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THE THREE-DIMENSIONAL CAHN-HILLIARD-BRINKMAN SYSTEM
WITH UNMATCHED VISCOSITIES

MONICA CONTI! & ANDREA GIORGINI?

ABSTRACT. This paper is focused on a diffuse interface model for the motion of binary fluids
with different viscosities. The system consists of the Brinkman—Darcy equations governing the
fluid velocity, nonlinearly coupled with a convective Cahn—Hilliard equation for the difference
of the fluid concentrations. For the three-dimensional Cahn-Hilliard—Brinkman system with
free energy density of logarithmic type we prove the well-posedness of weak solutions and we
establish the global-in-time existence of strong solutions. Furthermore, we discuss the validity
of the separation property from the pure states, which occurs instantaneously in dimension two
and asymptotically in dimension three.

Keywords: diffuse interface models, Darcy’s law, logarithmic potential, uniqueness, strong
solutions, separation property.

1. INTRODUCTION

The Cahn-Hilliard—Brinkman (CHB) system is a diffuse interface model describing the motion
and interaction of two incompressible and viscous fluids (see, e.g., [14, 33, 35]). The CHB
model couples a modified Darcy’s law introduced by Brinkman in [10], which governs the
volume-averaged fluid velocity u, with a convective Cahn—Hilliard equation for the difference
of the fluid concentrations ¢ (order parameter). By definition, the latter does take value between
—1 and 1, the extremals (o = +1 representing the pure phases. Assuming that the binary mixture
has uniform density (Boussinesq approximation) in a bounded domain 2 C R%, d = 2,3, the
system reads as follows

—div (v(¢)Du) + n(e)u + Vr = uVo,
divu =0,

Orp + div (pu) = Ap, in Q x (0,7), (1.1)
p=—Ap+V(p),
completed with the boundary conditions
u=0, Ohp=0,u=0, ondQx(0,7T), (1.2)
being n the exterior normal on 0f2, and the initial condition
©(0) = g, in (1.3)

Here, Du = %(Vu + Vutr) is the symmetric gradient, 7 denotes the fluid pressure, ¥’ is the
first derivative of a double well potential ¥, and p denotes the chemical potential, which is the
variational derivative of the Ginzburg—Landau free energy

&(o) = [ 3IVeP +0(e)de
1
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The thermodynamically relevant energy density W introduced in the Cahn-Hilliard theory (see
[11]) is the logarithmic function

U(s) = g<(1 4 s)In(l+s)+(1—s)In(l — s)) . %52, Vse (=1,1).  (L4)

In this context, the parameters ¢ and 6, are related to the absolute temperature of the mixture
and the critical temperature, respectively, satisfying the physical relation 0 < 6 < 6. The con-
centration dependent term v describes the viscosity of the mixture. When the two fluids have
the same viscosity, v is a positive constant (the so-called matched viscosity case). Instead, a sig-
nificant form for v in the unmatched viscosity case is the linear combinations of the components
(see, e.g., [18, 24])

1/(5):1/11;_84-@1 5 ° Vs € (—1,1), (1.5)
where 11,15 > (0 are the (different) viscosities of the two fluids. The term 7 is related to the
permeability of the system, which can be modelled analogously by either a constant or a linear
combination of the fluid components.

Diffuse interface models play nowadays an important role in Fluid dynamics as analytical and
numerical methods to describe the behavior of multi-component (or multi-phase) fluids flows,
see [3, 24] for a general overview. In this framework, the CHB system has been proposed in
[14, 33, 35] as an efficient model for phase separation phenomena in porous media. A further
interest in studying the CHB system comes from its deep connections with other well-known
diffuse interface models:

(i) Model H for low Reynolds number flows. The classical diffuse interface system for
the dynamic of two incompressible Newtonian fluids is the well-known model H (see,
e.g., [8,22,27]). This is a Cahn—Hilliard—Navier—Stokes (CHNS) system which couples
(1.1)3 4 with the (adimensionalized) Navier—Stokes equations

Re <8tu + (u - V)u) = div (v(¢)Du) — V1 + uVe, (1.6)

being Re the Reynolds number. In this context, the Brinkman—Darcy’s law in (1.1);
(with n = 0) corresponds to the Stokes inertialess approximation of (1.6) for low
Reynolds values. In particular, such an approximation has provided efficient numeri-
cal simulations for the mixing of fluids in a driven cavity in [12].

(i1) A model for Hele-Shaw flows. The flow confined in a Hele—Shaw cell is described by
a simplification of the model H. This is the Cahn—Hilliard—Hele—Shaw (CHHS) system,
where the velocity field satisfies the Darcy’s law

n(pu + Vi = uVe. (1.7)

The CHHS system has been employed for the pinchoff and reconnection of interfaces
in binary fluids (see [25]) and the Saffman—Taylor instability, also known as viscous
fingering (see, e.g., [13]). More recently, it has been used for global impact issues such
as tumor growth dynamics (see, e.g., [19, 28]). The Brinkman’s law represents the
relaxation of (1.7) via the term div (v(¢)Du) successfully introduced in [10]. In the
same direction, it arises from the description of thermocapillary or Marangoni flow [38]
accounting for the friction force of the flow due to the plates.
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This paper is focused on the CHB system in presence of logarithmic potential and unmatched
viscosities and permeabilities. Before presenting our results, we briefly discuss the existing
literature relative to the diffuse interface models introduced above. The mathematical analysis
of such systems, in particular the uniqueness issue and the existence of global-in-time strong
solutions, is quite challenging. This is due to the intrinsic difficulty of handling the equations
for the velocity field, especially when v is non-constant, and the singular behavior of ¥’(s)
and its derivatives as s approaches 4-1. For this reason, to simplify the analysis, most of the
papers addressed the case of constant viscosity and regular potentials, namely, the logarithmic
potential W is replaced with polynomial functions. It is worth mentioning that, although the
latter approximation is broadly justified in the regime 6 close to 6y, a polynomial potential
cannot ensure the existence of solutions such that ¢ ranges in the physical interval [—1, 1].
Under such restrictions, the CHB system has been investigated in [6] (see also [26] and [42]). In
the same framework, among a vast literature, we refer the reader to [7, 16, 27, 41] for the CHNS
system and to [18, 29, 39, 40] for the CHHS system. On the other hand, the are only few papers
concerning the above-mentioned systems with the physically relevant logarithmic potential.
The sole contribution on the CHNS model is [1] (see also [17, 30] for related models). Notably,
in the case with unmatched viscosities, the well-posedness of strong solutions is established:
the order parameter ¢ is global-in-time in any dimensions, while the velocity field u is global-
in-time in dimension two and local-in-time in dimension three. However, the uniqueness of
weak solutions in dimension two remains a relevant open problem. The CHHS model with
logarithmic potential and matched viscosities has been studied in the recent paper [20]. In
particular, the uniqueness of weak solutions and their instantaneous regularization in time have
been shown in dimension two. Besides, in dimension three the existence of global-in-time
strong solution is established provided that the initial state ¢ is sufficiently close to any local
minimizer of the Ginzburg—Landau free energy.

The result of our investigation is a comprehensive mathematical theory of global-in-time
well-posedness of weak and strong solutions in dimension three. More precisely, our main
results for the CHB system in a smooth domain 2 C R? are the following:

¢ uniqueness of weak solutions,
¢ global well-posedness of strong solutions,
¢ further regularity and separation property.

In accordance with the previous discussion, the completeness of our results is a validation of
the CHB system as a robust diffuse interface model for the description of three dimensional
two-component flows.

Let us conclude the Introduction with a brief explanation of some technical points in our
analysis. We start by discussing the existence of physical weak (finite energy) solutions such
that

@ € L>(Q2 x (0,7)) with |p(z,t)| < Lae. (z,t) € 2 x (0,T).

The proof of their uniqueness turns out to be delicate due to the non-constant term v(y). In-
deed, the natural control u € L*(0,7;V,) (cf. (2.4)) obtained by the energy method is not
enough. Nonetheless, the enhanced regularity p € L*(0,T; H*($2)) (in the class of weak solu-
tions) together with the elliptic structure of the Brinkman/Stokes equations yields the stronger
integrability u € L*(0,7;V,). Then, making use of the inverse of the Stokes operator with
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variable coefficients (cf. Appendix B), we find a sharp estimate for the difference of two veloc-
ity fields in L?(2). Combining these ingredients, we manage to control the extra term due to v
and we find a continuous dependence estimate, implying the uniqueness of weak solutions (cf.
Theorem 4.1).

Next, investigating the existence of global-in-time strong solutions turns out to be more com-
plicated. Aiming to prove higher-order estimates for J,, we are able to obtain a suitable
differential inequality for App(t) = o(t + h) — ¢(t). However, the low integrability-in-time
u € L*0,T;L?()) is not sufficient to deduce directly a proper control of A,¢(0). The key
idea is then showing fractional properties of regularity for ¢ in Besov spaces. This allows us
to improve the summability of the velocity field up to u € L*°(0,T;L?*(Q2)), implying as a
byproduct the desired regularity 9,0 € L>(0,7; V)N L*(0,T;V). At this point, exploiting the
interplay between the elliptic problem for ¢ (given by the very definition of p, cf. Appendix A)
and the Brinkman/Stokes equations (cf. Appendix B), we recover the full regularity of a strong
solution (cf. Theorem 5.1).

Further relevant aspects regarding global regularity issues depend on the integrability of
U () in LP(Q2 x [0,T7]), for some p > 2. Being a strong solution such that ¥'(¢) belongs
to L>°(0,T; L%(Q)) (cf. Theorem 5.1), the desired control is not straightforward due to the
relative growth condition

P'(s) < COFVEN v e (—1,1), (1.8)

which prevents the possibility to estimate ¥ () simply by ¥/ () in LP-spaces. Actually, this
problem is deeply connected with the so-called separation property, namely whether there exist
d > 0 and an interval I C [0, co) such that

sup [[o(t)][ zo(0) < 10,
tel

Beyond its physical meaning (uniform mixing of fluids), such a property has an important con-
sequence from the mathematical viewpoint. Indeed, on the time interval I, the singularities
of U’ and its derivatives play no longer any role and the original system can be treated as a
model with regular potential. On this topic we have a different picture depending on the space
dimension. If d = 2, we are able to handle (1.8) thanks to the Trudinger—-Moser inequality
(cf. Lemma A.6). This is the basic step to show that the separation property is instantaneous,
namely it holds on any time interval [0, c0), for o > 0. Instead, this is not the case if d = 3.
Nevertheless, with a different argument based on the regularity of stationary states, the separa-
tion occurs after an eventually large time which is not explicitly computable. Accordingly, we
are able to improve the Sobolev regularity of the solutions on proper time intervals, depending
on the space dimension.

Plan of the paper. In Section 2 we introduce the notation and the mathematical tools which
will be used throughout the analysis. In Section 3 we discuss the existence of weak solutions
and their basic properties. Section 4 is devoted to the uniqueness of weak solutions. The
existence of global-in-time strong solutions is established in Section 5. In Section 6 we discuss
the separation property and the long-time behavior of solutions. In Appendix A we collect
several elliptic estimates for a Laplace-Neumann problem with logarithmic nonlinearity. In
Appendix B we recall the elliptic regularity theory for a Stokes problem with non-constant
coefficients. In Appendix C we report the proof of the existence of a weak solution.



CHB WITH UNMATCHED VISCOSITIES 5

2. THE MATHEMATICAL SETTING

Let 2 be a connected bounded domain in R?, d = 2,3, with smooth boundary 9. Let X
be a Banach space. We denote by || - ||x its norm, by X’ the dual space and by (-,-) the
corresponding duality product. With X we indicate the vectorial space X endowed with the
product structure. Given 1 < p < oo and an interval I C [0, 00), the set LP([; X) consists
of all Bochner measurable p-integrable functions defined on I with values in X. We denote
by W?(0,T; X) the space of functions f € L?(0,T’; X) with the vector-valued distributional
derivative 0, f in LP(0,T; X). In particular, we set H*(0,7; X) = W2(0,T; X). The family
of continuous functions f : I — X is denoted by C(/, X). The set of Holder continuous
functions of exponent s € (0, 1) is denoted by C*(/, X), with norm

t)— (1
ety = sup [ (Ol + sup O =IOl
tel t,rel |75—7'|

I/

We will use the Besov spaces B, (I, X), with s € (0,1). They consist of the sets of functions
f € LP(I; X) with finite norm

/]

where Ay f(t) = f(t+h) — f(t)and [, = {t € [ : t+h € I}. Werecall that B (I, X) =
C*(1, X). We report the following embedding result (cf. [36, Corollary 26,28])

s o1 1
Byl X) = €T (LX), Vs> o 2.1)

By o (1.%) = [f o) + sup A Anf ()| o1,
0<h<1

Precisely, there exists C' = C'(s, p), independent of I, such that
||f||037 < C(||f| Bj o (1,X)» \V/f € B;’oo(]aX)

X))
For any positive integer k, let W*?(£2) be the Sobolev space of functions in LP(§2) with distri-
butional derivative of order less or equal to & in LP(Q). In particular, the Hilbert space W**(Q2)
is denoted by H*(Q) with norm || - || (). We denote by C*(£2) the space of Holder contin-

uous functions with norm || f|l¢: @) = sup,eq | f(2)] + sup, ,eq % As customary, we
set H = L*()) with inner product denoted by (-, -) and corresponding norm || - ||. We also set

V = H'(Q). We denote by f the average of f over {, thatis f = |Q|7'(f, 1), forall f € V".
We recall the Hilbert interpolation inequality

1 1

A< CUARAANY, VeV, (2.2)
and the Poincaré—Wirtinger inequality

If = Fllv <CIVL, VeV (2.3)

As a byproduct, we have that f — (|[Vf|2 + |F|?)z is an equivalent norm on V. We in-
troduce the space of zero-mean functions V[, = { fev:.f= O} and its dual space Vj =
{g € V' : g = 0}. We then consider the operator A € L(V, V") defined by

<Af,v):/QVf~VUd:c, VfveV.
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Since the restriction of A in Vj is an isomorphism from V;, onto V], we define the inverse map
N : V§ — V. Itis well-known that for all ¢ € VJ, Ng is the unique f € V} such that
(Af,v) = (g,v), for all v € V. On account of the above definitions, the following properties
hold

(Af,Ng)=(f,9), YfeV,Vgel,
UW@z@NﬁzéWNﬂVW@M VigeVi.

It is straightforward to prove that f — || f||. = [[VN f| and f — || fI|2y = || f — flI?+ | f|* are
equivalent norms in V{j and V", respectively. In addition, it follows the chain rule

LSIFIE = @), N T, forac.t € (0.T), ¥ € H'(0,T: ;).
Next, to handle the velocity field u, we introduce the Hilbert space of solenoidal vector fields
H, ={uecl’Q):divu =0, u-n=0 ondQ}.

In the sequel, we denote by (-, -) and || - || also the norm and the inner product, respectively, in
H,. Then, we define the Hilbert space

V,={uecH(Q):divu =0, u=0 on9Q} (2.4)

with inner product (u,v)y, = (Vu,Vv) and norm |ju|v, = ||Vu|. We recall that the Korn
inequality entails

IVal* < 2| Du|* < 2[|Vul?, VueV,,
which, in turn, gives that u — || Du|| is an equivalent norm in V.
We report some embeddings and interpolation inequalities within the theory of Sobolev spaces.
We refer the reader to classical references, see, e.g., [5, 32].

¢ Sobolev embeddings:

WP(Q) — C*(Q), a—l—g,Vp>d (2.5)

¢ Gagliardo—Nirenberg inequalities (d = 3):
1l < CIFIENS I vfev, 2.6)
1l < CUAE I rns ey Vi e W), 2.7)
1wy < O 1 Ny VS e HA(Q), (2.8)
11,5 ) < CUFIE £ 120 Ve WAS(Q). (2.9)

¢ Trudinger—Moser inequality in d = 2:

/ eflde < CeC”f”2V, VfeV. (2.10)
Q
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Throughout the paper, C' > 0 will stand for a generic constant which may be estimated by the
parameters of the system and whose value may change even within the same line of a given
equation. Further dependencies will be specified at occurrence.

3. EXISTENCE OF WEAK SOLUTIONS

Let us state the main assumptions of this work, that we will always assume to be in place. We
require that the viscosity v = v(s) and the permeability 7 = 71(s) belong to C*(R) and satisfy

0<2v, <v(s)<C, 0<n(s)<C, VseR. (3.1)

Next, we assume that W is a quadratic perturbation of a singular (strictly) convex function in
[—1,1]. This is

6
U(s) = F(s) — ?052
where the convex part F belongs to C([—1,1]) N C?*(—1, 1) and fulfils
lim F'(s) = —o0, lim F'(s) =400, F'"(s)>6, Vse(-1,1), (3.2)
s—— s—

for some 6 > 0. Here, we study the physical case of double well (singular) potentials, namely
we assume

04290—9>0.

We also extend F'(s) = +oo for any s ¢ [—1,1]. Note that the above assumptions imply that
there exists sg € (—1,1) such that F'(sp) = 0. Without loss of generality, we assume that
sop = 0 and that F'(sg) = 0 as well. In particular, this entails that F'(s) > 0 for all s € [—1, 1].

Remark 3.1. The assumptions are satisfied and motivated by the logarithmic potential (1.4)
F(s) = £((1 + s)log(1 + s) + (1 — s)log(1 — s)). Besides, the viscosity (1.5) complies
with (3.1) on the interval [—1, 1], being v, = %min{z/l, vo}. Note that our assumptions on
the permeability term allow the case = 0, which is important in connection with the CHNS
system mentioned in the Introduction.

Definition 3.2. Let ¢, € V' N L>®(Q2) with ||¢o| @) < 1 and |@,| < 1. Given T’ > 0, a pair
(p,u) is a weak solution to the CHB system (1.1)-(1.3) on [0, 77 if

ucL*0,T;V,),
@ € L>(0,T;V)N L*(0,T; H*(Q)) N H' (0, T; V"),
p € L®(Q % (0,T)) with | p(z,1)| < 1ae. (z,) € Q2 x (0,T),

and
(v(¢)Du, Dv) + (n(@)u,v) = (uV e, v), Vv eV, (3.3)
(Opp,v) + (w - V,v) + (Vu, Vo) =0, Vo eV, (3.4)
for almost every ¢ € (0,T'), where . € L?(0,T;V) is given by
= —Ap+ ¥ (p). (3.5)

Moreover, J, = 0 almost everywhere on 92 x (0,7) and ¢(0) = ¢, almost everywhere on
Q.
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Remark 3.3. Notice that any ¢ in the class of admissible initial conditions has finite energy
E(po) < oo. Indeed, by |¢ol|ro@) < 1 we easily infer ¥(py) € L'(€2). The assumption on
the total mass however prevents the admissibility of the pure phases (i.e. ¢ = 1 or p = —1) as
initial conditions. Besides, it is straightforward to observe that any solution satisfies the mass
conservation property, namely

P(t) =2, Vt=0. (3.6)
Remark 3.4. The equation (3.3) is equivalent to
(v(¢)Du, Dv) + (n(@)u,v) = = (Vo @ Ve, Vv), Vv eV,
in light of the equality

1
pVe = V<§|Vso|2 + \11(90)) — div (Ve ® Vo).

Remark 3.5. As customary, the pressure term is dropped in the weak formulation of the
Brinkman’s law. The pressure 7 can be recovered (up to a constant) thanks to the classical
de Rham’s theorem (see, for instance, [9]).

We state and prove our result on the existence of weak solutions.

Theorem 3.6. Let o, € V N L>(Q) with ||@ol|re) < 1 and |@y| < 1. Then, there exists a
global in time weak solution (@, u) to the CHB system such that

ucL0,T;V,), ¢clL*0,T;H*(Q)NnC(0,T],V), VT >0. (3.7)

Moreover, any weak solution satisfies the energy identity

E(p(1)) +/ IV()I* + IV v(e () Du(n)|* + v/ n(e()u(r)|* dr = E(p(s))

forall 0 < s <t < oo. Assuming that |g,| < m € (0,1), we have the dissipative estimates

t+1
Ee)+ [ InmIR dr < Ca)e +C, G9)
t
and
t+1
| 16l + ()Y, dr < C&@e 4 C. 39)
t

for every t > 0, where C'is a positive constant depending on m but independent of the specific
initial datum. In addition, for any p > 2, there exists C' = C'(m, p) such that,

t+1
/ le (D 200y + 1F ((T)I2r (@) dT < CE(po)e™ + C, (3.10)
t
for everyt > 0.

Proof. The existence of a global weak solution is obtained via a standard technique which
is based on an approximation procedure and energy estimates. For the readers’ convenience
the proof is contained in Appendix C. We now proceed by proving the regularity properties
contained in (3.7), the energy equality and the dissipative estimates (3.8)-(3.10).
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Energy equality and dissipativity. Given a weak solution (¢, u) to the CHB system, let us
define the functional J : H — H given by

7(0) = 519l + [ Fly)da.

It is clear that J is proper, convex and lower-semicontinuous. Hence, appealing to [34, Lemma
4.1], we infer that ¢ — J (¢) is absolutely continuous on [0, 7] and

d
770 = (O —bop),  aete[0T]

In particular, as a byproduct of the boundedness of F and ¢ € C([0,T], H), it follows from the
Lebesgue theorem that [, F'(¢(-)) dz € C([0,T]), which in turn gives ¢ € C([0,T],V). Now,
taking v = p in (3.4) and exploiting the standard chain rule, we obtain

d

SE() + IVulP + @ Vi) =0, aete[0,T)

At this point, taking v = u in (3.3) and summing up to the last equality, we find

d
@)+ IVull? + (v(¢)Du, Du) + (n(@)u,u) =0, ae.tel0,7], (3.11)

which implies the energy equality. Let us now show the dissipative estimate (3.8). In the sequel
the generic constant C' depends on m, but is independent of the initial condition and 7". We

multiply 4 by ¢ — o, getting
IVol? + (F'(0), 0 — B) = o(w, 0 —P) + (1t — T, 0 — P). (3.12)

Since F'is convex, we know that

[P [ Flo-gdot [ FE)dn
Q Q Q
while, recalling that ||| @) < 1,

Oo(, 0 =) + (k=110 — D) < C(L+ ||Vl (3.13)
Then, we arrive at

IVl + / F(g)de < C|Vul + CF (@),

and, using again the boundedness of ¢ and the mass conservation, we find
1
E(v) < 5IVal®+C.

Summing up with (3.11), in light of (3.1) and the Korn inequality, we obtain

d 1
GE@) +E(@) + SIIVuIl + v Vul* < C. (3.14)

An application of the Gronwall lemma yields
E(p(t)) < E(po)e "+ C, Vt>0.
A subsequent integration of (3.14) on [t,t + 1] gives us

t+1
/ IVu(n)IP + [[Vu(r)|* dr < CE(po) ™" + C.
t
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We are left to control the total mass of y. To this aim, we recall that there exists C' = C'(m) > 0
such that

/|F’(<p)\dx30 /F’(w)(so—@)dfr +C,
Q Q

where C' diverges to +oc as |m| — 1 (see [15, 31] for the proof). By (3.12) and (3.13), we
observe that

(F'(9), 0 = %) < CAL+[IVal)),
and
7l < CA+[F'(@)le)-
Thus, we arrive at
7l < C(1+ [|Vpl). (3.15)
Collecting (3.15) with the above controls, the dissipative estimate (3.8) follows.
Further Regularity of Weak Solutions. We read the definition of x as the Neumann problem

—Ap+ Fl(p) =p",  inQ,
Onp = 0, on 02,

where ;¥ = p + 6pp. Since p* € V, an application of Lemma A.3 immediately entails (3.10).
Besides, by Lemma A.4 we obtain

1Al* < IVell?llu-
Thus, exploiting (3.8), we have
t+1
| 1@l dr < ceiet 4 e, vezo, 3.16)
which proves that ¢ € L*(0,7T; H*(£2)) and the first part of (3.9). We are left to show that
uec L4(t, t+1,V,), forall ¢ > 0. To this aim, we take v = u in (3.3) (cf. Remark 3.4) yielding
(v(p)Du, Du) + (n(p)u,u) = (Vo @ Vo, Va).
Hence, exploiting (3.1) and the Korn inequality, we have
V.|| Vu||? < (Vo @ Vi, Vu).
By (2.8), we deduce
(Vo @ Vi, Vu) < [[Vu|[[ Ve L)
< Cl\Vullllellze @ llellm2@)
< ZVul? + Cllgle.
so we end up with the control

IVul| < Cllell p2)-
The desired control follows by (3.16). O
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4. CONTINUOUS DEPENDENCE AND UNIQUENESS
In this section we prove the uniqueness of the weak solution.

Theorem 4.1. Let o1, po2 be such that po; € V, ||poillre@) < 1and [§y| < 1,4 = 1,2
Then, any pair of weak solutions (p1,u;) and (ps,us) of the CHB system on [0, T| with initial
data pg and pg9, respectively, satisfies

_ 1
”901@) - 902(t)||v’ < CHSOOI - 9002||V’ + C|9001 - <P02|2’

foranyt € [0,T], where C' > 0 depends on E(po;), Py ¢ = 1,2 and T'. In particular, the weak

solution to CHB is unique.

Proof. Let us consider (¢1,u;) and (2, u5) two weak solutions to the CHB system with total
mass @, (0) and P, (0). Their differences p = 1 — @9, u = u; — us solve

(v(@1)Du, Dv) + (n(p1)u,v) + (v(01) — v(@2) Duz, Dv) + (n(p1) — n(@2)uz,v)  (4.1)
= (Vo1 @ Vo, V) + (Vo @ Vo, Vv), Vv e V,,
and
(Opp,v) + (w1 - Vp,v) + (u- Vo, v) + (Vu, Vo) =0, YvelV, (4.2)
for almost every t € (0,7"), where
p=—Ap+ ¥ (p1) — V(p2).
Notice that (t) = ©,(0) — P,(0) for all £ > 0 (cf. (3.6)) and
Taking v = N (¢ — P) in (4.2), we get
1d

—12 _
o—BIP+ (o —7) =1 +1

having set
I = (pu1, VN (o = 9)), I = (pau, VN (p — P)).
By the assumptions on ¥, we deduce that
(1,0 =) = [Vl + (¥'(1) = ¥'(02), 01 = 02) + (¥'(01) = ¥'(02), %)
> [Vell® = alle]l* = [(¥'(¢1) — ¥'(2),7)l
> el = (a+ Dol = (1 ()l ) + 12 (e2) 1 @) []-
By (2.2) we have

(a+Dlel* < Clielviiely
1
< sllellv + Cliel:.

Setting
T(t) = CV (1)l 2@ + W (p2(t) | (@),
and owing to the mass conservation, we thus obtain

1d 1 .
5&”90"2—1 + 5”90"%/ < Cllell?y + Yl@] + I + L. (4.4)



12

CONTI & GIORGINI
We proceed by estimating /; and I,. By (4.3), we get

I < lui|lws@llell e lle — 2|l
1
< <@l + Clluallgs ol
and

Iy < lullll@2ll L@l — @l

< [leelfloll-1-
In order to find a control for ||u
B. We find

, we take v = N, win (4.1), with N, u as defined in Appendix
where

(v(¢1)Du, DNy u) + (n(p1)u, Np,u) = I3 + 1y + I, 4.5)
Iy = —((v(¢1) — v(p2))Dus, DN«m”)a
I, =

—((n(p1) = n(p2))uz, Ny, u),
I = (V1 @ Vo, VN u) + (Ve @ Vo, VN, u).
By (B.3), we have

(v(¢1) Du, DNy u) + (n(1)u, Ny, u) = [julf*.
r = 00), we find the control

By the assumptions on v and 7 (cf. (3.1)), exploiting (2.2), (2.6), and (B.5) (with p = 2 and

I3 < C|l¢lls o | Vua|| || VN, u||Ls @)

1 1
< Cllell= [l Vu |l [Ny, ul[ 2

1 3
< Cliellzy ol I Ve[l (1 + [ Vr]lo(o))

1 1 3
< gllull2 +COllel2allelle I Vaal* (1 + [Vl i)
By (2.2) and (B.4), we obtain

Iy < C|lol|l|uz|Ls@)l N, #l|Ls o)

1
< §||u|!2 + Cllus||Zs @y Il 11l v-
By the embedding W?25(Q)) — Wh>(Q) (cf. (2.5)), and using (B.4), we have

I < Vol (IVerllLe(@ + [V e2lLe) VN, u|
1

< 71l + Cllerlvasia) + leallivas) llelly-

Thus, we learn by the above inequalities that

1 3
el < ClI Va2 | (1 + [Verllo@) llell 2 el

1 1
+ Clluzllu@llelZallelly + C(lleilwes@ + leallwaow) lellv-
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Exploiting this in /5, we find

5 3 3 1
I < C||Vus| (1 + [[Verllue@) lell 21 lelly + lwzllus @ llel 2 el
+ C(H%HWM(Q) + H902||W276(Q))||%0||—1||<P||V

1 8 8 8 4
< ZHsoHQV + C([Vaua|s + V|5 [Vl fe o) 10120 + Cllaal £ o l0l12

+ C(H%H%V%G(Q) + H(:D?H%/VQ’G(Q)) el
By the interpolation inequality (2.7), together with the controls (4.3), we get
8 8 8
Va5 Vil i) < ClIVE]® + Cl Vel o
2
< O||Vus|* + ClIVerllsllerlfvzs
< Ol Vua||* + Cller 200

Collecting the above estimates for /; and /5 in (4.4), we obtain the differential inequality

d _
Il < Tl + e,
having set
L(t) = C(1+ ller®)ivas) + lle2(O) 2o + e (0)][Ls o) + [ Va2(2)[1%),

which belongs to L'(0,T) in light of (3.9)-(3.10). We observe that T is summable as well.
Therefore, an application of the Gronwall lemma gives

le(®)1121 < Clle(0)[12, + ClB(0)], ¥t e[0T

In particular, if ¢1(0) = ¢2(0), then p; = ps. By (4.5) with J; = J, = J3 = 0, we easily
deduce that u; = u5, thus uniqueness follows. ]

5. GLOBAL WELL-POSEDNESS OF STRONG SOLUTIONS

In this section we prove the existence of global-in-time strong solutions. As a consequence,
thanks to the parabolic dissipative nature of the model, we deduce that any weak solution be-
comes instantaneously a strong solution.

Theorem 5.1. Let ¢y € V N L®(Q) with ||| ) < 1, |@o] < 1. Assume, in addition that,
o € H*(Q) with Onpo = 0 0n 0Q and V 11y € H, where pig = —Apo+ V' (o). Then, for every
T > 0, the weak solution is a strong solution to problem (1.1)-(1.2) on [0, T}, in the following
sense:

uc L>0,T;V, " W2P(Q))n L*(0,T; H*(Q)) N H'(0, T; H,),
0 € L0, T;W*P(Q)), Opp € L=(0,T; V') N L*(0,T; V),
F'(¢) € L>(0,T5 LP(Q)),
p€ L0, T; V)N L*0,T; H*(Q)),
where p = 6 if d = 3 and any 2 < p < o0 if d = 2. Moreover, the solution satisfies
Op+u-Vo=An (5.1)

almost everywhere on ) x (0, 00), and Onpe = 0 almost everywhere on 92 x (0, 00).
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Let us briefly explain the strategy of the proof of Theorem 5.1. First, relying on the same
ideas employed in the proof of uniqueness, we obtain a differential inequality (cf. (5.6)) that is
the core of the regularization issues. However, the low regularity in time of u is not sufficient
to prove directly higher-order estimates on 0y (cf. (5.8)). To overcome this difficulty, we
exploit the framework of Besov spaces in time in order to get the intermediate step of regularity
o € L>([0,T];Wh4(Q)), for some ¢ > 3. Then, it follows a uniform-in-time estimate of u,
which in turn entails the needed regularity for d;. Once this is achieved, the regularity theory
of the Neumann problem with logarithmic nonlinearity in Appendix A and the corresponding
theory for the Stokes problem in Appendix B allow us to recover the higher-order regularity of
the strong solution.

Proof. The proof is divided in several steps. In the sequel the generic constant C' > 0 may
depend on E(¢y), P, and ||V |-

1. A differential inequality. Given h > 0, let us introduce the difference in time of a function

b
o Apv(t) =v(t+ h) — v(t).
Owing to (3.3)-(3.4), for any h > 0 the weak solution satisfies

(@) DA, Dv) + (n(p)Anut,v) + (Apv(0) Du(- + h), Dv) + (Apn(@)u(- + h),v) (5.2)

= (Vo ® VALp, VV) + (VALp @ V(- + h),Vv), VveV,,

and

(O:Arp,v) + (- VARp,v) + (Apu - V(- + h),v) + (VALu, Vo) =0, VveV, (5.3)
for almost every ¢ € (0,7"), where

Appt = —AAp + AV ().
Taking v = N' Ay in (5.3), we find
1d

5 7 1AnlZ + (A Anp) = i + o, (54)

where

Ji = (Anpu, VNALp),  Jo= (p(- + h)Apu, VN ALp).
By definition of A,u and making use of the homogeneous Neumann boundary condition for
Ap, the assumptions on ¥’ and (2.2), we obtain

(Anp, App) > [VARe|? — al| Apepl?
1
> §||Ah90|’%/ - CHAWHz-

In order to control J; and .Jo, we argue similarly to the proof of Theorem 4.1. We estimate J;
as follows

Ji < ullwso) [ Anell o) IVN Are|]
1
< gHVAhSOHz + Cllullis o | Anell?.

Regarding .J,, we first have
Jo < || Anull]| Al
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Hence, in order to control Aju in terms of Ay, we take v = N, Ayu in (5.3) getting

[Awu|* = J5 + Jy+ J,
having set
Js = (Apv(@)Du(- + h), DN, Ayzu),
Jo = (Ann(@)u(- + h), Ny Apu),
Js = (Ve @ VArp, VN, Aju) + (VALe @ V(- + h), VN, Apu).

15

Here we have used again (B.3). Exploiting again (2.2), (2.6), (B.5) (with p = 2 and r = o0)

and (B.4), we control J;, 1 = 3,4, 5, as follows
Js < CllAngll sl V(- + h)[[VNGAnu|Ls o)
< CllAnpll? [ AnelE IV + BN Ast] ey
< CllAnll? Al ENIVa( + W Al (1 + 1Veolme).

Ji < Cl|App||lu(- + )L @) N Anu||Lsq)

)
1 1
< CllAnellZ | Anell¢ llu(- + h) s | Anull,
and

Js < C(IVellue@) + V(- + h) |l @) IV Arpll[[ VN Apu|
< C(IVellue@ + IVl + h)llLe @) [ Anpllv ]| Anze].

Accordingly, we arrive at
1 3
AR < ClIVa(-+ W)L+ IVelliew) 1Al [Anglly,

1 1
+ Cllu(- + )|l | Anell 2 | Anelly

+ C(IVellLe@) + Ve + M) L) 1Anellv-
Now, we deduce that

5 3
Jo < C|[Vau(- + B[ (1+ [[Velle @) 1Al | Anelly
3 1
+ Cllu(- + h) |l | Anell 2 | Anelly
+C(IVellim@ + IVl + B)llu @) | Angll | Anglly

1 8 8
< §||Ah90||3/ + O Vau(- + R[5 (1+ [Vl Lo @) 1 ARl

4
+ Cllu(- + M) Ls o 1ApllZ + C IVl + 1Vl + )T @) | Arpll?
1 8
< gHAhQOH%/ + 1+ IVa(- + W) + [[Vell i o)) A0l

+ O (|u(- + h)HEg(Q) + HVSOHioo(Q) + [IVe(- + h)”%m(g)) | AnellZ.

(5.5)
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Exploiting (2.7) and the embedding W?2°¢(Q) — W1>(Q), we thus obtain the control

1
Jo < gHAh‘PH%/ +C(1+ [l + o+ D)2y + [Val-+ B)II*) [Anp]l.

Collecting the above inequalities in (5.4), we finally find the differential inequality

d
T AR+ Ane®IF < AllAnp(O)IL2, (5.6)
where
A(t) = C(L+ lle) s + ot + ) e + lu(t)llLs) + [Vult + h)I).

In light of Theorem 3.6, the function A belongs to L'(¢,¢ + 1), for all ¢ > 0, and there exists a
constant C' independent of ¢ such that

||A||L1(t,t+1) <C, Vi=>0. (5.7)

2. A control of the initial condition. By the assumptions on W, the fact that 9,,(p — ) = 0
on 0f) and ¥ = ,, we have

(1t — o, — o) = (—A(p — @0), ¢ — o) + (¥'(v) — ¥ (o), — ©o)
> |V(e = wo)|I> — alle — @ol?

1
> §||V(90 —00)|I> = Clle — ol 2.

Therefore, we obtain

1d
——lle = woll? = (B, N (¢ — o))

2 dt
= —(p, 0 — o) + (u, VN (o — ©0))
= —(p — o, — o) — (Yo, VN (¢ — ¢0)) + (¢u, VN (¢ — ¢))
1
< —§HV(@0 — o)1+ Clle — woll? + Vol lle = @oll« + 1|l — @oll«,

which gives the differential inequality

1d

sl = wollz < CO+ Vol + [}l = oll--

An application of the Gronwall lemma stated in [4, Lemma A.5] yields

t
lo(®) = ol < C(1+ [Fol)t+ [ u(lldr, o,
0
which, in turn, entails
h
[Arp(0)]. < C(1+ y|w0||)h+/ lu(7)||dr, Vh>O0. (5.8)
0

3. An intermediate step of regularity. Let us set I = [0, 1]. Owing to (5.8), the fact that u
belongs to L*(I; H,) allows us to improve the regularity in time of ¢ in Besov spaces. Indeed,
by the Holder inequality, we have

h 1
p O < ont+ ([ u)tar)”
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hence
_3
sup h™1||Anp(0)]. < C. (5.9)
0<h<1
An application of the Gronwall inequality to (5.6) gives us
1ARe(0)]12 < ([ Anp(0)|2e X097 Vi e 1.
Recalling that A satisfies (5.7) and using (5.9), we infer

sup sup b1 | Anp(t)]. < C,

0<h<1 tel
3
that is ¢ € Bao,oo([; V'). After an integration in time of (5.6) on I, we get

/I 1Ane(M) 12 dr < [Anp(0) 2 + 1 Akg ]2y / A(r) dr

Hence, we deduce that

swp 14 [I18ner)17 dr)* < Cllel

)
0<h<1 Bé%,oo(I;V’)

3
meaning that ¢ € By _(I;V'). Based on this, we are in a position to show that

47 3
¢ € By (I ng(Q)) where s = 68 1
Indeed, exploiting (2.9), we have
sup h~° /||Ahg0 Nt d7‘>§
0<h<1 W5 (Q)
a 2
< sup 1 ( [ 18I 18007 s )
0<h<1

1 1_ 47

< O[( [ 1o ianarar)]* s 1= [( [1aupniar)']”

47
68

_68¢
= CH@HLQ 02W“(Q))[0§£1h o HAWHL?(I;V)}

47
[
< C||<P||L2 0,2;W2:6(Q ))“SOHB;OO(I;V)-

In light of (3.10), this implies that

el ¥ oy S C- (5.10)

Since s > 1, by the classical embedding (2.1) we finally obtain that ¢ € C(I, WL (Q)) and

1ol w2 (@) < € (5.11)

Thanks to this, we also have a uniform-in-time control of the velocity field. Indeed, taking
v = Ngu in (3.3), and using (B.3), we have

[u]* = (Ve ® Vi, VN u).
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By (5.11) and (B.6), we obtain

Jul* < CIVIE g ) VN0

2
< ClelE, 1 g IN Gl
< Cllul]
Therefore, we learn thatu € L>°(1; H,) and
]| oo 111,y < C. (5.12)

4. Regularity of the time derivative. Let us introduce the difference quotient of a function v

by
vt +h)—o(t)

ol = N , h>0.
In light of (5.6), Ol'v satisfies the differential inequality
1d 1
510 PO+ St < Allofe®)]2. (5.13)

An application of the Gronwall Lemma gives
|07 )12 < 10np(0) 2/ 20, vt el
At this point, using (5.12) in order to estimate ||0,¢(0)||. in (5.8), we learn that

1t
JobeO)l. < O+ 19nal) + 1 [ )l ar
0
< C(1+([Vpol)).
Therefore, recalling that A € L'(I), after a further integration in time of (5.13) we end up with
Sup 10F o)1« + 102 0(T) 1720y < C.

Since C'is independent of i and 9/'¢ converges to O, weakly in L?(1; V') as h — 0, it is easily
seen that

||0t4p||Loo(1;V/) —+ ||at90||L2([;V) S C (514)
5. Higher-order estimates. Let us prove the claimed regularities for ¢, ;1 and u. Arguing by
comparison in (3.4), we have that

IVull < Clowellv: + Cllull[[Veollus -
Hence, observing that % > 3,by (5.11), (5.12) and (5.14) we obtain
IVl ooy < C.
Recalling (3.15) we end up with
el poe ) < C.

By reading the definition of the chemical potential as the elliptic equation —Ap + V'(¢) = f,
where f = i + 0., and applying Lemma A.3, we find that

el oo (2w ()) + 19 (@) | oo (L)) < C,
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where p = 6 if d = 3 and any 2 < p < oo if d = 2. Noticing that uV € L>*(I;L%(Q)), in
light of Lemma B.1 we arrive at

]| oo (1 wr2m () < C,
with p as above. It is now easy to deduce thatu - Vo € L?(I; V) since

- Velly < Clluflue@llella@ + Cllullv Vel o

Thus, by the standard elliptic regularity theory of the Neumann problem applied to (3.4), we
learn that © € L*(I; H3(Q2)) and e = 0 on OS2 for almost every ¢ € (0, 1), and (5.1) holds.
By the above regularity for ¢ and u we learn that uV¢ € L?(I;V), hence (B.7) yields u €
L*(I; H3(Q))). Finally, we have

lo7ull < C(1+ [0Fellv),

which, in turn, entails Ju € LQ(I :H,). In order to conclude the proof it is now sufficient
to repeat all the arguments above by replacing I = [0, 1] with any time interval of the form
I = [n,n + 1] for any given n € N. O

Let us complete this section by proving the instantaneous propagation of regularity for weak
solutions. To this aim, we prove the validity of regularity results on any time interval of the
form [0, 00), 0 > 0, which are uniform for bundles of trajectories departing from initial data
with the same total mass and bounded energy. More precisely, we have the following result.

Theorem 5.2. Let R > 0, m € (—1,1) and o > 0 be given. Let v be any initial datum such
that E(po) < R and @, = m, and let (p,u) be the weak solution departing from ,. Then,
there exists C' > 0 depending on R, m and o, but independent of @, such that

||at90||L°0(a,oo;V/) + |M||Loo(a,oo;V) + ||u||L°°(a,oo;VUﬂW2v6(Q)) <,

and
]| 2t 04183 0)) + 0| L2t p1m,) + 9ol L2t p110) S C VE> 0.
Moreover, for every p > 2, we have
||90||L°°(U,00;W27P(Q)) + ||F/(90)||L°°(U,OO;L1’(Q)) S Ca (515)

where C' also depends on p.
Proof. Let us go back to the differential inequality (5.13) satisfied by 97¢. Owing to the control

10F el 2y < N0l r2@esienyy, Vi >0,

and the uniform integrability of A as in (5.7), we are allowed to apply the uniform Gronwall
Lemma to (5.13) on [0, 00), for any ¢ > 0. In this way we find the estimate

||8th90||L°°(a,oo;V/) < C, Vi > 0,

for some C' > 0 depending on o, but independent of h. Besides, a further integration in time of
(5.13) yields

1070l 2 p1v) < C, V>0
A final passage to the limit as » — 0 (cf. (5.14)) yields

Hat<p||L°°(U,oo;V’) + S1>1p ||at<)0||L2(t,t+1;V) S C (516)
t>o



20 CONTI & GIORGINI

We proceed by proving the claimed estimates for ¢, 1 and u. Note first that (5.16) gives

<
sup HSO”BQ%,OO(t,t—&-l;V) < C,

in light of the embedding H'(¢,t+1;V) < Bioo(t, t+1; V). Since ¢ also belongs to L?(¢, t +
1; W25(Q)), we can repeat the argument in the proof of Theorem 5.1 (cf. step 3) on each time
interval I = [0 + n,o + n + 1], for any non-negative integer n € Ny. Recalling that in those
computations all the constants depend on I only through its length, we obtain

S0 6 ()] 17 ) < €

t>o
As a byproduct, we also get
el Lo (o,00m1,) < C-

At this point, repeating line by line the last part of the proof of Theorem 5.1 (cf. step 5) we
reach all the desired conclusions. U

Remark 5.3. Observe that, if an initial datum ¢, satisfies the assumptions of Theorem 5.1, then
©o € W26(Q) in light of Lemma A.3. In turn this means that ¢, € C2(Q). Furthermore, it is
easily seen (cf., e.g., [9, Theorem I1.5.16]) that ¢ € C(2 x I), where I = [0, c0) for a strong
solution and I = (0, co) for a weak solution. Also, by the regularity proved for the velocity,
one can deduce thatu € C(I, H,). As a byproduct, we derive that

sup [|p(t)[lw=o(0) + sup [[u(t)|[wes@) < C, (5.17)
tel tel

where C' depends only on £(y) and m.

6. SEPARATION PROPERTY AND ITS CONSEQUENCES

In this section, we investigate the so-called separation property, which is a relevant issue from
both the physical and mathematical viewpoints. Such a property means that the order parameter
¢ stays eventually within a suitable closed subset of (—1,1). More precisely, we investigate
whether there exist 6 > 0 and an interval I C [0, co) such that

sup [[(t)|[oe@) <1 =4
tel

As mentioned in the Introduction, we show the validity of the instantaneous separation property
in dimension two. Our proofs rely on the techniques introduced in [21]. Instead, reasoning as
in [1], in dimension three we can prove the asymptotic separation property, meaning that there
exists a certain time t* > 0, depending on the initial datum and eventually large, such that the
solution is bounded away from the pure phases when ¢ is larger than ¢*. It is worth mentioning
that £* can not be exactly estimated. Next, we discuss the question whether a solution departing
from an initial state ¢, such that ||¢gl| (@) < 1 remains uniformly away from the pure states
over time. We conclude our analysis with some remarks on the longtime behavior.
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6.1. Two-dimensional case: instantaneous separation property. We prove the validity of

the instantaneous separation property for a class of singular potentials which includes, in par-

ticular, the physically relevant logarithmic free energy (1.4). As above, let us fix R > 0 and
€ (—1,1), and let (o, u) be the solution to the CHB system departing from ¢, satisfying

E(po) <R and @, =m.
Therefore, in the sequel, the generic constant C' > 0 may depend on R and m.
Theorem 6.1. Let d = 2 and 0 > 0. Assume that F" is convex and
F"(s) < CHFOHC g e (~1,1),
for some C > 0. Then, there exists § = 6(o, R, m) > 0 such that
sup le@le@ <1—0. (6.1)

Proof. First, in light of the extra assumption on F', we have a key control on F” (). Indeed, by
Lemma A.6, for any p > 2, there exists C' = C(o, p), such that

| F" (0) || Lo (o00sLr(02)) < C. (6.2)

We are now in a position to prove higher order Sobolev estimates on the time interval [20, 00).
Given h > 0, we recall that 97'v is the difference quotient of v. Owing to (5.1), the quotient 9"
solves

0,0 +u-Vlp + 0 - V(- +h) =Ad"p.
Multiplying the above equation by 9", we have
1d

S IOl = (A0, Ofp) + Wi + W, (6.3)

having set
Wi = (¢(- +h)0ju,Vle), Wa=(0)eu, V).
Integrating by parts and exploiting the boundary conditions, we get
(A1, 0y p) = (0 11, DD} p)
= —[|Ad7el” + 6ol VO oll* + (9 F'(10), DO ).

Since F" is convex, we find the control

HF e m) = Plo] < [ Flrot+m + (1= re) el dr

< / (TF" (- + ) + (1 — 7)F"(0(-))) |0lg] dr

< (F"(p(-+ h) + F"(p(-) |0 ].
Hence, using (6.2), we obtain

/ 1 /" 1/
(0 F'(10), A0 0) < SIAG " + C(IF" (e (- + ) zscy + 1F" (@) 2s@) 107 @l 2s(e

1
< S1AdlP + ClIVatel”
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We thus arrive at the differential inequality

1d 1
S0l + S| < CIVafl? + Wy + W, (64)
Let us now consider the equation for 9u as in Remark 3.4. Taking v = 0/'u, we find
(v(@) DO;u, DOfw) + (n(p)0;w, 0 u) = Ws + Wi, (6.5)

having set
W3 = —(0;v(¢)Du(- + h), DOju) — (9rn()u(- + h), 0/u),
Wy = (Voo @ V(- + h),Volu) + (Vo @ Ve, Volu).
Summing up (6.4) and (6.5), and exploiting (3.1) and the Korn inequality, we obtain
1d

4
1
g0l + 10l + v Vol < OVl + Y- Wi
k=1

We estimate the right-hand side term by term as follows. By Theorem 5.2 and the embedding
H?(Q) < L>(R), we have
Wi < [loyulllof el
and
Wa < Jlullz=@ 107 llIVO; ¢l
< Clorellivorel.

Next, recalling that v, € C*(R), by Theorem 5.2 and the embedding W?2¢(Q) — WhH>=(Q)
(cf. (2.5)), we find

W3 < C|IVu(- + 0)lle=@ |07 el VOyull + Clla(- + h)l| e |07 107w
< Clloy el Voyul,
and
Wi < (IVellz@) + IVl + Rl @) VO oIl V O/ u]
< CIVorellVoyul.
Since
IVorell < 19tz adyel ),
collecting all the above estimates, we end up with

1d

2dt

for almost every ¢t > o. Recalling that, in light of Theorem 5.2,
”anOHLQ(t,t—i-l;H) <C, Vt>o,

1 Vs
107l + ZHAat’leQ + 5!\V8?uH2 < Cllatel?,

an application of the uniform Gronwall lemma and a final passage to the limit as ~ — 0 yields

10sp]| Loo (20,00:1) < C-
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According tou - Vo € L*>(0,00; H) (cf. Theorem 5.2), thanks to the elliptic regularity of the
Neumann problem applied to (3.4), we infer

1 12l| oo 20,00; 2 (02)) < C. (6.6)
Being L> (20, 00; H*(Q)) C L*(Q2 X (20,0)), by applying Lemma A.1 with p = oo, we
deduce that

IF' ()| Lo (@x 20,00)) < C.
Since F’ diverges at =1 and ¢ is continuous as established in Remark 5.3, we immediately
deduce the existence of § > 0 such that
lp(x, 1) <1 -0, V(x,t) €Q x [20,00).

The proof is completed. 0J

6.2. Three-dimensional case: asymptotic separation property. The validity of the instanta-
neous separation property is still an open issue in dimension three, even for the solely Cahn—
Hilliard equation. Nevertheless, we are able to prove the following weaker version.

Theorem 6.2. Let d = 3. There exist t* > 0 and 6 > 0 such that
sup [[o(t)[le@m) <1 —4.
>t

Proof. Let (¢,u) be a weak solution departing from an admissible initial datum . Then, by
Theorem 5.2 we have that ¢ € L>(1,00; W?%(Q)) and u € L>(1,00;V, N W25(Q)). We
define the w-limit set of , as

w(00) = {0 € W?%(Q) : [|poollr=(@) < 1, and 3¢, — oo such thatp(t,) — poo

where the convergence is Cs(ﬁ), forany 0 < s < % (cf. (2.5)). Note that w(p) is non-empty
by (5.17). Let us now show that

w(po) C {woo Where @, € W?8(Q) solves (6.7)}

where

(6.7)

_ASOOO + \IJI(SDOO) = Moo, in Q?
Onpos = 0, on 09},

where pio = V' (p) € R and oo = @,. To this aim, following [1, Lemma 11], let ¢,, — oo
such that lim,,_,, p(t,) = Yo and set v, (t) = p(t + t,), w,(t) = u(t + t,), forany n € N.
Then, (p,,,u,) converges to a solution (¢’,u’) of (3.3)-(3.5) with initial value ¢’'(0) = ¢u.. In
particular, up to a subsequence

lim E(p,(t)) = E(¢'(t), YVt =>0.

n—oo

On the other hand, since the energy is a decreasing function of time, lim;_,,, £(p(t)) exists, and
we set its value equal to .. Therefore, we learn that

Eoo = lim E(py(t)) = E(L (1), VE=0,

namely £(¢'(t)) is constant. Recalling the energy identity in Theorem 3.6, we deduce that
V' = 0 and ' = 0 for almost all £. Thus 0;p’ = 0 and ¢’ is constant in time. Hence,
Yoo = ¢'(t) is a solution of (6.7). Now, given any stationary solution ¢, to system (6.7), by
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Remark A.2 there is a constant 0 < ¢ < 1, depending on (.., such that [po.(z)| < 1 — 24, for
all x € ). By the compactness of w(yy) in C(Q2) (cf. (2.5)), we easily infer the existence of a
universal constant 0 < § < 1 such that

|Poc(2)] 1 =0, Ve, Vo Cwlp)

Since limy, disteq) (¢(t), w(wo)) = 0, we conclude that there exists t* > 0, depending on ¢,
such that |p(x,t)| <1 — 0, forall (z,t) € Q x [t*,00). O

6.3. Further remarks on the separation property and the regularity of solutions. We first
observe that a solution becomes more regular, as expected, when the separation property holds
true. Indeed, assuming that [|¢[|¢qy ;) < 1 — & on some interval J = [t1,t5] C [0,00) and
for some ¢ > 0, then we have W'(p) € L>(J; H*(Q)), being ¥’ a globally Lipschitz function
with bounded derivatives on [—1 + 0,1 — §]. Therefore, recalling that © € L*(J;V), the
elliptic equation —Ap = p — ¥'(p) with homogeneous Neumann boundary conditions yields
€ L*(J; H3(9))). Moreover, owing to the separation property, the proof of Theorem 6.1 can
be recast in dimension d = 3 in order to prove (6.6), namely . € L>([t; + o,ts]; H*(S2)), for
any o > 0. Now, an application of Lemma A.3 provides ¢ € L*([t; + o, t2]; H*(2)), for any
o > (0, meaning that ¢ is a classical solution to the CHB system. At this point, it is easily seen
that solution is in H k(Q) k > 4, provided that the boundary of €2 is sufficiently smooth.

A further interesting question is whether a solution departing from an initial datum which is
strictly separated from the pure phases remains separated from them for every time. To this
aim, let

lolle@ =1—do, for some Jo > 0,

and let us assume that p complies with the requirements of Theorem 5.1. In this case, we know
that the solution ¢ departing from ¢, satisfies, in particular, o € C*(2x [0, T]) forevery T > 0,
where @ = min{s — %, %} (cf. the embeddings (2.1), (2.5), the control (5.10) and Remark 5.3).
This implies the existence of ¢y > 0 such that
do
sup [[o(t) ey < 1- 3 63)
te[0,to]

Note that ¢y can be explicitly computed in terms of the norms of ¢y and «. In space dimension
d = 2, collecting (6.8) with Theorem 6.1 for o = %0, we obtain that

sup [lo()lle@m < 1 -4,
t>0

for some 0 depending only on ¢y and dy. Therefore, the solution is always separated from the
pure phases. However, this is not the case in dimension d = 3, where the separation property
might be lost for a transient interval of time (¢, ¢*), with t* is given by Theorem 6.2.

6.4. Discussion of the longtime behavior. The longtime behavior of the CHB system can be
studied within the theory of infinite dimensional dynamical systems. In light of Theorem 3.6
and Theorem 4.1, for any m € (—1, 1), the CHB system generates a semigroup of operators via
the rule
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being (i, u) the unique global-in-time weak solution to (1.1)—(1.3) with initial condition
0o € Him ={p € VN L™(Q) : ||¢llre@) < 1, = m}.

The semigroup turns out to be strongly continuous, see [21, Proposition 6.1] for the proof, and
dissipative due to (3.8). On account of (5.15), we deduce the existence of a (compact) absorbing
set BB,, bounded in H,, N W??(Q). Then, the existence of the unique global attractor follows
by the classical semigroup theory (see, e.g., [37]).

Theorem 6.3. Let d = 2,3. Then, the dynamical system (S,,(t), H,) has a connected global
attractor A,,, which is bounded is H,, N W?P(Q), where p = 6 ifd = 3 and any 2 < p < oo if
d=2.

It is worth mentioning that .A,,, turns out to be more regular at least in dimension two. Indeed,
in light of Theorem 6.1 and the remarks in subsection 6.3, there exist d,, € (0,1) and R,,, > 0
such that

Am C{p € HYQ) : [l¢llms@) < B and [l < 1= 0m}-

A different viewpoint concerning the asymptotic behavior is the convergence of any single
solution to a stationary state. As a byproduct of our analysis, we can state the following result.

Theorem 6.4. Let d = 3. Given a weak solution (p,u) to the CHB system, there exists a
(unique) po, such that
() = poo in H*(Q) as t — o0,

where @ is a solution to

_A()Ooo + qj,(@oo) = floo, 1N Q»
an()poo == 07 on 89,
Jo ¥ dz = [, pdu,

with 15 € R.

The proof can be obtained by a classical argument (see, e.g., [1, 39, 41]) and is left to the reader.
We mention that this relies on the energy equality, the separation property and the well-known
Lojasiewicz-Simon inequality.
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APPENDIX A. REGULARITY THEORY FOR A NEUMANN PROBLEM
WITH LOGARITHMIC NONLINEARITY

We consider the homogeneous Neumann problem with a logarithmic nonlinear term

{—Au +F(u)=f  inQ

(A.1)
Ontt = 0, on 0f),

where F' satisfies all the assumptions in Section 3. We present herein several regularity estimates
to problem (A.1) within the framework of Sobolev spaces. The proof of most of these results
are based on some ideas contained in [1, 21, 31]. We report them in detail (in a different form)
for the sake of completeness and future reference.

Given f € H, the existence of a (unique) solution to (A.1) can be proved by exploiting the
convexity of F. In the sequel, we assume that v is a solution to (A.1) such that u € H?*(Q) with
F'(u) € H, Oyu = 0 on 022 and satisfies —Au + F'(u) = f for a.e. = € €. In particular,
we observe that |||~y < 1. Next, we introduce a cutoff function which will be repeatedly
used in the course of this section. For £ € N, let us define the globally Lipschitz function
hi : R — IR such that
—1—1—%, s<—1+%,
hi(s) = < s, sel-1++,1—4], (A.2)
1 1
1— = s>1-— %
Then, we consider u;, = hj o u. Since u € V/, the classical result on compositions in Sobolev
spaces yields u; € V and Vu, = Vu - X[71+%,17%]<u)’ for any k& > 0.

Let us start with an elliptic estimate for f € LP(£2). A similar proof of the following result for
p < oo can be found in [1, Lemma 2].

Lemma A.1. Let f € LP(S2), where 2 < p < co. Then, we have
" (@)[ze@) < 1 £ll2r(@)-

Proof. Letus consider f € LP(Q2) with 2 < p < oco. We take the test function | F’(uy, ) [P~2F" (uy),
which belongs to V' for any k. Since F”(uy) is well-defined and positive, we learn that

(—Au, |F"(up) P2 F' () = (p = D(1F (i) P72 F" (i) V- X142, 1 (1), V) > 0.
Then, we deduce that
(F" (), [F'(wr) P2 F (ug)) < (f [ F (un) P2 ().
Noticing that F” is increasing and F’(s)s > 0, we are lead to
VF (i) [y < (F (), [P ()2 ().
By the Holder inequality
(f | F" () P72 F () < N F () [y 1 f | g

Therefore, we arrive at
HF/(uk)HLP(Q) < HfHLP(Q).
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By Fatou’s lemma, we end up with
" (@) zr@) < 1 £1l2r(@)-
If f € L>(£2), we infer from the above estimate that
IF (W)l e @) < C,
where C'is independent of p. Thus, the claim follows from [2, Theorem 2.14]. ]

Remark A.2. When f € L*>(), since F” diverges at =1 and u € C (Q), we immediately
deduce the existence of 6 > 0 such that |u(x)| <1 — 9, forall z € €.

Lemma A.3. Let f € V. Then, there exists a positive constant C = C(p) such that
lullwzr) + 1 F' (@l rr@y < C(L+ 1 fllv),

where p = 6 if d = 3 and for any p > 2 if d = 2. Furthermore, if f € H(Q) N L*>(Q),
k = 1,2, then we have

[ull ar2@) < CA A+ [ fllar@),

for a positive constant C' depending on || f|| Lo (q).
Proof. On account of the Sobolev embeddings, an application of Lemma A.1 implies

IF (@)llr@) < Cllf v,

where p = 6 if d = 3 and for any p > 2 if d = 2. We now interpret u as the solution to
—Au+u = g, where g = f+u+F’(u) with homogeneous Neumann boundary condition. Then,
the first estimate follows from the elliptic regularity theory of the Laplace operator. Besides,
the second conclusion can be deduced in light of Remark A.2. 0

Lemma A4. Let f € V. Then, we have
[Aul] < [[Vul 2|V £][=.
Proof. Testing the problem by —Awu, we have
A = (F'(ug), Au) = —(f, Au) + (F'(u) = F'(ux), Au).

Arguing as in the proof of Lemma A.1, we observe that —(F"(uy), Au) > 0 and (F'(u) —
F'(ug), Au) — 0 as k goes to co. Hence, by virtue of the homogeneous boundary condition,
an integration by parts gives

[Aul” < (Vf,Vu),
which, in turn, entails the claim. O

We prove a generalized version of Young’s inequality.

Lemma A.5. Let L > 0 be given. Then, there exists N = N(L) > 0 such that

1
ryelV < eMNorl 4 §y2eLy, Va,y>0. (A.3)
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Proof. Let us first show that, for every a,b > 0,
ab < blnb+ e L, (A.4)

The function f(b) = blnb + e*~! — ab satisfies f(0) = e*! > 0 and lim,_,, f(b) = oco.
Besides f/(b) = Inb + 1 — a, hence b = e*~! is the absolute minimum of f. Then, we have
f(b) > f(b) = e 'ne* ! 4 e ! — e ! =0, for every b > 0, which implies (A.4). Letting
a= Nzand b= %eLy in (A.4) for any given N, L > 0, we easily find

Ly Ne—1 , Y 1y < Y Ly>
zyed <e + =e In= +1lne
y - N N

L+1
S eNx—l + ]—i\; yQGLy,
and the claim follows with N > 2(L + 1). O

Lemma A.6. Let d = 2 and f € V. Assume that there exists a positive constant C' such that
F"(s) < CHFOHC v ¢ (-1,1). (A.5)
Then, for any p > 1, there exists a positive constant C' = C(p) such that

|F" (@)l < €1+ M),

Proof. For k € N, let u;, be the cutoff function introduced at the beginning. Given L > 0, we
consider the test function F'(uy)eX" (“¥)l. Since the function s — F'(s)eX" )| is monotone,
by arguing as in the proof of Lemma A.1, we find

/IF’(uk)|2€L'F,(uk)|dx§/|f||F'(uk)|eLF'(“’“)dl’-
Q Q

We estimate the right-hand side by the generalized Young inequality (A.3) with the choice
x = |f|and y = |F'(ug)|. Accordingly, we find N = N(L) such that

/ 1 !/
/ | FIIF (ug,) | 0l g < / ~|F (ug) [P )l qgp 4- / M dz,
Q Q2 Q
and we arrive at .
z / |F/(uk)|2eLlF’(uk)| dr < / Nl 4.
2 Ja Q
Due to the Trudinger—Moser inequality in dimension two, we have the following control
1 /
5/ |F' (ug) [P )l 4 < C(l + eCNQHfH%/). (A.6)
Q
On the other hand, by the assumption (A.5), we observe that
Fr(s) < pC<1 + \F’(S)PePC\F’(sN), Vs e (~1,1).
Thus, taking L = pC'in (A.6), we end up with

/ |F" (u) [P da < C’(l + ec”f”%/).
Q
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APPENDIX B. REGULARITY THEORY FOR A STOKES PROBLEM
WITH NONCONSTANT COEFFICIENTS

We consider the Stokes problem with nonconstant viscosity and permeability depending on a
given measurable function (. The system reads as

—div(v(¢)Du) + n(p)u + Vi =f, in Q,
divu = 0, in €2, (B.1)
u=>0, on OS2,
where the coefficients v and 7 fulfil the assumptions stated in (3.1). Setting
B(u,v) = (v(¢)Du, Dv) + (n(p)u,v), Vu,veV,,

it follows that, for every f € V!, there exists a unique solution # € V, to the variational
problem

B(u,v) = (f,v), VveV,. (B.2)
We denote such a unique solution by N f. Notice that
B(u,N,u) = B(Nyu,u) = ||[u||?>, VuceV,. (B.3)

Besides, by (3.1), we have
2v,||[DNyu|* < (v() DNyu, DNu) < B(Nyu,Nou) = (u,Nyu)

yielding
|DNyu|| < Cllu|l, VuecV,. (B.4)

We report some following elliptic estimates whose proof can be easily obtained by reasoning as
in [1, Sec. 4, Lemma 4].

Lemma B.1. Let ¢ € WY (Q), withr > d > 2, and let u € V, be a weak solution to (B.1),
namely u solves (B.2). The following estimates hold:
o Since f € V/, then

lellv, < Clf[lv,-

o Iff € H, then there exists C' > 0, depending on r, such that

el weney < C(1+[IVellur@) (IEl+ [ Vall), (B.5)
where % = 1+ L. Inaddition, if ||||w1.r @) < R, then there exists Q(R) such that
[ellaz0) < QR[] (B.6)

where Q)(-) is a suitable positive monotone function depending on .
olIff € L*, and Vu € L*(Q) with2 < s < o0, then

H“HWM(Q) < C(l + ||V<P||LT(Q)) (Hf

1_ 1,1
wherep—s—l—r.

oIf [|pllwar) < Randf €'V, then
[2e][gs ) < QR[]I v- (B.8)

L) + ||Vl

Le(©)) (B.7)
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APPENDIX C. PROOF OF THE EXISTENCE OF WEAK SOLUTIONS

This Appendix is devoted to the proof of the existence of a weak solution to problem (1.1)-(1.3)
as stated in Theorem 3.6.

The approximating problem. Let us recall some results in [15] concerning the existence of a
sequence of regular functions F\ which approximate the singular potential /'. More precisely,
there exists a family £ : R — R (A > 0) such that ),(0) = F5(0) = 0 and

(i) F) is convex with FY(s) > 0forall s € R,
(ii) FY is Lipschitz on R with constant §,
(iii) there exist 0 < A < 1 and C > 0 such that
F\(s) > 005> —C, Vs€eR, YA€ (0,
(iv) Fa(s) / F(s), forall s € R, |F(s)|  |F'(s)| for s € (—1,1) and F} converges
uniformly to F” on any set [a,b] C (—1,1).
For any A > 0 we introduce the quadratic perturbation of F) by W)(s) = F\(s) — 252 The
corresponding regular CHB, system reads as

—div (v(¢)Du) +n(p)u + V1 = pVo,
diva =0,

Op+u-Vo=Ap,
p=—Ap+V\(p),

endowed with (1.2)-(1.3). We have the following result proven in [6], whose proof is carried
out by a standard Galerkin method based on the regularity of F\ and energy estimates.

Theorem C.1. Let ¢y € V and T > 0. Then, for any A > 0 the CHB) problem has a weak
solution (yp,u) which satisfies (3.3)-(3.4) for almost every t € (0,T), where p = —Ap +
U (p) € L*(0,T;V), and Oy = 0 almost everywhere on 9 x (0,T). Besides, the weak
solution is such that

¢ € C([0,T],V)NL*0,T; H*(Q)) N H' (0, T;V"), wue L*0,T;V,).

Remark C.2. The regularity ¢ € L?(0,T; H3(f2)) is obtained by testing the equation of . by
—AZ%p (see [6]) and exploiting the smoothness of F}. Nonetheless, this argument does not apply
in presence of the singular potential.

Energy estimates. We now consider an admissible initial condition
wo € VN LOO(Q) with ||g00||Loo(Q) <1 and Yo =m € (—1, 1). (C.1

Let T > 0 be given. For any A € (0, \] with ) as in (iii), we denote by (¢,u) a solution to
CHB,, on [0, T'| departing form ¢, (we omit the dependence on A for simplicity). The associated
energy is given by

1
&(¢) = 51Vl + [ Wi()da.

We proceed by proving some energy estimates that are uniform with respect to A. Accordingly,
in what follows, the generic positive constant C' may depend on &(pg), m and T, but it is
independent of A € (0, 1).
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We claim that

el oe 0,2y + IVl 20y + VUl 220,230y < C. (C.2)
Indeed, taking v = u in (3.3) and v = p in (3.4), and summing up the resulting equalities, we
have

d
@)+ IVull® + (v(¢) Du, Du) + (n(p)u, ) = 0.
In light of (3.1) and the Korn inequality, we obtain

d
&P+ IVpll? + vl Vul* < 0.

Due to property (iv), we observe that F)\(s) < F(s) < C, for all s € [—1, 1], which, in turn,
entails £, (o) < E(¢o). Then, an integration in time of the above differential inequality yields

T
sup Ex((t)) +/ Vi) + [IVa(r)[* dr < E(go).-
0<t<T 0
Owing to (iii), we have
1
SIVel? < &p) + ¢,
for every A € (0, X]. Therefore, by the mass conservation, we infer that
el oo, riv) < C,
which completes the proof of (C.2). Now, exploiting (C.2), we have
[0cellv: < CUIVall + [[Vil]),
which implies
10uel| 20,757y < C.
We proceed by testing 1 by —A¢p. By integrating by parts, we get
1A@? + (P3(0) Ve, Vo) = (Viu, Vep).
Observe that U} (s) > —6,, for all s € R (cf. (i)). Using (C.2), we thus find
1A@)* < CA+[[Vull),

which, in turn, gives us
1A Lo, < C.
The next goal is to control the total norm of 4 in V. Notice that 1 = F(¢) — 6. We recall

that there exists C' = C'(m) > 0, independent of A € (0, A], such that

[ IRl < 0| [ B -vdd +
Q Q
where C diverges to +00 as |m| — 1 (see [15] for the proof). In order to estimate the right-hand

side, we multiply u by o —  and integrate by parts. Using (C.2), we find

IVel? + (F5(p), 0 —B) = Oo(, 0 — B) + (u — T, 0 — P)
<O+ [[Vul). (C.3)

Combining the above inequalities, we arrive at

[l 220,y < C.
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Finally, we infer by comparison from the definition of y that

| Ex (D) L2010 < C- (C.4)

Existence of a weak solution to the CHB system. We now consider (¢y,uy), A € (0, 2],
a family of solutions to CHB, departing from ¢, as in (C.1). In light of the above uniform
estimates we can pass to the limit A — 0 with the following convergences (up to subsequences)

©x — @ weakly star in L>°(0,7; V),
©x — o weakly in L*(0, T; H*(2)),
Oppx — Opp weakly in L*(0,T; V"),
iy — p weakly in L*(0,T; V),
uy — u weakly in L?(0,T; V).
By the classical Aubin-Lions Theorem (cf. [9, Theorem I1.5.16]) , we also deduce that
©x — @ strongly in L*(0,T; V) N C([0,T], H),
and
ox(x,t) = p(z,t) ae. (x,t)inQ x (0,7).

We claim that the limit pair (¢, u) is a weak solution according to Definition 3.2. Indeed, the
required regularity of (¢, ) immediately follows by the above convergences. Next, following
a standard argument, for any fixed n € (0, 1/2) we introduce the set

E;]\:{(x,t) € Qx[0,7T] : |ga(z,t)] >1—n}.

It is easy to see from (C.4) that

C
’E’N S o Fi(1 Fi(—-1 '
min{ 75 (1 —n), [F5 (=1 +n)[}
Hence, passing to the limit as A — 0 and then letting  — 0, we conclude

[{(z,8) € @x(0,T) : |z, 8)] = 1} [ = 0,

meaning that ¢ € L*(Q x (0,7)) with |¢(x,t)] < 1 for almost every (x,t) € Q x (0,7).
Regarding the nonlinear potential, using the pointwise convergence of ¢, and the uniform con-
vergence of F to [ on any compact set in (—1, 1), we infer that F3 () — F (), for almost
every (z,t) € Q x (0,7). Then, in light of (C.4), a weak form of the Lebesgue converge
theorem implies that F}(¢,) — F'(p) weakly in L?*(0,T; H), which allows us to identify
p=—Ap+V(p) € L*0,T;V). In a standard way, we pass to the limit in the weak formu-
lation of CHB,, proving the validity of (3.3)-(3.4). Finally, it is easily verified that 0, = 0 for
almost every (z,t) € 92 x (0,7T).

Remark C.3. We observe that, letting v — 0, it is easily deduced the existence of a weak
solution to the Cahn—Hilliard—Hele—Shaw system with unmatched viscosities (in this context n
plays the role of the viscosity). Nonetheless, the velocity field u belongs only to L?(0,T'; H).
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