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Abstract

We consider the micropolar fluid system in a bounded domain of R?
and prove the existence and the uniqueness of a global strong solution with
initial data being a perturbation of the stationary solution, whose exis-
tence is also obtained. We prove that these solutions converge uniformly
to the stationary solutions with exponential decay rate. The technique of
our analysis is the semigroups approach in L”—spaces.
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1 Introduction

In this paper we study the following equations for the motion of micropolar fluid
in a bounded domain Q C R3 with smooth boundary 99:

Ou+ (u-V)u— (u+ pr)Au+Vp=2pu,rotw + f, in Q x (0,00),
Ow+ (u-V)w—xAw —yV div w+ 4w =2purotu+ g, in Q x (0,00),
div v =0, in Q x (0,00),

(1)

where the unknowns are u = u(x,t) € R*, w = w(x,t) € R? and p = p(x,t) €
R which denote respectively, the linear velocity, the velocity of rotation of the
fluid particles and the pressure, at a point (x,¢) € % (0,00). The terms f(x,t)
and g(x,t) are given, and stand external sources of the linear and angular
momentum of particles, respectively. u, -, cg, Cq, ¢4 are positive constants
given to characterize isotropic properties of the fluid: p is the usual Newtonian
viscosity; pr, cg, Cq, Cq are new viscosities related to the asymmetry of the stress
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tensor and consequently related to the appearance of the internal rotation field
w. In order to shorten the equations, we denote x = ¢, +cq and v = co+cq—cCq-
These constants satisfy cg + ¢q4 > ¢4. We use the standard notations V, A,
div and rot for the gradient, Laplacian, divergence and rotational operators
respectively, and 0;u to denote the time derivative. The i** component of

dw;
i. Together
(')xj

with these equations we prescribe the following initial and boundary conditions

3
(u-V)w in cartesian coordinates is given by [(u-V)w]; = Z Uj
j=1

u(x,0) = up(x), w(x,0)=wo(x), in £, (2)
u(x,t) =0, w(x,t)=0, on 90 x (0,00), (3)

where, for the sake of simplicity in this exposition, we have taken homogeneous
boundary conditions for both velocity and microrotational fields.

The formulation and motivation of the equations (1)-(3) are found in Pet-
rosyan [25], Condiff & Dalher [3], Eringen [4, 5] and Lukaszewicz [21], that treat
the magneto-micropolar model which can be particularized to the micropolar
model case. We observe that this model includes as a particular case the clas-
sical Navier-Stokes equations, which has been greatly studied (see the classical
books by Ladyzhenskaya [17]; Temam [30] and the references therein).

With respect to system (1)-(3), Lukaszewicz [19, 20] established the global
existence of weak solutions and local strong solutions for (1)-(3) using lineariza-
tion and an almost fixed point theorem. Using the spectral Galerkin method:
Boldrini & Rojas-Medar [26] proved the global existence of weak solutions; the
local strong solution was obtained by Rojas-Medar [27], and the global one
by Ortega-Torres & Rojas-Medar [22]. The convergence rates by the spectral
Galerkin method were established in Rojas-Medar [28]. Another work that
showed the existence and uniqueness of strong solutions (local in time for any
data and global in time for small data) is Ortega-Torres & Rojas-Medar [23].
However, those works were made only in the Hilbertian context. Recently,
Yamaguchi [31] studied the problem (1)-(3) in a bounded domain using the
semigroup approach in LP, 1 < p < oo, showing the existence of global strong
solutions for small data.

Here, we study the global existence, asymptotic behavior and stability of the
solutions for the micropolar fluid system. If we consider smallness conditions
on the physical constants of the system, we prove the global existence of strong
solutions for system (1)-(3) in different spaces for the linear and angular velocity
(the equal case was considered by Yamaguchi [31]). In a second step, we show
that such solutions converge uniformly to stationary solutions when ¢t — oo
with exponential decay rate. Thus, we say that these stationary solutions are
asymptotically stable. We consider the initial data (ug, wo) € L3(Q) x L™(Q),
for m > 3/2. In particular, we show the existence of strong solutions in the
space L3(Q) x L3(Q).

To show the existence of stationary solutions for system (1)-(3) in the space
L3(Q) x L™(9), we use a fixed point argument. On the other hand, we obtain
estimates of type (L? x L9) — (L" x L®) for the analytic semigroup generated by



the linearization of the operator in a neighborhood of the stationary solution,
which include the cases p # g and r # s, and consequently we prove the global
existence and asymptotic behavior of the solutions of the system (1)-(3). In this
sense, our results on the global existence generalize the results that Yamaguchi
[31] studied for the initial value problem, only for the cases p = ¢ and r = s.
The existence of the semigroup is obtained through the estimates (LP x L?) —
(L™ x L#®) for the resolvent of the linearized operator, whose behavior depends
on exponents p, ¢, , S.

From the stability point of view, several papers are devoted to study of the
stability of the stationary solutions for the particular case of the Navier-Stokes
equations, see for instance, Kozono & Ozawa [15], Borchers & Miyakawa [1],
Chen [2], Kozono & Ogawa [14], Kozono & Yamazaki [16]. In general, these
studies have been made using a characterization of the fractional power of the
associated linearized operator and estimates of kind LP — L" for the semigroup.
On the other hand, in the convection problem, which is a model of the hy-
drodynamic formed by a coupling between the Navier-Stokes equations with a
equation for the temperature, Hishida [11, 12] analyzed the stability problem
in bounded and exterior domains, in the framework of LP and weak-LP spaces,
by means of L? — " and weak-LP — " estimates for the semigroup associated
with the respective linearized operator. The works cited before motivated our
analysis about the stability for the micropolar fluid system.

By sections, this paper is organized as follows: In §2 we give some prelimi-
nary results, some definitions and state our principal results. In §3, we study the
existence of a steady solution. The linearized operator is analyzed at §4. Finally,
in §5 we prove the global existence of nonstationary solutions near a station-
ary solution and show that the nonstationary solution tends to the stationary
solution as t — oo with a exponential rate.

2 Preliminaries and main results

Let  be a bounded domain of R? with smooth boundary 9€2. We consider the
usual Sobolev spaces W™(Q) = {f € LYQ) : [|0% f||pa() < oo, for |k| < m},
for m > 1 and 1 < ¢ < oo with the norm denoted by || - ||;n,q- As it is usual,
we denote by Wy() the closure of C5°(€2) (functions of class C*°(Q) with
compact support) in W (). We denote by ||-||1,,3 the norm in LP(Q) x L9()
and by || - [[{p,q}—{r.s} (respectively, || -[|,—,) the norm of a bounded operator
of LP(Q2) x L1(Q)) — L"(Q) x L*() (respectively, of LP(2) — L"(Q2)). We
denote by Cg, the space of the functions Cg° with free divergence and by
LE(9Q),1 < p < o0, the closure of CF, in the LP(£2)—norm. When the functions
to be vectors, the space will appear in bold characters.

It is well known the Helmholtz decomposition of vectorial field in LP (see
for instance Fujiwara & Morimoto [6]) LP(Q2) = LE(Q) ® {Vq : ¢ € W1P(Q)}.
Let P = P, be the projector of LP() in L2(€2). Then, the Stokes operator in



L2(2),1 < p < o0, is given by
D(A,) = LE(Q) N W P(Q) NW2P(Q), A, u = —P,Au.
Also, we denote the Laplace operator in LI(£2),1 < ¢ < oo, by
D(B,) = Wy (Q) NW24(Q), B,v=—Av.

It is well known that the Stokes operator generates a bounded analytic semi-
group {e *4r};50, of class Cp in L2(Q),1 < p < oo, see Giga [8]). It is also
a classical result the Laplace operator generates a bounded analytic semigroup
{e=tBa};~q of class Cp in L9(2),1 < g < co. From now on, we sometimes drop
the subscripts p and ¢ attached to operators A, B, if there is no confusion.
We will consider the following class of stationary solutions for the problem

(1-(3).
Definition 2.1 Let 3/2 <m < oo and K > 0. We say thatl a pair of functions
(u,w) is a stationary solution of class (m, K) for (1)-(3), if

(@, w) € D(A3) x D(Bn,), [|Aul3 + [ Bw|m < K,

and (u, w) satisfies

{ (i + pr) Au— 2 protw+ P{(u-V)u} =0, inL3(Q), @

xBw+ (w-V)w—+Vdivw+ 4p,w — 2p,rotw= 0, in L™(Q).

Here, we have used that W1™(Q) C L3(Q) together with the fact that P(rot w)
rot w. We observe that divrotw = 0 in €2; and therefore, since w = 0 on 02,
we have rot w - n = 0 on 9. Thus, rot w € L3 (). Moreover, we observe that
WLH3(Q) c L™(Q).

The following theorem states the existence of the stationary solution of class
(m, K).

Theorem 2.2 For each m € [3/2,00) there exists § = 6(m) and Ko > 0 such

that if p, x > 0, then the problem (1)-(3) has a unique stationary solution (u, w)
of class (m, Kyp).

Remark 2.1 The existence of stationary solutions in bounded domains was
studied by Lukaszewicz [18] (see also Lukaszewicz [21]). The proof was done
using the Leray-Schauder’s Theorem. The existence of weak solutions is showed
considering two problems, a problem for u, with w fixed and later, a problem
for w with w given. Under smallness conditions on the viscosity, the solution
1s unique. Regularity results can also be found. More precisely, the solution
obtained by Lukaszewicz [21] belongs to V x H{(Q) (when weak solutions are
considered) and the space V. x (H{(Q) N H2(Q)) (when strong solutions are
considered). We remark that V = {v € H}(Q2), divv = 0}.



In order to establish the stability of the stationary solutions (w,w) given by
Theorem 2.2, and give a global strong solution of (1)-(3), we make v = @ +
u, w=w-+w, p=7p+p,in (1)-(3), where p is the associated pressure with
(u,w) and (u,w,p) denotes the perturbation of (w,w, p).

Definition 2.3 A pair of functions (u,w) is a strong solution of (1)-(3) on
[0,00) if the perturbation (u, w) belongs to the class

u=u—1€ C([0,00); L3 () N C((0, 00); D(A3)) N C*((0, 00); L3 (2))
w=w—w e C([0,00); L™(Q)) N C((0,00); D(By)) N C((0, 00); L™ (),

for m € [3/2,00), and satisfies

hu+ (u+ pr)Au+ P{(u-V)u+ (u-V)u+ (u-V)u}—
—2p,rotw = 0, t>0,

ow+ xBw+ (u-V)w+ (w-V)w+ (u-V)w (5)
—yVdivw+4 pr w— 2 prrotu = 0, t>0,

u(0) = yp—u, w0) = wy)—w.
Our result on stability of stationary solution is the following.

Theorem 2.4 Let3/2 < m < oo and assume (ug, wo) € L3(Q) xL™(Q). Then,
there exists § € (0,0] (where ¢ is from Theorem 2.2) such that if v+ p, < 6,

max{ L_ 1% <6, then the stationary solution (6, w) given by Theorem 2.2

M) X
is stable, that is, there exists a positive constant € = e(p, fir, X,y, m) such that
if
luo —ulls + [[wo — W]l <,
then the system (1)-(3) has a unique strong solution (u, w) on [0,00). Moreover,
this solution decays exponentially, that is, ||u(t) — | oo + || w(t) — W] o = o(e™¢?),
when t — oo, with ¢ = ((w, r, X, 7Y, M) some positive constant.

3 Proof of Theorem 2.2

In this section we build a stationary solution (w,w) of class (m, K). To this
aim, we will use Banach’s Fixed Point Theorem. Thus, we focus our efforts
in the building of a contractive operator F. This operator is defined as F' :
D(A3) x D(By,) — D(A3) x D(B,,) is given by:

1
_ — A Y P{(m-V)T} — 2y, rotw
F[“}: R {P{(m-V)u} - 2pu, rot w} ®
w —~B Y (@ - V)W +4p,®w—yVdivw — 2 pu, rot u}
X

We observe that the system (4) is equivalent to
@, w" = Fluw,w|", inD(As)x D(Bp).

Hence, the proof of Theorem 2.2 is a consequence of the following proposition.



Proposition 3.1 Let m € [3/2,00). There are positive constants 6 = §(m)
and Ko = Ko(, pir, X, v, m) > 0 such that if u,x > 6, then the operator F is
contractive on the complete metric space Ex, = {(u,w) € D(A3) x D(B,,) :
[ Aulls + [ Bw||m < Ko}

To prove Proposition 3.1 we will use the following lemma, which follows
from embedding properties obtained by Giga [10], the Holder’s inequality and
the Sobolev’s embedding.

Lemma 3.2 Let 1 < p,q,7 < 0o be satisfying the relations

L 7
r p 3 r ¢ 3 2t (™)

1.1 2 1 1 1 1_1 1
T p q

Then, the following estimates hold: for all w € D(A,),v € D(4,),w € D(By)
[P{(w- V) v} < Clp,q,7) || Aul [ Avllq, (8)

Proof of Proposition 3.1: We observe that from estimate (8) and the em-
bedding W1 (Q) C L3(Q) we obtain

1 _ - o C1 2 2,”1” _
|P{@- V) 2oty < 1415 + ~27 ot ]
p+ py B K
C1 —2 2¢a iy —
L = L
(10)

On the other hand, from the inequality (9) and the embedding W13(Q) C
L™(£2) we have

1
—||w- Vw + 4p,w — yVdivw — 2u, 10t G|,
X

c . - 4 e L 2 _

< 2 Au]s| B + 2w, + %Hdeme + ot ], (11)
c . - 4c - c - 2¢ _

< N Aws]| B + j{’” |1 Bw |, + 57”||Bw||m + 28 A 5.

Therefore, if || A3 + | Bw||,, < Ko, we have

IN

Pl | (1A%l + |Bl) + (|45 + BBl
|Fmw||, o, S CUAuls 1Bl + CullAuls + | Bill)

< CKo+ 51K§,

-~ ~ 2copy | Acapr | C5Y 2Cepr \ V. ¢l c3
being C', C7 given by C' = max (*}HW + T T , C'1 = max )

Let Ko = (1— 5’)/51 Then, if p and x are large enough such that C < 1, we
have F(Fk,) C Ek, (that is, Fk, is an invariant set in D(As) x D(By,)).

Remark 3.1 Observe that in Theorem 2.2, the hypothesis p and x large enough,
can be replaced by the hypothesis p, and v small enough such that C < 1.



Using the arguments appearing in inequalities (10)-(11), we can infer that

HF [HI’EI]T -F [ﬂ%WﬂT HD(A;;)XD(B ) = (12)
m 12

< Oy {|A@ — @3 + | B@1 — @2)||m}

for (w1, wy), (u2, wa) € Fk,, and a positive constant Cy = ég(,LL, Ly X5 7Y, M, Ko).
Indeed,

1
P U - Vﬂl - P U - Vﬂg - QILLTI‘Ot w — W 3
Tt [1P( ) — P( ) ( )l
c1 . _ _ 2co by _
< A(wy —wo)l|s (||[Aw |3 + || Aw2]s) + B(w; — w3
o | A( s (I[Aw1 |5 + [[Aw2|[3) ot 1B( MNm
261K0 _ _ 202;@ — I
< Alur —u + B(w; —w ;
S ot [A(T1 —u2)l[3 ot |B(w1 — w2)||m
and also,

1, . _ . _ _ . _ _ _
gﬂul -V, — Uy - Vws + 4y, (W — Ws) — yVdiv (w; — wa) — 2p,rot (W — 2)||m

Cc3 — — — C3 — — —
< 2 Al — Bw - AW B(w, —w
=y (” ( 1 2)||3H 1||m) Y (” 2”3” ( 1 2)||m>

deq iy . c _ 2¢c6 iy _
+ =20 By, — )| + %\B(wl — W) |l + || Ay — )
ca K, - - . _
< (1AG@ = w2)lls + |1 B(w: — @) )
C5Y 2¢6 fur

+ dey

|1B(wy =w2)llm + =B = W2)lm + [A(wr —a2)|s.

So, we find (12) with Cy given by

2c1 Ky n c3 Ky n 206ur’ 2¢co by n c3 Ky n degpiy n @)
Mot X X Mt X X X
We choose 8(m) such that for y, y > 8(m), we shall obtain C < 1 (and therefore

C < 1). With this choice, we have that F' is contractive, and, hence, the
existence of a stationary solution is proved. [

52 = max(

4 Analysis of the Linearized Operator

In this section we will make an analysis of the linearized operator L = L,
with respect to the stationary solution (w,w) given by Theorem 2.2, being

L = Ly + Ly, where:
O w xBw ’



IR P{mw-V)u+ (u-V)T} —2u,rot w
HNaw | | @ Vot (u-V)W+4p,w—yVdivw — 2urotu |’

and whose definition domain is D(L, ) = D(A,) x D(By), for p,q € (1,00)
suitably chosen.
The following lemma provides one estimate of the operator L.

Lemma 4.1 Suppose that p,q € (1,00) satisfy
1 1
<

1 1 1 1 1 1 1 1
e T (13)
37p 973 p g m’ q~ m 3
Then, there exists a constant Cp q(m) > 0 such that:
T _ _
|aw™|| < Cpam{ (ATl + [ BBl Aul,
{p,a} (14)

+ [Aulls||Bwllg + gl Aullp + (- + V)HBqu},

for all (u, w) € D(A,) x D(By).

Proof: The proof is a consequence of Lemma 3.2 together with the following
embeddings

Whi c LP(Q), WM Cc LY(Q), D(4,)cC LI(Q). n
For 0 < w < 7/2, we put £, = {A € C:|arg\| < m —w}U{0}. Then we have:

Lemma 4.2 Let p,q be as in Lemma 4.1. Then for each w € (0,7/2), there
exists a constant M, ,(m,w) such that

<K
{pa} — P

for all A € £, and (u, w) € L2(Q) x L1(Q), where

HLl()\ + Lo) " [u, w]T [, w]” (15)

{p.a}’

1 1
K, EM){,ur—l—'y —i—(max{ ,—})Kg}7
P.q paq ( ) TERTREY

with Ky the constant of Theorem 2.2.

Proof: It is well known (see Giga [8]) that for each w € (0,7/2),
Lo C p(=Ap) N p(=By),

with
Ky(w) = Sup T+ DI+ A) ™ Hlp—p < 00, (16)

K, (w) = sup L+ DI+ B)Hlgg < 00 (17)

w



It remains to estimate |[A (A4 (u+ ) A) " wll, and |B (A+xB) ™" w],.

_ 1 A 1
Observe that A (A + (u+ pr) A - I - A (p+p) A
(et )7 = e L= 2 (0 (a4 ) 4

and therefore:

[0+ Gt )y | < g

< Xt () 7|l
< el [ G ) )7l

- 1 -
Now, rewriting (A + (p + ) A) ™ ( A + A> , we have:

Rt e \ B
A A -1
Al ( +A>
Mot

Bt

1

) |)\> 1
M (p+ ) A —
R e e s

p—p

If we call A = , we have:

Bt

el (G

1
<
pP—p p“ + :u”f‘

Kp(w).

Estimates for |[B (A + xy B) " ||, are similar.

Remark 4.1 Observe that if A € X, then A = € X, because of

_ Mt
arg A = arg .

We recall that p(-) is the standard notation for the set resolvent and that
| - |[p—q denotes the norm of the bounded linear operator defined from LP((2)
to L%(Q2). Taking into account that:

wes [2] =[]

by Lemma 4.1 and estimates (16)-(17) for X, we obtain:

-

= Cp7q{(||f4ﬂ||3 + 1Bl + ) (1 + Kp(w))m\lwlp

AT+ o +9)(1+ K)ol

Since (@, w) belongs to the class (m, Kj), we have ||Aulls + || BW|m < Ko and
thus

HLl()‘ +Lo) " [u, w]”

] H{pq} = Opvq{(“rJrKO)(lJFKP(W))WHUHp

(4 + Ko) (L4 By(w)) )



Therefore, taking M, ,(m,w) = C, (1 + K,(w) + K,(w)) we obtain (15). |
Next, we will establish a lemma that will be fundamental in the calculus of
the estimates (LP x L9) — (L" x L®) of the resolvent of the operator —L.

Lemma 4.3 Let p,q be as in Lemma 4.1. For each w € (0,7/2) let

) 1 1
Op.g = 0p,g(M,w) = min { 0 KoM, ()’ g}, (18)

being 8, Ko and M, (m,w) the constants of Theorem 2.2 and Lemma 4.2. If

1 1
v+ e < Opg, max{u+u ,;} <dpgq, (19)

then ¥, C p(—Lyq). Therefore, for each j =0,1, if r, s satisfy

3,1 1 j 3,1 1 j
0< 57(7—7)<1—7, 0< zf(f_f)<1_f, 20
<A 2\p r/ — 2 <¢ 2 \q s/ = 2 ( )

then, there exists a positive constant C = C(p, q,T, S, m,w, (i, lr, X,7Y) such that:
for all A € £, and (u, w) € L2(Q) x L1()

HVW + L) u,w]"
Nirsy 4 - (21)
< CLL+ P21 4 (1 D21 | v H{m}'

Proof: From (18)-(19), we have:

1 1
Ky, EM){/J,T—F’}/ —i—(max{ ,—})Kg}<1.
P.q paq ( ) it X

Therefore, using estimate (15) appearing in Lemma 4.2, we know that:

[ L+ Zo) ™| 1)y oy < 1

and thus we deduce that for all A € X, there exists an inverse operator [I +
o0

Li(A+Lo)~ Yt = Z{—Ll()\—f—LO)_l}”, on the space L2 (2) x L1(Q), satisfying
n=0
—17—-1 1
I+ LiA+ Lo) ™ lpay oy < 77— (22)
p.a
Therefore,
(A+L)7 = (A +Lo) [T+ Li(A+ Lo) )71 A€ S, (23)

and it exists as a bounded linear operator on L2 () x L%(f2). So, we obtain that
Ew C p(=Lyp,g)-

10



In the following, we show estimate (21) for j = 0,1. In a first time, we ob-
serve that from conditions (20), the embeddings D(A,B)H/Q) C W¥r(Q) and
D(Bgﬂ / %) € W3s(€) are true. These relations imply the following estimate

V900 + Lo) ™ [u, w]”

{r,s}
= [IVIA+ (p + pr)A) "l + [ VI (A + xB) wlf,
< CAPHIN + (p+ pr) A) Pl + CIBEH2 (A + xB) "t

< CIAQ (ot ) Al 2O+ Gt ) )Ml

OB+ xB) " w| g2 (A + xB) w7

C 1
< 1+ Kp(w))(14+ ———|A
U K@)

)P ),

C . 1 .
+;(1 + Ky (W) (1 + ;IA\)&J/Q’lIIWIIq,

for all A € ¥, and (u, w) € L2(Q2) x LI(2). Observe that we have used Propo-
sition 2.3.3 of Tanabe [29], that reads:

| A% u|| < Cpop || A% w|®/P |ul|'=2/% for 0 < a < <1and u € D(AP).

Consequently, from (22)-(23) and (24) we obtain (21). |
Below, we fix w € (0,7/2) but arbitrary; therefore, the constant 6, , of

Lemma 4.3 depends only on p, g, m. Lemma 4.3 is useful in order to show the

generation of analytic semigroup and also of (LP x L?) — (L" x L®) estimates.

Proposition 4.4 Letp, q be as in Lemma 4.1 and assume that w, p,., X,y satisfy
(19). Then, the operator —L generates a bounded analytic semigroup {e~**};>0
of class Cy on the space LY x L4(Q). Moreover, for j = 0,1 and r,s satisfying
(20), there exists a positive constant C = C(p,q,r, s, m, @, by, X,7y) such that:
for allt > 0 and (u, w) € L2(Q) x LI(Q)

Vet [, w]”
{r,s} ‘ ‘ (25)
< C{t=B/20/p=1/r)=5/2 4 =(3/2)(1/a-1/5)=5/2) H [, w]” ,
{p,q}

Proof: Using estimate (21) (j = 0) for {r, s} = {p,q} from the classical results
of analytic semigroup, we obtain the first part of the proof (see, for example,
Tanabe [29] or Pazy [24] for a version of this result). In order to obtain the
inequality (25);, as usual, we compute the Dunford integral

) 1 ;
Vit = — / VA4 L) rerd, t>0,
T

using inequality (21). Here, when 3+ j/2 and € + /2 are positive, the resolvent
is integrated from ocoe™ to oce!? along the path I' : A = |\|eT® for a ¢ €

11



(m/2,m — w) fix but arbitrary. When §+ j/2 = 0, that is, 7 = p and j = 0, we
divide the Dunford integral in two parts and we replace I" by I' = I'; UT'; where
Tyt A= [MeT, (|]\| > 1/t) and T'; : (1/t)e’®8* —p < arg A < . Thus,

—tL c —1_tRex c —1+¢_tRex
I par—iper < 5 [ N7 eRNN + 1 [ eRan

The case £ + j/2 = 0 is done analogously. An elementary computation implies
the desired estimates (25);. |

Remark 4.2 We observe that there exists a positive number ¢ satisfying
Re o(Ly,q) > ¢, (26)

where o (-) represents the spectrum of the operator Ly, ,. This is equivalent to that
0(Lp,q) C{X € C:ReX > (}. This property is useful to derive the exponential
decay of e, when t — oo.

Proposition 4.5 Let p,q be as in Lemma 4.1 and assume that condition (19)
is satisfied. If ¢ > 0 satisfies (26), then there exists a positive constant C =
Ce(p,q, s por, X, 7y) such that: for allt >0 and (u, w) € LE(Q2) x LI(Q)

He_tL [u, w]T

[, w]" (27)

< Cce_ct

{r.¢} {pa}
Proposition 4.6 Let p,q be as in Lemma 4.1 and assume condition (19). If
¢ > 0 satisfies (26), then for j = 0,1 and {r,s} satisfying (20) there exists a
positive constant C¢ = C¢(r,s,p,q,m, i, fir, X,7y) such that: for all t > 0 and
(u,v) € L2(Q) x L1(Q)

‘Vje_tL [u, w]”
{r,s} ‘ . (28)
< Co{t=B/DO/p=1/n)=i/2 | =B/ /a=1/9)=1/2) =t H [, w]” .
o {p.q}

Lemma 4.7 For any ¢ > 0 satisfying (26) there exists (* > ¢ such that ¢* also
satisfies (26), that is, Reo (L, 4) > ¢*.

Proof of Lemmma 4.7: The proof is an easy consequence from the fact that
0(Lp,q) is a closed set. ]

Proof of Proposition 4.5: By using Lemma 4.7 and recalling that ¥, C
p(—L, 4) we have that there exists a number ¢* > ¢ such that

0% =2, U{A€C:ReA> —C*} Cp(—Lypy)

We can take ¢ = o(C*) € (7/2,7) such that T = {A € C: A = —(+ |A +
C|€iw} C @ff- From (21) with j = 0 we find that ||()‘+L)_1H{p,q}ﬂ{p,q} < Ce,
A € 0f, where Cc- = C¢-(p, q, 1, b, m, X, 7). Therefore,

1
etk u,'wTH :—H/ A+ L) Letrdx u,wTH
| ] {p.a} 27 F( ) | ] {p.q}
L e —Crue St
< CC € / etncostpdn . H ['U/7w]T H _ C{ € [ ,’U}]T H ’
™ 0 {p.a} 7t cos ¢ {p.q}
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for t > 0. If ¢t > 1, estimate (27) is easily obtained. If ¢ < 1, the estimates of
the semigroup given by Proposition 4.4 imply (27). ]
Proof of Proposition 4.6: Given ¢ > 0, by Lemma 4.7, we choose 7 = 7(¢) >
0 small enough such that ¢/(1 — 7) also satisfies (26). From Proposition 4.5,

le® ww)” | < Coane @O ]| t20
{p,a} {p.q}
The last inequality together with Proposition 4.4 imply
ije—tL[ u } _ ije—TtLe—(l—T)tL|: u ]
w {r,s} w {r,s}
< C{(rt)=B/DU/p=1/r)=i/2 | (Tt)—(s/le/q—l/s)—j/z}He—(l—ﬂm u } H
- w | ll{p,q}
< C{-GDWp-1/r-5/2 +f<3/2><1/q71/sH/z}efaH [ u } ‘
- w {p.a}
This inequality proves (28). ]

5 Proof of Theorem 2.4

In this section, we study the global existence and the exponential decay of
solutions for the micropolar fluid system. Let (uw,w) be the stationary solution
of class (m, Ky) given by Theorem 2.2. Consequently, if we write (u,w) =
(u —uw,w — W), we have that (w,w) satisfies the system (5). This system can
be rewritten as

AHEHEE =R .
u(0) = up — @, w(0) = wo—w,

in adequate spaces L (02) x L%(f2), where L is the linearized operator studied
in the above section. Since —L generates a bounded analytic semigroup, the
integral formulation associated to (29), i. e., the mild formulation, is given by

{ a0 } = { o } - Y { Pl V) ] (s)ds.  (30)

To obtain the decay estimates, firstly we will prove a result on global existence.

Proposition 5.1 Let m and rg satisfying

3

§§m<3, 3 <rp < o0. (31)

Assume the initial data (ug—a, wo —w) € L3 (Q) x L™(2) and consider the con-
stant 6, 4(m) given by (18). Letd =4 (m,ro) = min {537,,1, 53m/(3+m)7mr0/(m+m)}.
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' 11
Ifvy+pr <96 andmax{w_m,;

€ = e(m,ro, i, thry X, Y) Such that if

} < 5,, then there exists a positive constant

luo —alls + [lwo — W[m <e,

the system (29) has a unique strong solution (u, w) € L3(Q) x L™(Q) defined
on the interval [0,00). Moreover, if ( > 0 satisfies (26) for {p,q} = {3ro/(3 +
ro),mro/(m +ro)} and {3, m}, then the following estimates hold

[a(t)]l, < Cet= AUV (Jug — a3 + [lwo — ), (32)
lw(t)]ls < Cet= PV (lug — )3 + 1w = Bllm).  (33)
IVat)|,, < Cet= DM (lug — s + [lwo - Wlm),  (34)
IVa ()]s, < Cot™ BP0 (|lag — a5 + [lwg — W), (35)

for3 <r <oo,m<s<3m/(3—m),3 <1 <19, m <1 < (1/m
1/ro — 1/3)7L, and for all t > 0, being Cc = Ce(ry iy fory ¥y X M4 T0), Ce

CC(TD/L?//’NVvX?mvTO)v CC = CC(SaM7NT7X7’7am7T()); Cé = Cé(slay’vMTva’YamarO)'

I+

Remark 5.1 The constant § in Proposition 5.1 is well defined since {3, m}
and {3ro/(3 +ro), mro/(m +ro)} satisfy (13).

Remark 5.2 We observe that in Proposition 5.1, m € [3/2,3). Form € [3,00),
we consider 3/2 < 1o < oo in the hypothesis of Proposition 5.1 and we obtain
the same result. We will focus the analysis on the case m € [3/2,3) because
in this case the difficulty to derive a decay estimate of microrotation velocity
|w||oo, seems greater.

Remark 5.3 We observe that if we take w = w = 0 and m = 3, the result of
Proposition 5.1 (together with Remark 5.2) we obtain a result of existence of
solutions with the same regularity for (u, w) than in Yamaguchi’s work [31].

To prove this proposition, we precise of the following two lemmas.

Lemma 5.2 Let m be as in Proposition 5.1 and { > 0 satisfying (26) for
{p,q} = {3, m}. Assume also that

1
+ e < 03,m, s =1 < O3,m- 36
YT 3, max{u+m X} 3, ( )
If {r, s} satisfy
3<r<oo, (37)
1 1 1 1
I _Z=—_—-_=Z 38
3 r m s (38)
then: for allt > 0,5 =0,1, and (u, w) € L3(Q) x L™(Q),
ijefm [, w]T < Ot~ B/2A/3=1/m)=5/26=Ct| [y, w]” H . (39)
{r,s} — {3,m}

bemg OC = CC(Ty m, ,U'7/J'T7Xa,7)'
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Proof: By condition (31) we can see that {3, m} satisfies (13). Moreover, the

condition (38) together with 0 < %(% — %) < % <1- %, j = 0,1, implies

that {r,s} satisfies (20). Consequently, inequality (39) is a consequence of
Proposition 4.6, because of hypothesis (36) is the correspondent hypothesis (19)
of Proposition 4.6. [

Lemma 5.3 Let m,rq be as in Proposition 5.1 and ¢ > 0 satisfying (26) for
{p,q} = {3r0/(3+r0),mro/(m +19)}. Assume also that

1
YA+ < 53r0/(3+r0),mr0/(m+r0)7 max { L+ y ;} < 53r0/(3+r0),mr0/(m+7"0)'
(40)
If {r, s} satisfies (37)-(38) together with the condition
1 1 .
OS 1+3(*_*) S2_.77 .7:0717
To r
then: for allt > 0,5 =0,1, we L7 (Q),Vv € L3(Q) and Vw € L™(),
HVje_tL [P(u- Vo), u- Vw]"
{rs} (41)

< Cet =GR/ ro= M= 2=l (| Vo3 + ([ Vawlm),
b@ZTLg OC = OC(T’, T, Ty [y foy X7fY)

Proof: By assumptions, {p, ¢} is such that 1/p =1/rq+1/3,1/q¢ = 1/ro+1/m.
Then (31) implies p, g € (1, 00). Moreover, {p, q} satisfies (13). We observe that
condition (20) is satisfied by {p, ¢}; in fact, by assumptions we have

1020 Db Dyem B

Therefore, Proposition 4.6 and the Holder’s inequality, implies (41). ]

Remark 5.4 In (41);, for the integrability at t = 0, the number r should satisfy
3(1/ro —1/r) < 1—13.

Proof of Proposition 5.1: We consider the following Banach space
tPect (u, w) € BC([0,00); L2 (Q) x L*0(12))
B={ (u,w):tY/2e(Vu, Vw) € BC([0,00); L3(2) x L™(Q))

u(0) =ug—w,w(0) =wy—w
with norm

| sl || = sup % (Ol 0 (0] 500 /26 (|00 s V20 (0) o),

B
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w3 La=a(3-8) = 3(E - L) > 0 We consider
the operator T : B — B given by

d R (CRTa] e B g R [

For J > 0, we define the set By = {(u, w) € B: H [u, w]” HB < J}.

where sg = (

We focus the proof on the obtention of bounds for Y [u, 'w]T in B. We can
take a positive constant € = e(rg, m, i, tir, v, X) such that if ||ug — @||3 + ||wo —
W||m < €, there exists a positive constant J = J(||ug — @3, ||wo — W||m) such
that Y(B;) C By, and Y is contractive on B;.

} < &', we are going to apply the results

Since v + p, < 5, max{wu '
from Lemmas 5.2 and 5.3 for j =0, {r,s} = {7“07 so} and j =1,{r, s} = {3,m}.
Indeed, from Lemma 5.2 for j = 0, {r, s} = {rg, so}, we obtain:

< Cct‘%(é %)e—@” [wo —w, wo — w]" H

He‘”‘ [uo — @, wo — W|"

{ro.s0} {3,m}’
which is equivalent to
tﬁeCtHe_tLu —u,w —w]" <CH Uy — W, W —ETH .
[0 0 — W] oy = 6 [0 0 — w] )
And from Lemma 5.2 for j = 1, {r, s} = {3, m}, we have:
HVe_tL [up — @, wy — W] H < Cet™ 3Gt H uy — u, 'wo—f]TH .
{3,m} {3,m}
On the other hand, from Lemma 5.3 for j = 0, {r, s} = {ro, so}, we obtain:
H / ~t=I)L[P(u-Vu),u-Vw]" ds
{ro,s0}
/ H =L [P(u - Vu),u- Vw]" ds ds
{ro,so}

< Cc/o (t =) 72l (|Vuls + [ Vela)

[u, w]" H2 .

< CetPe=¢t
B

Analogously, for j = 1,{r, s} = {3, m} we have:

¢
HV/ e [P(u- Vu),u- Vw]" ds

{3,m}

/ HV@ =)L [P(u - Vu),u - Vw] ds”{gm}

t
=< Cc/o (t — 5) 3D YD ]|, ([ Vulls + (| Vewlln)ds

[u, w]” H2

S C<t71/2€7<t .
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Therefore, from the above inequalities we have

+ 01H [u, w]" H2

T ;

{3,m}
< ! t
—, We get:
{3,m} 401’ &
1—+/1-4C1Jy
2C ’

Working in a similar manner, we can show that T is contractive. Consequently,
the system (30) has a solution in By, that satisfies the estimates (32)-(33) for
{r,s} = {ro, so} and the estimates (34)-(35) for {ry,s1} = {3, m}.

The uniqueness proof is done in a standard way, so it is omitted. To see
that the solution (u,w) of (30) satisfies the estimates (32)-(33) for the other
values of 7, s, 71, $1, we use again Lemma 5.2 and Lemma 5.3. Using arguments
analogous of those of Fujita & Kato [7], Giga & Miyakawa [9], Kozono & Ogawa
[13], we can show the Holder continuity with respect to time for the nonlinear
term in L3(Q) x L*(Q) and this allows us to show that (@, w) is, in fact, a
strong solution for the system (29) in the sense given in Definition 2.3 (see
Tanabe [29]), Theorem 3.3.4). |

Proof of Theorem 2.4: We take o = m = 3/2 and we choose ro(m)

satisfying (31). If x + p, < 5, max{u_s_lm,i} < &', then by Proposition
5.1, there exists a positive constant € = €(, iy, 7y, X, M, 7o) such that if ||ug —
|3 + |lwo — W) < €, there exists a unique strong solution (w,w) for system
(29) in the interval [0,00). Therefore, (u,w) satisfies the estimates (32)-(35),
being ¢ > 0 a number positive fix that satisfies (26) for {p,q} = {3r0/(3 +
r9),mro/(m +179)} and {3, m}.

(From Nirenberg’s inequality and using the estimate for |[Vu(t)||,» for some
r’ > 3, we obtain

@)l < CIVaE)E (1A~ < CCtGe/DA/B=1/r)=a/2e=Ct

where a satisfies 0 = a(1/r —1/3) + (1 — a)1/3. This implies that [|[@(t)]|e =
o(e=%*), when t — oo.
Observe that we cannot apply the above argument to find the decay rate for the

SO, taking JO = COH [’U,O —ﬁ, wo —E}T H

Y(By) C (By), with J =

microrotation velocity w. In fact, in this case for m = 3/2, so = (% + % -
-1
l) < 3. To overcome this point, we apply Proposition 5.1 with another value

3
for m. In fact, we choose mg and r¢ such that % < 25’:33 < mg < 3. The above
inequality implies that 1/mg + 1/r¢ < 2/3, that is,
1 1 1\ -1
—t— == > 3. 42
(mo + To 3) ( )

From the estimates (32)-(35) with {r, s} = {3,m¢}, we can find a time 7" > 0
big enough such that

||E(T)||3 + ||17’(T)||m0 < 6(/“(” M’(‘aX)’%mOarO)a
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provided that v + p, < 5 (mo, 7o), max{#_‘_l# , i} <4 (mg, o), with

~

o (m07 rO) = min{637‘0/(3+'r0),mgro/(m0+r0) ) 63,mo }

Let § = min{d' (mo, 7o), 8" (m,70)}, where &' is given as before and we assume:

1 1
v+ <9, max{ ,f}<5
e X

Since (u(T), w(T)) € L3(Q) x L™ (Q), we apply Proposition 5.1 with initial
condition equal to (w(T"), w(T)) and m = mg. Consequently, we can deduce
(32)-(35) and m = mg, with ¢ > 0 a fixed positive number satisfying (26) for
{p,q} = {3r0/(8 +10),moro/(mo +10)} and {3, mg}.

Now, we can obtain the decay rates of ||[Vw(t)||s for some s > 3 because (42) is
verified. We observe that in this point we have used the uniqueness of solution.
Consequently, we have || (t)||oo = 0(e™¢!), when t — oo. |
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