I -
[(JA]?, Re(Y. V)| + |(Re(A.Vi), Re(A.Y))|
(4.18) S AN 1Y Tz 1 Velles
SIEAFY]]L -

As a result of (4.16), (4.17), (4.18) and (4.14) it follows, for N large enough, that
1 2

(4.19) 5H(— fy|f,—c<Ty 7|y A)SY||L+C

where C' > 0 does not depends on N.

We will now proceed to determinate an upper bound for ©(Y').

Firstly, thanks to Lemma 4.4 and Proposition 4.3 one easily obtain the existence of
Ky > 0 depending only on F', v, § and « such that

(4.20) sup [[A(t)|ly-5 < Ko.

teER

Now by the use of (4.20), Lemma 2.3, Lemma 4.2 and in accordance with Proposition
4.3, we have

|(Re(AY), Re(Y.A))| + [ (|Y]?, Re(A.Ay)) |

(4.21) SHIYEPA | [1A]g-g

(4.22) SV e ([[Y e + [[(=2)FY]|..)
1 a 2

(4.23) S ez 1=2)3 Y. -

Independently, recalling that A; =Y + V; we easily check that
(?Re(X.V}),?Re(?.At)) + (%e(K.Y)ﬁEe(Vt.At)) + (?Re(K.At)ﬁEe(?.V}/))
(424) = (Y2 Re(AV})) +2 (Re(Y.V;), Re(A.Y))
+ ([Vi2, Re(R.Y)) + 2 (Re(A. Vi), Re(Y. V7))
Due to Lemma 2.3 and Lemma 4.2 one has
(V2. Re(EY)) | + | (Re(E.2), Re(V Vo)) | < 1Y fle 1Al V2

a+1

(4.25) SN |(=2)5Y |,
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Hence, in the light of (4.23) and (4.24) and (4.25), we deduce that
|(Re(A.V;), Re(Y.Ay)) + (Re(AY), Re(Vi.Ay)) |
(4.26) [(=8)%Y][7,

a—1

+|(Re(RA,), Re(YV2)| S N°F[|(—2) Y|, +
Now it only remains to bound (Re(A.V;;),Re(A.Y)). Firstly, observe that V; sat-
isfies Vi = DV, — 4V — 6p(Viw) — i Py [|U|2Ut + 2%6(U.Ut)U]. Consequently,
due to the fact that H? is an algebra,

either Py [|[U[*U;] or Py [Re(U.Uy)U]
are uniformly bounded in H~%. Hence, thanks to Lemma 4.2 and Lemma 4.4

(4.27) Varllg-5 SI[(=2)2Vi|y-5 + Vi + 1102 Vellg-¢ S N
This enables us to have

(4.28)  |(Re(R.Vi), Re(AY))| S [[IAPY [lgs Virlly-g S N [|(=2) 3V, -
Gathering (4.16), (4.18), (4.23), (4.26) and (4.28), it may deduced in accordance
with the Young inequality that for N large enough

oY) < 1[|(-A)FY ([}, + o e

||]HI’%

which, with (4.19), leads to

%’I‘(Y(t)) FAT(Y(8) < C N

This completes the proof thanks to Gronwall’s Lemma, (4.19) and Lemma 4.2. O

4.2. Proof of Theorem 4.1. To begin with, we proceed to the large time
comparison between U =W +V and A =Z+ V.

PROPOSITION 4.6. There exist Ny, C > 0 depending only on vy, §, « and F' such
that for any N > Ny and for all t > 0,

U@) = Al =W () — Z(t)
PROOF OF PROPOSITION 4.6. The proof is classical and then details are omit-

ted. For the sake of simplicity we shall denote ©(t) = U(t) — A(t) = W (t) — Z(1).
Then O satisfies the following identity that reads

%% (6(1)) +1E(6(1) = T(6(t))

< Ce .

(4.29)

[1]

where we denote
(4.30) E(O) = H(—A)%@Hiz +9((i0, p(0,))) — (|U|2, |@|2) -2 H?Re(K.@)Hiz
and
L(O(t) =7 (|0]%, Re(A.0)) + (|6]*, Re(A.0;)) — (|©]?, Re(U.Uy))
-2 (%e(K.@),%e(@.At)) .
Since U; and A; remain uniformly bounded in H~ %, then applying Lemma 2.3 and

Lemma 4.2 by means of which, using identical computations as (4.16) and (4.23),
we conclude on the one hand that for N large enough

(4.31)

1 a 3 a
(4.32) 5 ll=a)tell, <=@©) < S[|(-a)tell,
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and on the other hand

a2
(-A)5 0| v PN
(439 o)< I2000e <)y,
Gathering (4.32), (4.33) and (4.29) completes the proof thanks to the Gronwall
Lemma and once again to (4.32). O

Propositions 4.6, 4.3 and 4.5 enable us to prove, in identical manner as in [1]

r [14], that <7, is a bounded subset of H®. The proof of the compactness of the

global attractor <7, in H®, based on the famous J. Ball’s argument, is standard

and similar to that in [14] to which we refer the reader. We omit it for the sake of
conciseness and the proof of Theorem 4.1 is therefore completed.

5. Fractal dimension of the global attractor

Later on, this article will examine in some details the specific concept of the fractal
dimension of the global attractor. For that purpose we use a new idea recently
introduced in [3]. Firstly, for the sake of completeness we start by recalling the
definition of the fractal dimension.

DEFINITION 5.1. The fractal dimension of a compact subset .# of a metric space

In N
A is defined by dj(.#) = lim Lﬂfle)
e—0 ln (7)

number of closed balls of the radius € vévhich cover the set .Z .

, where N (. ,€) denotes the minimal

We now state

THEOREM 5.2. Let F € 2. Then the compact global attractor <, possesses a
finite fractal dimension in HZ .

5.1. Some helpful tools. To begin with, we recall a merely deduced result
from that given in [10].

THEOREM 5.3. Let X be a Banach space and M be a bounded closed set in X.
Assume that there exists a mapping V : M — X such that

(1) M C V(M). Moreover, V is Lipschitz on M, i.e, there exists L > 0 such
that for all ur,ue € M, ||V (u1) — V(u2)||x < L||lug — ual|x-
(2) There exist compact semi-norm || .||y on X (i.e: X — Y is compact) such
that Y uy,us € M,
V(1) = V(u2)llx < 6[lur —uallx + KllJur — ually +[|V(u1) = V(ua)lly]-
where 0 < d <1 and K > 0 are constants.

Then M is a compact subset of X and has a finite fractal dimension.

In what follows, we state an important result (see [3]) that will enables us to apply
Theorem 5.3.

LEMMA 5.4. Let € be a compact subset of L?(R). Then for every ¢ > 0 there
exists R = R(e) > 0 such that for all 9 € € and for all u € H? the following
estimate holds

/R 9] [ufde < ellull?,4 + R lull22_p.mp -
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PROOF OF LEMMA 5.4. To begin with, for arbitrary R > 0 we write

/ 9] [uf2dz = / 19] 2z
R [-R,RIN{|¥9|<R}

+/ |9 \u|2dw—|—/ |9 |u\2dx
[—R,RIn{[¥|>R} {lz|>R}

we obtain by applying the Holder inequality that

/R|19| ul?de < Rlull72_ gy + (10ll2qoi>ry + 19122 (z1>ry) 1ll7em

by means of which and Lemma 2.3, we deduce that

/RWI lul*dz < Rl|ul[}2(p,gy) +C (19llL2cqo>ry) + 192 (o> ry) lull3g -
Since ¢ is precompact in L?(R) then there exist finitely many points 91, ...,1,, € €

such that ¢ C U By (U, €) where
k=1

Bk(ﬁk,e) = {19 S LQ(R) such that H’ﬁ — ﬁk”[ﬁ(R) < 6}.

Moreover, for a fixed 1 < k < n and for every € > 0, we deduce that there exists
Ry, = Ri(9%,€) > 0 such that for all ¥ € By(J4, €) we have

/|19| |u|2dx§/|19k||u|2dx+/|19—19k||u|2dx
R R R

< Rk||u||1%2([73k,3k] + €||U||Z% :
Choosing R = max Rj; achieves the proof of the lemma. O
SRS

5.2. Proof of Theorem 5.2. In order to check the assumptions in Theorem
5.3, one only has to prove

PRrROPOSITION 5.5. There exist t* > 0 and R* > 0 that depend on v, §, o and
F such that for all Uy, Vo € o,

1
(5.1) [[Sa(t*)Us — Sa(t")Voll5g < 5 1o = Vol

where L > 0 is a non negative reel constant depending only on t* and R*.

IZHI% + L||Uo — V0||I%2([72R*,2R*]) )

PROOF OF PROPOSITION 5.5. Firstly, let Uy, Vy € o7, and we denote for the
sake of simplicity Z(t) = S(t)Uy — S(t)Vo = U(t) — V(¢) that satisfies

(5.2) Zy —i(=A)2 Z 4+ i(|U)PU = |VI*V) +vZ + 6p(Z,) =0
(53) Z(tZO):Z():U()*V'O € Ay .

LEMMA 5.6. There exist Ry > 0 and C1,Cy > 0 depending only on vy, §, a and
o, such that

t
(54) 1ZW)IPg < C1[1Z(0)] g e + CaRo / eI Z(8) P 1y oy -
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PROOF OF LEMMA 5.6. On the one hand, by the scalar product of (5.2) by Z
we obtain

1d _ _
(5.5) S l1Z1R + 1121 = (Re [([TFV).2) ,Sm(V.Z)) .
On the other hand, the scalar product of (5.2) by —i(Z; +~vZ) leads to
1d
(5.6) ~—J(2)+~J(Z)=K(2)
2dt
where

(5.7 J(2)= ||(*A)%ZH§2 +6((i2,0(2,))) — (U [2) -2 |I?RG(V'Z)HE2
and
58) K(Z)=y(1Z]>,Re(V.2)) + (12)*,Re(V.Z,)) — (1Z|*, Re(U.U,))

' -2 (Re(V.2),Re(Z.2,)) .

since U an V are uniformly bounded in H?, we deduce from Lemma 2.3 and the
estimate (3.5) the existence of Cy > 1 depending only on v, 4, @ and <, such that

— 2 .
(5.9) (U 121%) + 2 |[Re(V.2)|| L. + (2, p(Z:)))] < Col|Z|[E -
Introducing
(5.10) U(Z)=J(Z)+ 1+ Co)l|Z|]}-
(5.11) ®(Z)=K(Z)+ (14 Co) (Re [(U+V).Z] ,Sm(V.Z))
we obtain, in accordance with (5.6), that

1d
Hence, it may be easily deduced from (5.9) that on the one hand
(5.13) 12|12 < U(Z) < (1+Co)llZI% s
and on the other hand
Gy e <c [(WPHIVP) 2P+ [ (U4 Vi) |ZPds.
R R

On the one hand, thanks to Theorem 4.1 and Lemma 2.3, {|J|?, 9 € &,} is
precompact in L2. On the other hand, thanks again to Lemma 2.3, the map U
F —i(—=A)3U —i|U|?U — 6p(U,) is continuous from H® into L2. Thus, we deduce
from the equation (2.1) and Theorem 4.1 that {v¥,, ¥ € &}, is a precompact
subset of .2 where ¥ denotes either U or V.

Hence, in accordance with (5.14) and by the use of Lemma 5.4 we obtain the
existence of Ry > 0 such that

Y
©(2)] < L[1ZI12 + C Roll 21122y o) -

This implies, thanks to (5.13), that
Y
(5.15) B(2) < 5 U(2) + C Rol| 2|22y o) -

Gathering (5.12) and (5.15) achieves the proof of the lemma thanks again to (5.13)
and the Gronwall Lemma. O

In the next, we shall focus on the right hand side of (5.4).
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LEMMA 5.7. Let R > 0. Then there exist C, ¢1 and co > 0 depending only on
v, a, 0 and <, such that

NZOE2 (g, my <IZO0)|[F2(—2r,28)e™"
{11
+0 Roe (i + 1) 12001

where Ry still denotes the fized nonnegative reel given by Lemma 5.6.

(5.16)

PROOF OF LEMMA 5.7. Let 6 be a cut-off smooth function such that 6(z) =1
if [z < 1 and O(z) = 0if |z > 2, x € R. Now consider for a given R > 0,
HR::vr—)G(%), z eR.

We multiply (5.2) by 6z then we make the scalar product of the resultant equation
by 0rZ, we obtain

(5. 17)
L6021 + 210 ZII2: = (RelT T V)0R2), SmlV.(BR2))
+ ((i0r(~2)% 2,0r2)))) — 8 ((9(0rZ), 0rZ)) -

2dt

Observe that )
(p(0rZe),0r2)) = —5 ((p(0rZ),0R2)) -

Hence, since U and V' remain uniformly bounded in H? which is continuously
embedded in L, we infer from (5.17) that

dtHgRZH]Lz +l10rZIIE> S NORZIE: + — ||Z||L2||9RZHL2

+ HGR(_A)§Z — (=8)%(0r2)|| 2 [10RZ]|.2
Thanks to Lemma 2.5, the estimate (5.18) becomes

(5.18) 2

||9RZ||]L2 + 710232

1
Ra
Hence, thanks to the Young inequality, we obtain from (5.19) that

2dt

(5.19)
< Ch||0RZ|)E2 + Co (

1
— V1 Z||li2||lOrZ]||12 -
+ ) 1Zlallom 2]

d 1 1
6200 G10nZIE < CulBRZIE + Ca (s + ) 1215

Independently, we infer from the scalar product of (5.2) by Z we obtain

5 212 4721 = (R(TFV)2), SmlV.(Z)) 11211

This leads, thanks to Gronwall’s Lemma and in accordance with Lemma 5.6, to
(5.21) 1Z®)]125 < CillZ(0)]12 5 €77 + C2Roe || Z(0)] |22 -
Gathering (5.20) and (5.21) achieves the proof thanks to the Gronwall Lemma. O

By means of Lemma 5.6 and Lemma 5.7, we can deduce that

- 1 1
1200y <O +CoRo 7z + 72) IO

+03R06C0t\|Z(0)|\L2([_QR,2R]) .

(5.22)
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Recalling that Ry is given by Lemma 5.6, we choose

* 1
t* > 0 such that Cie 7" < 1
then R* > Ry large enough such that
1 1 - 1
Cs R - Ct < =
210 ((R*)?a i <R*>2> © =i

achieves the proof of the current proposition as well as the proof of Theorem 5.2 by
applying Theorem 5.3 with V = S, (t*), M = &/, and Y = L?([-2R*,2R"]). O
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