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ON A SYSTEM OF COUPLED CAHN-HILLIARD EQUATIONS

ANDREA DI PRIMICﬂ, MAURIZIO GRASSELLI?

Abstract

We consider a system which consists of a Cahn-Hilliard equation coupled with a Cahn-Hilliard-Oono equation
in a bounded domain of R, d = 2,3. This system accounts for macrophase and microphase separation in
a polymer mixture through two order parameters u and v. The free energy of this system is a bivariate
interaction potential which contains the mixing entropy of the two order parameters and suitable coupling
terms. The equations are endowed with initial conditions and homogeneous Neumann boundary conditions
both for u,v and for the corresponding chemical potentials. We first prove that the resulting problem is
well posed in a weak sense. Then, in the conserved case, we establish that the weak solution regularizes
instantaneously. Furthermore, in two spatial dimensions, we show the strict separation property for v and
v, namely, they both stay uniformly away from the pure phases +1 in finite time. Finally, we investigate the
long-time behavior of a finite energy solution showing, in particular, that it converges to a single stationary
state.

Keywords. Systems of Cahn-Hilliard equations, singular potentials, well-posedness, regularization, strict sep-
aration property, convergence to equilibrium, global and exponential attractors.

1 Introduction

Cahn-Hilliard type equations are extensively used to model phase separation phenomena which occur in many
different contexts (see, for instance, [23] and references therein). The prototypical example in this regard is
represented by phase separation processes taking place in binary alloys, as originally proposed in |5]. Here we
are interested in the theoretical analysis of a system of Cahn-Hilliard equation coupled with a Cahn-Hilliard-
Oono equation proposed in [3] to describe the dynamics of certain polymer blends. In that framework, a
mixture counsisting of a diblock copolymer and a homopolymer (see [19] for detailed definitions) is taken into
consideration. From the phenomenological point of view, two distinct, but simultaneous phase separation
processes take place. On one hand, the so-called macrophase separation occurs between the homopolymer and
the copolymer. As a consequence, the diblock copolymer is confined in a region assuming typically a spherical
or ellipsoidal shape. On the other hand, the microphase separation involves the two blocks of the copolymer,
creating regions characterized by the prevalence of one or the other. The two processes generate strikingly
regular patterns, which have recently been experimentally investigated as well as analyzed numerically (see,
e.g., [3, 4, 21, 122] and their references).

In order to introduce the system we indicate by Q C R, d = 2,3 a bounded, open, connected and sufficiently
smooth domain. Then, we denote with u(z, ) and v(z,t) the relative concentration differences of the phases in
the macrophases and the microphase at point z € ) at time ¢, respectively, while the corresponding chemical
potentials are instead denoted by u(z,t) and p(z,t). Let T > 0 be a given final time and €2,¢2,0 be three
positive real parameters. The system reads as follows (see [3])

%:AM in Q% (0,T),
F
p=—c2Au+ a—(u,v) in Qx (0,7),
ou
1
%+g<v_ﬁ/§zvodx)2mp in Q x (0,7),
F
@:—sgAv+g—(u,v) in Qx (0,7), (1.1)
v
ou  Ov
%7%,0 on 90 x (0,T),
o _ e _
%_%_0 on 99 x (0,7T),
’U,(', 0) = Ug in Q,
v(-,0) = vg in Q,

where || denotes the d-dimensional Lebesgue measure of {2 and the bivariate potential density F' is the sum of

three contributions, namely
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F(u,v) = + C(u,v), (1.2)
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where the coupling term C(u,v) is given by
C(u,v) = auv + Puv? + yu?v. (1.3)

Here the coupling coefficients «, 3, are three given real parameters. In the present work we are interested to
provide a theoretical analysis of Problem () by replacing the double well potentials in (L2) with the ther-
modynamically relevant potentials characterized by the mixing entropy densities. More precisely, we consider
Problem (L)) with

F(u,v) = S(u; 0y, 00.4) + S(v;0y,00,) + Clu,v), (1.4)

where 9 0
S(r,0r,00,) = é[(l +7r)log(1+7)+ (1 —r)log(l —r)] — %7‘2, re(-1,1), (1.5)

with 0 < 0, < 0y, and r = w or » = v. Here 0, and 60y, represent the absolute temperature and the critical
temperature under which the separation processes take place, respectively. We recall that S is known as singular
potential (or Flory—Huggins potential, see |11, [17], cf. also [16]). We point out that the regular double well
potentials in (L2)) are just convenient approximations of S but they do not ensure that v and v take their values
in the physical range [—1, 1].

It is worth recalling that 2,2, o, as well as the coupling coefficients, have a physical interpretation in the
framework of polymer blends. For instance, the quantities ¢, and e, are proportional to the thickness of the
propagating fronts of each component, and are therefore linked to the rapidity of variation of u and v in the
interface region (see [3] for the details).

Problem (L)) entails the conservation of the total mass of both the order parameters. Indeed, setting

— 1
- — [ ta
7 |Q|/Qf e,

for any Lebesgue-integrable function f, then we get

{U(t) = to, (1.6)

for any ¢t > 0. However, this might not always be the case. Indeed, if we consider the Cahn-Hilliard-Oono
equation for v in the following general form (see, e.g., [14] and references therein)

%—i—a(v—c) Ap  inQx(0,T),

for some prescribed ¢ € (—1,1), one obtains
T(t) =c+e Ty — ¢,

implying that two possible scenarios may arise. In the conserved case, the quantity v is constant and equal
to ¢ = Tp, whereas in the so-called off-critical case, i.e. ¢ # Ty, U(t) converges exponentially fast to ¢ as t
approaches infinity. As we shall see, this is not a small detail from the theoretical viewpoint (cf. [14]).

We also note that the conserved case can be seen as the gradient flow of the free energy

\I/Q(U,VU,U,VU):/Q( 2 [Vul® | 'V“|2 + P, v) d:z:—f—o// ) — )Gz, v) (v(y) — T5) dyda, (1.7)

which is known as Ohta-Kawasaki functional (see, for instance, |9, [18, 26] and references therein for regular
potentials). In (I7), G denotes the Green function associated to the negative Laplace operator with homoge-
neous Neumann boundary conditions. We recall that the Cahn-Hilliard-Oono equation with singular potential
has recently been analyzed in [14] while its coupling with the Navier-Stokes system has been studied in [24] (see
also their references for the regular potential case). Instead, only numerical simulations are available so far for
Problem (). Our goal is to extend the analysis done in [14] to the present problem. As we shall see, this is
not a straightforward task because of the coupling term ([I3]).

Plan of the paper. In Section 2] we introduce some notation and the functional setting. Section [ is devoted
to introduce a weak formulation of our problem in the off-critical case and to state its well-posedness whose
proof is given in Section 4l The regularization properties in the conserved case are analyzed in Section [B while
Section [0l is devoted to establish, in the conserved case, the strict separation property of both the macrophase
and the microphase in dimension two. In Section [] we analyze the longtime behavior of weak solutions in the
conserved case. In particular, we show that any weak solution converges to a single stationary state.



2 Notation and functional setting

Throughout all this work, given any pair of positive integers k, p, we denote by W*P(Q) the Sobolev space of
LP(Q) functions with distributional derivatives of order less or equal to k also in LP(Q2). This space is endowed
with the classical norm || - ||k (q). For any choice of k € N, H*(Q) := W*2(Q) is a Hilbert space with respect
to the scalar product

(fag)Hk = Z (Dsf) Dsg)a

ls|<k

for any f,g € H*(Q). We recall the Hilbert triplet
Vi=HYQ) < H:=L*Q) < V*:= HY(Q)*,

with dense, continuous and compact injections (in both two and three spatial dimensions). Here H*(2)* denotes
the topological dual space of H(2). The three spaces V, H, V* are endowed with the norms || - [|v, || - ||, || - [|v+,
respectively. In particular, || - | denotes the classical L?-norm (possibly for functions taking values in R%),
whereas

ull = flull® + |Vl *

for every w € V. Finally, || - ||y« is the standard operator norm in a dual space. From here onwards, the scalar
products inducing said norms are denoted as (,-)., accordingly. The duality between a (real) Banach space
X and its topological dual X* is denoted by (-, ). We now recall some well-known and useful results. Let us
introduce the spaces

- 1
Vo={ueV . :u=0}, VO*::{LEV*:L:ZW(LJ):O},
where (-, ) denotes the pairing between V* and V. Let us consider the linear operator
AV V™, ur—><vr—>/Vu~Vvdz>,
Q

whose restriction to Vp is an isomorphism between V4 and its topological dual V. The inverse operator
N := A1 is well defined. This operator, by definition, satisfies

NAu = u, ANL =1L Yu e Vp, VL € Vi, (2.1)

so that N is the inverse of the negative Laplace operator with homogeneous Neumann conditions. The following
result is useful and straightforward to prove.

Proposition 2.1. Let A and N be defined as above. Then, the following identities hold

(i) (Au, NL) = (L,u), Vue€eVy, LeVy;

(ZZ) <L1,NL2> = (V(NLl),V(NLg)), V Ly, Loy EVO*.
Concerning the choice of suitable norms on Vy and Vj, we define

L]l == [VNVL)|| = (L, NL)
on V{, where the second equality is due to Proposition 2.1} (ii), and
L2y = ||L = L|IZ + |LJ?

on V*. Finally, we state the following

Proposition 2.2. The norm || - ||« is an equivalent norm in V', while the norm || - |1 is an equivalent norm
in V* (with respect to the usual operator norms).

3 Weak formulation and well-posedness

In this section we first introduce the weak formulation of (II]) in the more general off-critical case, namely, the

third equation is replaced by
%qLo(v—c):Aga in Q x (0,7,



for some known constant ¢ € (—1,1). More precisely, we consider the following (formal) initial and boundary
value problem

%:Au in 2 x(0,7),
F

p=—c2Au+ a—(u,v) in Qx(0,7)
Ou

%qLo(v—c):Aga in x(0,7),
F

o =—e2Av+ g—(u,v) in Qx (0,7), (3.1)
v

ou Ov

%:%:0 onaﬂx(O,T),

op  Op

%—an—o OH@QX(O,T),

u(+,0) = ug in Q,

v(-,0) = vg in Q.

The main goal of this section is to state and prove the well-posedness of the weak formulation of (Bl which is
given by

Definition 3.1. Let ug,vp € V be such that F(ug,vo) € L1(2) and g, 7y € (—1,1). Let ¢ € (=1,1). A weak
solution to Problem (B is a pair (u,v) enjoying the following properties:

(i) we L>([0,T); V)N L3([0,T]; H?(Q)) N L>(Q x (0,T));
(i) v e L*([0,T); V) N L2([0,T); H2(Q)) N L>°(2 x (0,T));
(iii) G € L*([0,T];V*);

(iv) G € L*([0,T]; V™)

(v) b= —endu+ G5 € L*([0, T V);

) ¢ =—eAv+ G0 € L2([0, T V);
) Ju(x, )] < 1 for a.a. (x,t) € Q x (0,T);

(viii) [o(x,8)] < 1 for a.a. (x,¢) € Q x (0,T);
)

(ix) (u,v) solves the system
ou .
a,s>+(Vﬂ,Vs)0 VseV, ae. in (0,7),
%,w>+o(vc,w)+(V<p,Vw)0 VYw eV, ae in (0,T);
(x) 9% =0a.e. in0Qx (0,7);
(xi) 82 =0ae. in 00 x (0,7);
(xii) u(0) = ug a.e. in €
(xiii) v(0) = v a.e. in Q.

Remark 3.1. From Definition Bl thanks to the fact that u,v € L([0,T]; V) and their time derivatives belong
to L2([0,T]; V*), we directly infer that u,v € C°([0,T]; H).

Remark 3.2. Let T > 0 be arbitrary. On account of the L (€ x (0,T))-regularity of each phase, it holds that
u,v € L*([0,T]; LP(Q2)) for each p > 1. In particular, the function mapping t — ||u(t)||r~ (same for v) is
measurable and essentially bounded (see [13, Rem. 3.3]).

Let us define now the energy functional

g2 e?
Uo(u,v) = ?UHVUHQ + ?UHVUHQ +/ F(u,v) dz. (3.2)
Q

The well-posedness result is



Theorem 3.1. Let ug,vg € V be such that F(ug,vo) € L' () and ug, v € (—1,1). Let ¢ € (—1,1) be given.
Then, Problem [BJ) has a unique finite energy solution. Moreover, the following energy inequality holds

1 t+1
Yo (u(t), v(t)) + §/t (IVE(D)I? + [Ve(n)?) dr < To(up,vo)e™ " +C (3.3)

for any t > 0, where C is a positive constant depending on all the parameters of the problem. Furthermore,
given R > 0, T > 0 and m € (0,1] such that |c| < m, there exists a constant K = K(m,R,T) such that,
for any solutions (u1,v1), (uz,v2) on [0,T] originating from the initial conditions (ug1, Vo1 ), (o2, Vo2) satisfying
Vo (uoi,vo;) < R and |g;l, |Doi| < m for i =1,2, the continuous dependence estimate

T 3 T 3
V*+|v1<t>vz<t>||w+</o |u1<t>u2<t>||2vdt> +</ ||v1<t>vz<t>|2‘vdt>

< K(|luor — uoz|

[[ur () — ua(t)]

v- + [Gor — Toa|? + [Tor — Toa|2)  (3.4)

v+ + [[vo1 — voz]
holds for every t € [0,T] and entails the uniqueness of a weak solution.

Remark 3.3. Elliptic arguments yield higher regularity for u and v. Indeed, on account of [15, (3.11)], we can
also deduce u,v € L*([0,T]; H*(£2)). Also, recalling [1, Thm. 6], we can prove that u,v € L%([0,T]; W2"(Q)),
where r=6if d=3orr € (1,00) if d = 2.

4 Proof of Theorem [3.1]

The proof is split into four steps. First we introduce a convenient approximation of the potential F' which is
crucial in order to establish the existence of a weak solution. This is obtained in the second step through a
suitable Galerkin scheme. The final two steps are devoted to prove the global energy inequality (8.3)) and the
continuous dependence estimate (3.4)).

4.1 Approximating the bivariate potential
Recalling ([LH), we set

R 0,

S(r;6,) = > [(1+7r)log(l4+7r)+ (1 —r)log(l —r)], re(-1,1). (4.1)

We point out that S is meant to be extended by (right or left) continuity at the endpoints and then over the
whole real line with value S(r) = +00 whenever |r| > 1. It is well known that the function S has the following
elementary properties:

(i) S is real analytic in (—1,1), and in particular belongs to C*((—1,1)), where C?(I) denotes the set of
(classically) k-times-continuously differentiable functions over an interval I when p > 0, and the set of
continuous functions over I when p = 0;

(i) there exists a constant k& > 0 such that 5@ (u;6,,) and S® (v;6,) are non-decreasing in (—1, —1 + k) and
non-increasing in (1 — &, 1);
(iii) there holds R R
lim S'(r) = —oc; lim S'(r) = 4o0;

r——1+t r—1-

(iv) there holds R R
S/I(r;eu) Z eu > O’ S/I(r;@,u) Z eu > 0, Vre (—1, 1),

(v) there exists ¢ > 0 and ¢y > 0 such that
§(4)(r;9u)20; §(4)(r;6’v)20, Vre(—=1,—-1+¢e]U[l—ep,1);
(vi) there exists €; > 0 such that, for each k = 0,1,2, 3,4, and for each j =0, 1,

S® (r:0,) >0 Vrel—e,l),
SCItD(r:0,) >0 Vre(—1,—-1+e)
SCitD(rg,) <0 Vre(—1,—-1+e),

in both cases r = u and r = v, where $(® := G,



Remark 4.1. In the sequel, S (r;0,) will denote any function satisfying the above mentioned properties. Of
course, (L) is an admissible choice.

The aim of this first step is to introduce a suitable regular (i.e. with no singularities over the whole plane R?)
approximation of F' (i.e. of S ), dependent on a positive real (small) parameter ¢ in such a way that the original
potential is recovered in the limit § — 07. To this end, we introduce a family of regular potentials based upon
the fourth-order Taylor expansion of S (see [12]). Fixed any sufficiently small § € (0,1), let S5 : R — R be a
globally defined approximation of the singular part of the function S given by

480 (— .
ZM[T*(*lJr(S)]Z if 1 < -1+,
- 1.

Ss(r) = (r) if |[r] <1-—4, (4.2)
4461 — ,
ZM[T—O—&)]’ ifr>1-04.
— 7!
Accordingly, we set
S (u: — & (e Oo.u, > . — S (o Oo.0
s(u; 0y, 00.4) == Ss(u; 0,) — Tu , Ss(v;0y,00.,) = S5(v;0,) — 5 v, (4.3)
and
Fs(u,v) := Ss(u; 04, 00,4) + S5(v; 0y, 60,,) + Clu,v). (4.4)

From now on the dependence on the absolute and the critical temperatures in S, S and their regular approxi-
mations will be omitted. Here below we state and prove a result on the coercivity of F5 which will be helpful
in the next subsection.

Proposition 4.1. F5 € C*(R?) for any sufficiently small § € (0,1). Furthermore, there exists o € (0,1) and
two positive constants ki, ko independent of § such that

Fs(u,v) > ki (u* +v*) — ko Vu,v€R, § € (0,d).

Proof. We slightly adapt the proof of |12, Lemma 1]. Without loss of generality, let us first consider u > 0.
With reference to properties (v) and (vi), fix § < dp := min(eg, €1). Then, given a value of u, one and only one
of the following cases applies.

* In this range, S(;(u) = S(u) > 0. Given any ki, ks > 0, then one has
k:1u4 — kQ S k/’1 - k/’2

thus, provided that ks > k1, the right hand side is negative, yielding

S(;(u) > k:1u4 — ko. (4.5)

* Owing to properties (v) and (vi), one has

Ssw) > 5891~ a)u— (1O > fu— (-8 >0,

and thus one argues similarly to get ([€H).

* From properties (v) and (vi) one easily proves

Ss(u) > 5D (1 = 6)u— (1 - ) >

Y (u—1)4>£u4—k,

2o

so that we get k1 = ;5 and ky > k = k(c).
As far as the case u < 0 is concerned, a very similar reasoning can be carried out, so that, in conclusion,
S’g(u) > kiut — ko VueR, (4.6)
for a fixed k1 and ko > k = k(c), provided that ¢ is sufficiently small. This, of course, lets us deduce that

Ss(u) + S5(v) > ki (ut 4+ v*) — ky Vu,veR, (4.7)



for any sufficiently small §. Finally, we consider the polynomial term. Owing to the elementary inequality
x > —|z| and the Young inequality,

0o« 0o 00,4 0o,
C(u,v) — %UQ — %’1}2 = ouv + Buv? + yulv — %uQ — % 2>

0o o Bow o v 1Bl | 2]yl 3 28] | Il 3
> vz ZUv.2 el B N La Rl A (2= .
> 5 U 5 ¥ || 2—|—2 3+ 3 | 3 +3 [v]

Let A > 0 be arbitrary. Then, there exists a constant K = K (\) such that

bo,u bo,0
C(u,v) — %UQ - %’1}2 > Aut +0t) = K()) Vu,veR, (4.8)
where K () is a constant depending only on the choice of A. In particular, if A < ki, then, up to redefinition of
constants, then ([@7)) and ([@8]) imply the thesis. O

Remark 4.2. Proposition ] shows why ([{.2) is particularly convenient in this context. Indeed if we chose a
more elegant approximation like, for instance, the one in [13] then we were not able to control the growth of
the interaction polynomial C'(u,v).

4.2 Existence

Let § € (0,1) be sufficiently small. Consider an approximation of Problem B with Fs defined by (£4) in
place of F', namely

5 Ap . in Qx (0,7),

p=—e2Au+ —6(u,v) in Qx (0,7),
u

%qLo(v—c)nga in Q x (0,7),
F

¢ = —e2Av + = (u,v) in Qx(0,7), (4.9)

ou Ov

%—%—0 onan(O,T),

op Oy

a—n—an—o on 00 x (0,7,

U(', 0) = Ug in Q,

v(+,0) = vg in Q.

The weak formulation of Problem (&3] is similar to the one for Problem (3.1, provided that p and ¢ are now
computed using Fj instead of F. In particular, we have

ot
v
ot

@,s>+(V,u,Vs):0 VseV, ae in (0,T),
,w> +o(v—rcs)+ (Ve,Vw)=0 VYweV, ae in (0,T).

We now establish the existence of a weak solution to this approximating problem by means of a Galerkin scheme.
In the following, for any m € N, m > 1, we denote with (9, w,,) € Rx H the (countably many) eigencouples
of the Neumann—Laplace operator, namely the relation

*Awm = NImWm

holds for any positive integer m. We recall that the set of eigenvectors is an orthonormal basis in H and an
orthogonal basis in V. Let m € N, m > 1 and set W, := span(wz, ..., w,,). Consider the projection of the weak
form of Problem (4.9) on W,,, namely find wup,, Un, : [0,T] — W, so that

<ag—;n,s>+(Vum,Vs)0 Vs € Wy, ae. in (0,7T),

o = I, (—EiAum + %(um,vm)) a.e. in (0,7,

<a;—;n,w> + (v — ¢, w) + (Vou,, Vw) =0 Vw € Wy, ae. in (0,7, (4.10)
om = I, <€3Avm + %(um,vm)> a.e. in (0,7,

U (0) = uo,m in €,

Um (0) = vo,m in €,




where II,,, : H — W, is the projector onto the finite-dimensional space W,,. We denote the coordinates of u,,
and v,,, with respect to the chosen basis of W,,, as

m m
U (t) =Yt k(Ows v () =D vmk(Bwi,
k=1 k=1
where w, ; and v, are real-valued functions from [0,7] for any value of m and 1 < k < m. As usual in
Galerkin schemes, we now take in (£I0) s = w; and w = wjy, as 4,j vary from 1 to m, yielding, after some
manipulations,

tctit’ + 202U i + 1 (Hm (a—ug(um’vm)) 7wi) =0 Vi=1,..,m, ae. in (0,T),
dv, ; OF,
Lot (o 2oy — o+ 1y (o (G2 umom) )3 ) =0 V5= Lo, e i 0,7),
v
U (0) = ug,m in Q,
U (0) = vo,m in £,

namely a Cauchy initial value problem consisting of 2m ordinary differential equations in the unknowns
Um, ky Um,k, 0T k = 1,...,m. In order to have a better understanding of the differential problem above, we
restate it in vectorial form. Let U,, and V,, denote the vectors of functions whose components are u,, , and
Um,k, respectively. Let also Uy, V denote the real coordinates of ug ., and vg ,, with respect to the eigenvector

basis, accordingly. Then, we have
d U, ~ U, .
o le] =F; ([Vm]> a.e. in (0,7,
(4.11)

where the function IE‘(; :R™ x R™ =2 R?™ — R?™ has the form

() - ()

and in turn, L is a diagonal real 2m x 2m matrix, while Ns : R?™ — R?™ is a nonlinear function depending
on the potential approximation parameter § and b € R?™ is a constant real vector. In light of the Cauchy-
Lipschitz theorem, system ([@II]) has a unique solution (U,,, V,,) € C1([0,T7]; R*™) on the maximal interval
[0,T] where T € (0,T]. We now show that the approximating (local) solution satisfies an energy inequality
itself. Let us consider the approximated energy functional

Vul|? Vo2
\I/?Z(u,v) =& I ;L” + &2 I ;H +/ Fs(u,v)dx.
Q

Then, consider ([LI0) and pick as test functions s = pi,, w = ¢, while testing the equations for the chemical
potentials by O, 1= 675—;" and Opvy, 1= 65—;", respectively. From the four resulting equations, owing to the fact

that, by definition of orthogonal projection,

(x =y (x),w) =0 Ve € Hy w € Wy, (4.12)
one deduces the energy equality
d s 2 2
g Yo (um, vm) + 0 (n = ¢ om) + Vi | + [Vem|” = 0. (4.13)

Observe now that

OF, OF;
(VU — €, pm) =0 (vm —c1I,, (—E%Avm + a—é(um,vm))) =0 (’Um — ¢, —e2Av,, + a—é(um,vm)) ,
v v

since vy, — ¢ € W,,. Indeed, let us remind that all constant functions on €2 belong to W, for any m > 1, since
wy = 1 is the first eigenfunction of the Neumann—Laplace operator. Therefore, we get

OF}
o (vm = ¢, pm) = 03 ||Von|* + o (U"‘ —O W(“mavm))

= 02| Vun|? + o (vm — ¢, 85(vm) — Op.om + Z—C(um,vm)) . (4.14)
v



Observe now that differentiating [@2]) twice yields

2, §li+2)(—1 4 )

. [r—(=1+0)]" ifr<-—1+9,
2.

Sy(r) = 5”( ) if [r| <1-4,
S+ (1 -5 ; ,
Z#[P(yan ifr>1-3,
1=0

therefore S is convex (see properties (iv), (v), (vi)) provided 4 is sufficiently small (i.e. § < min(eg,€;)). Hence

we infer that
/S(s U, dx</8’5 Um) m—c)d:z:—i—/ S’(;(C)dl'
Q

/QS(’;(vm)(vmfc) dzZ/Q S(;(vm)dx—/QSg(c) dz. (4.15)

or, equivalently,

Moreover, we observe that

ocC
Q (U, Um) = (U — €) <901vvm + %(um, vm)> (4.16)
is an algebraic polynomial of degree 3. Thus, on account of ([@I4)-([IH), from [@I3) we deduce
d
E\II‘S (U V) + 02| VUm|12 + | Vitml|? + | Veoml? + 0‘/ Q (U, V) dz < / Ss(c (4.17)

Recalling now Proposition ], we can find K (kq,|Q|,0) > 0 such that

/ 0Q (U, V) dz:
Q

< / Fy (it 4 vh) da + K (ki |9, 0). (4.18)
Q

Let us redefine the potential approximation by adding the constant ks appearing in Proposition .1l namely
ﬁ;(u,v) = F(;(’U,,’U) =+ k27
so that the very same result entails
Fs(u,v) > ky(u* +0v%)  Vu,veR. (4.19)

Accordingly, we set

) £ 2, & 2 =

Bh(u,0) = Z|Vull® + Z2|Vel> + | Fs(u,v)dz,

Q

in order to have a positive (and coercive) energy functional. Exploiting ({.I8) and [@I9) in (£I7), jointly with

/ ﬁ(?(umavm) dz S {Iv]?z(umavm)a
Q

we obtain

d A
Tt ) 4 00 P+ [Tt P+ |9l < T, v) + [ Ssfe)dot Ko (.20)
Q

It is straightforward to see that the constant at right hand side is independent of the Galerkin parameter m.
An application of the Gronwall lemma yields the energy inequality

U (g (£), U () < W (10,1, V0. )€t + K (4.21)

for some K > 0 independent of m (the constant K is redefined without relabeling it). The bound implies that
the approximating solutions are well defined on the whole [0,T]. Integrating (£20) over [0,t], ¢ € (0,T], and
using ([£21]), we eventually get

t
q’?z(um(t)vvm(t))Jr/ IV k(DI + [V om (7)||* A7 < K10 (womsvom)e” + Koy VE€[0,T],  (4.22)
0

for some positive constants K7, K5 independent of m. Existence can now be recovered through ([@22). Indeed,
we can first pass to the limit in the Galerkin scheme to obtain the existence of a solution to the regularized
problem (see, e.g. [24, Sec. 3]). Then we use uniform estimates with respect ¢ to get the existence of a weak
solution letting ¢ go to 0 along a suitable sequence (see, for instance, |15, Sec. 3] for the details).



4.3 Proof of (B.3)

We can now take advantage of the bounds (vii) and (viii) (see Definition [B.1) which hold for any given 7' > 0.
Indeed, consider in Definition Bl and choose s = p, w = ¢. Then test the equations for the chemical

potentials (see (v)-(vi) in Definition B)) by 9% and 4¢

dt dt>
deduce the energy identity (see, e.g., |28, Lemma 4.1])
d
3 Ya(u,v) +(0(v—c) ) + IVul® + | Vel* = 0.

Observe that

(0w = €),0) = (o0 = ), ~<3Av + S (u,0)) =

= (0(v —¢),—2A0) + (0(v — ¢), 5" (V) + (0 (v — €), —Bo.,v + o + 2Buv + yu?).
Then testing the equation for the chemical potential p in () by o(u — ug), we get

(o= T5), 1) = (01— T3), ~<3 80+ - (u,0) =

= (o(u — o), —EiAu) + (o(u —wp), S’(u)) + (o(u —ug), —0p wu + av + Bv? + 2yuv).

The terms in ([@24]) can be treated as follows (similar considerations hold for ([@2H)).

* The first term satisfies
(o(v — ), —e2A0) = 02| Vo,
after an integration by parts, and exploiting the boundary conditions for v.

* The second term is treated exploiting the convexity of the singular part S , namely

/Qs”(v) dzﬁ/ﬁgl(v)(vfc) dz+/QS*(c) dz,

/QSI(U)(v—c)d:EZ/QS(U) d:z:—/QSA’(c)dx.

* The third term is treated noticing that, for instance,

v(—00.,v + au + 2Buv + yu?) = C(u,v) + fuv? — Oy ,v°.

or, equivalently,

Collecting all the resulting terms obtained from (£24) and (£.25), we get

1 5 00,0 00,0
(c(v—=2c),p) > 5053HV1}H2+/ oS (v) —0%02 dz+/ oC(u,v) + opuv?® — o ;’ v? dz
Q Q

respectively. From the four resulting equations, we

(4.23)

(4.24)

(4.25)

— / oS(c) + oc(—00.,v + au + 20uv + yu?) dz,
Q

1 5 00, 00,
(o(u —g), p) > §UEZHVU||2 Jr/ oS(u) — U%uQ dz +/ oC(u,v) + oyuv — U%uQ dz
Q Q

— / O’g(u_o) + otg(—bp uu + av + Bv? 4 2yuv) dz.
Q

Let us now turn back to the energy identity ([@.23]) and add to both sides the quantity (o(u—1yg), ). Exploiting

the above inequalities, we find

d
3 Yo(uv) +oPa(u,v) + [Val* + [|Vel® < (U(ufu_o),uH/ P(u,v) da,
Q

where P(u,v) is a polynomial function of u and v. With u and v satisfying (see Remark [3.2])

ess sup [u(®)l|p= <1, ess sup [[o()] 1~ < 1,
te[0,T] te[0,T]

and observing that, thanks to Poincaré, Young and Cauchy-Schwarz inequalities,
_ _ _ _ 1
(o(u =), 1) = (o(u =), p— 1) < K(1+70)* + 5| Vall?,
for some positive constant K, we get, on any time interval (0,7'), the inequality

d 1
Y0 0) +o%a(u,v) + S[[Vul® + [ Vel* < C,

(4.26)

for some positive constant C' depending only the parameters of the problem, including the domain and the

initial conditions. Then, the estimate follows from the Gronwall lemma.

10



4.4 Proof of (3.4)

We adapt the argument of [14] to the present case. In this subsection C;, i € N, stands for a positive con-
stant depending only on the parameters of the problem (possibly including € and T'). Let us recall that
Up1, Vo1, Uo2, Vo2 € V are such that F(uo1,ve1), F (o2, vo2) € LY(Q) and Wot, Uor, oz, Doz € (—1,1). In particu-
lar, there exists m € (0, 1] such that

Uot, Vo, Uo2, Vo2 € (—m,m). (4.27)

Furthermore, let R > 0 be a positive initial energy bound, i.e.
max{\I/Q (u01, ’1)01), \I/Q (UOQ, ’1}02)} S R. (428)

Let us consider the weak formulations of Problem (B.I]) with initial data (uo;, vo;), ¢ = 1,2. We know that they
admit at least a finite energy solution, say, (u;,v;). Set now

U = Uy — ua, V=V — Vg,
= H1 = H2, ¥ =¥1— P2
Up = Up1 — U02, Vo = Vo1 — Vo2-

Then, we formally have

%:Au in Qx (0,7),
F F

p= 2280+ o) - Pounu) im0 x (0,7),

5 ou ou

a—?—i—ava(p in Qx (0,7),

<p:—52AU+a—F(u1 vl)—a—F(ug v2) in Qx(0,7)

) 5 ov v el (4.29)

U v

a—n—a—n—o on@Qx(O,T),

op _ 0p

%—%—0 ODaQX(O,T),

u(+,0) = uo in Q,

v(+,0) = vg in Q.

We are now in a position to prove the stability result for Problem (BJ). Firstly, let us point out that the weak
formulation of Problem (£29) reads

<%’S> +(Vp,Vs) =0 VseV, ae in(0,7),
<%’w>+a(v,w)+(v%vw)0 VweV, ae in(0,T).

Choosing s = N'(u — @) and w = N (v —7) as test functions, we obtain

1d

sl -+ (u-—m)=0 a.c. in (0,T),
1d =12 =12 — .

sgllv Pl +ollv =7+ (v —7) =0 a.e. in (0,7),

where we have used Proposition 2.1] and

1d
<%,Nu> = 5&Huui a.e. in (0,7), Yuec HY[0,T],Vy). (4.30)
Next, recalling the definition of the || - ||-1 norm, we find
1d
——Jul|®; + (p,u —7@) =0, a.e. in (0,7),
2dt
1d (4.31)
5E||v|\2_1+a—|\u||2_1Jr(go,u—a) =0 a.e. in (0,7),

on account of the equations for the total masses

dfa)*
dt

1d[v)?

0 a.e. in (0,7), 5 a

+oo*=0 ae. in (0,7).
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The remaining scalar products are managed as follows. For the sake of brevity, we only show how to handle the
one appearing in the first equation of ([@31]). Substituting the expression for u (see ([{29)), we get

oF oF oF oF
(=) = 29+ (G, 00) = Gum, o)) = (G o) = G (). ).

and thus we arrive at (see (L3)-(L3))

OP: OP: OP: OP:
+ <3—u3(u1’v1) - a—j(umvz),u) - (a—ug(“l’”l) - a—;(uz,vz)ﬂ) ;

where Pj is a third-degree polynomial function such that

0P; OPs
%(ulﬂ 1)1) - %(Ug, 1)2),’(,&1 — U2
2.2 (4.32)
= (—901u(u1 —u2) + a(vy —v2) + B(v] — v3) + 2y(urv1 — ugva), ug — uz)
> —Cillul]? = Ca|v]*.
Indeed, we have
((v1 = v2),u1 — ug) > —Calfv[|” = Cul|ul? (4.33)
by the Cauchy-Schwarz and Young inequalities, whereas
(B} = v),ur —ug) = (B(v1 = v2)(v1 + v2),u1 — uz) > =Cs[v]|* = Cslul|?, (4.34)
and finally
(2y(u1v1 — ugva), Uy — u2) = (2yu1(vy — v2) + 2yva(uy — u2),u; — uz) > —Cy||v||* — Cs|lul|? (4.35)

where in ([£34) and ([{35) we have also exploited the essential boundedness of ui,v1,us and vy (see (E20)).
Bound ([@.32) follows from [@33)-([£.35). Moreover, using the essential boundedness once more, we have

OP: OP:
’(8—;’@1,01) — a—j(mw)ﬂ)

Finally, from the convexity of S, it also holds that

< 2[9Q(laf + (8] + 2y]) [l a.e. in [0,7].

(8 () = §'(uz),u) > OuJul®

Taking the obtained results into account and arguing similarly for (¢, v — v), from (@31]) we infer

%%”u”%l + eallVull® + ullull® < Co(fJull® + [[oll* + [a]) + (3'@1) - 5'(“2)@) a.e. in (0,T), (30)
%%HUH% +olvll2y +e3lIVoll? 4+ 8ulv]l* < Cro(llull® + [lvll* + [3]) + (5'(171) - ﬁ’(w),ﬁ) a.e. in (0,T). |
Thanks to Proposition [ZT] for any k,w > 0 we can find C' = C(w, k) > 0 such that
kllull® < w|[Vul|* + Cs]lul|2,;. (4.37)
In particular, adding together the two inequalities in (£38]), multiplying the result by two, and choosing w = %si

(resp. 1e2) and using (@37), we deduce

d =
2 ellZ e+ 10120 + Crallully + [10l17) < Cra(llullZy + [loll2, + [al + [3)
42 (S’(ul) - S’(UQ),u) 42 (S’(m) - S’(m),a) ae. in (0,7). (4.38)
We are only left to deal with the remaining scalar products. Indeed, for instance, we easily notice that

(5(wr) = §'u2). @) < (I8 w)lls + 115" o) 2 ) [,

suggesting the necessity of a uniform estimate for the L!-norm of S’. We recall a well-known property of any
singular potential satisfying the properties listed at the beginning of Subsection ] namely (see [25], see also

[12])

19/ (o)l < QTR [+ (8'(u) = §'(ws)ws =), i=1,2
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where Q(-) is an increasing function. Then, it is straightforward to prove that there exists a constant C' > 0
such that

(§'(us) = §'(w)yus — @) < OVl + 1), i=1,2,

implying also that A
1S (wi)llr < Qm)(A +[Val),  i=1,2,

for a possibly redefined increasing function Q(-). Therefore, thanks to the dissipative estimate, the control

T
[ (18 @)z + 18 a®)ss) ae < (439)
0
holds. Of course, arguing similarly, one also gets
15" (wi)ll 22 < R(m)(1 + [|Ves]),

where, again, R(-) is an increasing function, and

| (15 o)l + 15 a0 ) at < (4.40)

Thus an application of the Gronwall lemma yields

T
a2y + l[v(®)]12, +/O lu@IF + lo@I} dt < Crs(lluol2y + [lvol21)e™ ™ + Cus([w0] + [7p])e ™

Therefore, recalling Proposition[Z2] we find inequality ([B.4]). We stress that the proof of continuous dependence
in the conserved case ¢ = 7y is essentially the same, except the third equation in (£29) reads
Ov

EJrJ(vf%):Acp, in Qx (0,T)

and the squared mean satisfies
d[v]?
dt

=0,

almost everywhere in (0, 7).

5 Regularization properties

Here we consider the conserved case and we show that any weak solution regularizes in finite time. The extension
of these results to the off-critical case does not seem straightforward because of the fact that, due to the presence
of the coupling term (L3]), we cannot use the Galerkin scheme to achieve higher-order estimates on the time
derivatives (compare with the single Cahn-Hilliard-Oono equation in [14]). This forces us to use difference
quotients in time (see, e.g., [15]) but this argument does not work apparently in the off-critical case (see (B.3))
below).

As we shall see, these regularization effects are crucial for the investigation of the longtime behavior. The
higher-order estimates are obtained working directly on the weak solution instead of using once more the Galerkin
scheme (cf. |14]). This is due to the fact that the approximated potential Fs is not uniformly controlled from
below because of the coupling term. More precisely, we make use of of the difference quotients in time. More
precisely, for any function f : [0,7] — X, X being any real Banach space, for any h > 0 and any ¢ > 0, we set

opp e LN SO

Our first regularity result is given by

Proposition 5.1. Let the assumptions of Theorem [Z1] hold. Then, for every & > 0, there exists a constant
K > 0 depending on the all parameters of the problem such that

0wl Los 16,0157+ + 0] Lo (e, vy + 10kull L2 (e, e417:v) + 1000 L2 (e, 417v) < K (5.1)

for every t > £.
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Proof. Observe first that the difference quotients of the weak solutions satisfy the following system of equations

(5.2)

(0P )¢, s) + (VO u, Vs) =0 VseV, ae in (0,7),
((O1v)g, w) + o (OMv, w) + (VOrp, Vw) =0 VweV, ae. in (0,7),

which can be obtained from the weak formulation. The different quotients of the chemical potentials, in turn,
enjoy the equations

oMy = —e2 Aotu + % (g—F(u(t +h),v(t + h)) — g—F(u(t), v(t))> a.e. t >0,
u u (5.3)

Mo = —e2 Aot + 1 (a—F(u(t +h),v(t+h)) — 8—F(u(t) v(t))> ae t>0

t vt h \ Ov ’ Ov ’ o=

Taking the mass conservation into account, we have

or, equivalently,
O, v € V.

Let us choose as test functions s = N'9/'u and w = N9}'v. Exploiting Proposition 21 and [@30), we get

%%H@fum + (0P p, Ohu) =0 a.e. in (0,7, -
S o2 + ool + (g, 0f0) =0 ae.in (0,7). |
Note that in the off-critical case we would have
T (5.5)

Thus we should take w = N(9/'v — %) and the resulting additional term (90, %) seems hard to handle.
We now deal with the remaining scalar products. Consider, for instance, the scalar product in the first
equation of (G.4]). We have

(O, O u) = (8fu, —e2 A0t + % (g—i(u(t +h),v(t+h)) — g—i(u(t),v(t)))) ,

and an integration by parts yields (see ([£.32]))

(O 1,0 w) = V0Ll + 1 (0w, §'(ult + 1)) — §'(u(r)))
1 (o 2Bttt 1) - )0 ).

Note that the second term on the right hand side is non-negative. Furthermore, there holds

%(u(t+ h),v(t+h)) —

or,

5y, (W), v(t) = —fou(ult +h) —u(t) + alv(t +h) —v(t)) + B?(t +h) —v*(1))

+ 2y(u(t + h)v(t + h) — u(t)v(t)).
The nonlinear terms can be treated as in Subsection .4l In particular, note that
B2 (t+ h) — v2(t)) = Bult + h) — v()(v(t + h) + v(t)),
and that, by adding and subtracting 2yu(t)v(t + h), we obtain
29(u(t + h)v(t + h) —u(t)v(t)) = 2yv(t + h)(u(t + h) —u(t)) + 2yu(t) (vt + k) — v(t)).
Therefore, in light of Remark and using repeatedly Young’s inequality, we find

o o
(07 1, 0fw) > R |[VOPull® — Bo,ullOpull — =710 ull* — 2107 v]1* — Bl ull* — |8]167 v

2 2
=310t ull® = Iy[llofo]>.
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Thus there exist K1, Ko > 0 independent of h such that,
(O, 0fw) = ex|IVOfull® — K[| 0ful|* — Ka|0p o], (5.6)

Similarly, we obtain
(0, 0pv) > 3| VOrv|)? — K| 0fu)|? — Ka|0f o], (5.7)

for some positive constants K3, K4 also independent of h. Adding (5:6) and (5.7) together, and exploiting (E37)
we get

€ £

(@ ) + (D, ) > 2Vl + 2 IVO o — K of? — Kol 6.8

with K5, K¢ > 0 and independent of h. Summing up, from (£.4)), thanks to (B.8]), we deduce the inequality

1d
2dt

1d
—l08vlI2 + Krllofully + Kslopolly < Kslloful? + [Ks — ol[[0f 012, (5.9)

8h 2 -
okl + 5=

which holds almost everywhere in (0, +00), with K7, Kg > 0 independent of h. In (&.9), the Poincaré-Wirtinger
inequality has also been used. On account of

||5thu||L2([t,t+1];V*) < ||atu||L2([t,t+1+h];V*)a ||3thU||L2([t,t+1];V*) < ||5tU||L2([t,t+1+h];V*)a (5.10)
the uniform Gronwall lemma and Proposition give
107l oo 1e,05v) + 1070 ]| Lo (1,59 + 107 ull L2 1359y + 1080 ]l L2 ((t,41v) < Ko,

for every t > £. The constant K9 depends on the parameters of the problem but is independent of i and thus
a passage to the limit A — 07 entails (&.J]). O

The following result is about spatial regularity of the order parameters (cf. [15]).

Proposition 5.2. Let the assumptions of Theorem [Z1] hold. Then, for every & > 0, there exists a constant
K > 0 depending on the all parameters of the problem such that

1l oo (e, ;12 () + 1Vl Loo (e 2 () < K (5.11)
for any t > &.

Proof. Recalling in Definition Bl Then pick s = M (p —1z) and w = N (¢ — §). Owing to Proposition 2]
we obtain (derivatives with respect to time are here denoted with 9; for simplicity)

(Ovu, N(pp —10)) + (. p — 1) =0 (5.12)
G0, N(p —9)) +o(v -5, N —9)) + (0,0 —7) =0 '

almost everywhere in (0, +00). Observe that
(wop=0) = lu—al%  (po-9) =le-7l%
since (¢,u — 1) = (¢, —p) = 0 for any ¢ € R. Furthermore, we have
[(Oru, N (i = )| < 10wl [N (1 = B) [l va» (5.13)
with [[v][3, := (Av,v) for any v € V;. Hence we get

(O, N (1 = 1))| < (10wl [N (0 = B) I ve
< Kq||Opullv- |l — 7l

V*

1 _
< 5lln =l + KallOwulv-

for some positive constants K7 and K5. Here Young’s inequality has been used. Arguing similarly, we find

(00, N = @) < 100l IN (¢ = D)llve
< Kil|owllv-lle -2l

Vo

1 _
< ZH@ —B)* + Ks||ovl[3-
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Also, we have
— — 2, 1 —112
ol(v =0, Ny = @) < Kallo = 5]I" + 7 [l = 2l|
for some K4 > 0. Adding the two equations in (B.12)) together and using the above inequalities, we find

1 o 1 _ —
sl =Tl + 5lle = 2I1* < Ks|0ull§- + Ks[|0s0][7- + Kallv — 0%, (5.14)

which entails (see (B.2), (B3], and Proposition [(.1])
I = Ell Lo e.sm) + 1o = Pl eanmy < K5 V2,

for some positive constant K5. Consider now the nonlinear Neumann problem

—pAg+S'(g)=f inQ,

0 5.15

99 _ 0 on 0, ( )
On

where f = — %(u, v),p=c2orf=p— %(u, v), p = 2. Then, recalling |15, Lemma 7.1] and Remark 3.2}

EII) follows. O

Taking advantage of the previous results, a further regularity can be proven (cf. |15]), namely,

Proposition 5.3. Let the assumptions of Theorem[3 1 hold. Let 1 <p <6 ifd=3, and 1 <p < +oo if d = 2.
Then, for every & > 0, there exists a constant K > 0 depending on the all parameters of the problem (including
p) such that

[l oo (re,e1v) + el oo (e vy + Null oo e ;w2 o)) + vl Loe e gsw2p @) < K

for every t > £. Furthermore, there exists L > 0, also depending on the all parameters of the problem (including
p), such that

<L

u, v) <
L= ([6,t1LP ()

Hg_iw,v)

OF
Lo ([&,t]:LP () Y
for every t > €.

Proof. In this proof K denotes a generic positive constant depending at most on the all parameters of the
problem (including p). Let us recall that (see Subsection B.4])

18" @)l < KA+ Val), 1180 < KA+ [[Vel).

Observe that )
lellv < llw=2lv + lzlv = llp—zlv + 1212zl

Moreover, testing the equation for p with the characteristic function xq, we get (see Remark [3.2])

ol = | (G 01| < [(02) |+ | (G o1 < 187l +

From the previously mentioned inequalities, we then deduce
Bl < KA+ ([Vul), ol < KA+ [[Vel]).

Fix any £ > 0 and t > £. Let us pick s = p and w = ¢ in the weak formulation given in Definition B} (ix),
getting on one hand

IVul|* = —(Beu, ),
Making use of Proposition [5.1] and applying Young’s inequality we have that

IV l® = [(Deu, )] < [|Oeu]

1
velluly < CA+Vpll) < C+ 5[ Vaull?

almost everywhere in [, ¢]. Therefore Vi € L>([¢,t]; H).
On the other hand, a similar argument, still thanks to Proposition [5.1] jointly with the Young inequality, yields

_ _ 1
IVell? = =@, ¢) = o(v =75, 0) < [Owwllv-lillv + Cllv = Tllligllv < CA+[[Vel) < C+ SIVell?,
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and thus we conclude that
lall 2= e,v) + ol 2= e, vy < K.
Recalling (5I5), thanks to [15, Lemma 7.4] and Remark B.2] we also learn that

wll oo (1e,01:w2p () + [Vl Lo (e, 6w () < K,
and R A
15" (W)l oo 16,320 (2)) + 1S (V)| oo 16,920 (02)) < K
We also know that (see Remark B.2))

|5

0P
au (U,'U) .

o2 <k
Lo ([€,8];LP(R)) v

(u, v) <
L= ([€41:LP ()

This concludes the proof. [l

Remark 5.1. Tt is easy to check that indeed, for any & > 0,
pt), o) € H*(Q),  Vix>¢&.

Thus, the weak solutions are indeed strong, i.e., they satisfy the equations of (LI almost everywhere in
Q x (§ +o0).

6 The strict separation property in two dimensions

In the investigation of Cahn-Hilliard type equations, a very interesting issue concerns the so-called strict sepa-
ration property, that is, the order parameter stays uniformly away from the pure phases +1. In other words,
entropy always prevails to a certain degree. The validity of this property for Cahn-Hilliard equations with
constant mobility has been proven so far in the two-dimensional case only (see [25], see also [14]). Here we
show that, in two dimensions, the strict separation property holds both for the macrophase and the microphase.
More precisely, for any time ¢y > 0, there exist w,,w, € (0,1) depending on ty, such that, for all ¢ > ¢,

Ju®)llz= <1-war  o®lz~ <1-w,
Our basic assumption is (cf. [14])

Assumption A. The singular part of the potential S satisfies
18" (r)] < P IHC Ty e (—1,1)
and is such that S” is convex.

Remark 6.1. The logarithmic potential (A1) satisfies Assumption A.

We establish the strict separation property by adapting a method developed in |14] (see also |15, 25]). Let us
firstly prove some preliminary results.

Lemma 6.1. Suppose d = 2. Let the hypotheses of Theorem [31] and Assumption A hold. Then, for every
1 < p < 400 there exists a positive constant C (depending also on p) such that

15" (W)l oo (e, 1sm(02)) + 19" (V)] oo (1520 (2)) < C,
for every t > £.
Proof. Consider the semilinear Neumann problem (EI5). Choosing, as performed in the proof of Proposition
B3 f=up— % and p = €2, then, owing to Assumption A, |15, Lemma 7.4] entails

19" ()| e < C(1 + eCln=z 1),

Thanks to Remark and Proposition 5.3 observing that

P.
V—aa 5 — aVo + 26vVv + 2yuVov + 2yvVu,
U

on account of ([B2) and [B3)), it is straightforward to conclude that there exists a constant C1, depending on
all the parameters of the problem, p and £ > 0, such that

18" (w(®)llr < C1 VEZE.

Hence, we get R
15" (W)l Lo ¢ tsLo () < Ch-

A similar bound holds for 5" (v), choosing f = ¢ — % and p = 2. O
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We can now gain higher regularity for the temporal derivatives of v and v as well as for the chemical potentials.
Indeed we have

Lemma 6.2. Suppose d = 2. Let the hypotheses of Theorem[31l and Assumption A hold. Then, for any & > 0,
there exists a positive constant C, depending on all the parameters of the problem and &, such that

|Osuul| oo (26, 511y + [|000]| Lo (26,151) + | 10l| oo 26,85152(02)) + [0l Lo 26,45 12(0)) < C,
for every t > 2€.

Proof. We work with difference quotients as in the proof of Proposition Il In this proof C' will stand for a
generic positive constant depending on the parameters of the problem but independent of ¢ and h > 0. Choosing
s = OMu and w = OMv in (B2D) yields

1d
5 g0t ull® + (VOru, Votu) = 0 ae. t>0,
(6.1)
1d
§E||3thv|\2+0|\3fv||2+(Vath%vathv):0 a.e. t>0.

Integrating by parts the first equation we obtain (see ([@.3))

Vol u, Volu) = — (0, AOMu) = €2 ||AdNu|]? —
t t t t u t

Arguing as in Proposition 5.1 we deduce that

or,

‘1 (%(u(t—i—h),v(t—i—h)) -2

Len (u(t).0(6). 200w | < € (1V0Lul? + [Tl

The singular term is treated exploiting the convexity of S’ ' owing to Assumption A. In particular, arguing as
in [14, Lemma 5.2], we can prove that

\% (8t + ) = 8'(u(t)), A0} u )| < € (115" (e + W) IEa + 18" () ) 108 ulFe + )| A0 |

Thanks to the Sobolev embedding H'(Q) < L°(f2) and to the Poincaré inequality it is possible to infer that
10 ull7e < ClIVOTul? < CllOfull| Adyul,

where the last inequality follows from the Cauchy—Schwarz inequality after an integration by parts. Collecting
the results, owing also to Young’s inequality, we end up with

1d

1 o N
Sl + F1A0ku)2 < C [(I18" (ult + W) £ + 18" (u@)liLa ) N0 ull® + [Vokul + IVOlo]?] . (6:2)

almost everywhere in (0, +00). Arguing similarly, we deduce

1d 1 . .
5 g 1ol + ollofl + J Ao < € (I\S”(v(t +h)Ls + I\S”(v(t))ll‘is) 107 ]|
+C (IVorull? + [Vorv)?),  (6.3)
almost everywhere in (0, +00). Setting now
Y (1) = |87 ull® + |97 oll?,

W(t) =C (1 + 187 (u(t + AN ga + 18" () zs + 15" (0t + h))lI7a + IIS””(v(t))H‘is) ;

and adding ([6.2) and (63) together, we get the differential inequality (see also ([B.2]) and ([B.3))

1d 1 1
sy ™+ ZHA@thuIIQ + ZHAatth? < W)Y (), a.e. t>0. (6.4)

By virtue of Lemma [6.1] we have
t+1
/ W(r)dr <C, Vi>E. (6.5)
t
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Thus, recalling (BI0), an application of the uniform Gronwall lemma and passage to the limit as h — 0% entail
that, for any £ > 0,

||atUHL°°(2£,t;H) + HatUHL“’(%t;H) <C,
for every ¢ > £. A comparison argument in the evolution equations of Problem (1) yields

|ApllLoo 26,61y + |A@| Loo (26,651) < C-
The elliptic regularity theory and Proposition allow us to get the wanted bound. O
We can now prove the strict separation property for both u and v.

Proposition 6.1. Suppose d = 2. Let the hypotheses of Theorem[31l and Assumption A hold. Then, for every
& > 0 there exist wy,w, € (0,1) such that

[u®)[[Le <1 —wy, lo@)]|pe <1 = wy,
for all t > 2€.

Proof. Arguing on the nonlinear Neumann problem (G.15]) as in [15, Lemma 7.2] we infer that

)

Owing to Lemma [6.2] the right hand side is uniformly bounded. Thus the strict separation follows from the
properties of S’. O

0Ps

N N OP.
18 @)= + 15 (@)= < Ca <|M|L°° Tl + H—w,v) s

—(u,v)

Oou oo * H ov

Remark 6.2. Tt is now straightforward to prove that u,v also belong to L>(2¢,t; H4(Q)) (see |14, Cor. 5.1]).
Thus, via a bootstrap method, provided the boundary of 2 and the potential F' are smooth, we can prove that
u and v are as smooth as we want (see [14, Rem. 5.2]).

7 Longtime behavior

The main result of this section is the convergence of any finite energy weak solution to a single equilibrium.
We will adapt the method exploited in [2] for a single Cahn-Hilliard equation. We shall need the regularization
properties of weak solutions. Therefore we suppose ¢ = Ty (i.e., conserved case). Moreover, without loss of
generality, we can take Ty = Tg = 0 (see Remark [[3). Let us restate our (formal) problem in the following
equivalent form

%:A,u in Qx (0,7),
F
p=—c2Au+ g—u(u,v) in 2 x(0,7),
%:A(ﬁ in Qx (0,7),
~ OF
P =—e2Av+ %(u,v) + oNv in x(0,7), (7.1)
%:%:0 on 02 x (0,7,
%:g_i:o on 9 x (0,T),
u(+,0) = ug in Q,
v(-,0) = v in Q.

Thanks to the conservation of mass, the problem can be viewed as the gradient flow generated by the Ohta-
Kawasaki functional (7). Thus the phase v satisfies a Cahn-Hilliard system in which the chemical potential @
incorporates the reaction term as a nonlocal term. The resulting energy functional associated with (7)) is

~ g 2

\IJQ(’U,,’U) = \IIQ(ua ’U) + EH’U - U”*
Therefore, recalling [{23]) and the fact that ¢ = Tg = 0, we now have the energy identity

d~ .
7 Yol )+ IVul® +1IVE)* =0 (7.2)
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which clearly shows the dissipative nature of the above problem and it is very helpful to investigate the longtime
behavior of its solutions. Let us introduce the Hilbert triplet

%‘%HggHg‘—)VO*,

where Hy denotes the subspace of L?(2) functions with null spatial average. The notion of equilibrium or
stationary solution is given by

Definition 7.1. A pair (us, Vo) € H2(2)? is a stationary solution to (7)) if

oF
—2 Ao + ——(Uoos Voo) = Hoo in Q,
ou
) OF N
—e2Avs + %(uoo, Voo) + ON (Voo — Vo) = Poo in Q, (73)
au_"o — oo =0 n o9 .
on  On © ’
Uoo = U, Voo = Tp,

where fiso, Poo € R.

In the following, all Banach spaces X2, where X is a real Banach space, are considered to be normed with
the standard Euclidean norm. Let us consider the set

Z = {(u,v) € V@ : Vg(u,v) < 400},
and define the operators S(t) : Z — Z, acting as follows
S(t)(uo,v0) = (u(t;uo), v(t; o)) = (u(t), v(t)),  t=0.

Note that Z is a complete metric space with respect to the metric induced by the norm in V2.
First of all, let us state the following

Lemma 7.1. The energy identity

W (u(t), v(t)) +/O (IVa(D)I? + 1IVE(r)|1*) dr = Ta(uo, vo) (7.4)

holds for any t > 0.
Proof. We just need to integrate (2] with respect to time over [0, t]. O

Lemma [T]] entails that S(¢)(uo,vo) € Z for any ¢t > 0. Moreover, we have S(-)(ug,vo) € C°([0, +00); Z). Also,
we can prove that S(t) € C°(Z;Z) (see |14, Prop. 6.1]). Thus (Z,S(t)) is a (dissipative) dynamical system.
Given (ug,vg) € Z, we define the w-limit set w(ug,vg) as

w(to,v0) := {(Uoo, Voo) € H ()2 N Z : Itn nen /400 such that (u(t,),v(tn)) = (e, Veo) in H?"(Q)?},

for r € [1/2,1). For any ¢ > 0, Proposition [5.2] entails that the orbits {(u(t),v(t))}:>¢ are relatively compact
in H*"(Q)? for r € [1/2,1). Thus, we conclude that w(ug,vp) is a non-empty connected subset of Z, and
furthermore, by definition, w(uo, vo) is a compact subset of H2"(Q2)? for every r € [1/2,1) and

dist(S(¢)(uo, vo), w(ug,v0)) = 0 as ¢t — +oo
in the H?*"-sense (see [2]). Next, we prove a second preliminary result.

Lemma 7.2. The functional \ig(u,v) is a strict Lyapunov functional for S, namely energy is conserved only
along constant trajectories.

Proof. Lemma [Z1implies that if U (S(¢)(uo, vo)) = Wa(ug, vo) for all £ > 0, then Vu(t) = V(t) = 0 for every
t > 0. Thus S(t)(ug,vo) = (ug,vo) for every ¢t > 0. O

Let £ denote the set of stationary points of S, namely
E :={(ug,v9) € Z : S(t)(ug,v0) = (ug,vp) for all t > 0}.

As a consequence of Lemma [[.2] we can prove that w(ug,vo) C € (see [0, Theorem 9.2.7]). Following |2], we
can further characterize the set of stationary points £ as the set of stationary solutions, namely

E={(u,v) € H*(Q)*NZ : (u,v) is a stationary solution}.
We now state a (strict) separation property for stationary solutions which follows by adapting the proof of |2,

Proposition 6.1].
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Proposition 7.1. Letr € (d/4,1). For every f = (f1, f2) € € there exist two constants My, My such that
-1 < M < fi(x), falx) < My < 1,

for all x € Q. Furthermore, there exist two constants K1, Ko, independent of f, such that
-1 < K < fi(x), falz) < Ko < 1,

for all f = (f1, f2) € w(ug,vo) and x € Q.

We recall that, by compactness of the w-limit set in H?"(Q2), with r € (d/4,1), there exists an open set U;
covering w(ug, vp) such that
1<K —e< fi(z), falz) < Ky +e <1,

for every f = (f1, f2) € Uy and some € > 0 independent of f. Moreover, U; attracts the trajectories of the
system, since w(ug,vg) does. Along the lines of [2], it is possible to redefine the free energy F. Indeed, let
Q. = [K1 — ¢, Ko + €]? and set

Freg(s1,52) = F(s1, 82)xqQ. (51, 82) + G(s1, 52)x e (51, 52),

where G(s1, s2) is chosen in such a way to extend F outside Q. with C3(R?) regularity and bounded derivatives
up to order three. Accordingly, we introduce the regularized energy functional Wq e : V& =R

T Vul|? Vol
\ijl,reg(u,’v) = gi || 5 H + 53 H 5 H

+/ Freg(u,v)dﬁgl\v—ﬁui. (7.5)
Q

Then we have
Lemma 7.3. Let (Uoo, Vo) € w(up, v9). Then (uoo, Vso) s a critical point of \Tlereg.

Proof. Recalling the definition of the || - ||, norm, we calculate the first Fréchet derivative of W ,eq, namely,

(Bl o), (1)) =2 [

Vu~Vhdz+€12}/Vv~dez+/VFreg(u,v)~(h,k) dz+0/./\/(v)kd:c,
Q Q Q Q

for (u,v), (h, k) € VZ. Integrating by parts the first two terms and expanding the third one, we get

~ OF,
/ _ 2 reg
< Q.reg(Uoo, Voo (h,k:)> = /Q ( el Ao + 5 (uoo,voo)) hdxz

Fe
+/ (—EﬁAvoo + 0 £ (Uoos Voo) + o/\/(voo)) kdr =0,
Q 31}

since every point in the w-limit set is a stationary solution and lies in Q. for all z € Q (we recall that h =k =0
for all (h, k) € V). O

We now show that @QJQg is twice continuously Fréchet differentiable.

Lemma 7.4. The second Fréchet derivative of \Tlgmeg 1s well defined and N

Q7T€g(u,v) cVE — L(VE, (VE)*) is
given by

<~’§’l,,.eg(u, v)(w, z), (h, k)) = EZ/ Vw-Vhdz+e2 [ Vz-Vkdz
) Q

+ /Q(w,z)D Freg(u,v) - (h, k) dz + O‘/QN(Z)kZ dz,

for all (u,v), (w, 2), (h,k) € V&. Moreover, @67reg s continuous.

Proof. We focus on the nonlocal term, since the computation of both the linear and nonlinear terms is straight-
forward (it suffices to expand up to order 1 the partial derivatives of Fieg). Moreover, since all derivatives
of the regularized potential are uniformly bounded up to order three, then also continuity is an immediate
consequence. Let H : Vo — V" be defined as

(H(v),k) =0 | N()kdz, wvkeVp.
Q

Notice that H is linear and continuous, since the operator A is. Therefore, we have that arbitrary Fréchet
derivatives of H exist, and they are all constant (and therefore continuous), namely:

H :Vo— LVo,Vy), H@w) =H VYuve.

Moreover, notice that any variation of H’ vanishes, therefore H” = 0 (as an operator H” : Vo — L(Vy; L(Vo, Vi),
and all higher-order derivatives are zero as well. In fact, H € C*°(Vp, V). The proof is complete. O
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Let us now introduce the linear operator A : V¢ — (V#)* defined as follows (see Section )
(A(u,v), (h,k)) = e2(Au, h) + 2(Av, k), (u,v),(h,k) € V.

Notice that the bilinear form a : Vi x Vg — R defined by a((u,v), (h,k)) := (A(u,v), (h, k)) is continuous and
symmetric by the properties of A and its inverse N'. Moreover, endowing V with the classical H'-seminorm,

ur-v

(Au,0), (u,0)) = ey Au,u) + €5 (Av,v) = en | Vul|* + 5| Vol* > min(er, )| (u, v)lI7e,

for all (u,v) € V2, and thus coercivity holds as well. The corresponding operator A has therefore a nonempty
resolvent set.
The following lemmas are helpful in order to avoid notational ambiguities in the following.

Lemma 7.5. Let X be a real Banach space. The space (X*)? = X* x X* is isomorphic to (X?)* = (X x X)*.
Moreover, the function I : (X*)? — (X?)* acting as

(I(L, M), (w, 8)) := (L,w) + (M, s), (L,M)ec (X*)? (w,s)ec X?

is an isomorphism. Consequently, if we identify Ho and its dual, the identification H3 = (H3)* = (H()? is
admisstble.

Proof. The linearity of I is easily checked and follows from the linearity of its arguments. Assume that
(I(L, M), (w, s)) := (L,w) + (M,s) =0

for all (w,s) € X2. Testing on couples of functions in X? of the kind (0,s), (w,0), for arbitrary w,s € X
immediately yields that both L and M must be the null operator in X*. Therefore, I is injective. Let now
P € (X?)*. Since, by linearity,

<Pﬂ (wﬂs)> - <Pﬂ (wﬂ0)> + <Pﬂ (075» = <Pw7w> + <Ps;5>ﬂ (’LU,S) € X2;

where the definitions of P,,, P are clear from the equality above, if P,, Ps € X*, then the operator I is also
surjective since the right hand side would equal (I(P,, Ps), (w,s)). The linearity of P,, Ps; comes from the
linearity of P. As for continuity, recalling that we endow the product spaces with the respective standard
Euclidean norms,

[Pullx+ = sup [(P,(w,0)] < sup [[P]x2-[l(w,0)|lx>= sup

llwllx=1 llwllx=1 flwl[x=1

1Pllx2)-llwllx = [Pl x2)-

proving that P, € X*. An analogous proof works for P;. Thus, the operator I is invertible and we are only
left to prove its continuity. Indeed,

(L M)[(x2)- = sup [(I(L, M), (w,s))| = sup  [(L,w)|+[(M,s)|
ll(w.)llx2=1 (w1l g2 =1

by the triangle inequality, and furthermore, by continuity of L and M

sup  [(L,w)|+[(M,s)] < sup  ||L]x-

l(w,s)ll x2=1 ll(w,8)l| x2=1

< max (|| L] x-,

wllx + [[M]| x5l x

[Ml[x-)  sup  ([Jwllx +lIsllx)

(w,9)[lx2=1

and, since all norms are equivalent in R?, we deduce that there exists C' > 0 independent of L, M,w and s such
that

1

1L, M)|[x2)+ < max ([|Lllx-, [|M][Ix-)  sup  (Jwlx + [[sllx) < COILIE- + [1M]I%.)?,

ll(w,8)ll x2=1

and the first part of the statement is proved. As for the second part of the statement, we consider the case
X = Hy. First of all notice that the Hilbert triplet setting lets us identify the set Hy with its dual space H{.
Observe that the Riesz isometry Rs between HZ and its dual is defined by

(Ro(w, s), (h, k)) := (Rw, h) + (Rs, k), (w,s), (h,k) € HE,

where R denotes the Riesz map between Hy and its dual, then we can also identify HZ and its dual, and
moreover, in this case, after identification,

Ry(w, s) = I(Rw, Rs) — (w, s) = I(w, s),

and thus we also deduce that I is the identity map (as expected). O
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Lemma 7.6. Let Ay be the part of A in H, namely
Az : D(A2) — HE,
where the domain D(Az) := {(w,s) € V§ : A(w, s) € HZ}. Furthermore, let
A E(A2) — Hy
denote the part in Hy of the operator A defined in Section[d with domain E(As). Then D(Az) = E(A2) X E(A2).

Proof. The inclusion £(As) x E(A2) C D(Az) holds, since if (w, s) € E(Az) x E(A2), then by definition w, s € Vj
are such that Aw, As € Hy. Therefore, owing to Lemma [.5] the equality

A(w, s) = I(Aw, As) = (Aw, As) € HZ
holds in the Hg-sense. Conversely, let now (w, s) € D(Az). Then,
A(w, s) = I(Aw, As) € Hi = Aw, As € Hy = Aw, As € £(Ay),
and the statement is proved. O

Remark 7.1. As customary, from Lemma [7.6] we also know that

_ e P _
D(A2) = {(Uav) € H*(Q)": n - on 0 a.e. on GQ}.

Lemma 7.7. Let (u,v) € V¢ and let (w, z) € ker \Tl’g’l,reg(u,v). Then (w, z) € D(A2).

Proof. If (w, z) belongs to the kernel of W/

Q,regs then

<~'§/Meg(u, v)(w, 2), (h, k)) = Ei/ Vw-Vhdz+ 55/ Vz-Vkdz
Q Q
+ / (w, 2) D? Fyeg(u,v) - (h, k) do + a/ N(z)k dz =0,
Q Q

for every choice of (h,k) € V2. Expanding the third integral and separating variables we obtain the following
equality (we omit the dependence of the partial derivatives on (u,v) for the sake of clarity):

O%F, 0% F, 0% F, O?F,
2 reg reg [/ _:2 _ reg reg _
<5qu + ( 502 + Dudv ) w, h> < erAz ( 502 + Dby ) z—oNz, k:> ,

for every (h, k) € V. Testing on (h,0), (0,k) € Vi we infer that both functionals must equal the null operator

in V", thus there hold
Aw = 1 (62Freg + aQFreg) w,

Ce2 | ou? Oudv
1 [(0?Freg  0°Frog
Aszg {< 902 +—auav>zo./\/'z},

where the equalities are to be intended in the V;*-sense. However, by uniform boundedness of the derivatives,
and since Nz € Vy C Hy, it is easy to notice that both right hand sides are well defined in Hy (we recall that
(w,z) € V¢ as well). The statement is proved. O

In more than one spatial dimension the set £ is usually a continuum. Therefore, one cannot simply take
advantage of the fact that we are dealing with a gradient system. An appropriate tool in this case is a method
based on the so-called Lojasiewicz-Simon inequality which is given, in our case, by

Proposition 7.2. Let (ug,v9) € Z. Suppose that (teo, Voo) € w(ug,vo) and assume that the singular part S is
real analytic (see Remark[{1)). Then, there exist constants 6 € (0,3) and C,w > 0 such that

|\IIQJ"€9(U}7 Z) - \Pﬂ,reg(uoo, v00>|1_9 S C”\Plﬂ,reg(wa Z)H(VO2)*5

provided that ||(w, z) — (Ueo, Voo )||ve < w@.
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Remark 7.2. We remark that a necessary requirement is the real analyticity of the nonlinearities. Indeed, we
recall that even for C* nonlinearities there are counterexamples (see, for instance, [27]). Also, we recall that it
might happen that 6 = % but this depends on the possible hyperbolic nature of the stationary states (see, e.g.,
[, Cor. 3.13)).

Proof. By Lemma and Remark [T} as well as Sobolev embedding, we have that D(Az) — L*°(£2)2. Note
that both operators A and Ay have compact resolvents in (Vi)* and HZ, respectively. Moreover, it follows
by Proposition [Tl that any (tee, Veo) € w(ug, vg) is uniformly bounded, and thus the operators Ellfll,reg and its
restriction to D(Az) are bounded perturbations of A and Ajg, respectively. Thus, arguing as in |8, Proposition
6.6], the space ker \Ifg'zyreg(uoo, Uso) I8 a finite-dimensional subspace of D(Az) (owing also to Lemma [T7). Also,

2

to apply |7, Corollary 3.11]. First of all, notice that, by Lemma [[3] any point in the w-limit set is a stationary
point of the energy functional. Adopting the same notation as in [7], we set X := D(A) C V@, Y := Hg,
W := (V2)*. Moreover, let us denote by II* : (V2)* — (V2)* the orthogonal projector onto ker Wq rog (oo, Voo ).
By Lemma [77 TT*(X) C X, and, furthermore, IT*(Y) C Y. Moreover, the energy functional has the form

the range rg U}, rog (oo Uoo) is closed in (V?)* and the range rg A reg (Yoo, Voo) o) is closed in HZ. We want
: ’ D

@Qﬁreg(uv U) = %<A(U, ’U), (ua ’U>> + %<’U,N’U> + /Q Freg(uv U) dZL',

and since F' is analytic in )., then the Fréchet derivative \T’/Q,reg is real analytic (as an operator between Banach
spaces) in a neighborhood of (teo, Vo) in X. We conclude the result using [7, Corollary 3.11]. O

We can now state and prove the convergence to a single stationary state.

Theorem 7.1. Let S be real analytic in (—1,1). Let (ug,vo) € V@ such that F(ug,vo) € LY(Q). Consider the
trajectory (u(t),v(t)) = S(t)(ug,vo). Then there exists (tuco,Voo) € € such that

lim (u(t), v(t)) = (oo, Voo), in H*(Q)?,

t——+o0

for all v € (0,1). Moreover, there exists C > 0, depending also on 0, such that, for all t > 0,

1((t), 0(£)) = (toes vl (vgy2 < 1L+ 1) 7T (7.6)

Proof. The LaSalle’s invariance principle and Proposition [1] entail that

@Q7reg(u, v)‘ = Ugq(u, v)‘
w(uo,v0) w(uo,v0)

for some \Tloo € R. By compactness of w(ug,vo), we can consider an open cover Us formed by a finite number

of sufficiently small balls, namely
N

w(ug,vg) C Uy := U B, ((us,v4)),

=1

for some N € N, (u;,v;) € V@ fori =1,..., N and radii w; > 0 satisfying

max w; < w,
1<i<N

where w is the one appearing in Proposition Notice that Proposition holds in each of the balls, and
since they are a finite number, we can extract uniform constants C' > 0,6 € (0, %] such that

Wareg(w, 2) = Vool ™0 < Ol TG rog(w, 2l vy (w,2) € UL (7.7)

Observe that also U, attracts the trajectory of the dynamical system. Thus (u(t),v(t)) € Us for every t > to.
Analogously, if ¢; is such that (u(t),v(t)) € Uy for every t > t1, we consider the trajectory starting from the
time instant ¥ := max(t1,t2), so that (u(t),v(t)) € Uy NUs D w(ug, vo) for all ¢t > ¢, In this way,

(u(t,z),v(t,x)) € Q, vt >t Vo eQ.

Let us consider the functional H : [t¥, +00) — R defined by

H(t) = (Vo reg(u(t), (1)) — Vo)’
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Then, a straightforward computation, jointly with the differential form of Lemma [Tl and [Tl entail that

— %H(t) = *9(@Q1reg(u(t),’v(t)) — ‘T/oo) B _\Ilfl,reg(u(t)vv(t)) =>C0

[VE@I? + [IVe@I
1 reg (W), v(0) | v2)-

(7.8)

Next, we consider the quantity ||\T/’Q,reg(u(t),v(t))||(vo2)*. By definition,

16 reg () v(0)) |2y = " :)lﬁp » (Do (w(1), 0(2)), (R, K))].

Recalling the computations in Lemma and the fact that (u(t),v(t)) € Uy, the right hand side equals

/Q <53Au(t) + g—i(u(t),v(t))) h dax + /Q (sﬁAv(t) + g—i(u(t), v(t)) + JN(v(t))> kdx

sup
00Kz =1
= sup /u(t)hdx+/g5(t)kdx
IR lly=1 1/ 0
= sw [ ()~ 5@) he+ [ (500~ FO) ko
(k) lly2=1 1/ Q
<C  sup |([Vu@)[[IAl 4+ [[Ve@IlE]
IRl yp=1
< Cmax([[Vu@)|, [IVe@)[) ~ sup  ([[All+[[K]])

()l =1
< C(Ivu@Il+IIVe®ID ,

for some C > 0, possibly different from the one above. We also used the Poincaré-Wirtinger and the triangle
inequalities, as well as the equivalence of all norms in R%. Therefore from (Z.8) we deduce

4 IVe@®I* +IVe®I* | ¢
T O EN =0 e

VeI + IVe@l) ,
and an integration on [tf, +00) yields that Vu, V@ € LY([t*, +o00), Hp). By comparison in the evolution equa-

tions, we also have dyu, ;v € L' ([t¥, +00), V). Therefore, the limit

lim (u(t),v(t)) = (Yoo, Voo)

t—+oo

holds in the Vj-sense and, by compactness of the w-limit set, also in the H*"-sense, for all r € (0,1). The fact
that (oo, Veo) € € follows from the characterization of the stationary points of S.
We have U, = ¥q reg(Uoo; Voo ). Observe that, thanks to (7.1I), we have

+oo
[[(u(t), v(t)) = (oo, voo)ll vz < C/t [[Cue(7), ve (7))l vy AT

+oo
<¢ [ 1(Va). Ve dr < CH (), (79)
¢
for all ¢ > t*. From (74) and (Z8) we deduce
d o-1 d ~ d o-1 2 NI
O +0HE) T Vo reg(ult), v(t)) = ZHE) +0H )™ (V@) + [VA@)F) = 0.
On the other hand, using again (T.1)), we get
2(1-0) ~
CH(t) = < (IVe@I>+IVe®I?),  vt=t,
so that d
THO+ OCH ()7 <0,  Vt> ¢ (7.10)
From (7Z9) and (ZI0) we deduce the wanted estimate rate (8] (see [31, Cor. 6.3.3]). O
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Remark 7.3. If the initial conditions do not have null spatial average, that is, for instance, ug = m; and vg = mo
for some my, mg € (—1,1), then we can always reformulate the problem in order to have zero mean and argue
as above. Indeed, setting @ := u—m1 and ¥ := v —maq, we have @, ¥ € Vp, and the pair (a,0) solves the problem

ot

a:Au in Q x (0,7),
F

p=—e2Au+ g—(ﬂerl,f)erg), in Q x (0,7),

. u

%:A(ﬁ in Qx (0,7),
F

szsgAf)jLaa—(ﬂerl,f)erg)jLoNﬂ in Q x (0,7,
v

on  0v

2 [9) T

o0~ on 0 on 00 x (0,7,

op  dp

%—%—0 onan(O,T),

u(.7 0) = Ug n Q,

v(+,0) = vg in Q.

Therefore, replacing the nonlinearity F with 13(51,52) := F(s1 + m1,s2 + ma), we recover the structure of

Problem (7). Notice that this change does not affect the regularity of the nonlinear term.

Remark 7.4. On account of Proposition [5.3] using the general theory, one can prove that the dynamical system
(Z,S8(t)) has a connected global attractor bounded in H*()? if d = 2 (see Remark[6.2) or W25(Q)? if d = 3 (see
[14, Thm. 6.1]). This attractor coincides with the unstable manifold of £ since S(¢) has a Lyapunov function
on Z. If d = 2 then the separation property allows us to establish the existence of an exponential attractor (see
[14, Thm. 6.1] and related remarks).

8 Concluding remarks and future issues

The analysis of regularity and its implications in the off-critical case remains an open issue. As we pointed
out in Section [ because d/'v is no longer zero (see (5.5)) we are unable to carry out the proof of the crucial
Proposition[B.Tlas we did. A different strategy might be required. Taking the hydrodynamic effects into account
could be another challenging issue (see, for instance, |24] and its references) as well as replacing the standard
Cahn-Hilliard equation with its nonlocal counterpart (see [13] and references therein). We also recall that
some models of surfactants are represented by coupled Cahn-Hilliard equations (see |20], cf. also [30] and its
references for the numerical approximations) possibly with hydrodynamic effects (see, e.g., [10] and references
therein). The present approach could be extended to these models. Indeed they are characterized by regular
potentials so that one cannot ensure that the local concentrations take their values in the physical range. As
a consequence, one cannot guarantee that the total free energy is bounded from below. Instead, we believe
that taking mixing entropies as we did here can led us to establish physically meaningful theoretical results.
This choice might also help to design alternative numerical schemes (compare with the penalization argument
introduced in [29]). Concerning the longtime behavior, the existence of an exponential attractor, which entails
the finite-dimensionality of the global attractor, cannot be extended easily to the case d = 3 since no (global)
separation property is known. However, one might try to use the argument devised in [25, Sec.5], a sort of
“local” separation property.

Acknowledgment. The authors thank the reviewers for their useful comments. The second author is a
member of Gruppo Nazionale per 1’Analisi Matematica, la Probabilita e le loro Applicazioni (GNAMPA),
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