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We consider a system which describes the behavior of a binary mixture of immiscible incompressible
fluids with shear dependent viscosity by means of the diffuse interface approach. This system
consists of Navier—Stokes type equations, characterized by a nonlinear stress-strain law, which are
nonlinearly coupled with a convective Cahn—Hilliard equation for the order parameter. We analyze
the corresponding dynamical system and, by means of the short trajectory method, we prove the
existence of global and exponential attractors. We also discuss the dependence of an upper bound of
the fractal dimension on the physical parameters of the system.
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1. Introduction

The mathematical treatment of sharp interface problems is rather complicated also from the
numerical viewpoint. Therefore, it is particularly convenient to introduce models where the interface
is diffused (i.e., it has some small thickness ¢). This is done by means of a convenient order
parameter whose evolution is governed by a gradient flow type equation (see, e.g., [3]). For
instance, if we want to describe the motion of a (homogeneous) incompressible, isothermal and
immiscible binary fluid mixture (e.g., oil and water), a typical model is the so-called Cahn—Hilliard-
Navier—Stokes system for the (mean) fluid velocity u and the order parameter ¢ (i.e., the relative
concentration of one phase). This system reads as follows (with unit density):

du+ - Viu—V-7(p, e) + Vr = kuVe +g, (1.1)
V.u=0, (1.2)
W +u-Vé—mAu =0, (1.3)
n=—eAp+aF (), (1.4)

© European Mathematical Society 2011



508 M. GRASSELLI AND D. PRAZAK

inf2 x (0, 7)), 2 C RN, N =23, T >0.Here k, &, m, « are given positive constants, 7 denotes
the pressure, g is a given (time-independent) external force and F is a given double-well potential.
The stress tensor T is defined by the constitutive relation

7(¢, e(w) = v(¢)e(n), (1.5)

where v is a strictly positive function and e is the symmetric velocity gradient, namely,
1 tr
e(n) := E(Vu—i— Vu)'"). (1.6)

System (1.1)—(1.5) is known as model H and was proposed in [19] (see also [29]) and then rigorously
justified in [15]. From the mathematical viewpoint, this system has been first studied in [31] for
2 = RZ. Then, in the case of bounded domains, a careful analysis has been carried out in [6]
(see also [7]). More recently, the case of logarithmic potentials and constant mobility m has been
considered in [1], where, in particular, the convergence of solutions to a single equilibrium has been
established in absence of nongradient external forces. This issue has also been investigated in [33]
for smooth potentials. A rather complete picture of the longtime behavior in the case N = 2 on a
bounded domain can be found in [13]. In the case N = 3, existence of trajectory attractors has been
demonstrated in [14] with time-dependent external forces (see also [2] for an alternative approach
in the case g = 0). Regarding the numerical analysis of Cahn—Hilliard—Navier—Stokes systems we
refer the reader to, e.g., [4, 12, 16, 17, 21, 28] and their references.

Here we want to consider a nontrivial generalization of this model which accounts for a
shear dependent viscosity. More precisely, instead of (1.5), we assume the following stress-strain
relationship:

T(¢, e(w) = (V1(9) + v2(e)le(w)|P)e(u). (L.7)

Here v; are strictly positive given functions and p > 1. Of course, in the case p = 2 we obtain the
previous model.

In the case of single fluids, assumption (1.7) is known as the Ladyzhenskaya model (see [20]),
while the particular case p = 3 is the Smagorinsky model of turbulence (cf. [30]). We recall that,
in the case N = 3, the main features of the corresponding generalized Navier—Stokes equations
endowed with, say, no-slip or periodic boundary conditions are the uniqueness of weak solutions if
p = 5/2 and the existence of a (unique) strong solution if p > 11/5. This problem has been widely
and deeply investigated in recent years by several people (see [5, 11, 23, 25] and references therein).
Regarding the asymptotic behavior, in the seminal paper [22], the authors introduced a new method
to prove the existence of a global attractor of finite fractal dimension. This approach, now known
as the short trajectory method, has been refined in [24] (see also [11, 7.4]) to prove the existence
of exponential attractors as well. This method is actually rather flexible and it has been applied to
many other dynamical systems so far (see, e.g., [26, Rem. 3.8] and references therein).

System (1.1)—(1.4) with a generalized version of (1.7) has been considered first in [18]. There,
some existence, uniqueness and regularity results have been proven on bounded domains and for
periodic or no-slip and no-flux boundary conditions for u and ¢, w, respectively. The case of
singular potentials has also been considered, proving the existence of a measure-valued solution.
Here, in the case of smooth potentials and periodic boundary conditions, we want to investigate
the asymptotic behavior of (1.1)—(1.4), (1.7) along the lines of [24]. More precisely, using the short
trajectory method, we prove the existence of a global attractor and of an exponential attractor. In
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addition, we observe that the upper bound of the fractal dimension of these attractors grows at most
polynomially with the data. We will essentially focus on the case N = 3 with p > 11/5. The
degenerate case p € (1,2) and N = 2 will be treated elsewhere. Boundary conditions like no-slip
for u and no-flux for ¢ and u might also be considered possibly with further restrictions, e.g., on p
(see [11, 7.4] and references therein for simple fluids, cf. also Remark 2.7).

The present analysis requires combining some different existing, albeit nontrivial, techniques
and we think that it is a further significant application of the short trajectory approach. Moreover, this
is a first step towards the possibility of considering similar models with more challenging features
like, say, singular potentials and degenerate mobility coefficients.

Equations (1.1)—(1.4) and (1.7) are given in RY x (0, 00), and u, ¢ and the chemical potential
u are supposed to be L-periodic with respect to each variable xi, k = 1, ..., N. The system is also
endowed with initial conditions

u(0) =ug,  ¢(0) = ¢o. (1.8)

The plan of the paper is the following. In Section 2 we introduce the basic assumptions and we define
the notion of weak solution. Then we state and prove some existence, regularity and continuous
dependence results. Section 3 will be devoted to the main results about the asymptotic behavior,
that is, the existence of global and exponential attractors.

2. Well-posedness and smoothness

The aim of this section is to establish main results concerning the properties of solutions to our
system. Namely, we prove the compactness of the set of weak solutions (Theorem 2.4), which is
tantamount to the (global) existence of weak solutions. A key ingredient of the subsequent analysis
is the regularity result (Theorem 2.6), which ensures the uniqueness of solutions (Theorem 2.8)
under sufficiently general conditions.

Let us begin by stating our assumptions on the potential F:

F € C*(R; R),
liminf F”(y) > 0,
_ [1,3], N =3,
F® < Cr(1 4+ |y 1, €
I 2] rl+yI""0), r [l.oo). N=2.

Moreover, for the sake of simplicity, we can assume F > 0.
Regarding v;, i = 1, 2, we suppose

v, 1 e C'(R; R),
2.2)

minv; (y) > vi,  maxv;(y) <vf,  max [v/(y)] < v,
yeR yeR yeR

ses ik i
for some positive v, v, and v;.
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Also, we take m = 1 in (1.3) and we observe that the stress tensor 7 has the following properties:

7(¢,0) =0,
IT(p, &) — (¢, &) < c1v*(1 + le| + [€)72|e — &, 2.3
IT(@.€) — (. &) < cov* (1 + e)”'p — I, '
(T(p.€) — T(¢. 8) : (e — &) > c3v,(1 + le| + &))" 2|e — &,
where
v 1= max{v], vy}, vy = min{vi, vi}, e = max{vf, vg}, (2.4)
for some suitable p such that
< 3N +2 25)
p =z N1 .

All the functions here considered are L-periodic in space with respect to each variable and the
reference domain is 2 = (0, L)V. By Hl‘fer(.Q), a > 0, we denote the Banach space of L-periodic
functions which belong to W%?2(£2) whose norm is defined by | - IIH;”(Q) = | - lwa2(p)- The
notation L?iiv and W;i’vp ,a > 0, is reserved for the vector-valued functions of L2(Q; RN ) and
WP (£2; RN) which are divergence-free and have zero mean value. The latter canonical norms
are indicated as |-, and ||, P respectively. An equivalent norm || V-|| » is often used as well. In
addition, if V is a Banach space, then V* stands for its dual.

DEFINITION 2.1 Assume (ug, ¢g) € Lfﬁv X leer and g € (W;l.’vz)*. For any given T > 0, the pair
(u, ¢) is called a weak solution provided that

ue L%0,T; L) N LPO,T; Wy, (2.6)

Ll 2 .3

¢ € L0, T; Hper) NL“0,T; Hper), 2.7)
and (1.1)—(1.4) hold in the sense of distributions in £2 x (0, T') with (1.7) and (1.8). Concerning (1.1),
only test functions with zero (spatial) divergence are considered. In addition, the spatial average of ¢
is conserved, that is, _ _

o) =g, V20, (2.8)

where ¢ := [2]7! [, ¢ dx.

REMARK 2.2 Note that (2.8) follows by taking 1 as test function in (1.3). Moreover, due to our
assumptions (2.1) and (2.5) all the nonlinearities are integrable, and for finite 7 > 0,

due LY (0, T; (WiP)"), (2.9)
di¢p € L*0,T; (Hy,)"). (2.10)

Consequently, any weak solution has a representative
(u,¢) € C([0, T); LY, x H,,,), 2.11)

so that (1.8) makes sense. Note that u, ¢ and A¢ are admissible test functions for (1.1) and (1.3),
respectively. Finally, we note that the pressure 7 is excluded from the subsequent analysis thanks to
the fact we only work with divergence free test functions for (1.1). In the current setting of periodic
boundary conditions, the existence of a function 7 such that (1.1) holds in the sense of distributions
can be established a posteriori (see, e.g., [32, Ch. 3, Prop. 1.1]).
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REMARK 2.3 We will observe throughout our analysis that, as one might expect, the most difficult
term to handle is the convective one in (1.1), which gives rise to the lower bound (2.5) (see [23,
Ch. 5, Lemma 2.44]).

For future reference, it will be useful to write down the abstract weak formulation of (1.1)
explicitly, that is,

(du+ N(p,ew) +u-Vu—kuVe —g,v) =0, V¥veLP©,T; WD), (2.12)
where (-, -) stands for the duality between L?' (0, T; (W:*)*) and L?(0, T; W), and
(N(¢p,e(m)),v) = / T(¢, e(n)) : e(v)dx dr. (2.13)
2x(0,T)

THEOREM 2.4 Let (u", ¢") be a sequence of weak solutions such that (u”(0), ¢"(0)) — (ug, ¢o)
in L3, x H,,,. Then, modulo a subsequence, u" — u, " — ¢ in the spaces specified in (2.17) and
(2.18) below, and (u, ¢) is again a weak solution.

Proof. We confine ourselves to the case N = 3. The two-dimensional case can be treated in the
same way with a more general growth condition on F (cf. (2.1)). Also, from now on, Cr will denote
a positive constant which controls the growth of F and depends on F only, but it may change from
line to line. Multiply (1.1) by k~'u”, (1.3) by u, and add the resulting equations. The convective
term in (1.1) disappears (cf. [23, Ch. 5, Lemma 2.9]). The convective term in (1.3) cancels out with
the coupling term on the right-hand side of (1.1). Using (2.3) and Korn’s inequality, we arrive at

d
3 EI0 "1+ v VO3 + oIV 15 + 3|Vl < calgliay. 214)
div
where |
Elu, ¢]:= [ul3 + [ VoI5 + 2a/ F(¢) dx. (2.15)
2
We readily deduce that

{u"} is bounded in L®(0, T L2) N LP(0, T; W;7).
By Poincaré’s inequality, since ¢ = ¢ (0) is bounded, we further see that
{¢"} is bounded in L>(0, T; H,),,).
Similarly, if N = 3, we have
18"l < cCUVR"IZ + F @D,

[F'(¢")] < Cr fQ“ +19"% dx < Cr(+ 119" )-

Hence we find that
. - 2 . l
{i”*} is bounded in L (0, T; Hp,,,).
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On the other hand, we have
D"y <NVl + I @V I + 167

1/4 3/4

IE"@"V8" I < IF" @IV g < Cr(+ 18" IDIS" 170 19" 175 -

Here (and below), we frequently use the interpolation inequalities

3/4

k 1/4 1/4 3/4
ol < cllelly / / /
per

lolyy - IVl < cliollyy ol (2.16)
as well as the embedding H,,, < L°. We eventually find that
: : 2 .3
{¢"} is bounded in L~ (0, T’; H,,).
With this information at hand, we come to a subsequence (not relabelled) such that

v —u weakly in L” (0, T’; W;i’vp),

" — ¢ weakly in L2(0, T; Hﬁer),

W= weakly in L(0, T; H,,,). (2.17)
ou" — 9,u  weakly in L”/(O, T; (W[}i’f)*),
a¢" — d,¢  weaklyin L*(0, T: (H,),)").

In virtue of the Aubin—-Lions lemma, we also have

u" —u  stronglyin L?(0, T; L*) Vs € [1,3p/(3 — p)),

u' > u  in C([0, T1; (L2 weak)s (2.18)
¢" — ¢  strongly in L>(0, T H;‘;e) Ve > 0.

Here the first convergence is for all s > 1 if p > 3. It is standard to obtain the limit in all the lower
order nonlinearities; thus we will only treat the stress tensor. From (2.3) and (2.13) it follows that

(N(¢",e(v)) — N(@", e(")),v—u") > 0.
Then we obtain (cf. (2.12))
(Ou" + N (9", e(v)) + (" - V)u" —kp"Vo" —g,v—u") >0

for an arbitrary smooth function v. Thus we deduce

(Ou" + N(@", e(v)) + (u" - V)u" —kp"Ve" — g, v)

> %IIM"(T)II% - %IIM"(O)II% + (N(@", e(V)) —ku"Vg" — g u").

Taking the lower limit, we have

(oru+ N(p,e(v)) + (- Vu—kuVe — g, v)

1 1
> Enu(T)n% - Enu(O)u% + (N(¢, e(v)) —kuVe — g, u)
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or
(0;u+ N(p,e(v)) + (u-Vyu—kuVep —g,v—u) > 0.

At this stage, v can be replaced by an arbitrary function in L”(0, T; Wdli’vp ); using a standard
argument (see, e.g., [27, Lemma 9.43]), we deduce that u is also solution to (1.1). O

REMARK 2.5 Using a suitable approximating scheme, the above result readily gives the global
existence of a weak solution (see also [18, Thm. 1]). For such a result, assumptions (2.1) can be
weakened by taking, e.g., F € Cz(R; R).

It is well known that weak solutions—that is, having only regularity (2.6)—of the
Ladyzhenskaya model are unique only if p > (N + 2)/2 (see [18, Thm. 3]), which is stronger
than (2.5) for N = 3. Thus, if we want to get uniqueness under (2.5), we have to improve the
regularity of solutions (see [18, Sec. 6] for N = 2).

THEOREM 2.6 Letg e Lgiv and (ug, ¢o) € W;i’vz x H?2 . Then there exists a weak solution with

per*
regularity

ue L®0,T; WEH NLP©O, T; W Py N L20, T; W22, (2.19)
¢ € L®(0.T: Hy,) N L*(0. T: Hy,). (2.20)

Proof. Let us assume N = 3. We again give a formal proof, which can be made rigorous at the
level of suitable approximation. Rewrite (1.3)—(1.4) as

b+ A’ = —u-Vo+aFD@)|Ve|> + aF"(p)Ad =: R + R» + Rs.

Testing with A2%¢ gives
d -
14015 + el A% )3 < ce™! / (R} + R; + R3) dx.
2
We begin with the estimate

/QR%dx = /Q IVl dx < ul3IVelE < @I, .

where
hi (1) = cl| Vull}.

Furthermore, we have
/Q R dx = o fQ FO@ PV dr < Cra?(1 + 91 IV,

Using now the estimates

7/8 1/8 o172 1/2
<c , \% <c <c )
112 < cllolyy 19l . 1V8lls < clgllys < Elol7 19l

we obtain
/ R3 dx < ha )91, .
Q per
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where o) 3
ha(t) i= Cra®(1+ 1017 18115 ).
per per

Finally, we observe that

/Q RS dx = oﬂ/Q [F @P1AgI* dx < Cra?(1+ 191514613 < A3 191,

where
9/2 32

ha(0) = Cra® (1 + el Il )

Recalling Poincaré’s inequality and the fact that ¢ is a constant of motion, we eventually have
L1012, +elol, < H®loI: (2.21)
ar 1Pz, +ell@lyy < HiOl@1; . :

where Hi(t) := ce(h(t) + ha(t) + h3(t) + 1). Hence (2.20) follows by Gronwall’s lemma.

Further, arguing formally, we test (1.1) with —Au. More precisely, we test 3°u/ ax,f and sum
the resulting equation over k. Obviously,

Hence, from the stress tensor term, integrating by parts, we obtain

1(¢,e(n)) = / T(¢, e(n)) : e(—Au)dx = —/ T(¢,e()) : ie(iu> dx
Q Q 00Xy

0Xy

d B B B
= /;2 Jew T (¢, e(w)) : (e(a—xku) ® e(a—Xku>) dx + /Q<8¢7-(¢, e(u))a—xkdn) : e(a—Xku> dx.

In the former integral, with a slight abuse of notation, : stands for the product of two fourth-order
tensors. Writing everything in terms of components, one sees that

deuyT (¢, €(W)) 1 (A ® A) = deuy,; T(@. €@)mnAijAmn > c(v1($1) + v2(¢) ()| )|A]*

d
el —u
Xy
9 2
el —u
00Xy

with the implicit summation over k. We recall that the following estimate holds (see [23, Ch. 5,

Lemma 3.24]):
(a )
el —u
Xy,

for any symmetric tensor A € R3*3. Thus we have

1(¢,e<u>)>f J,,(¢,u>dx—cvﬁ/ (1 + e~
2 2

IVo|dx,

where

I, (@, 0) == (Vi (1) + v2(d)le(u)|”~2)

s

2
dx = crve(fuly, + IVal,). (2.22)

/Jp(¢,u)dX>cv*/ (1 + Je(w)”~2)
22 2
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On the other hand, using the well-known orthogonality of the convective term,

5 9 9 ) X
—[(-V)u]: —udx = —u-V |u: —udx < |[Vulf3,
2 Oxg 0xk o \ 0xx dxz

while the right-hand side is estimated simply as

1 2 —1 2
/ g (—Au)dx‘ < Svsllullyzn +cv el
2

Altogether, we have deduced the following inequality:

d
3 IVl + Jp@) + crveluliye + crv Vallg,

< szn/ (14 le)])? " e(Vu)| V| dx + IIVu||§+f Il ]| Aul dx + cv; ' |1gll3
o 2
= P+ Py + Py + o ! gll3.

Observe that .
P < 5/ J,,(u)dx+cv;1vn2/ (1 + le())?|Ve|*dx,
2 2

where the last integral is estimated by

2 2 C1
IVOIRL+ IVl ) < ellgliz (4 IVulpZIVuly?) < SudVulf, + hao).

with
ha(t) = cv v gl (14 (Vullp).

Similarly, we have
C1 _
Py < Svalullyon +evy! / [PVl dx,
2
where the integral is estimated by

-1 2 2 -1 2 2 .
cv ellizIVelly < cv,llwllz @l = hs(@).
I—Iper I{per

The most difficult term to handle is P», coming from the convective term. Here we slightly modify
the technique of [23, Chap. 5, proof of Thm.3.4].
Let us assume p < 3 first. Using the interpolation inequalities

a l—a - 1
vl < lvllpllvlly,”, o= —

By y1-B 2(p—1)
vl < (v , = —",
lvllz < llvlly vl B 3p—2

we can write

3(1—
Py < Va3 Va3 < Va2t Va2 v,
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where

_6d—-ap-1 0, = 3a(p -1 (I-ap aB-p)

Q1 3p-2 — Q3=[3p_2 5 }

We now apply Young’s inequality with

1 1
—4+—=1, 4 =p, & =2.
5 + 5 O3=p 01

These conditions determine the choice of a and §, namely,

4p 5p—6
a= , &= —.
3(p—DGp—-06) 3
We finally deduce
1
Py < JvlVulls, + Ha (@[ Val3,
where , s
. “5p-9 5]769
H3(t) := cv, [Vul ;" . (2.23)

Observe that 2p/(Sp — 9) < p is equivalent to p > 11/5, and thus Hj is integrable in time.
Summing up, recalling (2.22), we come to

d
dt

where H>(t) := ha(t) + h5(t). Thus (2.19) follows by Gronwall’s lemma.
The case p > 3 is simpler, since now ||Vu||g is integrable (see (2.14)). Hence (2.24) holds with
Hy = hg +hs + | Vul3 and H3 = 0. O

IVull3 + covillull3 5 + c3villVullf, < Ha(t) + Hz ()| Vull3, (2.24)

REMARK 2.7 In the case of simple fluids, following [8], if N = 3 and
p > 12/5, (2.25)

the regularity of solutions can be proven in the case g € (W[}i’v2 )*. This result is obtained by taking
u; in place of —Au as a test function. It should be possible to extend [8, Thm. 3.3] to system (1.1)—
(1.4) provided that v; and v, are constants. If so, all the following results would hold under a more
general (nongradient) external force. We recall that the longterm dynamics is strongly affected by
the presence of such a force (see Remark 3.2 below). We also refer to [9] for an alternative approach
to improving regularity of three-dimensional non-Newtonian fluids, based on estimates of fractional
time differences, which works for p > 11/5 and is independent of boundary conditions.

THEOREM 2.8 Any solution satisfying (2.19) and (2.20) is unique in the class of weak solutions.
More precisely: given two solutions (uy, ¢1), (U2, ¢2), we have

d
5(||w||%+||w||i,; >+s||1/f||§,p_~, +c1v*||vW||%+c1v*f I (e(uy), e(uy)) dx
er er Q

< HOWIZ+ W1, ), (220)
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where w = u; — up, ¥ = ¢1 — ¢, and
I, (e(ur), e(up)) := (1 + [e(u))| + [e(u) )”/>~"e(w)|. (2.27)

Here Hy € L'(0, T) denotes a function only depending on the norms of (uy, ¢») in the spaces
specified in (2.6) and (2.7) and on the norms of (up, ¢) in the spaces specified in (2.19) and (2.20).

Proof. We start with the equation for , that is,
HV + () - Vo —up - Vo) + e A%y — a A(F'(¢1) — F'(¢)) = 0.

Multiplying it by — A1y, which is an admissible test function, we arrive at

3 S VU + 19y < [ wag —wign) - Vay as
+a /Q V(F'(¢1) — F'(¢2)) - VAY dx =: I} + I,.
The first term on the right-hand side is estimated as follows:
I < %nvm/fn% +ce”! /Q(|w|z|¢>1|2 + w2y %) dx,
the integral being estimated by

ce” (IWI3Ig25 + 1w I3V 11§) < R WIS + 1115, ),

where . s
ho(t) = ce” igallyy Idallye + IVul).

Furthermore, we have
B<SIVAY R+ /Q V(F' (1) — F'(go) d.
Observe now that we can write
F'(¢1) — F'(¢) = /O | F"((1 = 5)$1 + s¢) ds v,
V(F'(¢1) — F'(¢)) = /O 1 FO(1 = 9)p1 + 5¢2)V((1 — )1 + s¢p2) ds ¥

1
+f F"((1 = s)p + s¢p) ds V.
0

Consequently, recalling (2.1), we have
/Q IV(F'(@1) = F'(¢2))]* dx < CF/Q(l + g1+ 12D (IVS1] + [V )’y dx

+CF/Q<1+|¢1|+|¢z|)6|vw2dx:: S+ (228)
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In view of (2.16), these integrals are then estimated as follows:

J1 < Cr+ 11l% + 19212 (VI3 + IV 1112
SR+ 1915, + 162l Y1l + 1l >||w||3/2 wn‘/2

20/3

20/3 4/3

)(||¢2||4/3 + 192l ¥ I,

Dy < Cp(1+ 1l + ||¢z||6>||vw||§o < Cr(l+ ||</>1||H1 + 1925y, )WM”2 11y

& _
< gV, + Cre™ A + g Iy, + 20,

€ 2 —4 24
\;§”¢“Hﬁr+'CF8 Uf+H¢1H%3-+H¢2H |)H¢H

To summarize, we deduce that

d
WGy + el < e +ha@)UWI3 + 1V 17, ), (2.29)

where

20/3 20/3 4/3

h (@) = Cre™ (L4 111" + 19l )l +lidallys )
+Cre (1 + ||H;W + ||¢z||,,p1w>.
We proceed to handle the equation for w which can be written as follows:

dw+up - Vay —uy - Vuy — V- {7(d1, e(u1)) — 7(¢2, e(u)) } + V(1 — m2)
=ku1 Vo1 — kuaVes.

Multiply it by w (an admissible test function due to (2.5)) to obtain

1d
5d—||w||§+ / {(T(¢2, e(u))) — T (2, e(u2))} : e(w) dx
t Q

K,
= /Q{T(dn,e(ul)) — 7(¢2, e(ur))} : e(w) dx ~|—/ﬂ(l12 -Vuy —uy - Vuy) - wdx
+k/Q(M2V¢2 —u1Ver) -wdx =: Ko + K3 + K.
Thanks to (2.3) and Korn’s inequality, we have
K1 = ciou Vw3 + v, /Q I (e(u)), e(uy)) dx.
On the other hand (cf. (2.3) once more)

K> <czvﬁ/9<1 + le(un? " e(w)] [¥] dx < EzUﬁ/QIp(e(ul):e(uz))(l + le(un) P21y dx

C1Vx

<
4

/ I (e(uy), e(up)) dx + c3v;1(vﬁ>2/ (1+ [Vu|P) |y | dx.
2 2
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The second term is estimated as follows:
v OB IV, DIV IE < Bs 11, .

where ,
— 2p/Bp—2 3p°—4 3p—2
hs(t) = ev D2+ [V 37 CP D vy §F P

Here we have used the interpolation inequality

3p—2 3p—4)/3p-2
Ivlls,0 < I0ll5/CP72 o) PP,

Furthermore, we insert +u, - Vu; and use again the orthogonality of convective terms to deduce

Ky = —/Q<w-Vu1> cwdx < 1V, IWIE, -

Here we have used the inequalities
2p—1
2p

1- 1-
Illep/ip—1) < VI3Vl < clvliIVell,™,  a=
Therefore, we obtain

2 1 1
Cr=DIp | gw /P < 2+ ho() w3,

K3 < callVailis, lwliy

where

—1/2p—1 2p/(2p—1
hg(t) ‘= csV, /(2p— )”V ” p/Q2p— )

Note that the exponent 2p/(2p — 1) is strictly smaller than p. We now use integration by parts and
recall that w is divergence-free, to write

Kok [ (Vg = Vi) -wax =~k [ 4%02-wix —k [ ¥y wdx =i Kug + K
Q Q 2
where we have set n := w1 — w2. Then, we observe that

Inl < el Ay |+ aCr(l + |1] + ¢’ ¥,
Inlly < ellyrlly, +oCr(+ 1115 + 12l 19 Il o (2.30)

<cle+aCr(+ 191l + 102l DIV, -
We thus have
Kuq < ck(e+aCr(l+ o1l + 16115 DIVl 1962 1wl
< k(e +aCr(L+ il + 1015 DIV 11 1920 1920 1wl

&
< gV, +mo®UVIG, +1WI3),
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where
hio() = ke ™1 + aCr(l+ il + 19113, ) 1921l

Finally, we note that

ul < elAgl+aCr+161%.  llull, < Elpllyy +aCr(l+ Iplg)-

Using the interpolation inequality
1/4

3/4
<c s
ol < ”MH;/;‘ <cloly ||¢||sz

we deduce
el < (6 +aCr(1 + (¢ |IH1 Nl ||H2 :
Hence, we find

1/4 3/4 |

Kap S Kl oIV lloo Wiy < Kllalla 10y 11

Wil

&
< gnx/rn%,;a +hu@(wli3 + ||w||§,plw>,
where s irs
hi(0) = ce 7P +aCr(+ 111, ))8/5”«1)1” / il S

Collecting the above estimates and invoking (2.29), we see that (2.26) holds with Hy(t) =
Z}i6 hj(t), and this completes the proof. O
A consequence of Theorem 2.8 is the following

COROLLARY 2.9 Let (u;, ¢;),i = 1, 2, be two weak solutions and suppose that (uj, ¢) satisfies
(2.19) and (2.20). Let 0 < 2¢ < T be given. Then

WO+ I Ol < AW+ 1V @I, ), 0<s < <T, (2.31)

”w”Lz(Z 20: Wl 2 + ||W||L2(e 20; H3 + ”I (e(ul) e(u2))”L2(g 2¢; L2)

< ha(Iwli? (2.32)

LZ(OZ L2 + ||1//||L2(05 Hl ))

where A;, j = 1,2, depend on T and £, on the norms of (uy, ¢>) in the spaces specified in (2.6) and
(2.7), on the norms of (uy, ¢1) in the spaces specified in (2.19) and (2.20) and on the other structural
constants of the system.

Proof. For a fixed s € [0, T] we set

Y@ = w3 + 1 @Ol
t
/ €l lG + el VWI3) +crv. f fﬂ D (e(u)), e(uy)) dx

forall t € [s, T]. Now (2.26) can be written as th () < Hy(2)Y,(2), which yields

t
Yi(t) <Y (s)exp(/ Hy(t) d‘L’). (2.33)
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Thus (2.31) follows with A = exp(fOT Hy). In addition, if s € (0, £) and r = 2¢, then we get

20 20
IV I, + el TwId) + v, / / B (e(u1), eu)) dx
s per s 2
20

< (w13 + ||w<s>||i,;er>exp( Hy(r) dr).

)
Integrating over s € (0, £) immediately gives (2.32) with A, = ¢! exp( foze Hy). O
We also need the following Lipschitz estimate:

LEMMA 2.10 Let0 < £ < T be fixed and let (uy, ¢1), (uy, ¢2) be two weak solutions satisfying
(2.19), (2.20). Set w = u; —up and ¥ = ¢ — ¢>. Then, for any p > 11/5, we have

”atw”Lp,(O,Z;(WJ-’, ) + ”811// ”L2(O,€;(H,}(,,)*)
< Afllwll

) + ”Ip (e(U]), e(u2))||L2(O,Z;L2) + ”‘(//”LZ(O,Z;HEU) + ||1ﬂ ”LOC(O,Z;HPIW)}’
(2.34)

L2(0,6;W,2

where A is a computable constant, depending on the norms of the solutions in the spaces (2.19),
(2.20).

Proof. We use the equation and a duality argument. First, recall that

¢
||8tw||L]7,(0’E;(WJi;{,)*) st;p{/o (0w, z)dr : ”Z”LP(O»Z:WJ@”) < 1}.
Then, from (1.1) it follows that
¢
/ (0,w, z)dt = / ((mp - Viup — (u; - VYuy) - zdx dr
0 2x(0,0)
[ e~ r@r e : Vadrar
2x(0,0)
+k/ (u1Vo1 — uaVep) - zdx dt =: Py + P, + Ps.
2x(0,0)
Integrating by parts and using the fact that u is divergence-free, we have

P1=/ <u1®u1—uz®u2>:Vzdxdr</ (ui] + Juz)w| [Vz] dx dr
£2x(0,0) 2x(0,0)

¢ ¢ 12
Q/O (||u1”6p/(5p—6)+ ||u2||6p/(5p_6))||W||6||VZ||[7df < Ll<f0 ||VW||%> s

where

Ly =2/ sup (Jui®)llgpisp_s) + 1020 ll6p/5p—6))-
1€(0,0)
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This is indeed finite as 6p/(5p — 6) < 6, in view of (2.19). Here we have also used the estimate

¢ 12
</ IIVZI|2> < ctP-D/CP)
0 P

Furthermore, invoking (2.3), we get
Pr<e [ (et + e e V2l dr
£2x(0,0)
* cvt/ (1 + le)D?~ 'y | V2| dx dr =: Pyy + Pap.
£2x(0,€)

Observe now that

Py < ov* f L, (e(uy), e(u))(1 + le(u;)| + |e(up)[)?/*~ | V| dx dt
2x(0,0)
¢ 2—1
<ot f I, (), e(a)) [l (1+ [Vuull, + [ Vua | ,)?> 1|Vl dt
0

4 1/2
<Lza< /0 ||I,,(e(u1),e(uz))||§> ,

where
> (p=2)/2p

4
Ly — cv*(/ (1 + [V |12 + [ Vua |12 dr
0

Also, setting p := 6p(p — 1)/(5p — 6), we have

L
szgcvﬁfo (4 IVurll,)" 1 g1Vl df < Loy sup 19Ol .
te(0,0) er

where

¢ (p—D/p
Loy = cvﬁ</ a+ ||Vu1<t>||;§>dt) :
0

(2.35)

and this quantity is finite, thanks to (2.19) and p < 3 p. The last term can be estimated as follows:

P3 < k/ . |1 — w2l IVl lz| dx dt +k/ |u2| IVYr| |z dx dt := P3q + P3p.
2%(0,0)

2%(0,0)

In this case, we obtain

V4 V4 1/2
P < kf it — pallo | Ve s lizllg df < Lia (f 11, ) ,
0 0 er
where, in view of (2.30) and (2.35), we have set

L3, = ckeP=2/Cp) sup [(e +aCF(||¢1(t)|IfH11 + |I¢2(t)||i,p1 NIV )l5].
1€(0,0) per er
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On the other hand, we get

¢ ¢ 12
P <k [ il stV witaoar < Lo [ 1 )

where

L3y, = ckeP=2/Cp) sup |2 (0)llgs-
1e(0,€)

Consider now the second term on the left-hand side of (2.34), that is,

14
||atw”L2(0,e;(leer)*) = Sl:)p{/o (3t1ﬁ, (U) dr: ”w”Lz(O’einler) < 1}1

and observe that, by (1.3),

L
/ (3, ¥, w) dt =/ (Wér —ui¢y) - Vordx df — s/ V(AY) - Vo dx dt
0 £2x(0,0)

2x(0,0)
+0l/ V(F'(¢1) — F'(¢2)) - Vodx dt =: R; + Ry + R3.
2x(0,0)

Here we have

14
R S/Q (M)(IWI P11 + [wa| [¥ DI Ve dx df S/O (Iwllglienllz + lhuzlly ¥l o) I Vell, dr
x (U,

¢ 1/2 ¢ 1/2
<L 2 dt 2, dt :
4{ (/0 ”W“W;{vz ) + (/(; ||1ﬂ||H,}” ) }

Ly=c sup (o1l 51 + lw2@)l5)-
1€(0,0) per

where

Similarly, we find

1/ 1/2
sts/ |v3w||Vw|dxdr<cs(/ 19115 dr) :
£2x(0,0) 0

per

Also, recalling (2.28), we have

/Q IV(F'(¢1) — F'(¢))|" dx < Cr(1+ [l + 92 12) V113 + V21D 19 1%

+ CrA + 1118 + 2D IV I,
so that

12 4 1/2
Ry < /0 ||V(F’(¢1)—F/(¢2))||2||Vw||2dt<L5( /O ||w||i,3ﬁdr) ,

where

Ls= s(l(l)pa{cF<1+||¢1(r)||i,l + 1215 VU1 2 + g2l 2 )
te(0, per per per per

3/2 32

FCrA+ IR0 + Ih20l? ).

523
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We have thus proven (2.34) with

A:=1Li+ Ly + Lo+ L3+ L3p+ Ls+ce+ Ls. O

3. Longtime behavior

In this section we investigate the longtime behavior of the dynamics of our system. First of all,
we prove a dissipative estimate (see Theorem 3.1). We then employ the short trajectory approach
(cf. [22, 24]) to establish the existence of global attractor (see Theorem 3.3). This will be a
simple consequence of the compactness result proven in Theorem 2.4 above. We also show that
the dynamics of trajectories has a smoothing property; consequently, there exists an exponential
attractor. Finally, we discuss how an upper bound on its fractal dimension depends on the physical
parameters of the system.

THEOREM 3.1 Let (2.1) and (2.2) hold. Then any weak solution (u, ¢) satisfies the dissipative
estimate, for all t > 0,

) -
—llgl?,, +aed, (3.1
*

d - ~ Vl 2 Vf p 2
—E[u, ¢]+ ik Eu, @]+ 1 7|IVU||2+7||Vu||p+||VM||2 <kv

dr

where
K= min{vi, e},

and ¢;, i = 1, 2, are positive constants independent of the data, while ¢3 > 0 depends on @.

Proof. Let (u, ¢) be an arbitrary weak solution. Testing (1.1) with k~'w and (1.3) with w yields

d
5 3 Ele. ¢]+k‘1f (¢}, e)) : e(u) dx + |V |3 <k~ '|(g, u).
! Q

By (2.3) and Poincaré’s inequality, we find
f 7($, e(w)) : e(w) dx = ¢ (v} Va3 + v2 | Vulh).
2

On the other hand,

1

C1Vy 2 1 2
vVu|5 + ——lgll< »-

) (| Vull5 2CIV>,1< llgll 1,2

(g, w)| < llgll_; 2 Vull; <

Altogether we thus obtain

1

2
_— . 3.2
C1kvi ||g||_1,2 (3.2)

9 pt, 61+ e (Z1vai2 + 2 vall) + Vil <
—E|u, cil = (| Vu || Vu <
dr "\ % 2T P #i2
Testing now (1.4) with ¢ — ¢ gives

(1, d — @) =8IIV¢II§+0¢/QF/(¢)(¢—5)(1)& (3.3)
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Using Poincaré’s inequality we get
(¢ = @) = (=T ¢ = ¢) < lln — 7l lI¢ — Sl
CZ
< llVul, IVl < SIVAI2 + 2Vl 3.4
S alVul Vel < S ¢|I2+28|| el (3.4

Moreover, we deduce from (2.1) that
o[ F@wr< [ Foo-pirre (3.5)

for some c3 € (0, 1) and for some c4 > 0 depending on ¢ (see (2.8)). Finally, combining (3.3)—(3.5)
yields

cse<suw)||§ +2a fg F(¢) dx) < IVRI3 + eome (3.6)

for some ¢5 > 0 and for some ¢ > 0 depending on ¢. Then, substituting into (3.2), one deduces
(3.1). O

REMARK 3.2 Note that, in the case of simple fluids (more generally, for convex F(-) where c4
can be taken 0 in (3.5)), when there is no (nongradient) external force (i.e., g = 0), inequality (3.1)
implies that 0 is globally asymptotically stable. This still holds when ||g||» is small enough (cf. [10,
Ch. II, Prop. 5.3] for the 2D Navier—Stokes equations), where 0 is replaced by the unique solution
to the corresponding stationary problem.

We now have all the ingredients to construct a dynamical system and prove that it has a global
attractor and an exponential attractor. We will also observe that the attractor’s dimension can be
estimated in a completely explicit way. We will only sketch the outline of such a computation, being
satisfied with the (nontrivial) observation that all the estimates grow at most polynomially with the
data. We recall that the standard method based on the estimate of the Lyapunov exponents cannot
be used in this case since the differentiability of the semigroup solution is not known (cf. [8]).

Recall that by data we mean the constants k, ¢ and o, occurring in (1.1)—(1.4); the viscosity
bounds vy, v* and v¥ (see (2.2)—(2.4)); the norm of the external force ligll, and a generic positive
constant Cr related to the growth of the potential F. We also recall that, throughout the paper, we
have used ¢ and ¢; to denote absolute (i.e., independent of the data) positive constants which may
change from line to line.

From now on we set N = 3 and (rescaling the space variable) £2 = (0, 1)3. Thus the embedding
constants are also absolute. As is well known, the embedding constants typically only depend on
the size and the shape of domain. They can blow up, however, close to critical exponents, as for
example with W3 ¢ L9, N = 3 and ¢ — oo. We avoid such situations in our paper. We also point
out that the following results can be reformulated for the case N = 2 with less restrictions.

We will now follow an abstract scheme of the “method of trajectories”, as presented in Section 2
of [24]. In particular, we need to verify the assumptions (A1-A10), which will imply the desired
results. For the reader’s convenience, the statement of (A1-A10) will be recalled, with the notation
slightly adapted to the present setting. We will also invoke some general abstract results from [11,
Ch. 2].

Letg e Lfﬁv and set

X:=L% xH,., X":={(v,y)elLy, xH,, ¥ <M), 3.7)

per’ per
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for some given M > 0. This is a complete metric space with respect to the metric induced by the
X-norm. Then, for any fixed 7 > 0, we introduce the spaces

X, :=L%0,7;X), XM :=L%0,1; x"), (3.8)
YM = {((v.y) € XM N [LP O, T W) x L20, ©; HY,,)] -
Ve W) € LP 0,7 (W) x L0, T (HL)M),  (3.9)
WM = {(v, ) € XX N ILXO0. s W) x L20, T3 Hyp)] -

v

Ve ) € LY (0, 75 (W) x L20, 5 (HL)M).  (3.10)

We clearly have YM < <s XM and WM s XM,

Recalling Theorem 2.4, Remark 2.5 and (2.11), we deduce that for an arbitrary initial
condition in XM and arbitrary T € (0, 00), there exists at least one solution belonging to
C(0,T]; le‘v”eak) N Y}VI . In other words, the assumption [24, (A1)] is satisfied. Moreover, by virtue
of Theorem 3.1, the set

By = {(v,¥) € X" : E[v, ¥] < Ro)

is uniformly absorbing and positively invariant, provided that Ry > O is sufficiently large. This
means that the assumption [24, (A2)] is satisfied as well. Note that Bg” is a closed set in XM
For any solution starting from B, arguing as in the proof of Theorem 2.4, one deduces

T
2 2 p 2 2
S u(t + t + u + + dt
le{l&pﬂ(ll ®l3 ”¢()”H,}er) /0 (hally, I|¢|IH[;” IIMIIH;”)

< =ILMYT +1).  @3.11)

Here and in what follows, by IT; we denote an explicitly computable upper bound, depending
polynomially on the data, values of I1; for [ < k and, possibly, on other quantities which will
be pointed out.

We now fix £ > 0 and we consider the set X of €-trajectories, that is, of all weak solutions
(u, ¢) given by Theorem 2.4 on the time interval [0, £] such that |¢(r)| < M forall ¢ € [0, £]. We
endow X; with the topology of X,. Of course, each trajectory makes sense pointwise because of
(2.11). Note, however, that X} is not a complete metric space.

For the sake of studying large time dynamics, we shall focus on the set

B :={(u,$) € X : (u(0), $(0)) € BY}, (3.12)

consisting of all trajectories starting from B(’)W . Clearly, for each of such trajectories, there exists
T € (0, £/2) such that

@I, + 16Dl <2MAHA+E = .

We are ready to apply Theorem 2.6. The key observation, however, is that the functions H; and H3
(which only depend on the norms being controlled in (3.11)) are integrable with some power o > 1,
depending on p > 11/5 (cf. (2.23)). Hence, by taking £ small enough, namely ¢ < I13, we ensure
that

20
/ (Hi+ H3)dr <1 (3.13)
0
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for any solution taking values in B(Z)VI . Therefore, when applying Gronwall’s lemma to (2.21)
and (2.24), the exponential terms are uniformly bounded by exp(1). Eliminating thus possible
exponential dependence on the data, we obtain

T4+24
sup  (lu@®lf, + I¢®3. )+ / (allf 5, + a3 5 + 117, ) dr < M.
te[t,t+24] per T per

By Theorem 2.8, this regularity also entails unique continuation of the trajectory after ¢+ > t, more
precisely, for any (v, ¥) € Bg and any T > ¢, there exists only one solution on [0, T'] such that
(u, ¢)ljo,e) = (v, ¥). This just means that [24, (A3)] holds.

Consequently, one can introduce a semigroup L; : Bg — Bg by setting

{Li(v, ¥)}(s) == (u(t +5), ¢t +5)), s€[0,£]

We proceed to show that L; is Lipschitz continuous, which is the assumption [24, (A4)]. Indeed, if
(w, ¥) is a difference of two solutions starting from B M then due to Corollary 2.9 and the above
higher regularity on [z, 2¢], we deduce that

IWs + /215 + 1 (s + €/l < MUWEI3+ ¥ 6 ), Vs € /2,0,

Integrating over s implies that L, is even uniformly Lipschitz continuous on B? with respect to
tel0,T]
Furthermore, we claim that

—X,
BY =8 (3.14)
Since Bg is positively invariant with respect to the (continuous) operators L;, (3.14) implies that

LIBQXZ c BY, and consequently [24, (AS)] is satisfied. Setting Bé = LI(BQ)X‘Z for some T €
[£/2, £] we obtain a compact invariant absorbing set.

Let us verify that (3.14) holds. Let (v, ¥,) € BY, and let (v, V) — (V, %) strongly in X,.
Extracting a subsequence, we can assume that (v, (t), ¥, (£)) — (v(¢), ¥ (¢)) for almost any 7,
strongly in X. It follows by Theorem 2.4 that (v, ¥) is a weak solution, at least on (z, €] for arbitrary
T > 0. Observe, furthermore, that (v,, ¥,) and hence (v, {) are bounded in the spaces (2.6-2.10),
with T = ¢, and thus (v, ¥) is clearly a weak solution on [0, £]. Finally, from the continuity of
(v, ¥) and the closedness and positive invariance of B(I)” , one concludes that (v(0), ¥ (0)) € Bé” .

Now, the assumptions (A1-AS5) imply that the dynamical system of trajectories (X, L) has a
global attractor A4, (see [24, Theorem 2.1]).

We will now deal with the attractor’s fractal dimension. Due to Corollary 2.9 and Lemma 2.10,
L;: X — WKM is Lipschitz continuous on B ! which is the assumption [24, (A6)]. Note that WZM
is compactly embedded in X; in other words, L, has the so-called smoothing property. Moreover,
since £ and T were chosen small enough, we control the Lipschitz constant of L, i.e.,

L :=Lip(L,|B}; X}, wM) < ITs.

It follows that the global attractor A, has finite fractal dimension in X é"’ . See [24, Theorem 2.2].
More precisely, we have an explicit estimate (cf. [11, Theorem 2.18], for example)

M

dimy " (Ap) < log K/log2,
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where
K= NXQ” (BWZM(O; 1), 1/4L).

Here K denotes the minimal number of balls in X é” that are needed to cover a unit ball in WZM .
Finally, the number X can also be explicitly calculated (see [11, Appendix]) so that

log IC < Ig(L).

To bring the results back to the phase space X¥, we now consider the mapping e : X, — XM,
(u, ¢) — (u(l), ¢ (£)). Recalling Corollary 2.9 once more and arguing as in the proof of continuity
of L; above (cf. also [24, Lemma 2.1(ii)]), we deduce that e is Lipschitz continuous on Bg. This
tells us that the assumption [24, (A8)] is fulfilled. Therefore, invoking [24, Theorems 2.3, 2.4] we
deduce that

A :=e(Ap)

is the global attractor of the dynamical system (e(53 el), S;), where S; is the solution operator defined
by S;(ug, ¢o) := (u(r), ¢(¢)) for all + > 0. Moreover, we have the estimate

dim¥" (4) < dim’" (Ap).

Finally, we address the problem of an exponential attractor. The smoothing property, i.e., the
Lipschitz continuity L, on Bl} with respect to X é"’ and WéM , implies the existence of an exponential
attractor £ 2“ for the discrete dynamical system (B é, L,;); moreover, the dimension of £ Z‘ admits the
same upper bound as the global attractor A,. See [11, Proposition 2.26]. To extend the results to
the full semigroup L,, we need to estimate the modulus of continuity of L; x both with respect to ¢
and x.

We have already observed above that L; : B‘} — B} is Lipschitz continuous, uniformly
with respect to ¢t € [0, t]. Thus [24, (A9)] holds true. Furthermore, if (u, ¢) is the continuation
of the trajectory from B}, it follows from the regularity of Theorem 2.6 and the equation that

(8,u, 3,¢) is bounded in L? (0, T + £; (W;;v")*) x L%(0, v + £; L?). This entails that ¢ — L;x

is Holder continuous with the target space L ©, ¢; (W;l.’vp)*) x L%(0, ¢; L?) (see, e.g., [24, Lemma
2.2]). Invoking finally the pointwise boundedness of trajectories in Wji’vz X szer and a suitable
interpolation, we conclude that ¢ +— L;x is Holder continuous into the desired target space X é"’ .
Thus the assumption [24, (A10)] holds. This, in turn, gives exponential attractors for the dynamical
systems (Xy, L;) and eventually, (e(B/}), S;); see [24, Theorems 2.5, 2.6].

These attractors admit the same (up to multiplying by an absolute constant) explicit estimate of

fractal dimension as was the case for the global attractor. Summing up, we have proven the following

THEOREM 3.3 Let g € Lfliv. The dynamical system generated by (1.1)=(1.4) on XM has an

exponential attractor and the global attractor of finite fractal dimension. Moreover, if p > 11/5, then
the dimension can be estimated by an explicitly computable constant which depends polynomially
on the data.

REMARK 3.4 Recalling (2.23) and (3.13), we deduce that the length of the trajectory tends to 0 as
p approaches the critical value p = 11/5. Therefore, in this case, we are not able to estimate the
dimension in such a way that the dependence on the data is of polynomial type.
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REMARK 3.5 Werecall that the global attractor A attracts the dynamics originating from the whole
space XM in the following sense (see [24, Rem. 2.1]): for any bounded set B C XM, indicating
by B; the set of all values of all solutions to (1.1)—(1.4) emanating from B at time ¢, we have
disty (B, A) — 0 as ¢ goes to oo.
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