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Abstract

A new method is presented to prove finiteness of the fractal and
Hausdorff dimensions of the global attractor for the strong solutions to
the 3D Primitive Equations with viscosity, which is applicable to even
more general situations than the recent result of [7] in the sense that
it removes all extra technical conditions imposed by previous analy-
ses. More specifically, for finiteness of the dimensions of the global
attractor, we only need the heat source Q € L? which is exactly the
condition for the existence of global strong solutions and the existence
of the global attractor of these solutions; while the best existing result,
which was obtained very recently in [7], still needs the extra condition
that 0,Q € L? for finiteness of the dimensions of the global attrac-
tor. Moreover, the new method can be applied to cases with more
complicated boundary conditions which present essential difficulties
for previous methods.
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1 Introduction

Given a bounded domain D C R? with smooth boundary 9D, we consider
the following system of viscous Primitive Equations (PEs) of Geophysical
Fluid Dynamics in the cylinder = D x (—h,0) C R3, where h is a positive
constant, see e.g. [I7] and the references therein:

Conservation of horizontal momentum.:

ov @

EJr(v-V)erw + Vp+ fot + Liv = 0;

0z
Hydrostatic balance:
0.p+60=0;
Continuity equation:
V-v+ d,w = 0;

Heat conduction: 50 36

— -V — + L0 = Q.

BT +v-VO+w . + L0 =Q

The unknowns in the above system of 3D viscous PEs are the fluid
velocity field (v,w) = (vi,v2,w) € R with v = (v,v2) and v+ = (—vg,v1)
being horizontal, the temperature 6 and the pressure p. The Coriolis rotation
frequency f = fo(8 + y) in the S-plane approximation and the heat source
@ are given. For the issue concerned in this article, ) is assumed to be
independent of ¢. In the above equations and in this article, V and A

denote the horizontal gradient and Laplacian:
2
V= (00,0y) = (01,02), A:=07+00=) 0.
i=1

The viscosity and the heat diffusion operators L, and Lo are given respec-

tively as follows:
82
922

where the positive constants v, u; are the horizontal and vertical viscosity

Li = —VZ'A — W 1= 1,2,

coefficients and the positive constants 1o, po are the horizontal and vertical

heat diffusivity coefficients.
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The boundary of €2 is partitioned into three parts: 02 = I', UT', U Iy,

where

Consider the following boundary conditions of the PEs as in [2] and [6]:

ov o0
on Pu %:hﬂ', w:O, &Z—Oﬁ(e—@),
ov o0
on Pb %:0, w:O, &ZO,
ov 00
on I's: v-n=0, %x =0, %:0,

where 7(z,y) and ©(x,y) are respectively the wind stress and typical tem-
perature distribution on the surface of the ocean, n is the normal vector of
I's and « is a non-negative constant. The above system of PEs will be solved
with suitable initial conditions.

We assume that ), 7 and © are independent of time. Notice that results
similar to those to be presented here for the autonomous case can still be
obtained for the non-autonomous case with proper modifications. For the
autonomous case, assuming some natural compatibility conditions on 7 and
©, one can further set 7 = 0 and © = 0 without losing generality. See [2]
for a detailed discussion on this issue.

Setting 7 = 0, © = 0 and using the fact that

w(z,y, z,t) = / V-o(z,y, &, t)dE,

p(x,y,2,t) = ps(z,y,t) / O(x,y, &, t)d¢E,

one obtains the following equivalent formulation of the system of PEs:

%+L1v—|—(v Vv—</ V- o(z,y,E, )d§> W

+ Vps(z,y,t) — /_h Vo(z,y,& t)dE + fot =
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00 z 00

ot
v v Ov
&zzo_&zz_h—& v-nFS—O, %ans_o, (1-3)
<& * 049> z=0 N & z=—h a 07 % T B O’ (1'4)
v(z,y,2,0) =vo(x,y,2), 6(x,y,20)="0(x,y,z). (1.5)

We remark that the expressions of w and p via integrating the continuity
equation and the hydrostatic balance equation were already used in [I13]
dealing with the Primitive Equations for large scale oceans. See also [12] for
a similar treatment of the Primitive Equations for atmosphere.

Notice that the effect of the salinity is omitted in the above 3D viscous
PEs for brevity of presentation. However, our results in this article are still
valid when the effect of salinity is included. Notice also that the right-hand
side term of ([I.T]) is set as 0. This is just for brevity of presentation and it is
not technically essential here: if it is replaced by a non-zero given external
force R € L%(Q), the results of this paper are still valid.

To the best of our knowledge, the mathematical framework of the vis-
cous primitive equations for the large scale ocean was first formulated in
[13]; the notions of weak and strong solutions were defined and existence of
weak solutions was proved. Uniqueness of weak solutions is still unresolved
yet. Existence of strong solutions local in time and their uniqueness were
obtained in [5] and [I7]. Existence of strong solutions global in time was
proved independently in [2] and [9]. See also [I0] for dealing with some
other boundary conditions. In [6], existence of the global attractor for the
strong solutions of the system is proved in the functional space of strong
solutions.

This article focus on the study of finiteness of the dimensions of the
global attractor for the strong solutions of the system of 3D viscous PEs.
This result was previously announced in [6]. For simplicity of discussion,
we set the right-hand side of (II) as zero. If this term is replaced by

a time-independent term R, no essential change is needed to be made on
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our analysis. For the main results of this article, one just need to add the
assumption that R € L2.

In a recent work [3], finiteness of the dimensions of the global attractor
for the strong solutions for the 3D viscous PEs is obtained under periodic
boundary conditions. The proof given in [3] of the Ladyzhenskaya squeezing
property for the semigroup is based on the fact that, for the case of periodic
boundary conditions, the L? norm of the second order spacial derivatives
of the solutions is bounded uniformly in time and uniformly on the global
attractor. This can be proved using previous results and analysis for uniform
boundedness given in [6] as outlined in [3] and [I4], since one can freely
integrate by parts without having any boundary term. However, for the
case with non-periodic boundary conditions such as given by (L3 and (L4]),
some complicated boundary terms can not be avoided with the integration
by parts following the strategy of [3] and [14]. These boundary terms present
essential difficulties for a priori estimates in the H? norm. To deal with
these difficulties, a more recent work [7] provides an involved analysis, which
proves the existence of a bounded absorbing ball in H? and the uniform
boundedness of the H? norm of the solutions. Indeed, before the work of
[7], it was not known whether or not uniform boundedness for the solutions
in H? is still valid, no matter how smooth the initial data and the right-
hand side terms are. As an application of the uniform H? boundedness, it is
proved in [7] that the Ladyzhenskaya squeezing property of the semigroup is
indeed still valid for the solutions on the global attractor in the case of the
non-periodic boundary conditions as considered here. Thus, the problem of
finiteness of the dimension of the global attractor for the strong solutions of
the system ((ILT])- (I.5]) measured in the space of strong solutions is positively
resolved.

Compared with [3] and [14], the analysis of [7] achieves two improve-
ments. Firstly, the new analysis is applicable to both the non-periodic case
and the periodic case, while the previous methods do not seem to apply to
non-periodic boundary conditions, such as ([3]) and (L4). Secondly, the
new result of [7] requires less demanding conditions than in previous works.

More specifically, [7] requires only that Q,9,Q € L?, instead of requiring
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that @ € H! and 9,Q € L% in addition to periodicity as needed in [3]. See
Theorem 23] in Section [2] of this article for details.

However, recalling the main result of [6] (see e.g. Theorem in Sec-
tion @ of this article), we notice that @ € L? is enough for the global existence
of strong solutions and for the existence of the global attractor A for strong
solutions. So, a very natural question out of curiosity is that whether or
not the additional condition 9,Q € L? imposed in Theorem 2.3]is essentially
necessary for the dimensions of the global attractor to be finite. Another
issue involved with Theorem 23] is that the condition o = 0 seems indis-
pensable for the boundary conditions in the analysis of [7]. Resolving these
questions and difficulties is the main concern of this article.

From the geophysics context and the anisotrophic mathematical struc-
ture of the 3D Primitives equations, it may seem that the condition 8,Q € L?
might be quite natural in physics and essential in mathematics. A little sur-
prisingly, it will be proved in this article that this condition together with
the condition oo = 0 can indeed be completely dropped out. This main result
of our current article, Theorem [5.2] will be proved in Section Bl To achieve
our goal, a new way is discovered to prove finiteness of the Hausdorff and
fractal dimensions of the global attractor for the strong solutions to the 3D
Primitive Equations with viscosity. An interesting aspect is that it does not
need the uniform boundedness of the H? norms of the solutions, as required
by previous methods. What will be used instead are some uniform continu-
ity properties for the solutions on the global attrctor A. This new idea helps
us to successfully remove the extra conditions 9,Q € L? and a = 0 and thus
resolve completely the problem of finiteness of dimensions of the global at-
tractor for the strong solutions of the system (LI)-(L5). The new approach
presented in this paper has its advantage over the previous one used in [7],
as demonstrated further by the addional example given in Section [Gl

The rest of this article is organized as follows:

In Section 2, we give the notations, briefly review the background re-
sults and present the problems to be studied and recall some important
facts crucial to later analysis. In Section B] we prove our first main result,

Theorem BT}, on the uniform boundedness of (uy, 6;) in L? and the existence



N. Ju 3D Viscous Primitive Equations 7

of a bounded absorbing ball for (u¢,6;), which will be needed to prove our
next second main result Theorem .1l In Section M, we state and prove The-
orem [4.] about some uniform continuity properties for the solutions on the
global attractor, which will be crucial for our proof of our final result The-
orem In Section Bl as an application of the previous results, we finally
prove Theorem 5.2 the main result about the finiteness of the Hausdorff
and fractal dimensions of the global attractor as measured in V, the space
of strong solutions. In Section [6] we briefly mention the case with “physical
boundary conditions” (6.1) on the velocity field v, for which the new method
used in this paper can be easily applied to obtain same conclusions as for
the case with v satisfying the boundary conditions (L.3]). However, it seems
rather difficult for the approach of [7] to deal with the case of “physical

boundary conditions”.

2 Preliminaries

We recall that D is a bounded smooth domain in R? and Q = D x [0, —h],
where h is a positive constant. We denote by LP(Q2) and LP(D) (1 < p <

+00) the classic LP spaces with the norms:

16l = { (), \(ﬁ(az,y,z)]pdxdyldz)%, Vo € LP(9);

" Up lete yldedy)r, Vo e (D),
Denote by H™(Q2) and H™(D) (m > 1) the classic Sobolev spaces for square-
integrable functions with square-integrable derivatives up to order m. We
do not distinguish the notations for vector and scalar function spaces, which
are self-evident from the context. For simplicity, we may use df) to denote
dxdydz and dD to denote dxdy, or we may simply omit them when there

is no confusion. Using the Holder inequality, it is easy to show that, for
p € LP(Q),

1
1@llr) = A7 1@l zepy < llellp, VP € [1, 400, (2.1)

where @ is defined as the vertical average of ¢:

0
Pz, y) = h_l/hw(w,y,Z)dZ-
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Define the function spaces H and V as follows:
H:=H x Hy:={v e L*(Q)?|V-5=0, T-nlp, =0} x L*(),
Vi=VixVy:={ve H(Q)?*|V-T=0, v-n|r, =0} x H(Q).

Define the bilinear forms: a; : V; x V; = R, ¢ = 1,2 as follows:
ay(v,u) = / (11Vvy - Vug + 11 Vug - Vug + pyv, - uy) dQ;
Q

ax(0,n) = /Q (12,VO -V + p26,n,) dQ + o g Ondxdy.

Let V/ (i = 1,2) denote the dual space of V;. We define the linear operators
A; Vi = V! i=1,2 as follows:

(A1, u) = ar(v,u), Vo,ueVi; (A0, n) = az(8,m), VO,nc Vs,

where (-, -) is the corresponding scalar product between V' and V;. We also

use (-, -) to denote the inner products in H; and Hs. Define:
D(Ai) ={¢ € Vi, Aip € Hi}, i=12.

Since Ai_1 is a self-adjoint compact operator in H;, by the classic spectral
theory, the power A% can be defined for any s € R. Then D(A;)" = D(A; ')
1

1 I 7
is the dual space of D(4;) and V; = D(A?), V! = D(A, *). Moreover,

D(A;) C Vi € H; C V] € D(Ay),

where the embeddings above are all compact. Define the norm || - [|y; by:

1 1
112 = @il ) = (A, ) = <A;-, A;->, =12

The Poincaré inequalities are valid. There is a constant ¢ > 0, such that for
any ¢ = (¢1,¢2) € V1 and ¢ € V3

cllolla < lllvi,  clldllz < 1 llvs- (2.2)

Therefore, there exist constants ¢ > 0 and C' > 0 such that for any ¢ =
(#1,¢2) € V1 and o € V3,

el < llollm) < Clidlvi,  clldllve < Nl o) < Cllllv,.
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Notice that, in the above first inequality, we have written ||| z1(q) instead
of ||@l 1 (2. We could also simply write ||¢[| ;1. Here and later on as well,
we do not distinguish the notations for vector and scalar function spaces
which are self-evident from the context. In this article, we use ¢ and C to
denote generic positive constants, the values of which may vary from one
place to another.

Recall the following definitions of weak and strong solutions:

Definition 2.1 Suppose Q € L?*(Q), (vg,0) € H and T > 0. The pair
(v,0) is called a weak solution of the 3D wiscous PEs (I1)-({13) on the
time interval [0,T) if it satisfies (11)-(1.2) in the weak sense, and also

(v,0) € C([0,T); H)N L*(0,T;V), 9(v,0) € L (0,T;V").

Moreover, if (vg,00) € V', a weak solution (v,0) is called a strong solution
of (I1)-(Z3) on the time interval [0,T] if, in addition, it satisfies

(v,0) € C([0,T); V)N L*0,T; D(A;) x D(A)).

The following theorem on global existence and uniqueness for the strong

solutions was proved in [2]. See also a related result in [9].

Theorem 2.1 Suppose Q € H'(2). Then, for every (vo,00) € V and T >
0, there exists a unique strong solution (v,0) on [0,T] to the system of 3D

viscous PEs, which depends on the initial data continuously in H.

Remark 2.1 [t is easy to see from the proof of Theorem [21] given in [2]
that the condition Q € H'(Q) can be relazed to Q € L%(Q). Notice that
there are gaps between Definition [2.1] and Theorem [2.1] for the condition on
Q, for the continuity of the strong solution with respect to time and for the

continuous dependence of the strong solution with respect to initial data.

We now recall the following result proven in [6] for the existence of global
attractor A for the strong solutions of the 3D viscous PEs (L.1)-(L5l).

Theorem 2.2 Suppose that Q € L*(Q) is independent of time. Then the
solution operator {S(t)}+>o of the 3D viscous PEs (1.1)-(1.3): S(t)(vo,00) =



N. Ju 3D Viscous Primitive Equations 10

(v(t),0(t)) defines a semigroup in the space V' for t € Ry. Moreover, the

following statements are valid:

1. For any (vo,00) € V, t — S(t)(vo,00) is continuous from R into V.
2. For any t > 0, S(t) is a continuous and compact map in V.

3. {S8(t)}+>0 possesses a global attractor A in the space V. The global at-
tractor A is compact and connected in V' and it is the minimal bounded
attractor in 'V in the sense of the set inclusion relation; A attracts all
bounded subsets of V' in the norm of V.

Recall also the following result proved in [7] for finiteness of the Hausdorft
and fractal dimensions of the global attractor A as obtained in Theorem 2.2

Theorem 2.3 Suppose a = 0 and Q, Q. € L*(Q). Then the global attractor

A has finite Hausdorff and fractal dimensions measured in the V space.

The main goal of this article is to prove finiteness of the Hausdorff and
fractal dimensions of the global attractor A in the space V for any o > 0
and for any Q € L%*(Q), thus dropping all the extra assumptions imposed
in Theorem 2.3l The formal statement of this main result of this article,
Theorem [(£.2], and its proof will be presented in Section Bl

We recall the following lemma which will be of critical usefulness for the

a priori estimates in the following sections. See [I], and also [6], for a proof.

Lemma 2.1 Suppose that Vv, € H'(Q),¢ € L?(Q). Then, there erists a
constant C > 0 independent of v, p, v and h, such that

z 1 1 1 1
<( / v v<x,y,s>ds) o w>‘ < CIVollE 9913 ol ol 14

Similarly, one can prove the following Lemmal[2.2] which will be of critical

usefulness in proving our first main result Theorem B.11

Lemma 2.2 Suppose that Vv, p,V,9, Vi € L?(Q). Then, there exists a
constant C > 0 independent of v, p, ¥ and h, such that

<( | v v<x,y,§>ds) . w>1 < CIIVolallold IVl IllE 193
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We recall the following formulation of the uniform Gronwall lemma, the

proof of which can be found in [15].

Lemma 2.3 (Uniform Gronwall Lemma) Let g, h and y be three non-

negative locally integrable functions on (to,+00) such that

dy
AP h,  Vt>to,
o gy + 0

and

t+r t+r t+r
/ g(s)ds < aq, / h(s)ds < as / y(s)ds < as, Yt > to,
t t t

where r, a1, as and asg are positive constants. Then

y(t+r) < (E + a2> e, Vit > to.
r

3 The bounded absorbing ball for (v, 0;0) in the
space H; x Hy

The existence of a bounded absorbing ball for (0;v, 9;0) in the space Hj x Ha,
and the uniform boundedness of ||0,v||2 and ||0;:0]|2 for ¢ € [0, +00), has been
proved in [7] for the case with a = 0 and Q,9,Q € L?. In the following, we
prove the same result for the case o > 0 under the condition that @Q € Lo
only. Notice that the extra condition 9,Q € L? is not needed in the following
Theorem Bl which is our first main result. It will be used for the proof of

our final main result of this article.

Theorem 3.1 Suppose Q € L?(Q) and a > 0.
For any (vg, 6p) € V1 x Vo and (0;v(0),0:6(0)) € Hy x Hy, there erists a
unique solution (v,0) of (LI)-(LH) such that

(8{0,@9) S LOO(O, +o00; Hy X Hg)

Moreover, there exists a bounded absorbing ball for (Oyv,0:0) in the space of
Hl X H2.
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Proof:

We prove the case a > 0. The case o = 0 is similar.

We only need to prove the existence of a bounded absorbing ball for
(Oyv, 00) in the space of Hy x Hy. The uniform boundedness of ||0;v]|2, ||0:0||2
for ¢ in [0, +00) will then follow easily and the uniqueness of the solution is
obvious.

Denote
w:i=wv = 0w, (:=860; =90.

Notice that v and ¢ in the proof of Theorem [B.1] are different from those in
the proof of Theorem of Section [l

The proof of Theorem Blis divided into two steps.

Step 1. We prove that the time average of ||(vt,6;)|3 is uniformly
bounded with respect to t.

Taking the inner product of (LI]) with v; and using the boundary con-
ditions (I.3]), we find

1d

S ol + lJulld = = o Fo, w) — Gwos, u)

+ </_1v0(w,y,£,t)d57 u> - {fotiu),

where we have used the following calculations

0 o 1 5 1d 5
Joso= [ [ we5i-g [ aaven] =5 5Iv0ls

0
9% = o - O T
foto= [ ool - [ o] =-351008

and
0
/ Vps(xMy’t)'Ut:/ |:/ p(x7y7t)vt'n_/ ps(xayat)V"Ut:|
Q —h LJoD D
0
= —/ ps(z,y,1) (/ vV -v(x,y, z,t)dz> dxdy
D —h :

= / ps(x7y7t)wt($7y707t)d$dy = 07
D

since w satisfies the boundary condition w(zx,y,0,t) = 0 for (x,y) € D.



N. Ju 3D Viscous Primitive Equations 13

From (B.1), we easily obtain

1d

S =ellel +

<ol Vollsllullz + lwozll2flullz + CUIVOl2 + [lv]l2)[ull2
<SC(lolF IVl Voll g+ llwvs|I3 + (V013 + [[oll3) + elfull3
<SCe([0ll7n IV oll2lI Vol + [Vl V0] g1 o l2 oz ]| 1)
+ Ce([[VO]13 + [[v]13) + el|ull3,
where in the last inequality above, Lemma 2.1l is used. Choosing € = 3, we

obtain
d 2 2
S0l + el < Cha(e), (32)

with
hi(t) = [ll[7: (I Vll2 Vol g + IV 0l Vol [z 2oz [ g + 1V6]15 + [[0]l3.

Taking the inner product of (L2 with 6; and using (L4]) yields

ng
2 dt

poo d
= 10 =)l + <2

- <U : vev C> - <w9Z7 C> + <Q7 C>7

where we have used the following calculations:

[oso= [ [[ ad-3 [ aaver] =3 ivels
/9029—/ 0.0.° —/Oaw 10| = —a-110( = 0)13 - =2 6.3
Qtz = b tVzl,—_p o t\YVz)Vz | — dt - 2 th 2-

By (B.3]), we obtain

—[IVOl[3 + 10:15 +

2 dt‘ (3.3)

& o181, + 1B
<IollslIVolslclz + b lalicllz + I QUCl

1
<C(I0l§IIVO15 + l[wo: i3 + QI3) + 5 1¢I5

C[vlF VOVl + V0l Vol o 162216 g + 1QIE) +

1 2
SIIB,
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where in the last inequality we have used Lemma 2.1l Therefore,
d 2 2
219l +ICllz < Cha(t), (3.4)
with
ha(t) = ol F: [IVOl|2[VOl 1 + [V oll2l Vol g1 10221102 + 1Q113.

Integrating (8:2)) and (34]) with respect to ¢ yields

t+1 t+1
lo(t + 1)1, +/t u(T)|[3dr < ()|}, + C/t hi(r)dr,  (3.5)

t+1 t+1
6t +1)I3, +/ IC(I3dr < 1617, + C/ hao(r)dr. — (3.6)
t t

Notice that the previous uniform a priori estimates in [6] yield uniform
boundedness of

t+1

t+1
L@, 16, / ha(r)dr and / ha(r)dr,

t

with respect to t > 0 and a bounded absorbing set in Ry for each of the

above four terms. With these uniform estimates, we can conclude Step 1

from ([B.3]) and (B.6).

Step 2. We now prove the existence of a bounded absorbing ball for
(vt,0¢) in H and the uniform boundedness of ||(v, 6;)]|2 for t € [0, 4+00).

By (J) and ([I2l), we have

ur + Liu+ (u-V)v+ (v- V)u+ wv, + wu,

V()i — / h V(@ yde + fut =0, &7

G+ LoC+u-VO+v-VE+wb, +w, =0. (3.8)
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Taking the inner product of (3.7)) with v and using the boundary conditions
(I3) and (4], we obtain
1d

S Sl [Vl + o s 3

=—((u-V)v, u) — (v Vu, u) — (wpv,, u) — (wu,, u)

-+ ([ 96w (fut )

=—{(u-V)v, u) — (W, u) + </_ZhVC, u> =:I1 + I> + I3,
(3.9)

where we have used the fact that
(V(po)es w) = (fut, u) = (v V)u, w) + {wus, u) = 0.

Taking the inner product of ([B.8]) with ¢ and using (IL4]), we obtain

1d

5 g ICIB+22l VI3 + pal| 13 + ¢ (= = 0)]3

=—(u-V0, ) — (v-V(, ) — (wihs, ) — (wee, ¢)  (3:10)
== <u -V, C> - <wt027 C> =:J1 + Jo,

where we have used the fact that
(v- V¢, ¢) + (¢, ¢) =0.
Notice that first,
9 1 3
|| <[[Voll2llullz < ClIVoll2flull$ [lull 72

1 3 3 3
<C[Vollofull3 ([ull3 + IVully + llull3)
<(CIVll2 + Cel[ Vo) llull3 + e(IVul3 + [lu:]3),

and similarly,
1
| J1] <VO|2]lullllClla < §||V9||2(|IUI|3 +I¢I7)

<(CIVOll2 + Ce VOl ([l + lIS]2)
+e(IVull3 + llu:l3 + V¢35 + 16:13).
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Secondly, by Lemma [2.2] we have

([ )

1 1 1 1
<CVaullalloz )13 [[Vvell3 lull3 [ Vull3
1 1 1 3
=Clloz)1Z Vol [[ull3 |V ull3
<Cellv: 31V |2]lull3 + el Vul3,

and similarly,

([ )

1 1 1 1
<SC[[Vull2l10:]13 [[VO-|3 Ill3 IV <2
SCel0:N31IVO-NZNC 13 + €l VEIIE + el Vull3.

{5 - | [ o)

< [I¢ll2l Vullz < CelIC]5 + el Vull3.

Finally, we find

Now, inserting the above estimates on the I;’s and J;’s into (3.9) and (310

and choosing € > 0 sufficiently small, we obtain

y' () + v ([ullp, + VsClt,) < Cyt)y(t), (3.11)
where v = min{vy, v9, 1, o} and

y(t) = [[u®)lI3 + )13
g(t) =1+ [[Vollz + VO3 + [lv: 3 Vo:lI3 + [10-13]V0: 3.

Now, we can apply the Uniform Gronwall Lemma to (3I1]) and using
the previous a priori uniform estimates proved in [6] and in Step 1, we
obtain the existence of a bounded absorbing set for y in Ry and the uniform
boundedness of y(t) for t € Ry. This finishes Step 2.

O
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4 Uniform Continuity on the Global Attractor

In this section, as an application of Theorem [BI] we prove the following
theorem about a few important uniform continuity properties for the solu-
tions on the global attractor, which will be very crucial in the analysis in
Section Bl Notice that for simplicity of presentation, we do not formulate
the theorem in its most complete or sharpest form. We just present the
version of the results sufficient for our purpose in proving our final main
result, Theorem

Theorem 4.1 Suppose Q € L? and o > 0.
Let (vo,0p) € A. Then there is a constant C' > 0, which is independent
of (vo,00) and T > 0, such that

1 1
oI, = O3 | < T2, (19D, - 190017, | < CT,

T
1
/0 (lo=®IR + IVv®)[I3;) dt < C(T2 +T),
and

g 1
[ 00+ lo-0lR,) e < cxt +),

Proof:

It should be pointed out that it is proved in [6] that, for any (vg,6p) €
V1 x Vs, the above two integrals are indeed uniformly bounded with respect to
T, and if (vg,6p) € A the bounds of the above two integrals are independent
of both T" > 0 and initial data. What we are interested to here is that, as
T — 0+, these integrals are not only continuous with respect to 7', i.e. they
go to zero as T goes to 0; they are indeed uniformly continuous with respect
to T and initial data.

Notice first that, by Theorem and a well known lemma in [16], we

have

o

(DT, — IO}, =lAfo(T)I5 = A7 v(0)]3

_ / < A%v(t)> dt
2 [t

Al’U )> dt.
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Therefore,

T
(D) = ()1 ] <2/0 [o: (@) [2]] Ao (t)]|2dt

T
<2 sup [[oe(®)2 / | Avo(t)||odt
te(0,T) 0

1
) T 2
<2 s a7 ([ Jawolfe)
te(0,T) 0
<OT:.
Similarly, we have

1

T 2
< sup [6,(0)]T ( / |rA20<t>|r%dt)
0

16(D)]F, — 16(0)]1%,
te(0,T)

1

<CTxz.
Next, from [2], we know that
d 2 2 2 Ay 112 2
gpllvellz + o[ Vo |7+ vlvazlz < Clvlislvsllz + 116172)-

Therefore,
g 2 2 2
/0 o= (O[5, dt < [lv=(T)3 — [l0=(0)]13]

T
+C/O (@ lisllv= ()13 + ll)l3dt
<OT? +CT.
Similarly, from [2], we know that
d
ZIVollz + VoI, < CPRllghVolz + [Vo: [zl 21Vollz + [VOll3)

Note that in [2], the second term on the right-hand side of the above in-

equality is incorrectly written with ||Vv,||3 being replaced by || Vv]|3.
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Therefore,
g 2 2 2
/0 IVot)[i, dt < [[[Vo(T)|3 = [[Ve(0)]3]
T
+ C/O (lollglIVoll3 + [ Vo: 3 le- 13 Voll3 + [IV0]13)dt

T

<CT? +CT+C/ |V || 2dt
0

<CT? + CT.

Finally, by (L.2]) and (L4)), we have

1d
57 (1011 + IVOII3 + a[|6(= = 0)][3)

+ ol |AG|[3 + (v2 + p2) [ VO3 + p2]16-- 13
+a(vy + p2) [VO(z = 0)|3
=(v-VO, AO+0..) + (wd.0, A0+ 6,,) +(Q, AG+0,,)
=11+ I, + I3.
We estimate the I;’s, i = 1,2, 3, as following.
(I < lvlls[IVOl[3([[A8]l2 + [16:2]l2)
< CIolRIVOIE + (I A0 + 116--]13)
< ClPlEIVOIIVOllv, + (| A8]I5 + [16--13).

By Lemma 2.1]

1 1 1 1
|I2| <CIIVl3 [V20l13110:013 V00113 (1 A0]l2 + [16:22)
<C|Voll2V?0ll2]10:0112 VO8]l + (| AO] + 116-:13)
<C|Vol 1001311 V013 + (V0113 + 1 A0]I3 + 10:2113)-

Finally,
|Is] < 1|QI2(|A8]12 + [16:2112) < ClIQIIS + (1 A0]15 + [162-]13)-
Hence,

d
1015, + 12013 + 1107,
<SC([0IEIVOl20VOllv, + IVuli3l0- 1511Vl + |QIIS)
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Therefore,
g 2 2 2 2 2
/0 (12013 +116:117,) < [I0(T)II3, — 1100)]IT,| + CllQIET

T T
+c/ |]V0HV2dt+C/ 1720| 2dt
0 0
, T 2
<CT3 +CT + CT} </ HVQH%/Zdt)
0

T
4 c/ V0|2, dt
0

<C(T2+T).

5 Dimensions of the Global Attractor

Recall the following result due to Ladyzhenskaya, see [11].

Theorem 5.1 Let X be a Hilbert space, S : X — X be a map and A C X
be a compact set such that S(A) = A. Suppose that there exist | € [1,+00)
and 6 € (0,1), such that Vay,as € A,

15(a1) — S(az)lx
1@~ [S(a1) — S(a2)] llx

llla; — azl|x,

NN

dllar — az| x,

where Qy is the projection in X onto some subspace (Xn)* of co-dimension
N e N. Then

8Ga?l?
i (55
dp(A) < dp(A) < N—7—-—",
In (W)
where di(A) and dp(A) are the Hausdorff and fractal dimensions of A

respectively and Ga is the Gauss constant:

1 11 2 (b dx
BN B = 0.8346268....
Ga 27T/3<4,2> 7T/0 — 0.8346268

Now we use Theorem [5.1] to prove our main result of this paper:
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Theorem 5.2 Suppose Q € L*(Q) and o > 0. Then the global attractor A

has finite Hausdorff and fractal dimensions measured in the V' space.

Remark 5.1 It is proved in [7] that for Q,0.Q € L?*(Q) and o = 0, the
global attractor A has finite Hausdorff and fractal dimensions measured in
the V space. In the proof of [H], H? uniform boundedness on the global at-
tractor is used. In the following, we give a different proof which does not use
H? uniform boundedness. Thus, it extends the result of finite dimensionality

of A to the more general cases.

Proof:

Suppose (v(i),e(i)), 1 = 1,2, are two strong solutions to the 3D viscous
PEs, with the initial data (v((]i), Héi)) € A, where A is the global attractor
obtained in Theorem Without losing generality, we can assume that
(vfj’,eg“) € D(A1) x D(A) for i = 1,2. Therefore ||vi(0)]s, [|63(0)]5 are
finite for 4 = 1,2. Since <v((]i),9((]i)> € A, by Theorem [B] without losing
generality, we can assume that ||vi(t)]|2, ||0%(#)||2 are uniformed bounded for
t € [0,400), with the bounds uniform on the global attractor .A. Moreover,
(v(i) (t), 60 (t)) € D(A;1) x D(Ag) for any t > 0.

Denote:
u=ovv’—v = — x,y,t) = x,Y,t) — x,y,t).
W@ =W -0 g(z,y,t) =pV(2,y,t) — pP(z,y,1)

Notice that here v is different from that in Section Bl

We have the following equations for « and 7:

du+ Liu+ (u-V)ol) + (0@ . V)

— </Z V- u(x,y,§,t)d§> a0 — </z V- v(z)(x,y,g,t)a%) 0, u
—h —h
+ Vq(x,y,t) - /—h Vn(l'vyvgvt)dg =+ fuJ_ = 07

A + Lon 4+ u - Vo) + 0@ . vy
— ( / V-u(a:,y,s,wds) 9,0 — ( / V-v<2><x,y,5,t>ds> d.m = 0.
—h —h
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Let {A\;}3° be the set of eigenvalues of A; and {ox}5° be the set of
eigenvalues of Ay. Let P ,, be the orthogonal projector in H; on the subspace
of spanned by the first n eigenvectors associated with Ay,..., \,, and Pp,,
be the orthogonal projector in Hy on the subspace of Hy spanned by the
first n eigenvectors associated with o1,...,0,. Let Qi =1 — P, = 1,2.
By the classic spectral theory of compact operators, we know that

lim A\, = lim o, = +o0.
n—oo n—oo

Now, we consider the following equations for Q1 ,u and Q2.,n:

1d
L NQuull, + Q1
= — <(u . V)v(l), A1Q17nu> — <(v(2) - V)u, AlQl,nu>
+ <</ V- U($, Y, 57 t)d£> 8ZU(1)7 AlQl,nu>
—h
+ << / Vol <x,y,§,t>ds) d-u, AlQl,nu>
—h
+ </ T,(x7y7€7t)d§7 AlQl,nu> - <fuJ_7 AlQl,nu>
“h
=h+L+ I3+ 14+ Is + I
(5.1)
1d

Sq 1Q2,n71lI3, + 11 A2Q2,n713
== (V)00 Qa0 — (- V), AsQam)

+ << / v u(sc,y,s,wds) 9.0, Azczz,nn> (5.2)
—h

+ << / V0@ (x,y,g,wd&) 9.1, A2Q2,n77>
—h

=1+ +J3+Jy
First, we estimate the right-hand side of (5.1]) term by term.

I < Julls )| Vo3| A1 Q1 pull2
1 1
< Ollullvy 0@ 12, 1410 W13 | A1 Q1 nul2

1
< Ol ™Ml 41D 2 + 75 A1 Quaull3.
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Using the Agmon inequality, we obtain
I < 0@ oo | Vulol| A1 Q1 null2
< Il 3, 11410 ulla | 41 @u ol
< Clo? v | Aro® afullF; + %HAlQl,nUH%'

By Lemma 211 we have

1 1 1 1
I3 <C|[Vull3 [Vull Fu 1920113 00| | A1 Q1 nu|2

1
<o oo || 2 fullvs [|Arells + ﬁ”AlleuH%-
Similarly, we have

S . 1 1
L <CVo@ )2 V20?3 |[u. |13 1V 13 |41 Q1 null2
1
<OV @5V @ [lo e |2l Vs |2 + E”AlQl,nuH%'

The last two terms can be estimated as follows:

1
I < Cllnllvel| 41 Qunull> < Cllnllt, + 5 141Qunul3,

1
Is < Cllullv [|41Quanull2 < Cllully; + 15 141Q1 null3.

Next, we estimate the right-hand side of (5.2]) term by term. Similar to the

estimate for I;, we have
T < s VOWD 5] A2Q2 nn2
1 1
< Cllulln 1011, 1420013 | A2 Q2,2

1
< ClOD v, | 420D [z | u1F; + §||A2Q2,n77||%'
Similar to the estimate for I5, we have

T < 0@l [ Vnllv, || A2Q2,1 )12
1 1
< Cllo® 2, 141013 Inllve | A2 Q212

1
< Olo vy | Ao lzfln]3; + g142Qa 3.
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Similar to the estimates for I3 and I4, we have

Lioo oyt o)
J3 <C[[Vull3 [V7ull3 1027113 1V02713 [ A2Q2.n1]l2
1
<CN6D [2[IVOL |2 Vull2 [Vl + 5l142Qa 3,
and
@12 | Ay |2 1,12 [0, 2
Ja <CJ[o 7[5 [A10 13 10z 013 Izl 5 | A2 Q2 nll2
1
<Co? v 410 o linz 2 lins e+ g\lAzQz,nnllg
1
<Clo® vy |41 12l v, || Aznllz + 511 42Q2 3.
Now adding (5.1)) and (5:2)) and using the estimates for I; (i = 1,...,6) and
J;j (j =1,...,4), and denoting
._ 2 2
y(&) =llu@®)llv; + lIn(®)ly;,
2(t) =1 Qunul®) [}, + 1Q2an(t)17,,
we have, noticing that (v (t),0®)(t)) € A, for i = 1,2,

2 )+ A1Qunul3 + 1| 42Q2.n1]l3
<Cy()(1 + |40Vl + | A10®) [l + | A26W)]|2)
+ Cllullv; [[Arull2 (Vo) [l + VO |2 + V20 P)]|2)
+ Cllnllv; [|A2n]2[ V0™,

(5.3)

where C' is a generic positive constant independent of ¢, n and the initial
data. Denote p, := min(A\2,02). Then, it follows from (5.3 that

() + pua(t) <Cy() (1 + [ AroWlz + | A10®|2 + (| 426D |)

1 1
+Cy2 ()([| Avul3 + || A2nll3)? (5.4)
< (IVoiDll2 + VOV lz + [|920@]2).
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Now, integrating (5.4]) with respect to ¢t € [0,T], we obtain
T
2(T) <e PT2(0) + C’e_p"T/ ePrly(t)dt
0
T
e [T ety Al + 4@ s + [ 4200])de
0

Hoemt /OT ety (1) (| Avu() 3 + | Aen(®)]13)
% (762 + [IVOD |5 + V26 [2)dt
=7y + Do+ T3+ Zy.
First, notice that
Zy < e " Ty(0).

Next, recall that it is proved in [6] that for strong solutions (v (t),8)(t)) €
V', 1= 1,2, there exists a positive continuous non-decreasing function K (t),

independent of the initial data, such that

y(t) +/0 (lAru(r)lI3 + | A2n(7)[13)dr < K()y(0), vt > 0. (5.5)

Therefore,

T
Zy < CK(T)y(0)e PrT / e’"tdt < CK(T)p, y(0)
0

and

T
Zy <CK(T)y(0)e T / e ([ Aro® g + |A1v@ || + [| 420D )dt
0

1
2

T
<CK(T)y(0)e T (/ e2p”tdt>
0

2

T
L[ (1A + 140018 + 46
0

1

1
T 2
<CK(T)y(0)e T ( / ezpntdt) < CK(T)pn?y(0),
0

by the uniform boundedness of fOT (JA1v D13 + [ 4103 + || A20W)[13) dt
on the global attractor A.
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The estimate of Z4 is more complicated and needs a special treatment.

1 1 T 1
Zy < CKH(T)yh(0) /O (A2 + [ Asn(@)]2)*

X (IVolD [l2 + VO |2 + [|V20®)|2)dt

1
T 2
< CKHT)y5(0) ( / | Avull3 + quu%dt)
0

1
2

T

<[ (oo + 19001 + 19208 e
0

< CK(T)(T7 +1T)2y(0),

where we have used (B.5) and uniform continuity property as proved in
Theorem F.T]

Combining the estimates of the Z;’s, i = 1,...,4, we obtain
AT) < [T+ R (T)py " + CE (D)o 2 + GE (T) (T + )3 y(0),

where C;’s, i = 1,2, 3, are all constants independent of 7', n and initial data.
Notice that

1 1
lim K(T)(T2 +T)2 = 0.
T—0+

Therefore, for any § € (0,1), we can choose T' > 0 sufficiently small and
uniform for any pair of (U(i), H(i)) e A, i=1,2, such that

N

C3K(T)(T2 +T)2 <

)

and then we choose n sufficiently large, which is uniform for any pair of
(v(i), H(i)) € A, i =1,2, such that

T 1 O K(T)py ! + oK (T)py V2 < 2.

[\

Thus,
2(T) < 6y(0).

This proves the expected squeezing property of S(T') for any 7' > 0 that is

sufficiently small.
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Notice that (B.5]) gives the Lipschitz continuity of the solution map
S(t)(vo, bp) := (v(t),0(t)) in the space V for any fixed t € [0,00). Thus,
Theorem follows immediately from Theorem [5.11

O

Remark 5.2 [t is easy to see, by a continuation argument, that the squeez-

ing property of S(T') is indeed still valid for any T > 0.

6 The case with “physical boundary conditions”

The previous sections of this paper were finished in December 2014 and
the original manuscript was submitted for publication by then. This short
section is now added to include the case with “physical boundary condi-
tions”. This is the case that the velocity field v satisfies, instead of (I3]),

the following boundary conditions:

(OéUU + UZ)|Z=0 = U|(:c,y)68D = U|z=—h =0, (6'1)

where «, is a non-negative real constant independent of v, to be distin-
guished from the non-negative real constant « in (L4]).

It can be shown that the main results of this paper are still valid for this
case. The detailed proofs are very similar to those given in the previous
sections and thus are omitted here. However, it is not clear if the method
of [7] can be used for this case. This is an additional example showing the
advantage of the new approach as given in this paper when compared with

the one presented in our previous [7].

Acknowledgment: This is a continuation of the recent work [7]. The
author wishes to thank Prof. Roger Temam for his precious support of this

research project.
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