ON THE CAHN-HILLIARD-BRINKMAN SYSTEM
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ABSTRACT. We consider a diffuse interface model for phase separation of an isothermal
incompressible binary fluid in a Brinkman porous medium. The coupled system con-
sists of a convective Cahn-Hilliard equation for the phase field ¢, i.e., the difference of
the (relative) concentrations of the two phases, coupled with a modified Darcy equation
proposed by H.C. Brinkman in 1947 for the fluid velocity w. This equation incorporates
a diffuse interface surface force proportional to ¢V, where p is the so-called chemi-
cal potential. We analyze the well-posedness of the resulting Cahn-Hilliard-Brinkman
(CHB) system for (¢, u). Then we establish the existence of a global attractor and the
convergence of a given (weak) solution to a single equilibrium via Lojasiewicz-Simon
inequality. Furthermore, we study the behavior of the solutions as the viscosity goes to
zero, that is, when the CHB system approaches the Cahn-Hilliard-Hele-Shaw (CHHS)
system. We first prove the existence of a weak solution to the CHHS system as limit of
CHB solutions. Then, in dimension two, we estimate the difference of the solutions to
CHB and CHHS systems in terms of the viscosity constant appearing in CHB.
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1. INTRODUCTION

The so-called Brinkman equation was proposed by H.C. Brinkman in [0] as a modified
Darcy’s law in order to describe the flow through a porous mass. If we assume that the
incompressible fluid occupies a bounded domain Q C R¢, d = 2, 3, for any time t € (0,7),
T > 0, the Brinkman equation for the (divergence free) fluid velocity u reads

=V [D(u)] +nu = =Vp,

in Q x (0,7). Here 2D(u) = Vu + (Vu)", v > 0 is the viscosity, n > 0 the fluid
permeability and p is the fluid pressure.

More recently, a diffuse interface variant of Brinkman equation has been proposed to
model phase separation of incompressible binary fluids in a porous medium (see [22]). Let
us suppose that both the fluids have equal constant density and indicate by ¢ the difference

of the fluid (relative) concentrations. Denoting by u the (averaged) fluid velocity, the
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resulting model is the following

(1.1) ¢+ V- (¢u) = V- (MVp),

(1.2 p=—eho+1f(9),

(1.3) = V- [vD(u)] + nu=—-Vp—1¢Vp,
(1.4) V-u=0,

in Q x (0,7). Here M > 0 stands for the mobility, ¢ > 0 is related to the diffuse interface
thickness, f is the derivative of a double well potential describing phase separation, and
~v > 0 is a surface tension parameter.

This model consists of a convective Cahn-Hilliard equation (LI)-(L2) coupled with
the Brinkman equation through the surface tension force y¢Vu. For this reason (ILT)-
(L4) has been called Cahn-Hilliard-Brinkman (CHB) system. Such a system belongs to
a class of diffuse interface models which are used to describe the behavior of multi-phase
fluids. We recall, in particular, the Cahn-Hilliard-Navier-Stokes system which has been
investigated in several papers (see, e.g., [2 8], [ [7, 12, 13| 14] 20 24] 311 32], cf. also [16]
for a recent review on modeling and numerics).

CHB system has recently been analyzed from the numerical viewpoint in [9] (see also
[T0]). More precisely, the authors have considered system ([LI))-(T4]) with M, v and 7
possibly depending on ¢ and endowed with the boundary and initial conditions

(1.5) ulgo =0, on N x (0,7,
(1.6) On® = Oppu =0, ondQ x (0,7),
(.7) 6(0) = o,

where ¢g : {2 — R is a given function. Here n stands for the outward normal vector to
0f) which is supposed to be smooth enough.

The main goal of this contribution is to establish some theoretical results on (L])- (1),
in the case when M, v and 7 are constant. First of all we analyze the well-posedness of the
problem, proving the global existence and uniqueness of a weak solution and its continuous
dependence on the initial datum. Secondly, we study the longterm behavior of the CHB
system as a dissipative dynamical system by proving the existence of a global attractor.
Then we investigate the long-time dynamics of any given weak solution by showing that
each trajectory does converge to a unique stationary state, with an explicit convergence
rate. Our results includes the case n = 0 (see [23] and references therein).

In the second part of the paper we analyze the behavior of solutions when v goes to zero.
Observe that when v = 0 system (LI)-(4) becomes the so-called Cahn-Hilliard-Hele-
Shaw (CHHS) model. This is a particularly challenging problem which finds applications
in tumor growth dynamics (see, e.g., [21] and its references) and has been recently studied
from the theoretical viewpoint in [211 28, 29] (see also [I1] [I7) [I8] and references therein).

We are able to prove that there is a global weak solution to CHHS system which is the
limit of solutions to CHB system with (L3)-(L7) (compare with [II, Thm.2.4]). Notice
that uniqueness of weak solutions is still an open problem. On the contrary, a strong
solution is unique, but, if d = 3, only local existence is known so far unless the initial
datum is a small perturbation of a suitable constant state (see [21]).
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In dimension two, we also provide an estimate of the difference of (strong) solutions to
CHB and CHHS systems with respect to v.

The plan of this paper goes as follows. In the next section we state the main results
along with some notation and basic tools. Section [3] is devoted to prove certain a priori
estimates. Then, in Section [ we establish the well-posedness of problem (IL))-(L7) and
a global dissipative estimate. In Section [0l we obtain some higher-order estimates which
are helpful to prove the existence of the global attractor as well as to show, in Section [
the convergence to the equilibrium of a given weak solution. Finally, in Section [7 we
analyze what happens when v goes to zero, while in Section [§] we estimate the difference
of (strong) solutions to CHB and CHHS systems.

2. PRELIMINARIES AND MAIN RESULTS

Here we list our assumptions on f and the potential F'(s) := fos f(y) dy and we introduce
some notation. Then we state our main results. This requires to formulate our problems
rigorously. We also recall a pair of Gronwall-type lemmas.

Assumptions on I and f. We assume that f € C'(R), with f(0) = 0, is such that

(2.1) [f(s)] < e(1+ s,
and
(2.2) F(s) > —c,

for all s € R and some ¢ > 0. In the course of the investigation we shall need further
assumptions such as

(2.3) [f(s) = F/(0)] < el s = t|(L+[s] + |2]),
or the stronger condition f € C*(R) such that
(2.4) [f7(s)] < e(1+s]).
We shall also make use of the following dissipation condition
(2.5) inf f'(s) > —oc.

seR

A typical example of (regular) double well potential is
(2.6) F(s) = (s* = 1)%,

which complies with (2.I))-(2.3). More generally, one can take a fourth degree polynomial
with positive leading coefficient.

Functional spaces. Let QO C R? d = 2,3, be either a smooth bounded connected
domain or a convex polygonal or polyhedral domain. For any positive integer r, let
H"(Q) = W"2(Q), the usual Sobolev space, and denote the norm || - [lyr2@) by | - ||:-
Throughout the paper, we set H= L?(Q),

— HY(Q

V—{ocvelQ) :no—0on ) " and H = H(Q)AV,

endowed with the norm || - ||,. Similarly, we denote the norm || -||z2 by ||-||. The shorthand
(+,+) will stand both for the scalar product in H and for the duality product between H"



4

and its dual space H™". The same symbols will also be used for the scalar product and
norm in spaces of vector-valued elements.
Besides, let V be the space of divergence-free test functions defined by

V={vel(QR?: V- v=0}
We shall use the following spaces
—(H1)3

H-9" ana vy

In particular we recall that if v € V' then v|sq = 0 and if v € H then v-n = 0 on 0f)
(see, e.g., [27, Chapter IJ).

Notation. Without loss of generality we will set M = ¢ = v = 1. Throughout the paper,
¢ > 0 will stand for a generic constant and Q(-) for a generic positive increasing function.

2.1. Statement of the main results. Let us introduce the definition of weak solution
to the CHB system with boundary and initial conditions (LH)-(LT).

Definition 2.1. Let v > 0, ¢9 € H! and T" > 0 be given. A pair (¢, u) is a (weak)
solution to system ([LI))-(4]) endowed with (L3)-(L7) if
¢ € C([0, 7], H") N L*(0, T; H?)

satisfies
(2.7) {0i0(1), w) + (V- (p(t)u(t)), w) + (Vu(t), Vw) =0, Vw e H', ae. tel0,T],

On¢p =0, a.e. onddx(0,7),

Gli=o = ¢, a.e. in Q,
with € L?(0,7T;H') given by (L2) and

w € L*(0,T;V)

fulfills
(2.8) v(Vu(t), Vu) + n(u(t),v) = —(o(t)Vu(t),v), Yo eV, ae. tel0,T].

Remark 2.2. It is straightforward to observe that any weak solution satisfies mass con-
servation, namely,

(2.9) (6(t)) = (do), VE =0,

where
0(0) = o [ ot
Remark 2.3. As we shall see in Section [3, the regularity assumed in Definition 2.1 yields
V- (¢u) € L*(0,T;H),
so that 9;¢ € L*(0,T; H™!) by comparison. Besides, we have
¢V e L¥°(0,T; H) N L*(0,T; V™).
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Remark 2.4. As usual the pressure term is dropped in the weak formulation of the Stokes
problem. Indeed, the pressure can be recovered (up to a constant) thanks to a classical
result (see, for instance, [27, Theorem 1.1.4]). In particular, since

S =vAu—nu+¢Vu € L*(0,T; V"),
we know that there exists a (unique up to an additive function of ¢ only) function p €
L?(0,T; H) satisfying Vp = 8.
Global existence and uniqueness of a weak solution is given by

Theorem 2.5. Let v >0, n > 0 and f satisfy @I)-@2). Let ¢ € H' be given. Then,
for every T > 0, there exists a pair (¢, w) which is a solution to the CHB system according
to Definition (21l If (2Z3)) holds, then the weak solution is unique.

We also have continuous dependence estimates.

Theorem 2.6. Letv > 0, n > 0. Under the same assumptions of Theorem[2, if (1, ur)
and (g9, us) are two weak solutions to the CHB system such that (¢1(0)) = (¢2(0)), then,
for every T > 0, there exists Cp > 0 depending on R = max{|[¢1(0)||1,]|¢=2(0)]]1} such
that the following continuous dependence estimates hold

(2.10) [61(t) — d2(t)|IF < [61(0) — 2(0)|[77/ V7,
and
(2.11) / [ui(t) — us(t)[| < [|61(0) — $2(0)|3 (1 - CTeCTW) :

for every t € [0,T].

Remark 2.7. In the case n = 0 (cf. [23]) the same continuous dependence estimates hold
by replacing /v with v in (2I0) and @2.II]).

The next result shows that any weak solution converges to a single stationary state as
time goes to infinity.

Theorem 2.8. Let v > 0, n > 0 and let f be real analytic satisfying [22)-(23). For
every fized ¢y € H', the global solution ¢ originating from ¢y converges to an equilibrium
¢* as t — oo, with the following convergence rate

* Cv *
(2.12) [o(t) = ¢"[l1 < A+ o vt > 17,

for some 6 = 0(¢*) € (0,3), ¢, = cu(||¢oll1) = 0 and t* > 0. Here ¢* € H? is a solution to
the stationary system

—Az+ f(z) = const in Q, Onz =0 on 09, (z) = (¢o)-

Furthermore, the velocity field uw vanishes and satisfies
Cy
(1 + t)0/40-26)

(2.13) lu()|) < Vit >t

Here ¢, — o0 as v — 0.



Let us now introduce the definition of weak solution to the CHHS system endowed with
(L.6)-(@L.D) and
(2.14) u-n=0, ondx(0,7).

Definition 2.9. Let ¢y € H" and T > 0 be given. A pair (¢, u) is a (weak) solution to
the CHHS system endowed with (L0)-(L17) and (2.14) if

¢ € Cy ([0, T], H) N L*(0, T; H?)

satisfies

(0,0(1), w) + (V- (p(H)u(t)),w) + (Vu(t), Vw) =0, Yw € H', ae. te]0,T],

On¢p =0, a.e. onddx(0,7),

Gli=0 = ¢o, a.e. in
with u € L*(0,T;H') given by (I2) and

we L*(0,T; H)
fulfills
n{u(t),v) = —(p(t)Vu(t),v), Yv eV, ae. tel0,T].
Remark 2.10. It is worth noting that the regularity assumed in Definition yields
V- (¢u) € L¥5(0,T;H™) whence O € L¥°(0,T;H™Y).

The following theorem says that a weak solution to the CHHS system can be found as
a limit of solutions to CHB system as viscosity vanishes.

Theorem 2.11. Let n > 0 and let [ satisfy ZI)-@2). For ¢o € H' let {v,}nen be a
sequence of positive numbers such that v, — 0 asn — oco. Let (¢, u,) be the sequence of
weak solutions corresponding to the CHB system with v = v, originating from ¢q. Then,
up to a subsequence, (¢, u,) converges to a weak solution (¢,u) to the CHHS system
according to Definition[2.9 in the following sense:

bn — ¢ weakly in L*(0,T; H?) and strongly in L*(0,T; H?),
w, = u  weakly in L*(0,T; H).
Finally, in dimension two, we state a result about the estimate of the difference between
a solution to the BCH system and a solution to the CHHS system. Indeed, it is known
from [2I] that the CHHS system endowed with (LG)-(L7) and (ZI4) admits a unique

strong solution provided that ¢, € H?, which is also global when d = 2. In this case, we
have the following result

Theorem 2.12. Let d = 2 and n > 0. Let f satisfy @2)-@3). Take ¢y, po € H* such
that (pf) = (¢o) and set

R := sg;g{H(bSHza [oll2} < oo.

Let (¢, u,) be the unique weak solution to the CHB system with v > 0, originating from
o, and (¢, u) the solution to the CHHS system with initial datum ¢o. Then, for every



T > 0, there exists Cr > 0 (depending only on R) such that

o (t) = o(t)]I3 +/0 e (y) = w()|> dy < [l¢g — ol + Crv'2, Wt € [0,T).

In particular, if ¢§ = ¢o, then
¢, — ¢ in L0, T;HY) asv — 0,
for all'T > 0.

2.2. Basic inequalities. We will exploit the classical inequalities due to Sobolev, Ga-
gliardo and Nirenberg, Agmon and Poincaré, respectively, which are standard (see, e.g.,

[25, 27]).

We also need a pair of Gronwall-type inequalities. The uniform Gronwall lemma ([26],
Section 1.1.3]), namely,

Lemma 2.13. Let 1)y be an absolutely continuous nonnegative function and i, Yy be two
nonnegative functions satisfying, almost everywhere in R™, the differential inequality

d
dt% < ot + 1o
Assume also that

t+r
sup/ U (T)dT <my, i=0,1,2,
t

>0

for some positive constants m, and r > 0. Then,
Yot +71) < (@ +m2> em™ . Vit >0.
r
The following differential Gronwall lemma whose proof is elementar.

Lemma 2.14. Let ¢ : [t*,00) — R be an absolutely continuous function, which fulfills
for almost every t > t* the differential inequality

d
TV +avt) < (1+4)77
for some a > 0 and B > 0. Then, there exists ¢ > 0 such that, for every sufficiently large
time t

U(t) < e(L+ ()1 +1)7"

3. BASIC ESTIMATES

In this section we let ¢y € H' and we denote by (¢, u) a weak solution to the CHB
system originating from ¢g. Our aim is to prove a number of a priori estimates for (¢, u).

To this aim, in the following we denote by Q(-) a generic increasing and positive function
which is independent of v. All the energy estimates are formal but they can be performed
rigorously within a Galerkin approximation scheme (see Section [ for references).
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3.1. Energy estimates.

Lemma 3.1. For any given R > 0 the following inequality holds

(3.1) lo()|7 +/0 IV )P + nlluly)|?)dy + V/o IVu(y)|*dy < Q(R),
for every initial datum ¢o with ||¢ol1 < R. Besides, for every T > 0, we have

T
(32) [ ) + 1o Z)ay < @x(m),

for some increasing positive function Qr depending on T'.

Proof. Taking w = p in (Z71) and v = w in (Z8), and summing up the resulting equalities,
we have

d /1
(33) C (SIVOI? + (F(@),1)) + I 9ulP + vl + ] = 0.
In light of (2.1), this provides

[o(t)[l1 < ll¢ollr + 2(F(¢o),1) < Q(R), Vt>0.

A subsequent integration in time of ([B.3]) completes the proof of (B1]).
Now, multiplying (L2)) in H by the constant function 1, we get

<:u’ 1> = <f(¢)’ 1>a
which, by (1), gives

(W) < c(1+ / 6P) < o1+ 6] < Q(R).
Thanks to (BI]) we obtain, for every 7" > 0,

/O lu(y)[2dy < Or(R),

hence p € L?(0,T; H'). Let us now multiply (L2) by —AZ%¢ in H. This yields
(Vi, VAG) = [ VAG|* + (' (¢)Vd, VAG).
On the other hand, recalling (2.I]) and (B.I), we have
(f'(@)Ve. VAG) < (| (9)|12IVE s VA

< Q(R)|IVol 2V A2V A

< Q(R) + 1|V AP,
which entails ]

SIVAGI® < [Vl + Q(R).

Owing to (3.1]), we find

T
(3.4) | letizay < o),
so that ¢ € L?(0,T; H?), completing the proof of ([3.2).



Remark 3.2. Since ¢ € L=(R™; HY) N L?(0,T; H?), we easily get by interpolation

T T T
| oligar < [Chelrlolar<e [ ogtar <o it p<a
0 0 0

Thus

T
(3.5) | el < @nir)
that is, ¢ € L*(0,T; H?).
3.2. Further Estimates.

The term V - (¢pu). For w € H', using the Agmon inequality and interpolation, we
compute

(V- (pu), w) = (pu, Vw) < ||Vwl|||u][]|¢] 1
< [vwlllullislly o5 < QR Vwl |lulllo]ly*.
This implies

’/OTW (o). w) dr| < Q(R) /OT [Vellufliels” dt

<o ( [ 1vuirear)” ([ juear) ([ ogar) "

As a consequence, invoking the fact that w € L*(0,T; H) and ¢ € L*(0,T;H?), we get

)/OT<V~<¢U),w> dt\ < QT(R)</OT||Vw||8/3dt>3/8,

which gives

V- (pu) € L¥5(0,T;H™Y).
We stress that this control is independent of v. Exploiting the r-dependent estimate
u € L*(0,T; V) we can improve the previous estimate. Indeed, we have

(V- (fu), w) = ($u, V) < [|Vool| ] ssllé]l s < Q(R)IVw]l]laa]| > |Jual]y"?,

providing

T T 1o
[ ow.wpad < o) [ IVl ful 2 ul
0 0

<o ([ 1vulrar) ([ i, ar) "

Cr T 5 A\ 12
< — dt .
< ([ 1vuipar)

V- (pu) € L*(0,T;H™ ).
The term ¢Vyu. Let v € H. Thanks to Agmon’s inequality, we infer

A

Therefore, if v > 0, then
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(6Vi,v) < [oll[Valllgle < [0l [Vallloh 4]y < QR IV el

On account of (B.5]), we can estimate as follows

T T 1/2
[ Vvl < o) [ 1olivaliol a
0 0

<om( [ 1o ar)” ([ iwuear) ([ osar)

T /
<orm)( [ oear) "
0

which yields, independently of v,
¢V e L¥°(0,T; H).

4. WELL-POSEDNESS FOR v > (

Aim of this section is proving Theorem As a matter of fact, due the appearance of
regularizing term —vAw in the Brinkman equation, the (global) existence can be easily
obtained by using a standard Galerkin procedure based on the formal energy estimates
in the previous section. We refer the reader to |21} 29] for some details on the procedure;
see also Section [ where the argument needed to pass to the limit in the suitable Galerkin
scheme is detailed in a weaker setting.

Instead, the continuous dependence estimates (2.10) and (ZI1]) (hence uniqueness) are
more delicate and we prove it in some details, showing the crucial role played by v > 0.

4.1. Continuous Dependence and Uniqueness. Let v > 0 and n > 0 be fixed, and
consider (¢1,u1) and (@2, uy) two weak solutions to the CHB system such that (¢1(0)) =
(92(0)). Their difference ¢ = ¢1 — ¢o, w = Uy — Uy solves a.e. t € [0, T

(4.1) (G (1), w) + (V- (r(t)u(t)), w) + (V- (d(t)ua(t)), w)
+(Vi(t), Vw) =0, Yw € H',
(4.2) v(Vu(t), V) + n(u(t),v)
— (o (OVAlD), v) — (B Vpalt) v), Yo eV,
where
i i=—0¢+[f(¢1) — f(¢2)]
and (¢) = 0.

Taking w = —A¢ in [&I)), we get
CSIVOIP + (01, VAG) + (G, VAG) — (Vi VAS) =0,

with B - B
(Vi, VAG) = —[[VAQ|* + (V[f(¢1) — f(¢2)], VAS).

Thus we obtain

(13) SUIVEI? +IVAGI = (g1, VAG) — (Gus, VAG) + (VI (61) — f(2)], VAG).
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Taking v = w in (L.2) yields
vl|Val® +nllal* = —(6:Vi, a) — (Vs @).
Note that, by definition of i, we have

—(01Vii, u) = (01 VA, u) — (1 V[f(¢1) — f(d2)] w),

so that the terms +(¢,@, VA@) get canceled when adding with (Z3)). Therefore we end
up with
d1, - -
oI Velr +IVAGI* + v Val® +nla®
= —(Pus, VAG) — (V2 @) — (61 V[f(¢1) — f(d2)], @) + (V[f(61) = f(92)], VAS).

We now estimate the right hand side in light of the energy estimates in Section [3l This,
in particular, gives

sup([[@1(®)lln + [lo2(t)llh) < Q(FR),

with R = max{||¢1(0)||1, [|¢2(0)|1}. First of all, we have

_ _ - - 1 - h(t), -
(s, VAG) < 3]l uall 2V AF] < HIVAGE + g,

where h(t) := cv'/?||uy(t)||||uz(t)|1 and ¢ > 0 is independent of v.

Next, observe that the following estimate holds

_ ) . Vo2 M- k@) | -
(44) =0V, w) < [glhllelwsl Vil < SIVal®+ flal” + WWH?,

where k(t) := ¢|[Vuz(t)||? for some ¢ > 0, independent of v.
In order to deal with the term

(VIF(61) — F(62)], VAG) < [V[F(1) — F(on]l| VA
< {IVAGIP + CI9F(6) ~ FI”
we observe that

IVLf(61) = F(@)II* < I[f'(61) = f'(@2)]Vrl® + 1| £ (62) VoII*.

We estimate the latter term on the right hand side in light of (2.1]), () and interpolation,
that is,

1/ (¢2)Vol* < C/Q(l + 0ol NIV < c(1+ [[dallz) 1017 < QR+ llgal3) 1013,
and arguing analogously for the former, we get
ILf'(¢1) = f(¢2)]Vn|* < C/Q [(1+ || + D))oV [* < Q(R) [l I3

This proves

(4.5) IVf(61) = F(@)]IIP < L)I9l13,
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where £(t) := Q(R)(1 + [|¢1(t)||3 + ||¢2(#)||3). In order to control the remaining term, we
exploit (4.5 in the following way

(4.6) (1VI[f(¢1) = f(P2)], @) < lnllLslI VI (Pr) — foa)]ll ]l s
< Q(R) ||l 2IVal' [V [f(¢1) — f(g)]]
0(t)

14 _ ., _ —
§||VU||2 + 5“’““2 + m“éf?m-

IA

Collecting the above estimates we get

d - Voo n, g(t) -
(4.7) &WH% + §||V'u,||2 + §||U||2 < WHQSH%’

where g(t) := h(t) + k(t) + £(t), on account of (B.]) and ([B.2), satisfies

T
| sway< o)
0
Hence an application of the standard Gronwall lemma gives

[61(2) = Ga()IIf < 161(0) — da(0) [Fe " s,
which proves (ZI0). An integration of (&) yields the further bound (ZII)). Finally,
letting ¢1(0) = ¢2(0) in (ZI0) and ZII)) we obtain ¢y (t) = ¢2(t) and wy(t) = us(t) for

almost every t, i.e., uniqueness.

We observe that, when n = 0 (see Remark [Z7]), the only changes needed in the proof
of the continuous dependence estimate are in (£4]) and in (4.0]), which now become

- o V. k(t), -
(oW tm) < vl + g

~(6aV1 (60~ Tl < Dval + Dy

v

4.2. The semigroup S, (t). Let I € R and consider the subspace of H!
Vi={oecH : (9)=1}.

An immediate consequence of the results of Section [ 1lis that, for any fixed v > 0, system
(CI)-(TH) generates a semigroup

S,(t): Vi = Vp
defined by the rule S, (t)po = ¢(t), where (¢, w) is the unique global (weak) solution to
system (LI)-(L6). Furthermore, owing to the continuous dependence estimate (ZI0),

the semigroup is strongly continuous, namely, S, (t) € C(V7, V7). Notice that the energy
estimates of Section [3] yield in particular the boundedness of each trajectory

(4.8) 18, () ¢oll1 = o) [lr < ¢, V=0,
where, from now on, ¢ > 0 denotes a generic constant that may depend on [|¢g||1 but is
independent of the particular ¢.

Besides, if the nonlinearity f satisfies further dissipativity assumptions stronger than
(22)), it is possible to prove that the dynamical system (V;,S,(t)) is dissipative for any
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fixed I € R (and v > 0). This means that there exists a bounded absorbing set B C V;
with the following property: for every R > 0 there exists tg > 0 such that

Sy(t)¢0 S B, vt > tr,
for every ¢ € Vi with ||¢g||s < R. This is witnessed by the following result.

Proposition 4.1. Let the assumptions of Theorem [2.3 hold and let us assume that for
some cy >0, ¢; >0,i=1,2 and q > 2 there hold

f(s)s > c1F(s)—cy and F(s) > ca|s|? — co,
for all s € R. Then,
(4.9) 1S, ()¢l < Qlldoll)e™* + Ry, Wt >0,
for some k > 0, where Ry > 0 depends on I = (¢o) but is independent of ¢y.

The proof is standard and it is therefore omitted.

5. HIGHER ORDER ESTIMATES

Here we proceed formally relying on the Galerkin approximation scheme introduced in

the previous section. For the sake of simplicity, from now on we set n = 1 (see Remark
6.5 however).

Proposition 5.1. Let the assumptions of Theorem [2.8 hold and suppose, in addition,
f € C3(R) satisfying [24). Then the following estimate holds

t+1 1

5.1 lo@la+ [ lolRay<e(1+1). ezt
t

Proof. Taking v = u in equation (2Z.8) we get

(5.2) v Vall* + [lul* = (1Yo, u).

By (1)) and (£38]) we have
el < [JAe] + £ (@) < e(X+ [|Ag]).

Thus, for v > 0, we can estimate the latter term as follows
(v, u) < ||p[Vllsllwls < e(1+ [As]) [ Ag|l[[ul/?| V]2

1 v c
< §||'ul||2 + §]|Vu||2 + —5 (L+[[Ag]?)|Ag].

/2

From this we deduce
c
(5.3) V| Vul? + [|ul® < —5 (1 + [|Ag]*) || Agl>.

12
Let us now take w = A%¢ in equation ([Z7). This yields

d
%&HAW +A%7 = (Af(9), A%) + (uVe, A%9).

On the other hand, we have

(Af(9). A%) < LIN%I2 + | A
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where ||Af(¢)]|? can be controlled in the following way. Observe that
Af(¢) = V(f'(@)Ve) = f"(9)IVS]* + f'(¢)A¢.

Then, using (2.4)), by the Agmon inequality we get

LI @)Vl < e(1+ ([0l ) [VolI70 < e(1 + |Ag]IV2) [ Ag]*?,
1F(0)Ad] < c(L+ [[9]7) A0 < c(1 +[|Ad])][ A
Therefore, we obtain
(5.4) IAf(@)* < (1 + |A]*) | Ad].
In order to deal with the remaining term, exploiting (5.3]) we find
(uVe, A%¢) < cllul|s|[Volls A% < [lull?[[ V||| Ad] A%

1
< T+ [AGIAGIA%] < 71A%]7 + (1 + |Ag|) A6

We thus end up with the differential inequality

1d 1 c
L9 ngl + 11A%17 < c(1 + IAGIE)IAGIE + S0+ A1) A0
Recalling that ¢ € L*(0,T;H?) (see ([3.5)), Lemma yields the claimed result. O

Remark 5.2. Estimate (G5.]) entails that the weak solution ¢ is indeed a strong one for
t > 1 (see (LI))). In addition, if Q is of class C!, then the regularity of V¢ implies
that the weak solution u to (ZJ) belongs to L2 _((1, 00; (H?*(2))?) and the pressure p (see

loc

Remark 2.4)), unique up to an additive function of ¢ only, belongs to L2 ((1,00); H*(Q))

(see, e.g., Bl Theorem IV.5.8]). Thus equation ([3]) is also satisfied almost everywhere if
t>1.

We conclude this section by proving the existence of the global attractor, namely,

Theorem 5.3. Let f satisfy all the assumptions in Proposition [{.1] and Proposition [51.
Then the dynamical system (V1,S,(t)) possesses a (unique) global attractor A which is
bounded in H2.

Proof. On account of the assumptions on f, thanks to Proposition [4.1] and Proposition
B we infer the existence of a compact absorbing set (bounded in H?) for the semigroup
S, (t). Hence, by standard results (see, e.g., [26]) the proof follows. O

Remark 5.4. We recall that the global attractor A is the smallest (for the inclusion)
compact set of the phase space which is invariant by the flow (i.e., S,(t)A = A, Vt > 0)
and attracts all bounded sets of initial data as time goes to infinity, namely,

VB C Vi bounded,  dist(S,(t)B, A) - 0 ast — oo,

where dist denotes the Hausdorff semi-distance between sets in H'.
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6. CONVERGENCE TO EQUILIBRIA

In what follows we let v > 0 be fixed omitting in the notation the dependence on v.
Aim of this section is discussing Theorem 2.8 showing in particular that, for every fixed
¢o € HY, the global solution ¢() = S(-)¢, originating from ¢ converges to an equilibrium
¢* as t — oo, with a certain convergence rate.

To this aim, we first recall that the w-limit set of ¢, is defined as

w(pg) = {¢* € H' : ¢(t,) — ¢* in H', for some {t, }nen, tn — o0},
and that the set of stationary points associated with ¢q is
S(po) ={z € H? : —Az+ f(2) = const, (z) = (¢o)}.
Recall that by (B.0]) in the form
(6.1) [p(O)2 < e, t>1,

where along the section ¢ > 0 denotes a generic constant, possibly depending on ||¢g||1
(and increasing as v — 0). Hence, due to to the compact embedding H?> < H!, the
w-limit set of ¢y € H! is a nonempty compact subset of H!.

With this notation, the main step in the proof of Theorem [2.§] consists in showing that
each w-limit set consists in one single stationary state, as stated in the following
Proposition 6.1. There ezists ¢* € S(¢g) such that w(¢o) = {¢*}.

Notice that, since w(¢g) # 0, there exists ¢* € H! and t,, — oo such that
(6.2) [6(tn) — ¢*[l1 = 0, asn — oo,

Besides, owing to due to ([B.3), it is easy to realize that the functional

B(z) = IVl + (F (), 1)

with z € H' is a Lyapunov functional for S(¢). Thus, by standard results on gradient
systems (see, e.g., [8, Chapter 9]), we learn that w(¢y) C S(¢g) proving in particular that
¢* € S(¢pp). As a consequence, the proof of Proposition will follow by showing that
the whole trajectory ¢(-) converges to ¢*, namely

(6.3) Jim {l¢(t) = ¢*[l = 0.

The proof of this fact can be obtained by a well-known contradiction argument due
to [I5] (see also [31] and references therein), known as Lojasiewicz-Simon approach. We
omit it, since it can be obtained by reasoning as in |28 Section 3.3] with minor changes.
Let us only mention that the key tool in our situation is the following version of the
Lojasiewicz-Simon inequality (see [II, Proposition 6.3]).

Theorem 6.2. Let (¢, u) be a solution of system (LI)-(L4) with initial datum ¢y € H'
and let z € w(pg) C S(¢o). If f is real analytic and satisfies [2.0), then there exist
0=0(z)>0,0¢€(0,35) and ¢ =<(z) > 0 such that

(6.4) [B(¢) — E()'"™" < [P(A¢ — f(d)) -1,

whenever ¢ fulfills ||¢ — z||1 <. Here P : H — H is defined by P(u) = u — (u).
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The next step consists in obtaining the rate of convergence of the trajectory to the
equilibrium. This is witnessed by the following:

Proposition 6.3. Let 0 = 0(¢*) € (0,%) as provided by Theorem[GA. Then,
c

(6.5) [o(t) — ¢l < (L + 0P/
for some ¢ = c(¢g) > 0 and every t > t*, for some t* > 0.

Proof. Reasoning as in [28 Section 3.4] (cf. also [31], 5.2]), it is easy to prove that (6.5
holds for the weaker norm ||¢(t) — ¢*||y-1, namely

(6.6) 1) =" lues + [ IV < g 20

In order to complete the proof, we set
O(t) = o(t) — ",
and observe that, for ¢ > ¢t* and almost everywhere in Q (cf. Remark (.2)), there holds
(6.7) (P +u-V(P+¢") =A(— AL+ [f(d) — f(¢M)]).
Recalling (5.2]), we have
v Vall? + [ul® = 6V, u) < [[Valll|ull|¢] =
< IVl 12101 < &l + el ]
Besides, since ¢* € S(¢y), then p* := —A¢* + f(¢*) is constant, and we can estimate
IVull =1V (= )| < IVAR[ +[[V(f(¢) = f(@)I < [[VAR] + ¢[| VO
< |VAD|| + c| @I VARV < ¢ VAP + |-

In particular, we obtain

1
(6.8) V[Vull? + Sllull” < e Vull® <l VARIP + ¢ @[fj-+.
Taking the product of (7)) with —A® in H we have
1d . .
LTl 1 VA = (ALf(0) ~ F(67). AD) + (- V(@ + ¢7). AD).

Observe that
(Alf(9) = f(@")], —A®) < |V[f(¢) — FONIVAL] < c]|[Ve|* + iIIVA‘PII?
The latter term can be estimated in light of (G.8]) as
(- V( + %), ~A®) < [[Vl| o] ull| A®|| s < cllull 2] VAR
< (| VAP + || D]l ) [ VAP D[ < iIIVM)H2 +cl|®[lf

We thus obtain, on account of (G.0]), the inequality
1d
2dt

1 c
IVOIP + ZIVAR| < cl|@flf < =
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Recalling that |V®(t*)|| < ¢, an application of Lemma 2.14] yields (6.5).

Convergence of the velocity field u. In order to complete the proof of Theorem
we are left to show that ||u(t)||; decays to 0 as t — oo. This requires a different argument
than in [28], so we detail the proof. First we need a further regularization of ¢, namely,

Lemma 6.4. The following inequality holds
IVu@) +IVAs(@)| < ¢, VE=2.
Proof. Taking w = A%y in ([27) we have
(b0, A1) = (uV ¢ + Ap, A’y = —(V(uV¢), VAu) — VA
Exploiting the definition of p, which gives p; = —Ad¢; + f'(¢)@:, we obtain
(0, A1) = (=Ady, —Ap) = (e, —Ap) = (' (9)br, —Apa)

= 5 IVHIP — (F(@) A A+ (7'(6)(uT6), D).

Hence we deduce that

IV + IV AR = (7 () D, ) + (F(6)(T6), Ay — (V(uV6), VA)

Let us estimate the terms on the right hand side. Observe that, in light of (6.1I), we have

1F(@)llL= < c.
Thus we get

—(f (@) Ap, Ap) < [LF (@)=l Apl* < el Apll®
1
< e VAuIVEI < VAR + e Vel

and

(f'(@)(uVe), Ap) < (LF (@)l ow | Apll |l 24|V b| o
< F @) [Vl Al 2wl AVl V0572 ]

1
< VAP + el Vel + o Val*

Furthermore, by the Agmon inequality, we get
(V(uVe), VAu) < ||VAUl|(IVulll[ Vol + llullLs V6]l 12)

1
< | VAR Vul[[VAg|I'? < TIVALE + el VulP[VAS].
Note that Vi = —VA¢ + f'(¢)Ve. Then we infer

(6.9) VA < [Vl + 1 (D)= IVl < (IVull + ¢),
so that

1
(V(uVe), VAR < ZIVAu® + ¢ Vul® + | Va |V al*
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We thus end up with the differential inequality

1d

2 dt

Recalling that [~(|Vu(y)||*> + [[Vul?) dy < ¢ (see B)), Lemma 2.I3 yields
IVat+1)|P <e, t>1.

1
IVall® + IV AR < e+ [Vul® + [Vull + [Vl Val?).

Finally, by (6.9) we also have
IVAG(t+ DI <e, t>1,
as claimed.

We are now ready to prove the convergence of u to zero. To this aim, let us observe
that, since p* is constant, then the equation for the velocity field u* associated with ¢*
reduces to

—vAu* + u* = —Vp*
V.-u =0.
Therefore, upon multiplication by u* and integration over €2, we deduce
V[V 2+ |2 = 0.
This implies w* = 0, and the following equation for the pressure p* holds
Vp* _ M*V¢* o V(¢*M*)
Subtracting this last equation from (2.8) we deduce
—vAu+u = —=V(p—p) + (= p)V(P + ¢") + "VE + V(¢"p").
Testing this relation by w, we obtain
VIVl + el = (i — )@ + 67),u) + (' VD, w)
<l = p*l2s V(@ + @) [ o lull + | IV O ||l
<l = 2V (= )20l + e Vo]
1 *
< Sllul® +cla)® + g — p[Vall.
Since ||u — w*|| < [AP|| + || f(¢) — f(¢*)| < c|]|AP]|, we have the estimate
1
VIVul® + Sllul® < cllAD||(|A®] + [V,
and, by exploiting the boundedness of Vu and A®, this yields

]l < e A2,

for every ¢ > 2. Finally, by interpolation and invoking the boundedness of [|[VA¢||, we
have

lullf < e, [VO[2IVAR|Y? < e, |VO[? = e[|V (¢ — 672
Therefore, Proposition [6.3] entails (2.13)).

Remark 6.5. All the results and the estimates performed in this section and in Section
can be carried out in the case n = 0 with minor changes.
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7. THE LIMIT v — O

Before studying the convergence of solutions to CHB system as v — 0, we recall the
following compactness result (see, e.g., [19]).

Theorem 7.1. Let Xo CC X C X be three reflexive Banach spaces. Let 1 < a,b < oo
and define

Web(0,T; Xo, X1) = {z € LY0,T; Xo) : 0,z € L°(0,T; X1)}.
Then W(0,T; Xy, X,) is reflevive and
Web(0,T; Xo, X1) < L0,T; X)
with compact embedding.

7.1. Proof of Theorem 211 Let ¢y € H' and let {v,},en be a sequence of positive
numbers such that v, — 0 as n — oo. Consider the sequence (¢,, ,u,, ) of weak solutions
corresponding to the CHB system with v = v,,. From the previous sections we know that
the following bounds on {¢,, }nen, {u,, }nen and {1, }nen are independent of n:

|Gv, Lo 0,711y + (|0, |l 2200,7m3) < ¢,
Yoo
IV (Dot s 1) + 10l v rn) <,
||UunHL2(0,T;H) <eg,
160,V fiu,
Thus we deduce that there exists a relabeled sequence {v, },en such that
¢v, — ¢  weakly in L*(0,T;H%),
fh, — 2 weakly in L*(0,T; H'),
w,, —u weakly in L?(0,T; H).

By the boundedness of 9,¢, in L¥°(0,T;H™') and by the uniqueness of L? and distribu-
tional limits, we also have

Oy, — i weakly in L¥°(0,T;H™Y).

12(0,T;HY) < Gy

L8/50.7:H) < C-

Applying Theorem [Z1to ¢,, with X; = H™! and X, = H?, up to a further subsequence,
which will be relabeled v,,, one has
¢, — ¢ strongly in L?(0,T; H?),
forall 0 <s < 3 and
¢u, — ¢ ae inQx(0,7T).
Moreover, from the regularity of the potential f, it follows that z = —A¢ + f(¢p) = p.

We can now consider the nonlinear terms appearing in (2.17) and (Z8]). Let h be a positive
real number. First of all, we show convergence of ¢,, Vi, to ¢V in the following (weak)
sense

t+h
/ (Dy, Vi, — OV, v)ydt — 0, YveV.
t
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The integrand can be rewritten as

<(¢I/n - ¢)V,uuna ’U> + <¢[V,u1/n - V:u]? ’U>.

The first term in this expression is bounded by

(P, — D)V, 0) < Do, — Dl sl| Vi, ||| 0] s,
so that

L2(0,T;H') ||’U||V — 0.

t+h
/ (o — 6V 0} dt] < 161 — ll 20210011
t

Recalling that ¢ € L*(0,T; L>=(f2)) the weak convergence of g, in L*(0,7;H") implies
(¢[Viw, — V], v) = 0.

Similarly we can deal with the convergence in V - (¢,, u,, ). Indeed, we have

t+h
/ (Pv,wy, — pu, Vou)dt — 0, Yo € HY.
t

This can be easily seen by rewriting the integrand as
((Pv, = @)y, V) + (dlwy, —u], V).
Indeed, the second term vanishes as n — oo in light of the convergence
w,, —u weakly in L*(0,T; H)
and recalling the bound ¢ € L?(0,T; H?) C L*(0,T; L>(2)), which yields ¢Vv € L*(0,T; (H)?).

Concerning the former, we observe

t+h t+h
[ o~ o, Vo < [ 190l e, ~ ol
t t

t+h 1/2 t+h 1/2
<I9ol( [ wlar) ([ o, — ol at)
t t

An application of Theorem [ZTlyields the compactness of {¢,, } in L*(0, T; L*=(Q)), proving
the required convergence.

Finally, let us consider the term involving the time derivative of ¢. In particular, recalling
that v is constant in time, we have

/t T bvdt = (6t + ) — S0,

Thanks to the boundedness of 9,¢ in L%°(0,T; H™'), the Lebesgue Theorem also gives
Pt +h) — ¢(t)

h
A repeated application of the Lebesgue Theorem implies that the couple (¢, u) satis-

fies (Z7)- (28] for almost every time ¢ € [0, T]. Moreover, observing that ¢ in L>(0,T’; H')
and ¢ € C([0,T]; H™'), it follows that ¢ is also weakly continuous taking values in H!.

— Oo(t) ae t€[0,T].

Finally we show that
lim(o(t),v) = (¢o,v), forallv e H

t—0
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Let ¢: [0,7] — R be a C* function such that ¢(0) = 1 and ¥(T") = 0 and let v € H' be
arbitrary. Multiplying (2.7)) with v > 0 by ¥v and integrating over §2 x [0, 7] we obtain
T

T T
- / (G o0) dt + / (Gt YV 0)dE + / (Va0 V)L = (G0, ).
0 0 0

As before, we can pass to the limit as v, — 0, so obtaining

T T T
- / (6, o) dt + / (o, $V0)dt + / (V11,69 0)dE = (6, ).
0 0 0

Proceeding analogously in the case v = 0, we deduce
T

—/0 (p, ) dt+/0 (¢u,¢Vu)dt+/g (Vi,pVo)dt = (4(0),v).

Finally, a comparison between these last two equalities and the arbitrary choice of v € H*
gives ¢(0) = ¢o.

8. THE CHB SYSTEM IN DIMENSION N = 2

In this section, we analyze the closeness between the solution to the CHB system and
the solution to the CHHS system which are originated from regular initial data in H?2.

Before proving our main result, i.e., Theorem 2.12] we derive some regularity estimates
for the solutions of the CHB system in 2D which are uniform with respect to v > 0.
Hence, from now on, let ¢y € H? and denote by ¢ > 0 a generic constant which may
depend on ||¢g||2 but is independent of v.

8.1. Higher-order bounds independent of v. We shall exploit in a crucial way the
following well-known inequalities which hold in dimension two:

(8.1) A2 < (AN A+ LA,
(8.2) LFIZs < cllFIIV AL, if (F) =0,
(8.3) £ 12 < ell AN Nare.

Proposition 8.1. Let v > 0 be fized and let ¢(t) = S, (t)po. Then, the following estimate
holds

t+1
(8.4) 16(8)] + / l6()|2dy <, V0.
t
Furthermore, we have
t+1
(8.5) sup / (u)IB) dy < c.
t>0 Jt

Proof. On account of (B.2]) we find

1 1
VIVull® + lull* = (1V e, u) < Slul” + ZnV]*,

which yields
lul* < [l1Vel*.
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Besides, by (81]) and (RB.2) we get
eV oll* < lullzalVollzs < c(llullVall + el Vel Al

Since standard computations in light of (2Z1]) and (A.8]) yield

lull < Al + 1 f (@)l < e+ |Ag]),

IVull < [[VAQ[| + [V (@)l < (1 +[[VAg),

we end up with
(8.6) [ull* < c(1+ [AS]I*) VAP
By taking w = A?¢ in (2.7) we obtain

1d
§&IIA¢II2 + | A%]17 = (Af(¢), A%0) + (u - Vo, A%p).
We estimate the first term on the right hand side as follows

(AF(6), 2%) < FI8%]2 + | AF@)” < TIAIP + (1 + [ 20D Ad

where we exploit the 2D analog of (5.4]) to control ||Af(¢)||. Then we handle the remaining
term as

(u- Vo, A%) < cllu- Vo[ A% < iHA%H +clu- Vol
Owing to (8.6]) and the Agmon inequality (8.3]), we infer
[ - Vol* < [ul Vel < [[ulPIVOl[VA] < c(1 + | Ag]*) VA
< c| AgIP[[VAGI* + cl| Ad || A% < 1 + [VAS|*) A + iHA%HQ-
Thus we obtain the differential inequality

1d 1
(57) S IAGI + SIA%I < g(t)1Ag]P

where, in light of (B4), g(t) := c(1+ [|A¢(t)||* + [[VAG()]|?) satisfies
t+1

sup / g9(y)dy <c.
t

>0
We can thus apply Lemma 2.13] so obtaining
|AGH)|* < e, VEt>1.

In order to prove the required estimate for ¢ € [0,1] it is sufficient to apply the usual
Gronwall lemma on [0, ¢] to the inequality

d
1A9I” < 29(0)l1 0]

Indeed this yields
1AG(B)]> < [|Ap(0)][*e*

where

G(t)Z/Otg(y)dyS/o gly)dy <c, Vte[0,1].
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Hence we have
[Ap)]? < e, Vte0,1].

On account of this bound, a final integration of ([81) on [t,¢ + 1] concludes the proof
of (84). In order to show the validity of (83H]), note that, by estimating again [|Af(¢)||

as in (5.4]), we get

< c(|lull® + 1 Aul?)

< c(lF@N* + [1A0]* + [|Af(9)|I” + | A%]%)
< c(L+[|A)* + [|Ad]* + |1A%]%),

which, in light of (84]), implies the integrability of p.

el

Remark 8.2. The following estimate also holds uniformly in » > 0. Exploiting the
Agmon inequality and the uniform H2-estimate for ¢, we have

11V IIE < lnVol* + IVuVI* + [lnV2s|*
< ulli=IVOl* + VRl VelZs + cllullie | Agl?
< (1 + [|ull3)-
In particular we deduce uV¢ € L?(t,t + 1; H') uniformly for ¢ > 0 and v > 0.
8.2. Proof of Theorem

Proof. Let ¢}, ¢o € H? such that (¢}) = (¢o). Then denote by c a generic positive constant
depending on R, where R := sup,.o{[|¢% |2, [[¢oll2} < co. Let (¢, u,) be the weak solution
to the CHB system with v > 0 originating from ¢}, and (¢, u) the solution to the CHHS
system with initial datum ¢y. Note that the difference ¢ = ¢, — ¢, @ = u,, — u is a weak
solution to

(8.8) 0+ V- (4u) + V- (pu) — Al =0,
(8.9) w=Vp—¢,Vi— ¢Vu+viu,
(8.10) V-u=0,

where

ii=—0¢+ [f(n) — f(9)],

and (¢) = 0.

Taking —A¢ as test function in the weak formulation of (88), we obtain
d1
dt 2

On the other hand, we have

(Vii, VAG) = —|[VAG|* + (V[f(dn) — f(9)], VAS),

VoI + (ppur, VAG) + (pu, VAP) + (Vii, VAG) = 0.

so that
d1

11
(8.11) dt 2

IVol* + [VAGI* = —(¢,1, VAG) — (du, VA) + (V[f(d,) — f(9)], VAS).
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Let us now take @ in the weak formulation of (89). Adding —v(Vu, Vu) to both sides
of the resulting identity, we get

(8.12) v|[Va|? + [[al* = —(6, Vi, @) — (¢Vu, @) — v(Vu, Va).
Note that, by definition of ji, there holds

_<¢VV,[L> ’L_l’> = <¢VVAQ1 ’l_l,> - <¢Vv[f(¢u) - f(¢)]> ’L_l’>
Hence, adding (8I1)) with (812) we end up with
C LIV + IVAGIP + vVl + ]l = —(Vu, Var
— {(0u,VAQ) — (¢V, @) — (6, V[f(8,) — f(9)], @) + (V[f(d) — f(9)], VAG).
We now estimate the terms on the right hand side. First of all, we have

(5w, VAP) < clFlullull [VAS] < {IVAGI + cllull|3]3
Besides, the following inequality holds
{3V a) < Bl IVl < glal? + el au?3]3
We are left to deal with the term
(VI(8) — 1), VAd) < |V[(6.) — F)I VA
< JIVAGI? +elVIF ()~ FOIIP

where

IVIf (@) = £ < NF' (@) = F@IVEl* + [1F(9) Vol
By exploiting the uniform H2-estimates both for ¢, and ¢ obtained in (84 and condition

23), we have
1F (@) Vol* = /Q [F @)Vl < IF L= IVOI* < el + [0 IVol* < clldllf,

and, analogously,

ILf(60) = F(@)]Veu|* < c/Q (1412 + [61)eVu[* < clldllZs[VullZs < clloll3-

Thus we have the control

IVLf(60) = F(O)II* < clloll3.

Using again (8.4)), the remaining term involving f can be treated in the following way:

—(@V[f(oy) = f(9)], u) < [l [IV]f(¢n) — f(D)]]l]u]
1 1 _
< llal* +clVif(g,) = F@I° < Zllwl® +cllol
In addition, we have

v[(Vu, Va)| < v|[Vaul? + v|(Vu, Va,)| < v||Val? + 02 (0] Va, |2 + [ Vul?).
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Thanks to [21, Lemma 2.1], Remark B2limplies u € L%(t,t+1; V') for all ¢ > 0. Moreover,
recalling (31]), it holds

k() = v|[Vu|® + (1 +v'2) || Vaul* € LY(0,T),
for every T > 0, uniformly with respect to v > 0.
Collecting all the above inequalities, we end up with

d, - 1, -
Sl + Zlal® < NI + vk (),

where 1(t) = c(1+||Ap(t)]]*+||w(?)]|?). Thanks again to [2I, Lemma 2.1] and Remark[8.2]
h € L'(0,T) uniformly with respect to v > 0. Therefore, an application of the Gronwall
lemma provides, for all ¢ € [0, 7],

t
(1) — S(E)|12 < || — o 2efo P 4 1/ / k(y) dy,
0
which, in particular, entails that
16(£) — GBI < [0 — doll 3T + M/ Cr,

having set Cr = max{ fOT h(y) dy, fOT k(y)dy} < oo. Integrating the differential inequality
on [0,t], t < T, up to enlarging Cr we also obtain

t
/ ety — 2> < 1% — o2 + M2 Cyp.
0

Remark 8.3. Since we are dealing with solutions which are uniformly bounded in H?, the
convergence of ¢, to ¢ in H2%, for every 6 > 0, easily follows. On the contrary, proving the
convergence in H? seems to be out of reach, due to the fact that the semigroup associated
to the solutions of the CHHS equation on H? is not strongly continuous but just closed,
with a continuous dependence estimate with respect to the H'-norms, see [21], (6.13)].
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