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Abstract
In this paper two main results are obtained for a nematic liquid crystal model with time-
dependent boundary Dirichlet data for the orientation of the crystal molecules. First, the
initial-boundary problem is considered, obtaining the existence of global in time (up to infinity
time) weak solution, the existence of global regular solution for viscosity coefficient big enough,
and the weak/strong uniqueness. Second, using these previous results and the existence of
time-periodic weak solutions proved in [2], the regularity of any time-periodic weak solution

is deduced for viscosity coefficient big enough.

Keywords: solution up to infinity time, time-periodic solutions, uniqueness, Navier-Stokes equa-
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1 Introduction

In this work, a simplified Ericksen-Leslie version for a nematic liquid crystal model is consid-
ered; see for instance [8] for a formulation of a more complete liquid crystal problem.

This model can be seen as a variant of the Navier-Stokes problem (respect to the velocity-
pressure unknowns (u,p)) coupled with a convection-diffusion system for a new variable d, which
is a unit vectorial function modelling the orientation of the crystal molecules. On the other hand,
it is usual to consider an approximation by Ginzburg-Landau penalization ([1]) for the constraint
|d| = 1 (|d| = |d(t,z)| denotes the point-wise euclidean norm). This penalized model (where
the constraint |d| = 1 is relaxed by |d| < 1) was introduced by Lin in [6] and studied (from a
mathematical point of view) by Lin and Liu in [7, 8]. Coutand and Shkoller in [4] also studied
this simplified model but including stretching effects.

We assume a (newtonian) fluid confined in an open bounded domain @ ¢ RY (N = 2 or 3)

with regular boundary 9. In the penalized model the constraint |d| = 1 is partially conserved to
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|d| <1 as consequence of the maximum principle for the Ginzburg-Landau equation considering

1
the function f(d) = —2(|d|2 — 1)d where € > 0 is the penalization parameter. There exists a
€

1
potential function F(d) = @(|d|2 — 1) such that f(d) = VgF(d) for each d € R". Then, we
consider the following PDE system in (0, +00) x €

du+ (u-V)u—vAu+Vp=—-Vd'Ad, V- -u=0,
(1)
did+ (u-V)d=Ad—fd), |d<1,
The constants v, A and ~ are positive, representing respectively, the fluid viscosity, an elasticity
constant and a relaxation time (for simplicity we consider A = v =1 and v > 0 and for the last

result, large enough). The problem (1) is completed with the (Dirichlet) boundary conditions
u(z,t) =0, d(z,t) = h(z,t) on 99 x (0,+00) (2)

(assuming as in [2] a time-depending boundary data for d given by h: 9Q x (0,+00) = RY; in

[7, 8] only a time-independent boundary data is considered) and either the initial condition
u(z,0) = ug d(z,0)=dy inQ (3)
or the time-periodic condition:
u(z,0) = u(x, T), d(xz,0) = d(z,T) in Q, (4)

where T' > 0 is a given final time. In this last case, we assume, moreover, that h(0) = h(T).

This model has, beside well known difficulties for the Navier-Stokes problem (a nonlinear
parabolic system with the free divergence constraint related to the pressure), other different diffi-
culties which come from the strongly nonlinear coupling between the orientation vector d and the
velocity-pressure (u,p) and from the constraint |d| < 1.

An essential characteristic of the problem for d (given ), either the initial-value problem with
(3) or the time-periodic case with (4), is the following weak maximum principle (see [7, 2]): Assume
|h| <1 on 90 x (0,T) and either |dp| < 1 in Q for the initial-value problem or h(0) = h(T) on
0Q for the time-periodic problem. Then, given u € L2(0,T; V) N L>(0,T; H) (see the notations
below for the definition of spaces V and H), any point-wise solution for the d-problem verifies
|d(z,t)] <1a.e. in Qx (0,7).

In [7], considering the initial-value problem (1)-(3) with time-independent boundary conditions
for d, authors prove existence of global weak solution (with uw € L>®(L*)NL*(H"), d € L>°(H")N
L?(H?)), existence of global regular solution (with w € L>(H")NL?(H?), d € L>*(H?)NL*(H?))
if v is big enough for N = 3 and uniqueness of regular solutions. However, in these previous
results of [7] there is an important simplification; the boundary data h does not depend on time.
In this case, the time-periodic problem (1),(2),(4) with boundary condition independent of the
time (d(z,t)j00x(0,7) = do(x)), leads to a trivial problem (see [2]), because all “static” solutions
u = 0 and d verifying stationary problem —Ad + f(d) = 0 in Q, djpq = dp, are in particular
time-periodic solutions. Respect to the nontrivial case of time-dependent boundary condition, the

existence of weak time-periodic solutions of (1),(2),(4) is proved in [2].



The main results of the present article are the following: always for boundary data h depending
on the time, we prove existence of global weak solution (defined in [0, +00)) for the initial value
problem (1)-(3), existence of global strong solutions under the constraint of viscosity coefficient
v big enough and uniqueness of strong/weak solutions, that is any weak solution coincides with
the strong solution (if this strong solution exists). Moreover, we prove existence of regular time-
periodic solutions under the same type of constraint.

A existence result of regular time-periodic solutions for a generalized Boussinesq model can be
seen in [3].

The paper is organized as follows. In Section 2, some differential inequalities in weak norms
are deduced, whereas Section 3 is devoted to obtain differential inequalities in strong norms. In
Section 4, the global in time solution of the initial-value problem is studied (at infinity time),
and finally the existence of strong time-periodic solution is obtained in Section 5, using results of

Section 4 and the existence of weak time-periodic solution of [2].

Notations
e We denote Q = (0,400) x Q, Qr = (0,T) x Q, ¥ = (0,400) x 9N and Er = (0,T) x 9.

e In general, the notation will be abridged. We set LP = LP(Q), p > 1, H} = HL(Q),
ete. If X = X(Q) is a space of functions defined in the open set Q, we denote by LP(X)
the Banach space LP(0,T; X). Also, boldface letters will be used for vectorial spaces, for
instance L? = L2(Q)N.

e The LP norm is denoted by |-|p, 1 < p < oo, the H™ norm by ||- || (in particular |-|2 = ||-]lo)
and the product norm in H" x H™ by || - |lmxn- The inner product of L?(£2) is denoted by

(7)

e We set V the space formed by all fields u € C5° ()Y satisfying V - u = 0. We denote H
(respectively V') the closure of V in L? (respectively H'). H and V are Hilbert spaces for

the norms |- |3 and || - ||1, respectively. Furthermore,

H={uc L’ V-u=0, u-n=0ondQ}, V={uc H; V-u=0, u=0on dQ}

e In the sequel, C, D > 0 will denote different constants, depending only on the fixed data of
the problem, as Q, A, ~.

2 Differential inequalities in weak norms

2.1 A lifting function

We define d(t) as the weak solution of the Laplace-Dirichlet problem

~Ad=0 inQ,
N (5)
d=h(t) on 0.



In the time-periodic case, since by hypothesis h(0) = h(T) on 0, then d(0) = d(T) in €.

Therefore, if we define ?l(t) = d(t)— d(t), then Ad= Adin Qx (0,T) and d = 0ond0x 0,T).
In the time-periodic case, d(0) = d(T') if and only if 3(0) = ?l(T) Then, we can rewrite the problem
(1)-(2) in the variables (u, d) (with d = d+ d) as follows:

du+ (u-V)u—vAu+Vp+Vd'Ad=0, V-u=0 inQr,
Oyd+ (u-V)d— Ad+ fld) = —9,d in Qr, (6)
u=0, d=0 on 0 x (0,79,
jointly with either the initial condition u(0) = wuy, Zl(O) = dy— d(0) or the time-periodic conditions
w(0) = w(T), d(0) = d(T).

Remark: The choice of this type of lifting function allows us to obtain estimates up to infinity

time, which is not possible with the lifting function that we will consider in Section 3.

2.2 Differential inequalities
We will give two different differential equalities in the next two lemmas.

Lemma 1 If u and d are reqular enough, the following differential inequality holds:
d ~ ~ ~
= (1 + 1Vd3) + 20V} + |adf < 2 (IR + |03 . (7)

Proof: Taking u and —Ad as test functions in (6), adding up, taking into account that
(u-V)u,u) =0 and (Vd'Ad,u)— ((u-V)d,Ad) =0, (8)

one arrives (at least formally) at the following energy equality:

1d ~ R R o
5 (103 4 IVA3) + vIVel3 + AT = (Rd), Ad) + (2,d, D).
Consequently, applying Young inequality, one has (7).

Lemma 2 If u and d are reqular enough, the following differential inequality holds:

d ~ ~ ~
G (1B + 7@ +2 [ F@) 4 2/vut 4187 A0 < j0,a )

Proof: Taking uw and —Ad + f(d) as test functions in (6), adding up and taking into account (8),
oid - f(d) = 0, F(d) and ((u- V)d, f(d)) = 0, one obtains
1d
2dt

plbiioiollorlolik ok By rewriting the second term as

<|u|§ v+ | F(d)) |V 4 |AD - S = (9id, Ad— f(d)).
Q

(0rd. Ad) = (9 d. Ad —~ f(d)) + (9;d. f{d)).
by using |f(d)| < 5% owing to the maximum principle |d| < 1 one has
R I T , 1.~
(0:d, Ad)| < S|0cdlz + 5|Ad— fld)]; + €7|atd|1'

Therefore, one arrives (at least formally) at (9).



3 Differential inequalities in regular norms

3.1 A lifting function

We will consider another suitable lifting function d for the boundary data h (that we denote
equal) in such a way that we could made estimates of H’-type for the homogeneous variable

related to d (see [5]). Concretely, we define d as the solution of the problem:

{ 8,*,&— AE =0 in QT, (10)

d=h ondQx(0,T),
jointly d(0) = do in © for the initial valued problem or d(0) = d(T) in  for the time-periodic

case.

Then, the d—problem of (1) can be rewritten as follows:

d+ (u-V)d—Ad+ fld) =0 inQr,

~

d=0 ondQx(0,7T)

(11)

and (Ai(O) = 0 in © for the initial-valued problem or ?Z(O) = E(T) in Q for the time-periodic case. As
consequence of the maximum principle [d| < 1 and |d| < 1. Although we do not know if [d| < 1,
we have [ g (g < 1]z (poey + |8l 1 20y < 2.

We are going to consider the following equivalents norms:
lully = [Vulz, Idl|1 = |Vd|s in Hé,

w2 ~ |Auls, |d|; ~ |Adl; in H)N H?

[d|; = [V(Ad)|> + |Ad), = |Ad|; in Hyn H®

Remark: Owing to the lifting function considered in this section, we have that Ad — fd)|oa =0
because the rest of the terms in (11) vanish on the boundary. That is not true with the lifting

function of the Section 2.

3.2 Differential inequalities

In the previous conditions, the following regularity result will be frequently used.
Lemma 3 Assume d = d+ d, with |d| < 1,
a) if Ad— f(d) € L*(Q) and d € H*(Q), then d € H*(Q) and
ldl> < [[d> +C (1 +|Ad— fid)]2),
b) if Ad— f(d) € H(Q) and d € H*(Q), then d € H*(Q) and

Id|ls < ||d]ls +C (|Vd> + |V(Ad— f(d))l2).



Proof: For the proof, it is fundamental that Ad — f(d) = 0 on 09. We have ||d||s < ||d|2 + ||d]|
and ||d||s < ||EH3 +|/d||3. Then, by adding and subtracting f(d) into the norms ||¢Ai|\2 R~ \AE|2 and
H(Ang ~ ||A¢Ai||1, we obtain the first and second inequality, respectively, using that [f(d)| < C and
IVA(d)| < C|Vd|.
Lemma 4 Assume d € L>(0,+00; H>(Q)), u € L(0,+o00; L*(Q)) and d € L>(0,+o0; H'(Q)).
Then, if w and d are reqular enough, the following differential inequality holds:

d N N

= (Il +18d - AB) + vl +2V(ad - fd)]3

R R R (12)
< DO+ 8D~ fd) + 2 (a3 + (1 + 2~ ADR)IV(AD— fd)E).

where D, E > 0 are constants independent of v.

Proof: Taking Awu as test functions in the wu-system of (1) (A being the Stokes operator) and
applying adequately Holder and Young’s inequalities, one obtains:

d 4 C
Sl + Svlul3 < (1w V)u + |V dAdE)

c C
< — (Jul3[Vuls + [V'd5|Ad[E) < — (Julsllul[lull3 + [ dl ] dl2]dII3)

Hence, owing to Lemma 3, weak estimates (Ju(t)|]2 < C, [|d(t)||1 < C a.e. t € (0,400)) and strong
regularity of de L>(0, +00; H*(Q)) (in particular, inequalities of Lemma 3 derive in the simplest
inequalities: ||d||z < C (14 |Ad— f(d)|2) and ||d||s < C (1 + |[V(Ad — f(d))|2)), we have:

d 4 C ~ ~
Sl + vl < 2 (a3 + (0 + A2 - fd)) [V (Ad - f(d)3)

+ C(+|Ad— f(d)],).

In the last term we have considered that C'/v is uniformly bounded respect to v, as v > vy.

(13)

By taking gradient in the ?l—system (11), multiplying by —V(A?i — f(d)), integrating by parts
in the (“)tZl—term (where all the boundary terms vanish owing to the choice of the lifting function d
that implies (Ad — f(d))|sq = 0) and adding both sides the term —(0:f(d), Ad— f(d)), we find:

S I AR+ V(AT R = ~(Ouf(d), Ad - f(d) »
—(Vu-V)d, V(Ad— f{d) + (u- YV, V(Ad— f(d)))
By using the ?l—system we have that
~0f(d) = ~Vafld)d = Vaf(d) ((u- V)d— Ad+ f(d) — AQ)
hence, the first term on the right hand side of (14) can be written as
(Vaf(d)(u- V)d, Ad ~ f(d)) — (Vafld)(Ad ~ f(d)), Ad — f{d)) ~ (Vaf(d)Ad, Ad ~ f(d)).
Taking into account that |Vaf(d)||Le =) < C, weak estimates (Jul; < C, ||d||; < C) and the
strong regularity for d € L>(0, 4+o00; H*(£)), we can bound these terms by:
C|t]oo|Vel2|Ad — f(d)| + |Ad — f(d)3 + |Ad]s|Ad - f(d)]2)
< C(lully* lully* |dlls|Ad ~ f(d)]a + |Ad — fd)]3 + 1)

v C, ~ N
< TSIIUIli + ;IAd—f(d)@ +C(lAd - fld)]; +1).



The second term on the right hand side of (14) is estimated by
= (Vu- V)d, V(Ad — f(d))] < C|Vulg|Vdls|V(Ad - f(d))]>

< L3+ el V(A d - a3
< D3+ 04 18T fd)) v (Ad - )3
Analogously, the last term on the right hand side of (14) is bounded by
[(u- V2d, V(Ad ~ fid))] < Clulo|V2do|V(Ad — f(d))]2
Ll + BV (Ad - fa)l3
< D3+ S0 18d— fd)B)v(ad - )
Consequently, applying previous estimates in (14) and considering that C'/v is uniformly bounded

respect to v as v > vy, we arrive at

d, N v -
ZlAd—fd);+2[V(Ad—fld)]; < Slluls + C(1+[Ad = fid)]3)

o R R (15)
+—(1+[Ad = fld))3)|V(Ad - fld))[5.
From (13) and (15) we obtain (12).
4 Global solution of the initial-value problem
Definition 5 We say that (u, d) is a weak solution of (1)-(3) if
V-u=0inQ, wuy=0, dy=nh,
I(u(t), d(t)lox1 < C1 Yt >0 e (u,d) e L>®0,400; L* x H'), (16)
Wy >0, et /Ot | (u(s), d(s))| ds < Cay ¥t >0, (17)

verifying

(Opu, v) + ((u- V)u, v) + (Vu, Vo) + (Vd'Ad,v) =0 YveV,
Od+ (u-V)d+ fld) —Ad=0, |d <1 a.e. inQ
w(0) = uy, d0)=dy in Q.

In the finite time case (I’ < o), (17) holds even when v =0, i.e. (u,d) € L*(0,T; H x H?).
Remark: (16) and (17) imply that (0;u, 0rd) € L?O/f([O,oo); V' x L?).
Definition 6 We say that (u,p, d) a weak solution of (1)-(3) is also a strong solution if

[(u(t), d(t))[1x2e < Cs ¥t >0, (18)



t
>0, e [ e ul). o)) ds < G W0, (19)
0
verifying the following system a.e. in Q:

du+ (u-V)u—vAu+Vp=-Vd'Ad, V- -u=0,

(20)
Od+ (u-V)d=Ad- f(d), |d <1.
In the finite time case (T < 00), again v =0 can be taken in (19). O
Remark: (18) and (19) imply that for all ¥ > 0 and for all ¢ > 0:
¢
e_w/ ¢"*|0u(s)|3 ds < Cs, (21)
0
¢
|0rd(t)|2 < Cé, e‘"*t/ 7510y d(s)||3 ds < Cr, (22)
0
and .
e_'yt/ e |Vp(s)|3 ds < Cs. (23)
0

Theorem 7 (Existence and uniqueness of the initial-valued problem)

(1) Let Q be a bounded domain in R® with boundary 0Q of class CYt.  Assume (ug,dy) €
H x H' with |dy| < 1 in Q, h € L>(0,+o0; H¥2(0Q)) with |h| < 1 on ¥ and d;h €
L>(0, +o0; L2(0R2)), verifying the compatibility condition dolan = h(0). Then there exists
a weak solution (u,d) of (1)-(3) in [0,+00) which verifies (16)-(17) with constants Cy, Cs
independent of v for each v > 1/2, and the follow energy inequality:

t
WO + IVAOR +2 [ (viTuf + 533)
0

t
<lwl+2 [ [ (#(a) ad- (u-V)d-0,d)
0 Jo
where the lifting function d is defined as in Section 3.

(2) If moreover, dQ is of class C*', (uy, do) € H* x H* with ||(uo, do)|m1xm> < Mo, h €
L>®(0, 4-00; H?/2(09)) and dth € L>(0, +o0; HY/2(9Q)), for each v > vy, with vy = vo(My, h, O;h),
there exists an unique strong solution of (1)-(3) in [0, +00), which verifies (18) and (19) with

constants C3, Cy independent of v.

(3) If (w1, d1) is a weak solution of (1)-(3) which verifies the energy inequality (24) and (us, dz)

is a strong solution of (1)-(3), then both solutions coincide.
Proof:

(1) In the proof of this part a semi-Galerkin method will be used. Let {w;}, > 1 a “special” basis
of V formed by eigenfunctions of the Stokes problem

(Vwi,Vv) = /\i('wi,v) VveV, weV, with ||'w,»HL2 =1, N /‘ —+00.

Let V™ be the finite-dimensional subspace spanned by {wy, wa, ..., wy,}.



For each m > 1, we say that (u,, d,,,) is an approximate solution, if w,, : [0, +00) — V™ and
dy, : [0,400) — H? with d,, = d,, — d and d the lifting function given in Section 3 (in particular,
from regularity hypothesis of h, one has that de L (H?) and d, € L>®(L?)), and the following

variational formulation holds:
(st (1), 0m) + (U (£) - V)t (£), ) + ¥ (Vi (£), Vo)
+H(Vd (H)Ady(t),v,) =0 Vv, € V™ ae int,
vl () + (U (1) - V) (£) = Adyn (1) = f(dpa (1), |d| <1, ace. inQ,

um(o) = Upm = Pm('U'O)v dm(o) =dy in Q.

(25)

Here, P, : H — V™ denotes the usual orthogonal projector from H onto V™. In particular,
Uy, — Up 1N 2.

The existence and uniqueness of local in time solution of (25) (in Qr, for small enough T) is
proved in the Appendix. Moreover, one has the estimates (independent of m): w,, bounded in
L>(0,T; H)NL*(0,T; V) and d,, bounded in L>°(0,T; H')N L?(0, T; H?). This suffices to control
nonlinear terms and to pass to the limit in (25). Therefore, we get a weak solution of initial-valued
problem (1)-(3) in [0,7]. Next, to extend the solution to whole [0, 4+00) we will prove that the
approximate solutions (u,(t), d.,(t)) are bounded in [0,4+00). By using the lifting (5) (Section

2), the approximate problem (25) can be rewritten as follows:

(Orum(t), vm) + (W (t) - V)um(t), vm) + v(Vun(t), Vo)
+(Vd, ()Ady(t),v,) =0 Vv, € V" ae.t,

Oy (1) + (U (1) - V) (£) = Adlya (1) = fld (1)) = Drd(t) in Q,

(26)

Notice that d,, and d are not the same functions in (25) and (26) respectively, since the lifting
functions furnished in (5) or (10) are different, but the function d,, does not change.

From (7), one has in particular
d 2 a2 2 a2 2 12
= (1wl + 1V l3) + Collunl3 + [Vdnld) <2 (Ifdn)§ +0:d3) <C. (27)

where Cop = min{2, L} and P is a Poincaré constant (for each v > 1/2, Cy = 1/P a constant
independent of v). In the last estimate we have used that |f(d,,)|3 is bounded in L>(0, +00) and
0,d|2 € L>°(0,+00). Multiplying by eCot,

d ~
(e 3 + [Vdnp)) < et

and integrating in [0, ¢] we have
[ ()13 + IV (DI < e (Juom[3 + [Vado3) + C(1 = ') < |uol§ + Vo3 +C (28)

for all ¢ > 0, with C' > 0 a constant independent of v, hence (16) holds with a constant C
independent of v for all v > 1/2.



Now, getting back to (7), multiplying by €7 for any v > 0 and using the uniform in time

estimates (28), we get

d ~ ~
(3 + [dul)) + " Col Va3 + 1Adn[3) < Ce.

From this last differential inequality is easy to deduce (17) for a constant Co independent of v for
all v > 1/2. Then, existence of weak solution of (1)-(3) in (0, +00) can be proved by means of a
rather standard pass to the limit argument.

To obtain (24), we consider the approximated problem in the formulation (25). By taking
Uy = U, as test function, multiplying the d,,-system by —A/dm, adding up and taking into
account that (VdantAim, ) = ((tn - V), Adry) — (U - V) diy, Oy dy) (notice that now, with
the lifting function given in (10), Ad # Ad in general) and taking limit as m goes to oo, one

arrives at (24).

(2) Let (U, d,) be the solution in (0, 00) of problem (25), obtained in the previous section. Now,
the lifting function is more regular, concretely d € L>(H?) and d, € L>(H"). If we denote

O1(t) = uml},  ®o(t) = [Ady — fdn)3,  C1(t) = [lwnll3,  Ts(t) = |V(Ady, — fidn))3

and
D=1 + Py, (29)

then (12) is rewritten as follows:
/ E 12 E
o + V—;@l v+ 2—;(14—(1)2) Uy < D(1+P), ae. tel0,00), (30)

where E, D > 0 are constants (independent of v).
We will prove that ®(t) < M for all ¢ € [0,00), where M will be a constant independent of v
that we will specify latter. By an absurd argument, let t* > 0 be a time such that

O(t*)=M and P(s) <M Viel0,tF).
Next, we shall assume that v > vy where vy = vo(F, M) is a constant verifying

V0—£M1/221 and 2—£(1+M)21

Vo Vo

(recall that F is independent of v). In particular o > 1. Then,
@'+ U <D(1+®) in [0,t%].

We denote P = 1/C where C is the Poincaré constant such that ® < CW. Therefore, ¥ > P®,
hence
¢ + PO < D(1+®) inl0,t*]. (31)

Multiplying (31) by e’ and integrating in [0,#*] one finds:

o
B(t*) < ®(0)e P 4 De PV / ePs (1 + ®(s)) ds.
0

10



D .
By using estimate (17), one has ®(t*) < ®(0) + — (1 —e ") + D Cy. Since vy > 1, Vv >

1
P (
Vg, the constant C5 is independent of v. Therefore, if we choose a constant M > 0 such that

D
®(0) + 2 + D Cy < M (notice that M is independent of v), we arrive at contradiction.

Consequently, if v > vo, ®(t) = ||ty ||2+|Adym — fdin)|2 is bounded for any ¢ € [0, o0]. Finally,
taking into account Lemma 3 a), (18) is deduced. Getting back to (30) we have

' +T <D(1+®) in[0,00).

Multiplying by et for any v > 0 and integrating in [0, ] it is easy to deduce that
t
e_'yt/ e W(s)ds < C vt > 0,
0

hence, (19) is deduced taking into account Lemma 3 b). Finally, by passing to the limit, one finds
that the limit (u,p, d) is the strong solution of (1)-(3) in (0, 4+00).

Now, we are going to prove estimates (21), (22) and (23) using the semi-Galerkin problem (25).
To prove (21) it suffices to consider O;u,, as test function in the w,,-system of (25), multiply by
e, integrate in [0,¢] and use (18) and (19).

To prove (22), first one proves that |6t?im(t)\§ is bounded for all ¢. Indeed, from d,,—system
of (25) we have

00 (013 < C (3 3 + /) — Ak +100l3) (32

and owing to (18) and (19) the right hand side of (32) is bounded. Second, differenciating with
respect to the time the d,,-system of (25) and multiplying by Gt?im(t) one has

1d

§%|at/dm|§ + |8tV¢Aim|§ = —((Oum - V)dn, 6ta1n) — (U, - V)01 d, 8t/dm) - (at.f(dm)vat?lm)

(Bt - V) By, din) + (- V) Oy iy, Dy d) — (Bif(dy), Dy )

The three terms on the right hand side of the previous inequality are bounded respectively, by
1 ~ 1 ~ ~ 1 ~ ~
§10: @+ Cloun Bl Rlld 3. 510Vl + CllunlRl0idE and 510,V dnl3 +Clod3,
therefore, applying L°° in time estimates already deduced, one arrives at

D02 + 10,V < C(L+ Byl

10udn 3+ 10,V A3 < C(1+ | ).

Then, multiplying by €7 for each v > 0, integrating in [0, ¢] and using the bound (21) previously
obtained, one arrives to (22).

Finally, estimate for pressure (23) can be deduced in a similar way from the u,,-system.

(8) We will use an argument of strong/weak uniqueness (see for instance [9] for Navier Stokes case).
Let (u', d") be a weak solution of (1)-(3) verifying (24) and let (u?, d*) be a regular solution. We
denote u = u' — u? and d = d' — d? (notice that d = d).
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Adding the energy inequality (24) for (u!, d") and for (u?, d*), and subtracting the result of
multiplying the (u?, d*)-system by (u', —Ad") and the result of considering (—u?, A(Aiz) as test

function in (u', d')-system, and finally integrating in Q x [0, ] one arrives at:

1 ~ K ~
3 (OB + Va0E) + [ 01vus+ 1aap)

g_/o((u.V)u,u)_/O(wAd,u) (33)

' 2 3 ! 2\ 1 3 ! t Au
+/O((u V)d, Ad) /O(f(d) f(d"),Ad) /O(VdAd, ).

By bounding adequately the terms on the right hand side of (33) (see [2]), using that fis locally
lipschitz, |[d*| < 1, |[d*| < 1 and recalling that d= d, one arrives at

)+ Va0 + [ 1V + lad
t (34)
< 0/0 (AR + w25 + 1) (Ju(s)3 + [V(s))

~2
Since (u?, d*) is a strong solution, |Ad |3 and |u?|§ are bounded in L*(0,t). Applying Gronwall’s
Lemma, one has =0 and Vd = 0. Finally, since d =0 on X, then d = 0. Therefore, uniqueness

of strong/weak solutions for the initial-boundary problem (1)-(3) is proved.

5 Solution of time-periodic problem

In this section, we assume that 7" > 0 is finite and fix.

Definition 8 We say that (u,p, d) is a regular time-periodic solution of (1), (2) and (4) if u €
L>(H*)NL>®(H"), dyu € L*(L?), p € L*(HY), d € L*(H*)NL>(H?) and d;d € L*(H')NL>(L?)
satisfying (1) a.e. in (0,T) x Q, boundary conditions (2) and periodic conditions u(0) = u(T),
d(0) = d(T) in the sense of spaces V and H* respectively.

Theorem 9 (Existence and uniqueness of time-periodic solutions) Let () be a bounded do-
main in R® with boundary 0Q of class C*' and T > 0. If h € L>(0,T; H>?(99)), 0;h €
L>=(0,T; HY?(09Q)) with h(0) = h(T) and v > vy, for a certain positive constant vy = vo(T, hy),
then there exists a reqular periodic solution of (1), (2) and (4), which verifies (18) and (19) with

constants Cs and Cy independent of v.

Proof: Let (u,d) a weak time-periodic solution in (0,T) of problem (1), furnished as in [2] by
means of a Galerkin method.
Here, we will consider d=d- Zl, where d is the lifting function given in Section 2. From

weak estimates of the weak time-periodic solutions made in [2], there exits a constant C' > 0
T

(independent of v) such that / (v|Vul3 + |Ad|3)dt < C. Therefore, there is a to € [0,7] such
0

that

v|Vulto)[3 + |Ad(to) |3 <

SIQ

12
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In particular, recalling (29) and that |f(d)| < g one has that
D(tg) < My, forallv>1

(® is defined in (29)). We will prove that ®(t) is bounded in the whole time interval [0, +-00) in

two steps. For that, we will choose two constants M7 and My that we will specify latter.

First step: There are two positive constants My = My (M) and vy = v1(My), such that if v > vy,
then ®(t) < My, Vt € [tg, +00].

We consider the strong solution of the problem (1), (2) with the initial condition fixed at
to: (u(to), d(to)), which is defined in [tg, +00) provided v > v1(My) (see Theorem 7). Owing
to uniqueness of weak/strong solution, this strong solution coincides in [tg, +00) with the weak
time-periodic solution. In particular, ®(t) < Mi, ¥Vt € [tg, +o0) (indeed, it suffices to repeat the
proof of Theorem 7 (2), starting from ).

Second step: There are two positive constants My = May(M7) and vo = vo(My), such that if v > va,
then ®(t) < My, Vt € [0, to].

By time periodicity ®(0) = ®(T'), hence ®(0) < M;. Again the strong solution of the problem
(1), (2) with the initial condition fixed at 0: (w(0), d(0)), is defined in [0, +-00) for each v > vy (M),
verifies ®(t) < Ms for all t > 0 and coincides with the weak time-periodic solution in [0, +00).

Consequently, ® + ¥ < D(1+ ®) in [0, +00), hence one has strong estimates (18) and (19) as
in the proof of Theorem 7 (2).

Finally, the regularity for d;u, 0;d and p is obtained as in the proof of Theorem 7 (2).

Appendix

Theorem 10 There is a time T > 0 depending on uy, dy, m and 2 such that the semi-Galerkin

problem (25) has a unique solution in Qr.

Proof: To prove the existence of semi-Galerkin approximate solution, a linearized argument will
be used by splitting the problem (25) into the two following problems:
Let T > 0 and w™ € C([0,T]; V™).

a) To find d™ € L>(0,T; H') N L?(0,T; H?) such that

{atdnﬂu’”v)dm:&f”—f(dm) in Qr, (35)

d"(0)=dy inQ, d"=h onXp.
b) Known d™, to find u™ € H(0,T; V) such that

(O™, W) + (W™ - V)u™, W) + (Vu™, Va) = —(Vd" Ad™, ),
Vue V,, aete(0,T), (36)
w™(0) = w in Q.
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First step: There exists an unique solution d™ of problem (35) which is bounded in L>(0,T; H')N
L2(0,T; H?) if @™ is bounded in C([0,T]; L*()).

It suffices to prove that if HT”mH%([O,T];LZ(Q)) < M (M > 0 a constant), there exists a constant
C = C(m, M) such that |[d"| 1~ 0,r;51)nL2(0,1382) < C(m, M).

By considering the lifting function d given in (10), the problem (35) can be rewrite as

{ Od + @™ V)d" =Ad — f(d") inQr, -

d (0)=0 inQ d =0 onXg.
Multiplying the previous system by ~Ad" and integrating in 2, one obtains:
d ~m ~m —m
PN 3+ 1Ad 3 < 2([@™ - V"5 + |[f(dm)]3).

Since |[d™| < 1in Qr, then ||f(dm)||%w(L2) < C. On the other hand, by hypothesis ||17m||2m(L2) <
M. In particular, since u™(t) € V™, a finite dimensional space, one has ||ﬂm||2Loo(Loo) < CpM.

Consequently,
@™ vd" 2 < CM|Vd" 2 < CyM(IVd 2+ |Vd2)

Therefore,
d ~m ~m ~m ~
ZIVd 5+ Ad 5 < CuM(IVd [5 +[Vd]3) + C.

By applying the Gronwall’s Lemma, one obtains:

t t
Vd (t)3 + / |Ad |2ds < ec’”MT/ (C,, M|V d|3 + C)ds.
0 0
Since d € L2 (0, T; H'), the term on right hand side is bounded, hence d™ is bounded in L>(0, T; H')N

L?(0,T; H?) by a constant which depends on the bound of || @™ 17 (0.7:1.2) and on m. In particular,

T
Vd H%OO(O,T;B) < eCmMT/ (CnM|Vd|3 + C)ds == K(T, M), (38)
0
where K(T, M) — 0 as T — 0, for each M > 0. That finishes the first step.

Second step: There exists an unique solution ., of problem (36) bounded in H'(0,T; H') by a

constan which depends on the bound of ||a™ || Lo (0,1;12)-
m

Assume that v = Zm (t)w" then, the problem (36) can be written as the following first
i=1
order differential system:

d - o ,
i=1
77](0) = (anU)j)a Vi=1,...,m.
which has an unique solution defined in [0,7},,) belonging to H'(0,T;,)™ for a certain T}, > 0.
Therefore, there exists a solution of (36) in [0, T,), where

Tpn=T or limsup|u™(t)|z = +oo.
t—=Tm,

14



We will prove that T,, = T. For that, we will see that w™ is bounded in L*°(0,T},; L*(Q)) N
L?(0, Ty; H()). Indeed, by taking @ = u™ in (36),

1d
L4 2 v = —/(VdmtAcf”) Cum
2 dt o
By using that V - (Vd™'Vd™) = Vd™' Ad™ + V(%) the previous term on right hand
side is equal to [,,(Vd™'Vd™)Vu™dz.
Taking into account that [Vu™(t)|ec < Cpn|Vu™(t)|2 for any ¢ € [0,T5,), one arrives to

d, . m C
e+ VT < = VdT

and integrating in [0, 7,,] one obtains

Crn
[ ()13 + vIVU™ 720 1,2y < [0 (0)13 + TTmIIVdeioc(o,Tm;LZ) Vte(0,Tn).  (40)

By using the first step, Vd™ is bounded in L>(0,T},; L*) if @™ is bounded in L>(0,T,; L?).
Therefore, the right hand side of (40) is bounded if @™ is bounded in L>(0,T},; L*). Hence,
T,, = T and u™ is bounded in L°°(0,T; L?) N L?*(0,T; H') by a constant depending on the
d
bound of |[@™| e (o,r;z2) and m. Finally, by applying this estimate in (39), one have that prill is
bounded in L?(0,T), hence w™ is bounded in H'(0,T; H") by a constant depending on the bound

of |@™| o (0,7;22) and m. Therefore second step is finished.

Third step: A fixed point argument implies the existence of solution of problem (25).

Let us define the operator
dr:a™ € C([0,T); Vy) — d™ € L*(0,T; H) N L>®(0,T; H') — v™ € H*(0,T; V,,,)

where d™ is the solution of (35) in [0,7] and u™ the solution of (36) in [0,7]. ®7 is continuous
because the solutions of (35) and (36) depend continuously on data.

Moreover, taking into account the previous two steps, given u™ € C([0,T]; V,,,) there exists an
unique u™ € H*(0,T; V,,) solution of problem (36) bounded in H'(0,T; V,,) if @™ is bounded in
C([0,T]; V). Compactness of H*(0,T; V™) into C([0,7]; V") (owing to V™ is a finite dimension
space) gives that ®r is compact from C([0,T]; V,,,) into itself.

On the other hand, we take M > 0 such that |ug|3 < M/2. If [@™(t)|3 < M for all t € [0,T],
from (38) and (40) we have

O < 5+ (KT MY+ Vo riso))
Then, since K(T, M) — 0 as T — 0, there exists Tp > 0 small enough depending on M such that
lu™(t)]3 < M, Vt € [0, Tp).
Therefore, applying Schauder’s Theorem, there exists a fixed point u™ € H(0, Ty; V,,,). More-
over, u™ is bounded in L>(0,Ty; L*(Q2)) N L2(0, To; H'(Q)) and d™ is bounded in
L>(0, To; H' (Q)) N L?(0, Ty; H*(R2)) by constants depending on M.
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