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Abstract

HE subject of this dissertation is the mathematical analysis of some diffuse inter-
face models which arise in the realm of Fluid Dynamics to describe the motion
of two globally immiscible, incompressible and viscous fluids. Depending on

the interplay between inertial and viscous forces, we consider two classes of equations
governing the velocity field, known in literature as:

e the model H,
o the Hele—Shaw approximation.

The interface separating two fluids is assumed to be a region with non-zero thickness.
Over this interfacial region the surface tension (also called Korteweg stress) is dis-
tributed. In these models a crucial role is played by the choice of the free energy. In
the first part of this contribution we study /ocal models originating from the Ginzburg—
Landau free energy. In the second part we consider nonlocal models related to the
Helmbholtz free energy taking more general long-range interactions into account. Both
of them penalize concentration variations. This twofold choice is motivated by the clas-
sical literature and leads to different Cahn-Hilliard type equations for the order param-
eter.

The common denominator throughout our investigation is the presence of the phys-
ically relevant free energy density which consists of a logarithmic function. The main
advantage is the possibility to show the existence of a physical solution, meaning that
the order parameter (i.e. the difference of concentrations) is forced to take physically
admissible values. Thus, the order parameter maintains its original meaning. On the
other hand, the study of such logarithmic potential requires non-classical mathematical
methods. Indeed, by virtue of the different behaviour between the logarithmic potential
and its derivatives close to the singular points, high order estimates involving the order
parameter are hard to get.

The main results herein concern the uniqueness and regularity of weak solutions as
well as the existence of strong solutions. Particular attention is given to the so-called
separation property. The latter means that, if the initial datum is not a pure phase, then
the order parameter eventually stays away from the pure states with a uniform in time
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displacement. In the two dimensional setting, we present two different methods in or-
der to handle local or nonlocal models leading to the instantaneous separation property,
namely the separation occurs for any positive time with a parameter depending (ex-
plicitly) only on the initial energy value and the total mass of the initial datum. As an
interesting application of the regularity properties, we discuss the asymptotic behaviour
of solutions.

Let us now describe a summary of the main results contained in this thesis. First, the
Navier—Stokes—Cahn—Hilliard—Oono system is studied in dimension two. This model is
a generalization of the classical model H accounting for (reversible) chemical reactions.
We show the uniqueness and the instantaneous regularization of weak solutions as well
as the validity of the separation property. The latter has been obtained by combining high
order Sobolev estimates with a regularity theory for an elliptic problem with logarithmic
nonlinear term, for which the Trudinger—Moser inequality plays an essential role. The
same result also goes for the Navier—Stokes—Cahn—Hilliard system.

The Hele—Shaw—Cahn—Hilliard system is analyzed in both two and three dimensions.
We first prove the existence of a global weak solution. Then, in dimension two we
demonstrate the uniqueness of weak solutions, their regularity propagation in time and
the separation property. Instead, in dimension three we show the global existence of
strong solution provided that the initial datum is regular enough and sufficiently close
to any local minimizer of the Gindzburg-Landau free energy.

We also investigate the Brinkman—Cahn—Hilliard system in dimension two. In partic-
ular, we address the unmatched viscosities case. We show the existence and uniqueness
of weak solutions, their regularity properties and the separation property.

Next, we study the nonlocal model H. First, we provide a comprehensive analysis
of the nonlocal Cahn—Hilliard equation. In particular, we introduce a novel technique
for the separation property which differs from the one employed in the local case. The
proposed argument is base on an Alikakos—Moser iteration argument combined with
the Trudinger—Moser inequality. Then, the analysis has been extended to the nonlocal
Navier—Stokes—Cahn—Hilliard system is studied in dimension two.

Finally, the nonlocal Hele—Shaw—Cahn—Hilliard system is considered in two and
three space dimensions. In both cases we show existence of weak solutions, unique-
ness, existence of strong solutions and their regularity properties.
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CHAPTER

Introduction

HE mathematical description of the motion of immiscible viscous fluids is a long-
standing problem in Fluid Dynamics starting at the beginning of the 19th century.
Since then, a vast literature has been devoted to find accurate models which com-
ply the physical laws and lead to efficient numerical calculations. The mutual interaction
between the interface dynamics and the surrounding fluid motion is indeed a complex
phenomenon, depending also on surface tension effects, topological changes, viscosity
ratios, temperature gradients and imposed flow at the boundary. The main common
goal among these investigations has been understanding the nature of the interface sep-
arating the binary mixture. In the classical attempt, it is assumed to be an evolving in
time surface with zero thickness, across which physical quantities must satisfy suitable
boundary conditions. Instead, a more recent and powerful approach treats the interface
as a narrow zone with finite thickness. In the latter the interface evolution is described
through the concentration variable which is uniform in bulk phases and varies steeply
but continuously across the interfaces. Whilst considerable progresses have been made
towards more efficient models, its mathematical analysis involving well-posedness as
well as regularity still remains challenging.

1.1 Fluids in motion

A wide class of processes in engineering applications rely on the interaction between
fluids within multicomponent systems. Due to the complexity of moving fluid structures
and their mutual interplay, the study of interfacial dynamics has played an increasingly
crucial role. This non-trivial behavior already arises in simple experiments that are
considered as real benchmarks in literature.



Chapter 1. Introduction

e Breakup or coalescence of drops. A fluid drop is immersed in a surrounding
fluid filling the domain. If the viscous forces prevail on the surface tension acting
across the interface, viscous stresses bend out the drop shape. As a result, the drop
pulls outward and breakup into two drops.

e Mixing in a driven cavity. Two fluids are initially separated by a flat interface in a
bounded geometry. The flow is driven by steady and uniform boundary velocities
of one wall alone (or two symmetric walls). As the time goes by, the fluids start to
stretch and fold as long as eddy structures arise. Chaotic pattern motions, such as
corner eddies, may also occur.

e Moving contact lines. When two viscous fluids interact each other and are also in
contact with a solid wall, the interface between the fluids which intersect the solid
surface is said contact line. A phenomenological equation (Young’s law) rules
the static angle between the solid surface and the fluid/fluid surface relating three
different coefficients of surface tension. However, the angle can be altered whether
the contact line is moving by the flow.

e Thermocapillary or Marangoni flow. The effect of a temperature gradient im-
posed at the interface between the two immiscible viscous fluids consists in a local
variation of the interfacial tension. In turn, the instability generates tangential shear
stresses and so the motion of the fluids.

¢ Fingering instability in Hele-Shaw cell. The injection of a viscous fluid between
two flat and parallel plates at a small distance drives a more viscous one. The
unstable interface takes the shape of several fingers. One finger then grows up at the
expense of its neighbours and the flow reaches a steady state with the propagation
of a single finger.

All of the above mentioned examples have been studied to make comparisons be-
tween theory and experiments in the simplest geometrical settings, to find common fea-
tures and develop models for more complicated flows. In particular, these processes
own a common feature. Being driven by the action of an imposed flow or a tempera-
ture gradient or by an intrinsic mechanism like the surface tension, the spatial regions
occupied by a single flow is deformed. This leads to an evolution of the interface area,
which decreases its characteristic length scale and can even change its topology.

1.2 Sharp interface method

In a fixed bounded domain  C R?, d = 2, 3, the motion of an incompressible viscous

(Newtonian) fluid is described by the celebrated Navier—Stokes equations. Neglecting

external forces and assuming constant density p = 1 and viscosity v, the velocity field

u:Q x (0,00) — R? and the pressure 7 : 2 x (0, 00) — R are ruled by

{&‘u%—(u-V)u—yAu—irVﬂ:O, in Q x (0, 00), (12.1)
divu =0,



1.2. Sharp interface method

subject, for instance, to the no-slip boundary and initial conditions

u=0>0, on 992 x (0, 00),
u(-,0) =up(-), infd

From Leray’s seminal work until nowadays, the mathematical analysis of Navier—Stokes
equations (I.2.T]) has been developed by many authors but it is still far from being com-
plete. We refer the reader to, e.g., [[150] and references therein for a review on the theory
and connected problems.

Instead, if two globally immiscible, incompressible and viscous fluids lie into a fixed
domain, they additionally interact at the interface among them. To describe their motion,
the time variation of physical quantities such as velocity, pressure and stresses is formu-
lated within a certain spatial regions. In the sharp interface approach the Navier—Stokes
equations are written separately for each phases, supposing that density and viscosity
are equal to their equilibrium values. In addition, the system is closed via boundary
conditions involving velocity and strain tensor at the interface, which is unknown and
has to be determined as well.

To define the free boundary problem, €2 is separated into two subdomains §24(¢) and
Qp(t), for t > 0, occupied by each fluid. They are separated by a surface ¥(¢), such
that Q = Q4(¢) U Qp(t) U X(¢). We introduce the velocity u :  x (0,00) — R? and
the pressure 7 : {2 x (0,00) — R. Assuming the two Newtonian fluids have different
constant viscosities v;, i = A, B, neglecting densities difference p4 = pp = 1 (the
so-called Boussinesq approximation) and gravity or external forces, the free surface
problem for ¢ > 0 reads as

8,fu + (- V)u—div (-7l 4 2v;Du) = 0, %n Q;(t), (12.2)
diva =0, in (%),
subject to the boundary and initial conditions

([u]s =0, on (1),

u-n=1V, on X(t)

[—7I + v;Du]y, -n = okn, on X(t), (1.2.3)

u=0, on 0f),

Lu(-,0) =up(-), in Q.

Here the notation / stands for the identity tensor, D is the strain rate tensor such that
Du = 3(Vu + Vu™), [f]s denotes the jump of limiting values across the surface 3,
n is the normal vector to Y pointing into {25, V' is the normal velocity, o is the surface
tension and x the total curvature. On the interface >, the above boundary condition on u
means that the interface is transported by the flow and the velocity is continuous across
the interface (no jump condition), while the one for the stress tensor is the so-called
Young-Laplace condition taking the capillary force into account.

From the mathematical viewpoint, only few results are available for system (1.2.2)-
(1.2.3) with surface tension. The existence of a local in time strong solution is proved
under the assumption that {24 and (25 do not change their topology. Alternatively, a
global in time solution exists provided that the initial condition is closed to a (regular)
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Chapter 1. Introduction

equilibrium. Such results can be found in [[7], [17], [18] for the motion in an infinite
layer and [48]], [148] , [129]], [140], [[143] for bounded domains. In computational fluid
dynamics, numerical methods dealing with the free boundary formulation can be di-
vided into two classes: front tracking and front capturing. In the first case the flow is
approximated over a stationary mesh to which a separate unstructured grid is added for
the moving interface. However, tracking the moving mesh entails a large computational
overhead. In the second approach the interface is instead caught as the zero-level set of
a scalar function which satisfies a transport equation driven by the velocity field. Clas-
sical references are d [[153]] and [154] for the former, [[135]] and [[136] for the latter (see
also [102] and [114]] and references therein).

The motion of fluids in simple geometries, where key mechanisms of more compli-
cated systems are already evident, has been the subject of many works. The starting
point of one of those branches was the experiment proposed by Hele-Shaw in [91]]. A
fluid (originally a gas) is injected into a system consisting of two parallel plates separated
by a narrow gap to avoid the gravity (see [[156] for a historical review). The particular
structure of the cell leads to the assumption that viscous forces prevail over inertial ones,
under which Navier-Stokes equations reduce to a linear relation. Indeed, from (I.2.1)
with no slip boundary conditions on two flat plates, assuming first the flow is steady and
parallel (Qu = 0 and u = (uq,us,0)), then neglecting derivatives with respect to x;
and x,, the fluid evolution is described by

2 6:)32

14 14

Uy

_1%(1’% h:z:3>7 " 187r<x§ ha:3>

T 20m\v v

Introducing the gap-averaged velocity

1

h
_i:_ zd ) ‘:172a
U h/o U; AT3 2

the two dimensional vector field # = (u;, uz) satisfies

i=-——Vr, (1.2.4)

where h is the cell gap. This is the so-called Hele-Shaw equation. It has the same form
of the Darcy’s law employed for saturated flow in porous media in three dimensions.
Computing the divergence of (I.2.4), a free boundary problem for the original Hele—
Shaw experiment is formulated in term of the pressure 7 with pointwise source/sink in
Q(t). An equivalent formulation can be introduced leading to a boundary-value prob-
lem for a conformal map from the unit disk to the phase domain 2(¢). This gave the
possibility to construct explicit solutions from a suitable ansatz (see [[76]], [127], [130],
[132], [142]). Regarding a general initial domain €2(0), the system is well posed only
in the case of fluid injection. In particular, given a domain £2(0) with smooth boundary,
it has been proved the existence of local in time strong solutions (i.e. a smooth fam-
ily of €2(¢), t > 0). On the other hand, existence of a unique global weak solution is
reached reducing the problem to a variational inequality. We refer the reder to [89] and
references therein for a fuller treatment of this subject.

Going back to the motion of two immiscible fluids, trapped in a Hele-Shaw cell, the
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1.3. Diffuse interface method

related free boundary problem for the gap-averaged velocity reads as follows

u= —%WVW, in Q;(t), (12.5)
diva =0, in (%), o
subject to the boundary and initial conditions

([u]s =0, on X(t),

u-n=Y, on X(t)

[—7-n|y =okn, onX(t), (1.2.6)

u-n=>0, on 0f),

(2u(-,0) =uo(-), in Q.

In contrast to the one-phase problem, the techniques to find exact solutions usually fail
in two-phase Hele—Shaw flows. Several papers have been devoted to the well-posedness
of system (1.2.3)-(1.2.6) with zero and non-zero surface tension, also considering the
gravity field with applications to porous media flows. The same also goes for applica-
tions and numerical simulations. A good source of reference on two-phase Hele-Shaw
flows can be found in the introduction of [44].

1.3 Diffuse interface method

A radical change of view in the theory dates back to Van der Waals which postulated
in [[155] the notion of diffuse interface rather than a sharp one. This idea inspired many
physicists during the last century leading to the development of the so-called phase field
method. The origin of the first equations can be attributed to Cahn and Hilliard in [29]
(see also [28]]), whose goal was to describe the spinodal decomposition in alloy mixtures.
Afterwards the method has been used by Allen and Cahn in [8]] for antiphase domain
coarsening. Since then, the approach has been employed in many areas of Materials
Science such as solidification of pure and binary materials, grain boundary, nucleation,
solid-solid or liquid-liquid phase transition and crystallization. We refer the reader to,
e.g., [52] for a general overview.

The key concept of diffuse interface methods consists in treating the interface as a
finite-width region in which the physical quantities have a rapid but smooth variation.
The evolution of thick interfaces is taken into account by means of an additional variable
upon which the free energy of the systems depends. This is the so-called phase order
parameter or phase field ¢ which distinguishes one constituent (or one phase) from the
other. Hence, the interface can be recovered as level-sets of . The order parameter is
ruled by an additional equation based on the mass balance of the mixture and assuming
Fick’s law for the mass flux. In addition, the form of the total free energy is deduced
from Statistical Mechanics. In this approach interface topological changes are naturally
allowed by the formulation of the system. This is one of the main reasons that made this
approach widespread in numerical simulations. On the other hand, letting the interface
thickness go to zero, the relating free boundary (or sharp interface) problems can be
formally recovered from diffuse interface models.

5



Chapter 1. Introduction

The model H

The so-called model H was introduced by Hohenberg and Halperin in [93]] to study crit-
ical points of single and binary fluids. A detailed derivation of the model was proposed
in [88]] and [[144]] for the motion of fluids driven by capillarity forces (neglecting densities
difference). More precisely, in [88]] the balance of mass and momentum are combined
with constitutive laws compatible with a version of the second law of thermodynamics.
This model has been employed in several numerical studies for concrete applications.
Main examples are interface stretching during mixing [31]], thermocapillary flow [98],
drop breakup, moving contact lines and large-deformation sloshing flow [96]. For a
review on these topics see [[10]. Later on suitable generalizations of the model H have
been discussed for fluid mixtures with unmatched densities in [2]], [L1]], [50], [114]]. A
diffuse interface model accounting for two-phase flow with soluble surface agents has
been proposed in [3]. Further generalizations to contact angles problem, ternary fluids
and numerical methods can be founded in [102]] and references therein.

We consider two globally immiscible, incompressible and viscous fluids labelled by
A and B that occupy a domain 2 C R¢. Following the diffuse interface approach, we
assume a partial mixing of the fluids molecules. Additionally, we accept the so-called
Boussinesq approximation, namely the fluids have the same density p4 = pp = 1. We
indicate with ¢ the molar fraction (or concentration) of fluid A (0 < ¢ < 1). Obviously,
1 — cis the concentration of fluid B. From the conservation of mass of the fluid mixture,
we can write the equation of continuity for the fluid A as

O + div (cu) = divJa,

where u is the mean velocity of the fluid flow and J 5 is the mass flux of fluid A. We
recall that the mass flux of fluid B is Jg = —J 4. We now rewrite the equation for the
difference of mass concentrations which plays the role of order parameter. Introducing
@ = 2c — 1, we have

Orp + div (pu) = div J,

where J = 2J 4. This is a convective Cahn—Hilliard type equation with mass flux J. The
balance of momentum ruling the mean velocity reads as

O+ (u-Vyu=div'T,

where T is the stress tensor such that T = T7, together with the incompressibility
constraint
diva = 0.

We proceed by stating the constitutive equations. The mass flux J is defined by Fick’s
law

J=mVypu,

where m is the chemical mass diffusivity (also called mobility) and 1 is the chemical po-
tential. The chemical potential 1 is then related to the phase parameter by the variational
derivative of the total free energy

o€

Hzﬁ-
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1.3. Diffuse interface method

In the theory proposed by Cahn and Hilliard in [29], also employed for fluid mixtures,
the form of the free energy is of Ginzburg—Landau type

Eerlp) = / IV + < F(p(a)) dz, (13.1)

where € > 0 is related to the thickness of the interface and the homogeneous free energy
density F'is given by

F(s)=¥(s) — %32, s€(—1,1), (1.3.2)
where its convex part W is defined as
O
U(s) = 3 [(1+s)log(1+s)+ (1 —s)log(l—s)]. (1.3.3)

The form of F'is the sum of the free energy densities of the system before and after
mixing. In particular, the latter is deduced from the Boltzmann equation for the mixing
entropy. The constant © denotes the absolute temperature of the mixture, while O
is the so-called critical temperature, depending on interaction potentials of same and
different phases, Avogadro’s number and Boltzmann’s constant (see [105] for a recent
review). The relation between © and O, determines the mathematical features of F.
The interesting case is the double well one when 0 < © < Oy, so that the segregation
takes place.

The stress tensor T is the sum of the Cauchy stress tensor and a further contribution
which models capillarity effects

T =T+ T".

For incompressible Newtonian fluids, the Cauchy stress tensor accounts for the effects
due to pressure and the viscous stress tensor, this is

T¢= -7l +2vDu = —7] + v(Vu + Vu'),

where v is the viscosity of the fluid. From the mechanical version of the second law of
thermodynamics (see [[88]]), the capillary stress has the form

T° = —eVp® V.
Summing up, the resulting system reads as follows

O + (u - V)u — div (vDu) + Vi = —ediv (Ve ®@ V),
divu = 0,

in Q2 x (0,7).
Orp + div (pu) = div (mVp), 0.1)
p=—elp+ 2F(p),
The system is subject to the following natural boundary conditions
u=0, Ou=0,p=0, ondQx(0,7T), (1.3.4)

that is, a no-slip boundary condition for # and homogeneous Neumann boundary con-
ditions for the chemical potential ;2 and for . The latter ones entail that there is no

7



Chapter 1. Introduction

mass flux and the interface separating the two fluids is orthogonal to the boundary. The
system is closed with the initial conditions

u(70) = uO(')? 90('70) = 900(')7 in €). (1.3.5)

We observe that, due to the equality
€ 1
— ediv (Vg @ V) = Vi — v(§|w|2 + gF(@), (13.6)
the system can be rewritten in the following form

O+ (u-Vu —div(vDu) +Vr = uVep,
divu =0,

Oyp + div (pu) = div (mVpu),
p=—elp+ F'(p),

in Q x (0,7), (1.3.7)

where 7 is the modified pressure, namely,
. € 1
=7+ 5\Vg0]2 + gF(go).

Here it is more evident the role of the capillary force. In the diffuse interface approach
the singular force on the free surface in (1.2.2)-(1.2.3) is smoothed and acts in the finite
transition region between the pure phases. Indeed, the term on the right hand side Vo
is not zero only in the mixing zones. The connection with the capillarity force has been
explained in, e.g., [31]] and [110] (see also [114]).

Let us now comment two coeflicients of system which need to be specified.
The viscosity of the mixture v is a strictly positive function of the concentrations, namely

v=uv(p)>v">0.

A possible choice of the local viscosity is a linear combination of the bulk viscosities,

U(s) = vat S 4TS (1.3.8)
2 2
where v 4 and v are the positive viscosities of the two fluids. Otherwise, if the two fluids
have the same viscosity, it is usually called matched viscosities case. Another parameter
of the system is the mobility function m. Throughout this thesis it is assumed to be a
positive constant taken equal to the unity.
The total energy associated to the system is defined as the sum of kinetic and free
energies, namely,

Poul ) = [ )+ 5IVelo)f + ZF(ple) do

Exploiting the balance of momentum and concentrations together with their boundary
conditions, we find

d

GiBartue) == [ v(o)|Duf + |Vuf* da.
Q

8



1.3. Diffuse interface method

The above energy identity (formally) entails the dissipation of the energy being the terms
on the right hand side negative. In particular, the term V u, which acts to sharpen inter-
facial gradients, is a diffusive term on the whole domain. It is worth mentioning that a
further significant example of mobility is the so-called degenerate case, namely

m(s) = M(1 — s%).

In this case the dissipative term m () V i plays an effective role only in the mixing zones
(see [22] and [54])).

An important field of application of the model H is the description of phase sepa-
ration in alloys or polymer mixtures. In this area the study of patterns formation is of
great interest for morphology selection because of the influence on macroscopic proper-
ties of the system. In particular, pattern tunability has been studied by adding chemical
reaction mechanisms to hydrodynamic effects in [94]] and [95]]. We mention that these
reversible reactions were still included in the phase segregation process occurring af-
ter spinodal decomposition in [85]] and in microphase separation of diblock copolymers
in [19] and [152] (see also [[126]). The proposed model is called Navier—Stokes—Cahn—
Hilliard—Oono system and it reads as follows

O+ (u-Vu —div(vDu) + Vr = uVp,
diva =0,

O + div (pu) + B(e — ¢) = Ap,
p=—elp+ F(p),

in Q x (0,7). (1.3.9)

with
2N

Yo+
where 7; and 7, are the forward and backward reaction rates, respectively. The system is
closed with boundary and initial conditions (I.3.4)-(1.3.5)). A relevant feature of system
(1.3.9) is that, contrary to the model H, it does not necessarily preserve the total mass.
Indeed, on account of the boundary conditions, a formal integration of the convective
Cahn—Hilliard—Oono equation over {2 gives

6:71_‘_727 c

P(t)=c+e (g, —c), Vt>0, (1.3.10)

having set the total mass

v,
p=-— [ pdz.
9] Jo

Accordingly, the mass is conserved only if p, = c¢. Otherwise, noting that ¢ € (—1,1)
and 3 > 0 by definition, B(t) converges exponentially fast to ¢ (the so-called off-critical
case). In turn, the linear reaction term accounts for long-range interactions. Indeed, the
convective Cahn—Hilliard—Oono equation (cf. also (1.3.10)) is equivalent to

Oup -+ div () + (3, — ) = A~ g + 2 F() + BG * (0~ ).

Here the symbol * stands for the spatial convolution over 2 while G denotes the Green
function associated to the Laplacian with homogeneous Neumann boundary condition.
In the critical case (¢, = ¢), the Cahn—Hilliard—Oono equation (neglecting the velocity

9



Chapter 1. Introduction

field) can be viewed as the conserved gradient flow of the so-called Ohta—Kawasaki
energy functional

F(e) = [ 51Vl + 2P do
N

s |Gl =)o) - P)(e) - 7) dedy. QA

This functional was introduced in [[125] for diblock copolymers (see also [37]) with
smooth potential F'(s) = (1 —s?)2. The nature of the minimizers of F is more compli-
cated than the classical Ginzburg—Landau case (8 = 0) due to the competition between
local and nonlocal interactions. Several properties such as structure of minimizers and
scaling properties of the Ohta—Kawasaki functional have been the subject of a number
of papers (see, for instance, [35], [36]], [86], [104], [121]], [124] and references therein).
In the same way, the Navier—Stokes—Cahn—Hilliard—Oono system has not a decreasing
in time energy (in the off-critical case) with respect to the Ginzburg—Landau or Ohta—

Kawasaki free energies. Its dissipation rate respect to the former energy is

d

S Folu,g) = - / o() | Dul + |Vl de — 8 / (¢ — ) da,
Q Q

where the last term on the right hand side has not a definite sign.

Simplified models in a Hele—-Shaw cell

Towards the purpose of modeling flow in elementary geometries, a simplification of
the model H was proposed in [106] and [107] (see also [111]). A diffuse interface
models allowing topological changes in binary mixtures is introduced to study pinchoff
and reconnection in a Hele-Shaw cell. More precisely, starting from the unmatched
densities version of model H derived in [114] and assuming a Poiseuille flow, a Hele—
Shaw—Cahn—Hilliard model have been obtained. Lately, a different unmatched densities
Hele—Shaw—Cahn-Hilliard model has been studied in [46]] and applied to rising bubbles
and fingering instabilities. This has been derived from the model H with unmatched
densities proposed by [2]]. Even though these models are different in the unmatched
densities case, both models in the Boussinesq approximation share the same form (up to
nondimensional factors). Numerical simulations have been provided in [32] for rotating
Hele—Shaw flow including inertial effect due to Coriolis force (see [160] for spinodal
decomposition). A further generalization is due to [[146] and applied to buoyancy-driven
two phase flow involving Rayleigh-Taylor instability. Sharp interface limits have been
carried out in [46]] and [111]. In these last years, the Hele—Shaw—Cahn—Hilliard model
has also had a considerable impact in modeling tumor growth. Indeed, this system has
been coupled with reaction-diffusion equations to take chemotaxis, active transport and
nutrients into account. Among the large literature devoted to this subject, we mention
(331, (421, [43], [61], [67], [78], [79], [161].

The Hele—-Shaw—Cahn—Hilliard system is deduced performing a rescaled procedure
on (1.3). Analogously to the sharp interface approximation, we consider a flat thin
domain Q = Q' x [0, h], where ' is a smooth bounded domain in R? and 7 is a small
gap. We introduce the characteristic length L, the characteristic velocity V' and the

10



1.3. Diffuse interface method

parameter 0 = % << 1. Following the detailed argument in [46], neglecting the gravity
field and assuming the Boussinesq approximation, the resulting system reads as

U= (—Vi—ediv(Ve® Vy)),
divu = 0,
Opp + div (¢u) = Ap,

p=—cAp+L1F(p),

in Q x (0,7), (1.3.12)

where u is the two dimensional gap-averaged velocity, v = v(¢) is the nondimensional
viscosity. Here other nondimensional parameters, such as the Péclet or the capillary
number, have been fixed equal to one. By using the relation (1.3.6)), it is possible to
rewrite the above system as

u=(—Vr+uVy),

diva =0,

Owp + div (pu) = Ap,

n = —€A90 + %F/(S0>7
where 7 is the modified pressure as in the model H. This system is closed with the
following boundary and initial conditions

in Q x (0,7), (1.3.13)

{u-n:&,u:&,@:o, on 092 x (0,T), (13.14)

90('70> :900(')7 in €.

Even though the system has a derivation that naturally leads to a two-dimensional space-
domain, it can be generalized to porous media flow in three dimensions. The associated
energy to the Hele-Shaw—Cahn—Hilliard system is dissipated by the evolution. Accord-

ing to (I.3.13)-(1.3.14), we find

d
L) = - / v(o)uf? + [Vl de.

dt

A relevant modification of the Hele—Shaw—Cahn—Hilliard model is the Brinkman—
Cahn-Hilliard system. This model have been first employed in [[157]] to model thermo-
capillary flow in a Hele-Shaw cell. More recently, it has been derived also in the setting
of porous media in [123]] and [134]. Numerical simulations are provided in [41] for
spinodal decomposition of viscous fluid and boundary-driven flows. The Brinkman—
Cahn-Hilliard system in its general form read as follows

—div (vDu) + nu + V7 = uVe,
divu = 0,

O + div (pu) = Ay,
p=—elp+ 1F(p),

in Q x (0,7), (1.3.15)

where v = v(p) > 0 is the viscosity, n = 1(¢) > 0 is the permeability. The system is
subject to the boundary and initial conditions

2(40) = ool-), in Q. (1316

11
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Chapter 1. Introduction

It is worth mentioning that the above model can be considered as a suitable regulariza-
tion of the Hele—Shaw—Cahn—Hilliard system. In particular, we observe that this model
(with n = 0) is exactly the one used in [31]] for numerical calculations of mixing fluids in
a driven cavity. In addition, the Brinkman—Cahn—Hilliard model satisfies the following
energy dissipation law

d

GEe(e) = = [ vio)Du + l)lul? + [Vuf o

1.4 Local versus nonlocal interaction free energies

In multicomponent fluid mixtures the total (Helmholtz) free energy £ depends on in-
termolecular forces resulting from the competition between molecular collisions and
long-range attractions. A fundamental approach to derive its form is based on Statis-
tical Mechanics which connects the macroscopic description of the system (thermody-
namic potentials) and microscopic single-molecule energy states. The method consists
in a thermodynamic limit starting from microscopic models with a finite number of
particles interacting each other. The general form of the free energy includes not only
local concentrations but also a dependence on concentration at neighbouring points.
However, in the literature it is generally accepted to describe these nonlocal interac-
tions through concentration gradients. This is the main assumption in the derivation of
Ginzburg-Landau free energy. In a region of nonuniform composition it is assumed that

5(90)—/91#(90)% where  ¥(p) = ¥(p, Vo, Vi, ...).

The free energy density v is then expanded in a multivariable Taylor series of density
gradients around the homogeneous free energy, namely

3 3 3
U9) = F(@)+ Y (@) + D0 04000+ 5 D U2, (010l + ho

ij=1 ij=1

Here F'(¢) is the free energy density of an homogeneous system defined as and
v, 21 ;and @Di ; are coefficient depending on . Ignoring higher terms than second-order
derivative and imposing that the system is invariant under rotations and reflections, the
free energy density is approximated by

_ 1 -
v(p) = Fp) + 01 (0)Ap + S0%(9) Vel
Observing that 3
s _ du!
B()8e = div (B()99) - L P

the first term on the right hand side vanishes due to the boundary condition. Thus, by

setting 12 () — 2%&0) = 1, the free energy density has the form

W) = Flg) + 5|Vl

12



1.4. Local versus nonlocal interaction free energies

Therefore, the gradient term accounting for spatial inhomogeneities in the concentration
comes out from the assumption of short range interaction between molecules.

A different form of the free energy relies on the approach of Statistical Mechanics
to describe mutual interactions through convolution integrals weighted by a scale of
density kernels. In a basic case the Helmholtz free energy reads as

eute) = [ Wple)de—5 [ [ Ie—nelemde. a4

where U is the singular convex part of F given in (1.3.3) and J is the interaction kernel
such that J(z) = J(—z). We have fixed for simplicity the thickness of the interface
equal to the unity ¢ = 1. The free energy was already known in Van der Waals
formalism. However, the contribution deriving from the dependence on concentration
in neighboring points was considered to be therein negligible. This form has been more
recently rederived by [81]] and [82] (see also [80]) in the context of phase segregation
dynamics in alloys with long range interactions. Nonetheless, the global Helmholtz free
energy &y is deeply connected with the local one (I.3.T)). Indeed, the Helmholtz free

energy ([.4.1) is equivalent to

Eulp) = /QF(%@) dx+i/ﬂ/QJ(x — ) (p(x) — ¢(y))” dady, (1.4.2)

where

Fla,s) = U(s) — %
Note that @ = J = 1 is a constant in specific domains (e.g. a d—dimensional torus) and
can be interpret as the critical temperature ¢, with a suitable scaling. Thus, the first
approximation of the nonlocal interaction in (1.4.2) is (formally) %|Vgp|2 provided that
J is sufficiently peaked around 0 (i.e. close to the delta function). Thus, the Ginzburg—
Landau free energy can be seen as an approximation of the nonlocal one.

We now reformulate the model H and the Hele-Shaw approximation in the setting
of the nonlocal Helmholtz free energy. According to the above formulations the only
difference concerns with the chemical potential. In this case, the first variation of the
total free energy is given by

(J % 1)(z)s> (1.4.3)

p="Vp)—Jx*op.

then, the nonlocal model H can be written as

O + (u - V)u — div (vDu) + V7 = Ve,
diva =0,

in Q) x (0,7), 1.44
Oyp + div (pu) = Ap, (0.7) ( )
p="V(p) = Jxp,
subject to the boundary and initial conditions
u=0, O,u=0, .on o x (0,7), (1.4.5)
u(-,0) =uo(:), ¢(-,0) = o(-), inf

13



Chapter 1. Introduction

The system still conserves a dissipative nature. Introducing the total energy as the sum
of kinetic and free energy

Pulu) = [ @)+ We@)de = [ [ Ja=p)etiot) dady,

we have the energy identity

d

GiEntue) == [ vl + [Vl de
t Q

On the other hand, the nonlocal formulation of the Hele-Shaw—Cahn-Hilliard system
is
u = 13, (=V1+uVe),
diva =0,
Ovp + div (pu) = Ay,
H = \IJI(SO) _‘]*Spa

subject to the following natural boundary and initial conditions

in Q x (0,7), (1.4.6)

{wnz&mz& on 0 x (0, T), (1.4.7)

90('70) = (100(')7 in €2.
In this case the energy dissipation is

GEn(e) = [ vul? + |Vu?da.
Q

It is worth mentioning that, passing from a local to a nonlocal free energy, the Cahn—

Hilliard equation reduces from a fourth to a second order equation in space in the un-

known ¢. Therefore, only one boundary condition is needed in the nonlocal setting in

order to guarantee the conservation of mass.

1.5 The mathematical point of view

The mathematical theory of diffuse interface models arising in fluid dynamics is quite
challenging. This is motivated by the interplay between nonlinear terms and the loga-
rithmic potential that also affects the regularity of the velocity field. Anyway, for the
cases presented above, a rather satisfactory mathematical analysis can be carried out
under suitable assumptions on the coefficients. More precisely, we will prove well-
posedness of weak and strong solutions, regularity theory and longtime behavior in the
next chapters. We now provide an informal overview on the main feature of the results.

In order to investigate the well-posedness, the first task is the existence of weak solu-
tion, namely solutions with finite total energy for any time. Such existence is reasonably
expected by virtue of the dissipative nature entailed by the (formal) identity

d
aé’(go) + (dissipation terms) = 0. (1.5.1)
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1.5. The mathematical point of view

We combine this feature with a two steps approximation technique. Our approach con-
sists in approximating the logarithmic potential via a family of regular functions de-
fined on the whole real line. Then, we introduce approximate problems by means of a
Galerkin procedure. Since is satisfied by approximating solutions, we find uni-
form estimates with respect to the approximation parameters. This allows us to recover
a solution to the original problem through a compactness procedure and a passage to the
limit. The advantage of this approach is the construction of approximating (Galerkin)
solutions which are regular enough to perform high order estimates rigorously. We also
remind other approaches based on the theory of maximal monotone operator on Ba-
nach spaces and fixed point methods (see, e.g., [[1]] and [75]). It is worth remarking that
we end up with physical solutions, namely the relative difference of concentrations ¢
maintains its physical meaning. More precisely, we have

p € L>(2 x (0,00)) with |p(z,t)| < Lae. (z,t) € Q x (0,00). (1.5.2)

Note that this is an immediate consequence of the composition between ¥’ and .
In the literature, the homogeneous free energy density (1.3.3)) is very often approxi-
mated by a fourth—order polynomial, namely

Fo(s) = 2(52 —1)} s€ER, (1.5.3)
where k& > 0 is a constant related to ©(. This regular approximation is justified whenever
O is close to ©y. However, whether F’ is replaced with the regular potential Fy, it is
impossible to ensure that ¢ takes value within the physically admissible interval [—1, 1].

Before proceeding to the next step, let us comment on the main difficulties to obtain
further results. A first problem concerns the velocity field due to the still open issue
regarding uniqueness and regularity of Navier—Stokes equations in three space dimen-
sions. In addition, the elliptic regularity theory of the Stokes operator with a nonconstant
viscosity —div(v(p)Du) differs from the classical one related to the Stokes operator,
requiring more regularity on . Also, the Korteweg force on the right hand side is non-
linear. In the local case, up to a gradient term (cf. (1.3.6)), it reads as

frx =—div (Vo ® V).

On the other hand, in the nonlocal case, the different form of the chemical potential
entails

Vo = V(F(cp) —(J * w)w) + (VJ * ).

In turn, the forcing term
fxe=(VIxp)p

seems to be easier to deal with (cf. (I1.5.2))). It is worth mentioning that a nonlocal free
energy involves the study of a second order problem (in () contrary to the local case
(fourth order problem). This has some advantages (cf. Korteweg forces) provided one
knows how to handle the lack of regularity. Besides, even analyzing the Hele—Shaw
problem is not an easy task. Indeed, the Darcy’s law (in the matched viscosities case)
can be seen as the Helmholtz decomposition of fx. Thus, the regularity of the velocity
is the same of the Korteweg force.
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A second problem regards the physically relevant form of the potential. The logarith-
mic function (1.3.3)) is difficult to treat due to the different growth of their derivatives
when they approach 0o as s goes to -1. Indeed, if the chemical potential p is regular
enough, we aim to deduce higher order estimates on ¢ with respect to the ones obtained
from the boundedness of the energy. Consequently, performing (even formally) spa-
tial derivatives on p, it naturally requires to control terms such as U”(y) and ¥"”(¢y).
However, derivatives of W’ fulfil the following growth bound conditions

U"(s) < CWEFD g (5)] < O (s)2 (1.5.4)

This prevents the possibility to control U () or ¥ () in LP-spaces in terms of W' ().

Coming back to our plan, the basic issues are uniqueness of weak solutions as well
as their regularity propagation in time (at least in two space dimensions). The instan-
taneous smoothing effect of weak solutions is somehow expected due to the parabolic
dissipative nature of the systems (cf. (I.5.1))). Besides, this property is closely related to
the existence of strong solutions, namely solutions that satisfy the equations for almost
every (z,t) in Q2x (0, 7). To this purpose, either estimates for the difference of solutions
or higher order energy estimates involves coupling terms which require some regularity
properties on u and ¢, usually stronger than the ones obtained from energy estimates.
Therefore, these questions are really connected with the difficulties mentioned above.
Nonetheless, this obstacle will be overcome by controlling the difference of solutions in
dual spaces, by deducing further bounds on u from the regularity ¢ € L*(0,T; H?*(2))
(local case) or by exploiting the exact form of # (Hele-Shaw case).

A natural and important question from both the physical and mathematical view-
points is whether the separation property from the pure phases takes place. This means
that the phase parameter ¢ stays eventually within a suitable closed subset in (—1,1).
Accordingly, this implies that we have a complete mixing of the two fluids. More pre-
cisely, we investigate whether there exist 6 > 0 and ¢* > 0 such that

o) |lpey <1 =6, VE>t"
The following distinction can be made:

e [nstantaneous separation property. For any o > 0, there exists 6 = §(o) > 0 such
that
||g0(t)||Loo(Q) S 1-— 5, Vt Z 0. (155)

This is the separation property occurs instantaneously. The aim is to prove that
there exists C' = C'(o) such that

I F (o))l < C, VE>o.

In both local and nonlocal case, this estimate can be obtained once the chemical
potential 4 is uniformly in time bounded in L*°(£2). Unfortunately, after a first
smoothing effect, the achieved regularity for y is only H'(€2) uniformly in time.
Therefore higher order estimates are needed. Despite the foregoing difficulties, this
is possible in two space dimensions. Indeed, L”-estimates of W (¢) (cf. (1.5.4))
can be obtained taking advantage of the critical Trudinger-Moser inequality in R,
This argument might be extended to some particular three-dimensional geometries
(see, e.g., [38] forrings). In addition, we mention that a quantitative estimate (from
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1.5. The mathematical point of view

above) of  can be found in terms of the parameters of the system such as the form
of W, the initial energy £(g) and the total mass 3,. As a byproduct, dealing with
dissipative systems, it is possible to infer that holds uniformly with respect
to the initial condition. More precisely, forany m € (—1,1) and R > 0, there exist
0 = d(m, R) and ty = to(m, R) such that for any initial condition ¢, satisfying
|@o| < mand E(pp) < R, we have

lo@)|leey <1 =6, Vt>t. (1.5.6)

e Asymptotic separation property. There exist ¢, > 0 and 6 > 0 such that
Iy <1—3, Vt>t, (15.7)

In this case, the time ¢, can be eventually large and it is not estimated in terms
of the initial condition or the parameters of the system. The method consist in a
compactness argument combined with the gradient structure of the system and the
regularity of stationary points ¢, (wWhich are separated from the pure phases). In
particular, since a bound on || F’ ()| L~ depends on .., that is a constant, this
value can be estimated in terms of the initial energy £(yg) and ;. In turn, as in
the previous case, the parameter J can be controlled from above in a quantitative
way.

e Local separation property. There exist t; > 0 and d > 0 such that
Hg&(lf)HLoo(Q) <1-46, Vte {O,tf]. (1.5.8)

In comparison with the previous cases, the separation property (1.5.8) is only valid
on a finite time interval. To obtain this, the continuity of the solutions is needed.
Indeed, assuming that ¢y is such that [|¢olc@m < 1 — d and ¢ is continuous in

time and space, then there exists t; = t (o) such that [[p(¢) e < 1 - g, for all
tc [O, tf].

In literature the instantaneous separation property has been firstly proven for the local
Cahn-Hilliard equation in dimension two in [118]]. A different proof will be proposed
in the next chapters. This argument is more flexible than the one used in [[118] and
can be easily extended to equations with convection. Concerning nonlocal problems,
the instantaneous separation property has not been achieved before. Herein we will
provide a first proof for the nonlocal convective Cahn—Hilliard equation. The asymptotic
separation property has been shown for the local Cahn—Hilliard equation in [4] and then
for the model H in [1]. It has been mainly used to show the convergence of a single
trajectory to its equilibrium point. We mention that a nonlocal version will be treated
in [70]. On the other hand, the /ocal separation property has been used to prove the
existence of exponential attractors for the local Cahn—-Hilliard equation in [118]] and
[119]. Instead, we will use it to show the existence of strong solution (for the Hele—
Shaw case) provided that the initial datum is regular enough and sufficiently close to
a local minimizer. We remark that the asymptotic and the local separation properties
usually hold in three space dimensions.

The final question we want to address is the longtime behavior of solutions. We will
divide the analysis into two main classes. The first one involves the behavior of bunch of
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trajectories starting from a given bounded set of initial conditions. This will be treated
within the theory of Infinite Dimensional Dissipative Dynamical System (see [[120] and
[149]). More precisely, we will show the existence of compact invariant attracting sets in
the phase space. On the other hand, the second one deals with the behavior of the single
solution as ¢ approaches co. We will prove the convergence of solutions to equilibrium
points of the system. In particular, both of these settings rely on the regularity properties
and on the separation property which allows us to handle the nonlinearity as a globally
Lipschitz function of the order parameter.
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CHAPTER

Contribution of this thesis

N this chapter we provide an overview of the results accomplished in this thesis. We
first explain the basic assumptions that we will use throughout this contribution.
Next, the main achievements on the diffuse interface models presented in the Intro-

duction are stated and compared with the existing literature.

2.1 Main assumptions

We consider a bounded domain (open and connected) 2 C R, where d = 2, 3, with a
smooth boundary 0f2. Unless otherwise stated, a sufficient requirement is a C*-boundary.
As anticipated in the Introduction, we assume in the sequel that the mobility function m
and the interface thickness parameter ¢ are fixed equal to one, since they do not play a
role in the subsequent analysis. Also, we accept the Boussinesq approximation, namely
differences on fluid densities are neglected having set p = 1. Further requirements on
the viscosity coefficient will be specified for any model under investigation. We recall
that the variables are defined as follows:

u = u(x,t) € R?is the mean velocity,
m = m(z,t) € R denotes the pressure,
¢ = p(z,t) € R is the difference of concentrations (phase parameter),
i = p(x,t) € R represents the chemical potential,
where z € Q and ¢t € R™.
Motivated by the physically relevant potential with logarithmic convex part, we sup-

pose hereafter that a singular potential /' is a function which fulfils the following as-
sumption:
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(H) F can be decomposed into the form

F(s) = U(s) — %52, Vs e[-1,1], (2.1.1)

where the function ¥ : [—1,1] — R satisfies ¥ € C([—1,1]) N C*(—1,1),
lim U'(s) = —o0, lim ¥'s) = +oo,
s——171 s—1—
U(s) >0 >0, Vse(-1,1),
with the constants ©, © satisfying
Op—0 :=a>0.

Without loss of generality, we suppose ¥(0) = ¥/(0) = 0. We also make the
extension that
U(s) = +oo, forall |s| > 1.

As far as the interaction kernel is concerned, we assume that

(K) J € WH(R?) such that
J(x) = J(—x).

In the sequel we will also refer to the following further requirements only when
needed:

(H.1) There exists k € (0,1) such that U” is non-decreasing in [1 — , 1) and non-
increasing in (—1, —1 + &J;

(H.2) W”(s) is a convex function in (—1,1);
(H.3) There exists a positive constant C' such that

U'(s) < eCNWVEHC v e (—1,1);
(H.4) ¥ € C*(—1,1) and there exists a positive constant C' such that
U'(s)U”(s) >0 and |U"(s)] < CU"(s)*, Vse(-1,1);
(H.5) ¥ € C*(—1,1) and there exists x € (0, 1) such that
U"(s)s >0 and U"(s) >0, Vse(=1,—-1+xN[1—k,1);

(K.1) J € W*!(B,), where B, = {z € R? : |z| < p} with p sufficiently large such
that 2 C B, or J is admissible in the sense of [|16]].

Remark 2.1.1. All the assumptions (H.1) — (H.5) are satisfied by the logarithmic po-

tential

U(s) = %[(1 +s)log(1+s)+ (1 —s)log(l —s)], Vse[-1,1].

Main examples of interaction kernels are Newtonian and Bessel potentials.
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2.2 Results on the Navier-Stokes—-Cahn—Hilliard-Oono system

We consider the Navier—Stokes—Cahn-Hilliard—Oono system with matched viscosities
(v = 1) which takes the form

O+ (u-Vu—Au+Vr=uVo,
divu = 0,

in Q2 x (0,7, (2.2.1)
Op+u-Vo+ Blp—c) = Ap, &5
p=—Ap+ F'(p),
subject to the boundary and initial conditions
=0, Oup=0up=0, 00 x (0,7),
u(-,0) =uo(-), ©(-,0) =o(-), inQ.

Here the parameter  and c satisfies the structural requirements
>0 andce (—1,1).

In the literature, the Navier—Stokes—Cahn—Hilliard system (3 = 0) has been exten-
sively studied in the case of regular potentials. The potential /" is replaced by polynomial-
like double well functions such as, e.g., Fy(s) = %(32 — 1)2. The well-posedness of
strong solution in the whole space R? was firstly proven in [145]. In a box domain of
IR3, the existence of weak solutions has been shown in [22] assuming unmatched viscosi-
ties. The author also proved the well-posedness of strong solutions which are global in
time in two dimensions and local in time in three dimensions (see also [[110] and [[164])).
In a general bounded domain of R?, the well-posedness and regularity of weak solutions
have been shown in [[71]]. Strong solutions in two space dimension have been also ob-
tained in [30] for the system with mixed partial viscosity and mobility. The existence of
global and exponential attractors is discussed in [71]]. A lower bound for the Hausdorff
dimension of the global attractor is established in [[73]]. The same authors have been stud-
ied the system in a bounded domain of R? within the framework of trajectory attractors
in [72]. Regarding the longtime behavior of the single trajectory and, in particular, its
convergence to equilibrium points, we mention [22], [71], [145]], [164]]. On the other
hand, the Navier—Stokes—Cahn—Hilliard—Oono system (5 > 0) in two dimensions two
with regular potentials has been considered in [21]. The well-posedness and regularity
of weak solutions as well as the existence of global and exponential attractors are pro-
vided. We also refer the reader to e.g. [12]], [14], [S8], [59], [77]], [92], [97], [100], [103],
(TTO}, [133], [137], [138], [139], [147] and [163] for numerical analysis and simulations.
Conversely, only few results are available on the model H with the physically relevant
logarithmic potential. The Navier—Stokes—Cahn—Hilliard system with unmatched vis-
cosities has been studied in [|1]. First, the existence of weak solutions is shown. In par-
ticular, the phase parameter becomes instantaneously more regular. The weak solutions
are unique under extra regularity assumptions on the solutions (conditional uniqueness)
and become regular on the time interval (7', 00), for some time 7 > 0. In two di-
mensions, the existence of global in time strong solution is demonstrated provided that
o € H*(Q) such that —Agy + F'(po) € H'(2) and uy is a bit more regular than
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H'(Q). An analogous result for local in time strong solutions hold in three-dimension.
Finally, the author establishes the asymptotic separation property which allows to show
that any single trajectory converges to an equilibrium. More recently, the existence of a
weak solution has been extended to the Navier—Stokes—Cahn—Hilliard system with mov-
ing contact lines in [[75]] and to the Navier—Stokes—Cahn—Hilliard—Oono system in [117].

Our main result on system (2.2.1)-(2.2.2) is

Theorem 2.2.1. Let 2 be a bounded smooth domain in R?. Assume that uy € L?*(2)
such that divug = 0, ug - n = 0 on 0Q and py € H*(Q) with V(py) € L'(Q) and
|By| < 1. Then, there exists a unique weak solution (u, @) to (2.2.1)-(2.2.2)) such that
u € C([0,00), L*()),
p € C([0,00), H'(Q)) N L, (0, 00, W*P(Q)),

loc

for any 2 < p < oo. Moreover, we have the following further results:
e For any o > 0, the weak solution satisfies

u € (0,00, HY(Q) 1 [2, (0, 00 HE(Q) 1 H, (0, 00, T2(9),
p € L™(0,00; WQ”’(Q)) N Hllgc(a, 00; HI(Q)),

forany 2 < p < oo.

e Suppose that U € C3(—1,1) and (H.2), (H.3) hold. Then, for any o > 0, there
exists 0 > 0 such that

sup [|o(t)[|zeo@) <1 =9,
t>20
and

u < L™ (20,00; H*(Q)) N H}

loc

¢ € L™(20,00; H*(Q)) N H}!

loc

(20, 00; H'(Q)),
(20, 00; H*(2)).

In summary, Theorem [2.2.1] asserts uniqueness and regularity properties of weak
solutions for the Navier—Stokes—Cahn—Hilliard—Oono system in two dimensions. The
key idea for the proof of uniqueness is a continuous dependence estimate in a dual norm
which allows us to handle the so-called Korteweg force. Taking 8 = 0, we also obtain a
uniqueness result for the Navier—Stokes—Cahn—Hilliard system (model H with matched
densities). For any o > 0, we show that any weak solution is more regular on (o, c0),
and the instantaneous separation property holds on [20, c0). In particular, the above-
mentioned regularity properties derive from a priori higher order estimates, which are
uniform with respect to the initial datum and independent of 3. Therefore, they can be
employed to characterize the longtime behavior.
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2.3 Results on the Hele-Shaw—Cahn-Hilliard system

The Hele—Shaw—Cahn—Hilliard system with matched viscosities (v = 1) reads as fol-
lows
u=-Vmr+ uVy,
divu =0,
op+u-Vo=Apu,
p=—Ap+ F'(p),

in Q x (0,7), 2.3.1)

subject to the boundary and initial conditions

{u~n:8,,u:8,,g0:0, on 92 x (0,7), (23.2)

©(+,0) = wo("), in €.

Although the Hele-Shaw—Cahn—Hilliard system has been proposed as a simplifica-
tion of the Navier—Stokes—Cahn—Hilliard system, it does not appear to be much simpler
from the mathematical viewpoint. Most of the available papers are rather recent and
mainly treat the regular potential case. In a periodic setting, existence and uniqueness
of global in time classical solutions in dimension two and the existence of local in time
strong solutions along with certain blow-up criteria in dimension three were proven
in [[159]. In a rectangle or a box, existence, uniqueness and regularity of global in time
two-dimensional (or local in time three-dimensional) strong solutions were established
in [[113]]. The longtime behavior of global solutions and the stability of local energy min-
imizers in both two and three dimensions were analyzed in [158]. The sharp-interface
limit of (2.3.1) has been investigated quite recently in [57] and [116]]. More recently,
in [99] the authors analyse a variant of with regular potential and divu = S,
where S' is a given space-time dependent mass source that also appears as a forcing
term in the Cahn—Hilliard equation. The existence of global in time weak solutions and
local in time strong solutions is proven. In addition, the authors investigate the longtime
behavior in dimension two (pullback attractor and convergence to single equilibrium).
In the case of singular potential, some results on the existence of weak solutions for tu-
mor growth systems can be found in [45] and [[67]]. The system (2.3.1)-(2.3.2)) is therein
coupled with other equations describing proliferating tumor cells and nutrient concen-
trations. Regarding the numerical analysis, we mention [60] and [160] (cf. also [46]).

Our main result on system (2.3.1)-(2.3.2)) is

Theorem 2.3.1. Let 2 be a bounded smooth domain in R%, d = 2, 3. Assume that (H.1)
holds and oy € H'(Q) with U(po) € L' () and |g,| < 1. Then, there exists at least a

weak solution (u, @) to 2.3.1)-(2.3.2) such that
w € 1],,(0,00 H'()) 1 12,0, 00 L2(9),

loc loc

¢ € C([0,00), H'(2)) N L},.(0, 00; H*(Q)) N L7 (0, 00; WHP(Q)),

loc loc

where r = gifd: 3 and for any r € [1,%)1’]‘d: 2, p =6ifd = 3 and for any

2 < p < xifd = 2. Moreover, we have the following further results:
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o Let d = 2. Then, the weak solution is unique and, for any o > 0, we have

u € L®(0,00; H' (),
¢ € L>(0,00; W*P(Q)) N H}}

loc

(0, 00; H'(2)),

where 2 < p < oo. In addition, suppose that ¥ € C3(—1,1) and (H.2), (H.3)
hold. Then, for any o > 0, there exists 6 > 0 such that

sup [l (t)[|Loe(e) <196,
t>20

and

u € L>(20,00; H*(2)),
p € L*(20,00; HY(Q)) N Hypo(20, 00; H*(Q)).

o Let d = 3 and (H.5) hold. Suppose that v € H'(Q) such that V() € L'(Q),
Y| < 1 and is a local energy minimizer of Eg1. Then, for any € > 0, there exists a
constant ) € (0, 1) such that for an arbitrary initial datum @y € H?(Q)) satisfying
oo = 00n 0Q, By = Y and ||y — V| w29y < 1, problem @31)~2.32) has a
unique global strong solution (u, ) such that

u € C([0,+00),L?) N L}, (0, +o0; H*(Q)),

loc

¢ € C([0,+00), H*(Q)) N L} (0, +oo; H*(2)) N H}..(0, +00; V).

loc

and
o) = Va2 <€ VE>0.

Theorem (2.3.1) provides a fairly complete analysis of the initial boundary value
problem (2.3.1)—(2.3.2) with singular potential. First, we establish the existence of a
global in time weak solution with finite energy. In two dimensions, we demonstrate
the uniqueness of weak solutions (u, ¢) along with a continuous dependence estimate.
The goal is achieved due to the integrability properties ¢ € L*(2 x (0,00)) and
o € L} .(0,00; H*(2)) within the class of global weak solutions. We recall that the
same problem remains an open issue for the case with regular potentials. Then, we
show that weak solutions become more regular, in particular, we prove the validity of
the instantaneous separation property. Moreover, a similar argument easily yields the
existence of a unique global strong solution to (2.3.1)—(2.3.2)) for arbitrary regular ini-
tial datum ¢y € H?(Q) such that —Ayy + F'(¢g) € H'(S2). On the other hand, the
existence of strong solutions in three dimensions is a hard task due to the low regular-
ity of the velocity field that satisfies a Darcy’s law. This complexity has been partially
overcome by requiring that the initial datum is regular and sufficiently close to a local
energy minimizer of the Ginzburg-Landau free energy. Combining this choice on the
initial datum with the L.ojasiewicz—Simon approach, we prove the existence of a global
in time unique strong solution (u, ) such that ¢ stays in a small neighborhood of that
minimizer for all £ > 0. This immediately yields a local Lyapunov stability property for
any local energy minimizer of Eg.
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2.4 Results on the Brinkman—Cahn-Hilliard system

We consider the Brinkman—Cahn-Hilliard system with unmatched viscosities
—div(v(p)Du) +u + V7 = pVo,
diva =0,
dptu-p=Ap,
p=—-Ap+ F'(p),

subject to the boundary and initial conditions

u=0, Oyp=0,pu=0, ondQx(0,T),
©(+,0) = po(+), in .

Here, the viscosity coefficient v € C%(R) (depending on ¢) is a bounded function that
satisfies

in Q x (0,7), (2.4.1)

(2.4.2)

v(s) >21n >0, VseR.
In addition, the permeability coefficient 7 is taken equal to one for simplicity.

Remark 2.4.1. We recall that the local viscosity form is a linear combination of viscosity
coeflicients defined by

1 1-—
v(s) =va ;—S—FVB 28, Vsel-1,1], (2.4.3)

where v4 and vp are positive. It is clear that, up to a suitable extension on [—1, 1]¢, the
expression (2.4.3) complies with our assumptions.

In the literature, the Brinkman—Cahn—Hilliard system has been studied with a regular
k

potential of the form Fy(s) = 1(52 — 1)%. In both two and three dimensions, the well-
posedness of weak solutions and their regularity properties have been discussed in [20],
setting v as a positive constant. The authors also address the longtime behavior of the
system. Then, the finite dimensionality of the global attractor has been proved in [108]].
Similar results have been obtained in [162] taking into account a dynamic boundary
condition for ¢. Finally, the case of nonconstant v/, 7 and m has been analyzed from the

numerical viewpoint in [41]] (see also [49]).
Our main result on system (2.4.1)-(2.4.2) reads as follows

Theorem 2.4.2. Let Q) be a bounded smooth domain in R%. Assume that o, € H'(Q)
with (o) € L' (Q) and |@,| < 1. Then, there exists a unique weak solution (u, ) to

R.4.1)-2.4.2) such that
u € L, (0,00, H'(Q)) N L, (0, 00; WH(€2)),

w € C([0,00), H(Q))N L} (0, 00; H*(Q)) N L7

loc oe(0, 00, W2P(Q)),
where 2 < p < oo. Moreover, we have the following further results:
e For any o > 0, the weak solution satisfies
u € L%(0, 00, H' () N Li,, (0, 00; H*(92)),
@ € L®(0,00; W*P(Q)) N H} (0, 00; H(Q)),

where 2 < p < 0.
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e Suppose that ¥ € C3*(—1,1) and (H.2), (H.3) hold. Then, for any o > 0, there
exists 0 > 0 such that

sup [|o(t) ||z <1 -9,
t>20
and

u € L>(20,00; H*(2)),
Y e LOO(207 o0, H4(Q>) N Hlloc(20-7 0Q; HZ(Q))

A complete analysis of well-posedness and regularity for the system (2.4.1)—(2.4.2))
in dimension two is provided by Theorem [2.4.2] First, we show the existence of weak
solutions (u, ) such that ¢ € L} (0,00; H*(£2)). As a consequence, by studying the
Stokes problem with variable viscosity (see [1]), we obtain higher regularity properties
foru, suchasu € L} (0,00; H(Q2)) N L7 (0, 00; W13(Q)). These integrability prop-
erties are the key tools to obtain a continuous dependence estimate with respect to the
initial datum and higher order estimates on the solution. Finally, we prove the instan-
taneous separation property and some regularity consequences. It is worth mentioning
that the statement of Theorem [2.4.2] can be easily generalized to the case with positive

permeability depending on (.

2.5 Results on the nonlocal Navier-Stokes—Cahn-Hilliard system

We consider the nonlocal Navier—Stokes—Cahn—Hilliard system with matched viscosi-
ties (v = 1) that reads as
Ou+ (u-Viu— Au+ V1 =puVp,
diva =0,

in Q2 x (0,7), 25.1
Op+u-Vo=Ap, ©.7) 1
p=""p) = Jxp,
subject to the boundary and initial conditions
=0, Jup=0, 902 < (0,T),
=5 Ot on 9K (0,7) (2.5.2)
u(-,0) =uo(-), ©(-0)=go(), in.

The nonlocal version of the Navier—Stokes—Cahn—Hilliard system has been investi-
gated in recent years. First of all, in the case of regular potentials, the existence of a weak
solution in two and three dimensions has been shown in [[39]]. The same result has been
proven for nonconstant mobilities in [66]. In two dimensional domains, uniqueness of
weak solutions has been achieved in [[62]]. Regularity of weak solutions and existence of
global in time strong solutions have been established in [[65]]. Moreover, the asymptotic
behavior has been studied in [62]], [63]] and [|65]]. In the case of unmatched densities,
we mention that the existence of global in time strong solutions and the weak-strong
uniqueness have been demonstrated in [62]. On the other hand, in the case of a singular
potential, the existence of weak solutions has been shown in [64]. Uniqueness of weak
solutions in two dimensions hes been recently proven in [62].

Our main result on system (2.5.1)-(2.5.2) is
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Theorem 2.5.1. Let ) be a bounded smooth domain in R?. Assume that uy € L*(9)
such that divug = 0, ug - n = 0 and g is a measurable function such that V(o) €
LY(Q) and [p,| < 1. Then, for any o > 0, the (unique) weak solution (u, ) to 2.5.1)-
(2.5.2) satisfies

u € L(0, 00, H'(Q)) N L, (0,00, H*(Q)) N Hy,, (0,00, L2(9)),

loc
o € L% (0,003 H'(9)) N LL,(0, 00; W(2)) 1 HL (0, 00; LA(2)),

loc

where ’%2 = %. In addition, suppose that (H.3) and (H.4) hold. Then, for any o > 0,
there exists 6 > 0 such that

sup [l¢(t)[ o) <1 -9,
t>20

and
u € L>*(30,00; WH(Q)),
p € CP3(Q x (4o, 00)),
for some B € (0,1).

The regularity properties and, in particular, the instantaneous separation property
are provided by Theorem [2.5.1] in dimension two. Due to the second order nature of
the system, we employ a different argument from the one proposed for local models.
Indeed, even if we deduce a LP-bounds on V" (y) and U"(y) via the Trudinger—Moser
inequality, higher order energy estimates seem out of reach without a control of ¥” ()
in L>°(£2). Nonetheless, we overcome this obstacle by performing a suitable Alikakos—
Moser iterative argument. This is the first result regarding the separation property in
the nonlocal setting. As a byproduct, we reach further regularity properties on # and ¢.
We mention that the existence of global in time strong solutions can be easily inferred
by Theorem [2.5.1| provided that the initial condition also satisfies V¥'(pg) € L*(9).

2.6 Results on the nonlocal Hele-Shaw-Cahn-Hilliard system

We recall that the nonlocal Hele—Shaw—Cahn—Hilliard system with matched viscosities
(v = 1) reads as follows

u=-vVr+ Vo,
divu = 0,
dp+u-Vo=Ap,
p="Vp)—Jxp,

in Q x (0,7), 2.6.1)

subject to the boundary and initial conditions

{u-n—&,u—(% on 9 x (0,T), (2.6.2)

@('70) = 900(')7 in Q.

In the literature, this system has been only studied in the case of regular potential
in [47]. A nonlocal version of the Brinkman—Cahn—Hilliard system is also considered n
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the same paper. The authors prove the existence of a weak solution (unmatched densities
case) provided that the initial condition belongs to L>°(£2). Assuming that the viscosity
coeflicient is constant, the uniqueness of weak solutions is also achieved.

Our main result on system (2.6.1)-(2.6.2) is

Theorem 2.6.1. Let ) be a bounded smooth domain in R, d = 2,3. Assume that o,
is a measurable function such that U(py) € LY(Q)) and |¢,| < 1. Then, there exists a

unique weak solution (u, ) to (2.6.1)-(2.6.2)) such that
u € L%(0,00; L7(Q)) N Li (0, 00; HY(Q)),
© € Lin(0, 00, H'(92)).

In addition, we have the following further results:

o LetVV'(ipy) € L*(Q). Then, there exists a unique strong solution (u, ) to (2.6.1))-

(2.6.2) such that

8
uc L>(0,00; HY(Q)) N L}

loc

8
o € L™(0,00; H(Q)) N L{

loc

(0, 00; WHH(€)) N Lif, (0, 00; WH(Q)),

(0, 00; WH(9)) N Lif,e (0, 00; WH(€)),
where 4 <p <ooifd=2and4 <p <6ifd=3.

e Forany o > 0, the weak solution is a strong solution on (o, 00).

o Letd = 2 and (H.3), (H.4) and (K.1) hold. Then, for every o > 0, there exists
0 > 0 such that

sup [|o(t)[|ze@) <1 -9,
t>20
and

u € L°°(30,00; H*(Q)) N HL, (30, 00; L*(Q)),
@ € L™(30,00; H*(Q)) N H. (30, 00; L*(Q)).

loc

The above result states the well-posedness of weak and strong solutions. In com-
parison with the local Hele-Shaw—Cahn—Hilliard system, some regularity results and
existence of strong solutions for general initial conditions can be proven also in three
dimensions. Besides, we have the validity of the instantaneous separation property in
dimension two. This is proved by exploiting the Alikakos—Moser argument employed
for the nonlocal Navier—Stokes—Cahn—Hilliard system.
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CHAPTER

Mathematical preliminaries

His chapter is devoted to some basic mathematical tools we will use repeatedly in
the rest of this contribution.

3.1 Framework of Sobolev spaces

Let X be a (real) Banach or Hilbert space, whose norm is denoted by || - || x. X’ denotes
the dual space of X and (-, -) the corresponding duality product. The boldface letter X
stands for the vectorial space X? endowed with the product structure (d is the spatial
dimension). We denote by LP(€2) and W*?(Q), k € Nand p € [1, +oc], the Lebesgue
spaces and Sobolev spaces of real measurable functions on the domain 2. We introduce
the Hilbert spaces H*(Q2) = W"?2(Q) with respect to the inner product

(u,v) = Z /QDCU(JE)D%(QE) dz,

I¢I<k

where ¢ = ((1, ..., () is a multi-index, and the induced norm ||u||gr ) = / (U, u)x.
We set H = L?(Q) with inner product and associate norm denoted by (-,-) and || - ||,
respectively. We denote V' = H'({2) endowed with the norm

LA = IV AP+ 11

Its dual space V' = (H'(€2))’ is endowed with the standard dual nor. Given an interval
I of R™, we introduce the function space L?(I; X) with p € [1, 4+00], which consists of
Bochner measurable p-integrable functions with values in the Banach space X.
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We report classical results within the theory of Sobolev spaces concerning embed-
dings, differentiation of products and compositions, interpolation inequalities. These
can be found in literature in [5], [26], [27], [[115], [122], [[151].

o Embeddings. Let u € W'P(Q)), with 1 < p < oco. We have the continuous

embeddings
WP(Q) — LI(S), where1 1 1, ifp < d;
g p d
Wh(Q) = LI(Q), Vg€ lp,oo), ifp=d;
WP (Q) — C*(Q), whereav = 1 — C—i, iftp>d.
p

o Products. Let f,g € WP(Q) N L>(Q) with 1 < p < co. Then, the product
fg € WhP(Q) N L*(Q) and

0 aof dg :
= =1,..d.
In particular, there exists C' > 0 such that
1£gllv < C (Il lgllv + 1 Ivligllzee ) (3.11)
forall f,g € VN L>*(Q2), and
1920 < C(||f||L°°(9)H9||H2(Q) + HfHH2(Q)H9HL°°(Q)>> (3.1.2)
forall f,g € H*(Q) (d = 2, 3). Moreover, we have the following inequality
gl < C (I = llglwrow + I lwia@llglre).  (G.13)

forall f € Whi N L>(Q),g € W'?(Q) N L"(Q) provided that % = % + 1.
Accordingly, there exists C' > 0 such that

1£gllv < C(I =@l + Ifllws@llglse),  G.14)
forall f € Wh4(Q),g e V.

o Composition. Let f : R — R be a uniformly Lipschitz function and u € W1P(Q),
with 1 < p < co. Then, the composition f o u € WP(Q) and

V(fou)=(f ou)Vu, ae.inQ.

o Poincaré—Wirtinger inequality. For every f € V', we denote by f the average
of the function f over {2 such that

— 1
€2
Then, there exists C' > 0 such that
If=fII<CIVEl, YfeV. (3.1.5)

As a byproduct, we have that f — (||V.f||2 + |f|?)2 is an equivalent norm on V.
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¢ Trudinger-Moser inequality. Let d = 2. Then, there exists C' > 0 such that

/ eflde < CeCVIV, vfeV. (3.1.6)
Q

¢ Ladyzhenskaya’s inequality. Let d = 2. Then, there exists C' > 0 such that

I fllaey < CIFIENfIIZ, VeV (3.1.7)

o Agmon’s inequality. There exists C' > 0 such that, in the case d = 2,

£ llz@) < CUFIEN Gy, Y F € H (), (3.1.8)

and, in the case d = 3,
1 1
=) < CUFIIGN N 2oy, Y F € HA(Q). (3.1.9)

¢ Gagliardo-Nirenberg inequality. If j,m are arbitrary integers satisfying 0 <
j<mand £ <a<1,and 1 < ¢q,r < +o0 such that

1 1 m 1
AR (i I A e
> d a(r d)—l—( a)q

Then, there exists C' > 0 such that
1D flleo) < ClF I paiopl flymr iy ¥ f € W™ (Q) N LUQ).

fl<r<4ooandm—j— g is a nonnegative integer, then the above inequality

holds only for - < a < 1. Particular cases are

2 1-2
[fllze) < CIAIPIL 7, VFEV, (3.1.10)
with p > 2 and d = 2,

6-p 3p—6
[flley < CILI = IfI" . VeV, (3.1.11)
with2 < p < 6and d = 3.

An application of the Gagliardo—Nirenberg inequality in dimension two is the following

Lemma 3.1.1. Letd =2 and f € V. Then, forany 0 < ¢ < land any 1 < s < o0,
there exists C' = C(s) > 0 such that

C
Jul| 16 (3.1.12)

Es—l

[ullZs o) < ellVull® +

Proof. We start from the following particular case of Gagliardo—Nirenberg inequality
in dimension two

I1f

) <O f

H 1-1
pllflly
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for any 1 < s < oco. Exploiting (3.1.5)), for any € > 0, we deduce that

1l < G (VA4 1 l@) ™ (511 ) -
Applying the Young inequality with exponents (s/(s — 1), s), we obtain
C
I lle@ < e (VI + 1f o) + =@
= VI + e
Then, by rescaling € with 1/, we easily infer the claim. O

3.2 Approximation of the logarithmic potential

Let us consider the singular potential U. According to (H), it is immediate to prove that
W is proper, convex and lower semicontinuous with domain D(¥) = [—1, 1]. Appeal-
ing to theory of maximal monotone operators (see, for instance, 15[, [25], [[141] and
references therein), we define the subgradient of W as

A=0V:DA)CR—R.

We report here below a result which establishes the action of the subgradient operator
on regular points (see [[15, Chapter 1, Example 3]).

Lemma 3.2.1. Let ¢ : R — (—o00, +00| be convex and differentiable at a point s € R.
Then Op(s) = ¢'(s).

Since ¥ is continuously differentiable in (—1, 1), we infer that
A(s)=T'(s), Vse(-1,1), (3.2.1)

where W’ stands for the standard derivative of W. Moreover, we also have the following
characterization.

Lemma 3.2.2. Let the potential V satisfy (H). Then, D(A) = (—1,1).
Proof. From [|141} Corollary 1.4, Chapter 4], we notice that
(—=1,1) c D(A) C D(V) = [-1,1].

We suppose by contradiction that 1 € D(A) and we consider z € A(1) C R. Itis
immediate to see that 1 + z € 1 + A(1) = (I + A)(1). Besides, the map

g:(—1,1) =R, g(s)={T+A)(s) =s+T(s)

is continuous, lim, ,;- g(s) = +oo and lim, , 1+ g(s) = —oo. Then, the range of
g is R. Thus, there exists 5 € (—1,1) such that g(5) = 1 + z. Since A is a maximal
monotone operator, the inclusion 1+2z € (/+A)s has at most one solution, so 1 ¢ D(A).
Repeating the same argument for —1, we conclude that D(A) = (—1,1). O
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3.2. Approximation of the logarithmic potential

Thanks to the properties of maximal monotone operators (see for instance [25]] and
[141]), we approximate ¥ by means of the sequence of everywhere defined non-negative
functions

wx@:%mﬁF+WA@» VseR, A>0, (3.2.2)

where Jy = (I + AA)~" is the resolvent operator and Ay = (I — J,) is the Yosida
approximation of A. According to the general theory, the following main properties
holds:

(i) W, is convex and Wy (s)  U(s), forall s € R, as A goes to 0;
(ii) W) (s) = A(s) and W) is Lipschitz on R with constant +;

(iii) |W\(s)| 7 |¥'(s)| forall s € (—1,1) and |V, (s)| / oo, forall |s| > 1, as A goes
to 0;

(iv) U, (0) = ¥ (0) = 0, for all A > 0.
Remark 3.2.3. We recall that, due to the convexity of W) (cf. (i)), we have
Uy(s) S U(r)+ (s —r)W\(s), Vs,reR. (3.2.3)
Now we prove some properties of ¥, which are uniform with respect to \.

Lemma 3.2.4. Forany 0 < A < 1 and for any s € R, V(s) exists and satisfies

©
> —.
—1+06
Proof. We preliminarily note that .J, is the inverse function of g,(s) = (I + AA)(s) :
(—1,1) — R which is differentiable with g} (s) > 1 + A© > 0. This entails that A,

is differentiable in R. From the differentiation formula of the inverse function and the
assumption (H), we deduce that

U(s) (3.2.4)

1 1 ()
Ui(s) =~ 1|1— > 3.25
A8) =3 L+ AU (Jy(s))] = 1420’ (3:2:5)
which, in turn, implies (3.2.4). O

Lemma 3.2.5. Forany 0 < \* < 1, we have

1
4\*
where C' depends only on \* but is independent of ).

Uy(s) > —s*—C, VscR,0< <N, (3.2.6)

Proof. We infer from de L' Hopital’s rule that
U, (s) W (s) s—J(s) 1 . A(s) 1

s—1>rj:noo s s—gtnoo 2s s—lrj:noo 2\s 2\ s—gtnoo 2)\s 2\’

where we have used that Range(Jy) = (—1,1). Setting 0 < A\* < 1, the above limit

entails that there exists My« such that
1
Uy« (s) > 4—)\*32, Vs| > My
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Chapter 3. Mathematical preliminaries

On account of the monotonicity of ¥, with respect to A, we have

1
ZNSQ, \V/|S|ZM)\*, O<)\§A*

Since W) is non-negative, according to the last inequality, we conclude that

\11)\(8)

L,
— R < \*
4)\*3 C, VseR, 0< A<\,

where C' = M}, /(4)\*) is independent of \. O

\If)\(s) Z

Lastly, we state an immediate result of convergence.

Lemma 3.2.6. For any set [a,b] C (—1,1), V) converges uniformly to V' on [a, b].

3.3 The Neumann problem

We consider the homogeneous Neumann problem for the Laplace equation

—Au=f, in(Q,
3.3.1
{Gnu =0, onodf), ( )

and the associated linear operator A : V' — V'’ defined by
(Au,v) = / Vu-Vuvdz, VYu,veV.
Q

Recalling the definition of total mass

we introduce the Hilbert spaces
Vo={ueV:u=0}, LX) ={uecH:u=0}, Vj={uecV':u=0}

By the Poincaré’s inequality (3.1.3), the restriction of A : V; — V/ is an isomorphism.
In particular, A is positively defined on 1 and self-adjoint. We denote its inverse map
by N = A™' : Vj — V;. Notice that for every f € V], u = N'f € Vj is the unique
weak solution of the Neumann problem (3.3.1]) such that

(Vu, Vo) = (f,v), Yvel.

In accordance with these definitions, we have

(Au, Nfy=(u, ), YueV,Vfelj, (3.3.2)
(. Ng) = (NT.g) = / VNF)-V(Ng)dz, VfgeV. (3.3.3)

We equip the Hilbert spaces Vj; with inner product and norm

(f:9)vg = (VNF,VNg), N fllvg = IVN A
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3.4. The Neumann problem with logarithmic nonlinearity

In particular, we obtain that f — ||f||. := (|| — f||26 +|F|?)2 is an equivalent norm
on V. In addition, it follows from (3.3.2) the Hilbert interpolation inequality

LA < FIZIVENE Y F eV, (3.3.4)

and the chain rule
1d

(N ) =55

Let us now report some facts from the elliptic regularity theory of the Laplace oper-
ator Ay = —A + I with homogeneous Neumann boundary conditions. Assume that u
satisfies Ayu = f in weak sense. Then, we have the following results (see [[109]):

o Let f € (W (Q)), with 1 < p/ < co. Then, u € W'P(1), where sty =1
and there exists C' > 0 such that

IF1I%;, aete(0,T),VfeH0,T;Vy). (3.3.5)

[ullwrr@) < Clf oy

o Let f € LP(Q), with 1 < p < oo. Then, u € W?P(Q), —Au + u = f for a.e.
x € Q, J,u = 0 on I in the sense of traces and there exists C' > 0 such that

ullwzr) < Clfllr@)-

o Let f € WhP(Q), with 1 < p < oo. Then, u € W?3?(Q) and there exists C' > 0
such that

ullws.r)y < O fllwe-

The above positive constants C' depend on p, p’ and €2. Moreover, we deduce the fol-
lowing estimates for the Neumann problem

IVN fllar@) < Cllifllae-10), Vf€HNQ)NLI(Q), k=1,2.  (3.3.6)

3.4 The Neumann problem with logarithmic nonlinearity

We introduce the homogeneous Neumann problem with a singular nonlinear term

—Au+V(u)=f, inQ G4.1)
Opu = 0, on 0f).

Given f € H, the existence of a (unique) solution to (3.4.1)) can be proved by exploiting
the convexity of V. In the sequel, we assume that u is a solution to (3.4.1) such that
u € H?*(Q) with ¥'(u) € H, ,u = 0 on 99 in the sense of traces and satisfies
—Au + V'(u) = fforae. x € €. In particular, we observe that |||~y < 1. Now
we deduce some elliptic regularity estimates which are motivated by [1]] and [[118]. To
this aim, for £ € N, we define the globally Lipschitz function h; : R — R such that

—143, s<-1+1,
hi(s) = < s, sel-1+5,1—1], (3.4.2)
1-14 s>1—4.
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Now we consider u;, = hy o u. Since u € V/, the result on compositions in Sobolev
spaces yields u; € V, for any k£ > 0, and

Vup =Vu- X[71+%,17§](U)-
This cutoff function will be repeatedly employ in the course of this section.

Lemma 3.4.1. Let f € L*(Q)). Then, we have
[Aull < |If = FII
Proof. Testing the problem by —Aw and noticing that Au = 0, we obtain
[Aull* = (¥'(u), Au) = —(f = f, Au).
We rewrite the above equality by using W’ (uy) as follows
[Au]l* = (U (ur,), Au) = ('(w) — U'(uy), Au) = (f = f, Au).

Observing that W' (u;) € V with U”(u) > 0, from an integration by parts we deduce
that the second term on the left hand side is positive. In addition, we have W' (uy) —
U'(u) fora.e. x € Qand |V (ug)| < |¥'(u)|. Since V'(u) € H, the dominated conver-
gence theorem implies

(V' (u) — W' (ug), Au) — 0,

as k goes to co. This entails

[Au|l* < =(f = f, Au),
which, in turn, gives our claim. O
Lemma 3.4.2. Let f € LP(Q)), where 2 < p < oo. Then, we have

' (w)llr @) < [1f ]l r -

Proof. Let us consider f € LP(2) with 2 < p < oo. We take the test function
| W’ (ug) [P~2 9’ (uy ), which belongs to V' for any k. Since W¥(uy)” is well-defined and
positive, we learn that

(= B0, )2 ()
= (= DY )PV () V- Xy (), V) 2 0.

Then, we deduce that
(W (), [0 (up) P29 (ug) ) < (5 19 (i) P20 ().
Noticing that W’ is increasing and W'(s)s > 0, we are lead to
19 () [y < (W (), [ () P20 ()
By the Holder inequality
(F 10 () P20 (k) < 1 () [y [ | -
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3.4. The Neumann problem with logarithmic nonlinearity

Therefore, we arrive at
W (i) [ o) < 1 llze(e)-

By Fatou’s lemma, we end up with
I (W) lzo) < 1 fllze(e)-
If f € L*, we infer from the above estimate that
1" (w)] Loy < C,
where (' is independent of p. Thus, the claim follows from [5][Theorem 2.14]. O
Corollary 3.4.3. Let f € V. Then, there exists a positive constant C = C(p) such that
[ullweri) + ¥ (W)l o) < C(1+ [ fllv),
where p = 6 if d = 3 and for any p > 2 if d = 2.
Proof. On account of the Sobolev embeddings, an application of Lemma [3.4.2]implies
IV ()l ey < ClIfllv,

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 + V' (u). It is clear that

19llzr@) < CA A+ [ f]lv)-

Then, the desired conclusion follows from the elliptic regularity of the Neumann prob-
lem. [

Lemma 3.44. Let f € V. Given R > 0, assume that |Vu|| < R. Then, we have
1 1
[Au]| < R2[|V ]|
Proof. Arguing as in the proof of Lemma [3.4.1] we have
[Aul® < —(f, Au).

Thus, by virtue of the homogeneous boundary condition, an integration by parts gives

[Aul? < RV ]|
O]
We prove a generalized version of Young’s inequality.
Lemma 3.4.5. Let L > 0 be given. Then, there exists N = N(L) > 0 such that
1
zyelV <Nl 4 Z2elV Wy > 0. (3.4.3)

2
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Proof. Let us first show that, for every a,b > 0,
ab < blnb+e* L (3.4.4)

The function f(b) = blnb+e® ' —absatisfies f(0) = ! > 0 and lim, o f(b) = oco.
Besides f/(b) = Inb+ 1 — a, hence b = ¢! is the absolute minimum of f. Then, we
have

fb) > f(b) =e"Pne* ™ +e" !t —ae =0
for every b > 0, which implies (3.44). Letting a = Nz and b = £e™ in (3.44) for any
given N, L > 0, we easily find

zyet < Nl 4 %eLy <ln % +In eLy>

L+1
—;\; yre',
and the claim follows with N > 2(L + 1). O

Lemma 3.4.6. Let d = 2 and f € V. Suppose that (H.3) holds. Then, for any p > 1,
there exists a positive constant C' = C(p) such that

19" ()l < €1+ M),

< eNeml 4

Proof. For k € N, let uy, be the cutoff function introduced at the beginning. Given L >
0, we consider the test function W' (uy,)eM¥ ()l Since the function s — W'(s)el¥'(*)l
is monotone, by arguing as in the proof of Lemma[3.4.2] we find

J e e < [0 e
Q Q

We estimate the right-hand side by the generalized Young inequality (3.4.3) with the
choice

v=|fl, y=V"(w)
Accordingly, we find N = N (L) such that

, 1 ,
/lﬂl\lﬂ(uk”ew (uk)ldfﬁ/ﬁhlf'(wc)lzem’ (“k)|dx+/eN|f dz,

and we obtain )

1 / 0 () P )] 4y < / NI g

2 Ja Q
Due to the Trudinger-Moser inequality in dimension two, we have the following control

%/ |\Ij/(uk)‘QeL“I’,(uk)| dr < C(l + eCNQHfII%/)‘ (3.4.5)

Q

On the other hand, by (H.3) we observe that
V() < pc(1 + |\P'(s)|2epc‘\l’/(5)‘>, Vs e (~1,1).
Thus, taking L = pC' in (3.4.3), we end up with
/ ()P de < €1+ IR,
Q

where C' > (0 depends on p. ]
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3.5. Solenoidal vector fields

3.5 Solenoidal vector fields

We introduce the Hilbert space of solenoidal vector fields
H, ={u e L*(Q):divu =0inQ, u-n = 0o0n N},

endowed with the usual inner product (-,-) and norm || - ||. Let IT be the orthogonal
Leray projection in H = L?(Q) onto H,. By the Helmholtz—Leray decomposition,
every vector field f € H can be uniquely represented as

f=u+Vm,

whereu = IIf € H, and 7 € V{,. We recall that IT is a bounded operator from W*?(()
(1 < p < oo, k> 0)into itself (cf. [83, Lemma 3.3]), namely

ILf [lwew < C|Fllwer, ¥V F € WHP(Q), (3.5.1)

where the constant C' depends on & and p. On the other hand, if f € W*?(Q), with
1 < p < o0, then from Vi = f — IIf we see that 7 is the unique solution to the
Neumann problem

(3.5.2)

—Ar =divf, inQ,
Opm = f - n, on 0f),

satisfying 7 = 0. Then, it follows that 7 € W**17(Q) by the elliptic regularity results
for the nonhomogeneous Neumann problem. In addition, solenoidal vector fields in
V = H'(Q) satisfy the following inequality (see, e.g., [84, Theorem 3.8])

lullv < C(|V x u|| + ||ul]), VueVNH,. (3.5.3)
We also introduce the higher order Hilbert space of solenoidal vector fields
V,={ueV:divu =0inQ, u = 0on 0}
equipped with inner product and norm
W, v)v, = (Vu, V), |ullv, = || Va.

Since V, C H}(Q2), which consists of vector fields in V with null trace on 952, the
classical Poincaré inequality is valid in V. That is, there exists C' > 0 such that

|ul| < C||Vu||, YueV,.
We also recall the Korn inequality
|Vu|? < 2||Du||® < 2||Vu||?, YucV,. (3.5.4)

In turn, || Du|| is an equivalent norm on V. As customary, we define the trilinear form
onV, xV,xV,

d
8Uj
b(ll,V,W) = /{;(u . V)V -wdx = Z /Qula—xle d$,

ij=1
satisfying the relation
b(u,v,v) = 0. (3.5.5)
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3.6 The Stokes problem

Let us consider the Stokes problem

—Au+Vr=Ff, inQ,
divu = 0, in Q, (3.6.1)
u=>20, on Of).

We introduce the Stokes operator A : V, — V! defined by
(Au,v) = (Vu,Vv), Vu,veV,

namely A is the canonical isomorphism from V, onto V. We denote by A~! : V! —
V/_its inverse map. Given f € V!, A~!f is the unique function u € V,, such that

(Vu,Vv) = (f,v), VveV,.

By definition, it follows that

|£lle:= VAT fll = (. A7 )2
is an equivalent norm in V. and
Ld
2dt
Notice that, in order to recover the pressure and interpret (u, ) as the solution to (3.6.1]),

the forcing term f need to be in (H}(£2))". In this case, we recall the following regularity
results for the Stokes problem (3.6.1) (see [24] and [151])):

(f, A7) = S IIfIlf, aete(0.7),VfeH(0,T;Vy).

o Let f € (H}(2))". Then, these exists a unique solution (u,7) € V, N L3(2) to
(3.6.1) and there exists C' > 0 such that

lullv, + 7l 2 < ClFll @)y

o Let f € WhP(Q), with kK = 0,1and 1 < p < oco. Then, there exists C > 0
depending on k, p and €2 such that

|| weren @) + [|7l|wrrrio) < Ol lwrro)-
We now consider A as an unbounded operator on H,, with domain
DA)={ueV,: AucH,}.

It is well known that A is a positive self-adjoint operator on H,. On account of the
regularity theory for (3.6.1)), we have a precise description of A on its domain, namely

D(A)=V,NH*(Q), Au=I(-Au), Vuc D(A).
Then, we define the Hilbert space
W, =V, NH*Q)
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endowed with inner product and norm
(u,v)w, = (Au, Av),  |ullw, = [[Au].
By virtue of the above regularity, there exists C' > 0 such that

1
Slullw, < luluwe < Clulw,, YueW,. (3.6.2)

We conclude this section with a regularity result on the Stokes problem with non-
constant viscosity depending on concentration. Let us consider the following Stokes
problem

—div(v(p)Du) +Vr = f, inQ,
divu =0, in €, (3.6.3)
u=>20, on 0f).

Here, the viscosity coefficient v € C*(R) satisfies
0<wv. <w(s)<v*, VseR
We recall an elliptic estimate on system (3.6.3) (see [1]] for the proof).

Lemma 3.6.1. Let o € W (Q), withr > d > 2, and f € H. Assume thatu € V, is
a weak solution to (3.6.3)), namely

(v(¢)Du,Dv) = (f,v), Vv e V,.
Then, there exists C' > 0, depending on v,, v*, r, such that
[l w2y < C(L+ IVollLr@) (£ + [[Val),

1_ 1,1
wherep—2+r.

3.7 Gronwall type lemmas

We report in this section some Gronwall type results that will be needed in the course
of the investigation. The proofs can be found in [25]] and [[149].

Lemma 3.7.1 (Gronwall lemma). Let f be an absolutely continuous function on [0, T]]
and g, h two summable functions on [0, T which satisfy the differential inequality

ST < 90 (1) + ()

for almost every t € [0, T]. Then, we have

t
F(t) < F(0)elos@ar 4 / lr 9y dr, Wit e [0,T].
0
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Lemma 3.7.2 (Integral Gronwall lemma). Let f be a continuous function on [0,T],
g a positive summable function and R a positive constant which satisfy the integral
inequality

%fz(t) < —R2+/0 g(r) f(r)dr, Yte[o,T].

Then, we have

t
)] < R+/ g(r)dr, Ytel0,T].
0
Lemma 3.7.3 (Uniform Gronwall lemma). Let f be an absolutely continuous positive

function on [0,00) and g, h two positive locally summable functions on [0, c0) which
satisfy the differential inequality

ST < g0 F(0) + ),

for almost every t > 0, and the uniform bounds

t+r t+r t+r
/ f(r)dr < ay, / g(7)dr < ay, / h(t)dr <az, Vt>0,
t t t
for some r, ay, as, az positive. Then, we have

f) < (% +az)e™, Vit>r.
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CHAPTER

The Navier—Stokes—Cahn-Hilliard—Oono system

tem with matched viscosities in two space dimensions. We will address the unique-

ness of weak solutions, the regularity propagation in time and the separation prop-
erty from the pure phases. In the last part we will discuss some consequences regarding
the longtime behavior of solutions. As mentioned earlier, all the results presented in
this chapter are also valid for the Navier—Stokes—Cahn—Hilliard (NSCH) system.

IN this chapter we consider the Navier—Stokes—Cahn—-Hilliard—-Oono (NSCHO) sys-

In a bounded domain 2 C R2, the Navier—Stokes—Cahn—Hilliard—Oono system with
matched viscosities (v = 1) reads as follows

O+ (u-Vu—Au+Vr=uVy,
divu =0,

in Q2 x (0,7), (4.0.1)
Op+u-Vo+ (e —c)=Ap, e
p=—-Ap+ F'(p),
subject to the boundary and initial conditions
= ntt — Upf = U, Q ;T )
u=0, Oyuu=0p=0 f)n@ x (0,7) 4.0.2)
u('70> :uO(')a @(70) = @0(')7 in 2.

General agreement. Throughout this chapter, if it is not otherwise stated, we indicate
by C' a generic positive constant depending only on the domain and on structural quan-
tities. The constant C' may vary from line to line and even within the same line. Any
further dependence will be explicitly pointed out if necessary.
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Chapter 4. The Navier-Stokes—Cahn-Hilliard—-Oono system

4.1 Existence of Weak Solutions and Dissipativity

In the sequel the parameter 5 and c satisfy the structural requirements
>0 andce (—1,1).

In addition, we remind that the singular potential F’ fulfils the assumption (H). As a
byproduct, we have the basic inequality

F(s) < F(w) + F'(s)(s — w) + %(s —w)?, Vs,we (—1,1). @.1.1)

We begin by stating the definition of weak solution.

Definition 4.1.1. Givenuy € H,, po € V, with V() € L' () and [, < 1, a pair
(u, ) is a weak solution to (4.0.1)-@.0.2)) on [0, T if

uc L>0,T;H,) NL*(0,T;V,) N HY0,T; V"),

p € L®(0,T; V)N L*(0,T; H*(Q) N H'(0,T; V"),

p e L>®(Qx(0,7)), with |p(z,t)] <lae (z,t) € Qx(0,T),

V(p) € L*(0, T H),

and

(Ou,v) + b(u,u,v) + (Vu,Vv) = (uVp,v), VveV,, (4.1.2)
(Opp,v) + (u -V, v)+ By —c,v) + (Vu, Vo) =0, VeV, (4.1.3)

for almost every t € (0,T), where i € L*(0,T; V) is given by
p=—Ap+ F'(p), (4.1.4)

foralmostevery (x,t) € Qx(0,T). Moreover, 0, = 0a.e. on9Qx(0,T), u(-,0) = uy
and ©(+,0) = ¢ a.e. in Q.

Remark 4.1.2. We observe that any admissible initial condition (g belongs to VNL>((2)
with ||| L (@) < 1. However, due to [,| < 1, it can not be a pure phase, i.e. py = *1.

Remark 4.1.3. It is straightforward to see that any energy solution satisfies the relation
B(t)=cH+e (@, —c), Vt>0, (4.1.5)
Remark 4.1.4. Note that the weak formulation for the velocity field is equivalent to
(u,vy — (u@u,Vv) + (Vu,Vv) = (Vo @V, Vv), Vv eV,
where (v ® w);; = v;w;, i,j = 1, 2, in light of the equalities
(w-Vu=diviu @u) (4.1.6)
and

1 .
iV =V (5IVel? + F(¢)) - div(Ve & Vo).
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Remark 4.1.5. As customary, the pressure 7 disappears in the weak formulations. In-
deed, once we have a weak solution in the sense of Definition i.1.1] the pressure is
recovered by using de Rham’s theorem (see [151])).

Theorem 4.1.6. Let uy € H,, py € V, with U(py) € LY(Q) and |g,| < 1. Then, for
any T > 0, there exists a weak solution (u, ) to problem (@.0.1)-(4.0.2) on [0, T'] such
that

ueC(0,7T,H,), ¢eC(0,T],V).

In addition, the energy identity

Ec(u(t), 90(?5))+/ IVa(O) P+ IV ()P +8(p(r)—c, u(r)) dT = Egr(u(s), ¢(s))

is satisfied for all 0 < s <t < 0.

Proof. The existence of a weak solution has been proved in [[117] through a standard
procedure involving a Galerkin scheme together with an approximation of the singular
potential. Moreover, the regularity of the velocity fieldu € C([0, 7], H) is an immediate
consequence of Definition 4.1.1| In order to show the energy identity, we consider the
convex part of the Ginzburg—Landau free energy

1
Eoule) =3IVl + [ Me)dn, Voen

On account of the continuity and the convexity of U, £, is a proper, lower semicontin-
uous and convex functional. Let ¢ be a weak solution in the sense of Definition|4.1.1] In
view of —Ap+¥'(¢) € L*(0,T;V)and ¢; € L*(0,T; V"), we infer from [[131, Lemma
4.1] that

d
55&@) = (0o, 1t + Opp), ae.tel0,T).

We also observe that, as a byproduct, the map ¢ — £5, (¢(t)) is absolutely continuous
on [0, 7. In addition, through a standard argument, we also learn that o € C([0,7T],V).
Besides, using the standard chain rule in L2(0,T; V') N H*(0,T; V") and the weak for-
mulation, we obtain

d
agGL(SO) + ||Vlu||2 + (u ' V% lu) + ﬁ(g@ -G M) = 07 ae.t € [OaT]
Now, taking v = u as test function and using (3.5.5]), we get
__HuH + ||vu|| = (quo,u), ae.tc [07T]
2dt
In summary, we end up with
d

T For(, @) + [IVul* + [IVal® + Ble — ;) =0, ae.t€[0,T].

Accordingly, <& Eqy,(u, ¢) is the sum of functions in L'(0,T) so that Eg/, is an abso-
lutely continuous function on [0,77]. A final integration in time on (s, ¢) of the above
equality entails the energy identity. [
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We show the dissipative nature of the NSCHO system in the next result.

Theorem 4.1.7. Let (u, ) be a weak solution with initial datum (ug, o). Then, we
have the dissipative estimate

t+1
Ear(u(t), ¢(t)) + / IVu(r)|? + | Vu(r)|* dr < CEgr(uy, go)e™" + C,
t

for everyt > 0. Here, w and C are positive constants independent of the initial datum.
In addition, let m € |0, 1) be such that ¢ € [—m,m] and p, € [—m,m]. Then, for any
p > 2, there exists a positive constant C = C(m, p) such that

t+1
/ le () 20y + 1Y (DD Ln) AT < CEer(uo, po)e™" + C, (4.1.7)
t

and -
/ lo(T) 520y AT < CEgr(uo, 00)’e™" + C, (4.1.8)
for everyt > 0. t
Proof. We introduce the functional
L) = (o(t) = 2(t), u(t))-
Due to the definition of the chemical potential, after an integration by parts, we have
L= Vel* + (F(¢),» — %)

In light of the assumptions on F, the inequalities (#.1.1)) and [|¢(t)|| 1) < 1, for
almost every ¢t > 0, we obtain

(F(). 0 —7) > /

_ « _
F(p)de = F@)|2] = S lle - ol

At the same time, the uniform control in L>(2) of ¢ and the Poincaré—Wirtinger in-
equality (3.1.5)) yield

F=(e-%n—m) <CVull. (4.1.9)
Hence, we reach

1
IVl + [ ¥le)de < SIVal? + C.

Adding the above inequality to the energy identity (cf. Theorem §.1.6) and using the
Poincaré inequality (3.1.5), there exists w > 0 such that

d 1 1
&EGL(% ¢) +wEqr(u, ) + §Hqu2 + §HVMH2 +B(p —c,u) <C.

In a similar way, we have
o
Ble—cun) 2 BIVIP + 8 | Flp)do = BFOII - B o el 2 ~C
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Therefore, we find the differential inequality

d 1 1
EEGL(ua ©) +wEqr(u, ) + §||Vu]|2 + §||VMH2 <C.

An application of the Gronwall lemma entails the dissipative estimate. Next, in order to
prove (4.1.7), the first task is to provide a uniform estimate on x in V. Owing to (3.1.5)),
it is sufficient to control its total mass, that is

|1l = [E" ()]
According to the assumptions on ¢ and ,,, we infer from (4.1.5) that
PO <m <1, Vit>0.

Consequently, thanks to the hypotheses on ', we have the well-known inequality (see,
e.g., [118, Proposition A.2] and Chapter [7)

1" (@)1 < CF' () = F'(p), 0 = 8) + C.
Here C' depends on m. Then, by definition of T, and exploiting (4.1.9), we deduce that
(@)l < ClIVal +C.

Hence, we arrive at
ully < C A+ [[Val]). (4.1.10)

Now, by taking f = 1 + Og¢, an application of Corollary yields

2
lellivzr@ + 1% (@)1 < C(L+Vall)™ (4.1.11)

In addition, Lemma [3.4.4]together with the elliptic regularity of the Neumann problems
entails

2
el < CA+IVellIVal)™ (4.1.12)

Integrating in time the above inequalities (4.1.11)) and (4.1.12)), and by using the dissi-
pative estimate, we infer[d.1.7]and 4.1.8] respectively. This completes the proof. [

Remark 4.1.8. We observe that the dissipative estimate has been proved by working di-
rectly with the weak solution in the sense of Definition B.1.1] In particular, we have
used the global boundedness ||| Lo (ax(0,r)) < 1. On the other hand, the same dissipa-
tive estimate can be proved within a Galerkin approximating sequence and replacing the
singular potential with a suitable approximation (see [[117]). Besides, the same goes for
@.1.7) with p = 2 and (5.3.15)). Nonetheless, this is not the case for for p > 2.

4.2 Uniqueness of Weak Solutions

In this section we prove the uniqueness of weak solutions to the NSCHO system. This
is a direct consequence of the continuous dependence estimate with respect to the initial
data stated below. An analogous result holds for the NSCH system. In fact the argument
used here applies equally well in that case.
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Theorem 4.2.1. Let (uo1, vo1), (o2, Po2) be such that uy; € Hy,, @o; € V, ¥(pg;) €
LY Q) and |py;| < 1, @ = 1,2. Assume that (uy,p,) and (us,p2) are two pairs of
weak solutions to (4.0.1)-(4.0.2) on [0, T] with initial data (uoy, pe1) and (uoz, Po2),
respectively. Then, there exists a positive constant C' = C(T') such that

|1 (t) — w2(t) vy, + llr(t) — p2(t)[lv
1
< Ollugy — uoz||v, + Clloor — wozllv: + Cl@g, — Poal2, Vit €[0,T].

Proof. Let us define u = wu; — uy and ¢ = @1 — o, Where (uy, ¢1), (uz, p2) are
two weak solutions corresponding to the initial data (uq1, @o1), (#o2, Po2), respectively.
According to Remark[6.1.3] u and ¢ solve
(O, v) — (uy @u,Vv) — (u @uqy, Vv) + (Vu, Vv)
= (V1 @ Vo, Vo) + (Ve @ Vg, V), 4.2.1)
(Ovp,v) + (1 - Vo,v) + (- Vipy,v) + B(p,v) + (V, Vo) =0, (42.2)
forallv € V, and v € V, where = p; — puo satisfies

p=—Ap+ F'(¢1) = F'(2).

Taking v = 1 in (4.2.2)) and recalling that u; - Vp and u - V¢, have zero total mass, we
have

d _
a@ + By =0+ Bp = 0. 4.2.3)
Hence, we deduce that
B(t) =ge™, Vt>0, (4.2.4)

and, in turn, we rewrite (4.2.2)) as
(040 — Opp, ) + (U1 - Vip,v) + (- Vipa,v) + B — @,v) + (V, Vo) = 0. (4.2.5)

Now, taking v = N (¢ — 9) in (¢.2.3) and using (3.3.2)-(3.3.3), we obtain

1d

——lle =l + Ble —2lY + (o —P) = I + I,
th 0 0

where
L=~ -Vo,N(e—-9), Ih=—( Vo, N(p—9)).

In light of (.2.3),

1d,_, 5
—_ | A :O
[l + Bl
and we arrive at
1d 9 9 .
5&”90”* + Bllells + (o =) = 11 + .

By the assumptions on F’, we get

(1,0 = B) = IVell* + (F'(1) — F'(2), ) — (F'(1) — F'(2), )
> [[Vell* — allel* — (F'(¢1) — F'(2), D)

50



4.2. Uniqueness of Weak Solutions

By (3.3.4), we have
1
allpl? < §HV90H2 +Cllell?. (4.2.6)
Then, we end up with
1d 9 1 2 2
9 17 o5 4.2.7
5 el Sllelly + Bllel (4.2.7)

< Clell? + C<1 + | F' (1) 1) + HF/(SOQ)HLl(Q)) 2| + I + L.

Taking v = A~'u in (@.2.1)), we find

1d
5 g el + llull” = Is + I, 4.2.8)

where
L= @u, VA 'u)+ (u@uy, VA 'u),
I = (Vo1 @ Vo, VA 'u) + (Vo ®@ Vioy,, VA ).
Now, setting
@ =l + 5l
and summing and (4.2.8), we are led to
S 1l + 2ol + Bl

dt
< Cllpll2 + C(1+ ¥ (o)l + 11 (22) L) ) 7
+ L+ L+ 15+ 1.

We proceed estimating all the remaining terms on the right-hand side. By (3.1.7),
(3.6.2)), the embedding V' — L?((2), and the uniform bound of (5 in L>(£2), we have

I = (ul%VN(SO - 9))
< Mlurllzs@llellLo@lle — @llvy
1
< 1||90||2v + Cllu[|7s0 ll2llZ,
I = (uyp,, VN (o — ?))

< llullle - 7l
< SllalP + Cliell?

Iy < (ln oy + 2l zacon ) [ | VA 0 a0
< Ol + ol ey ) el ]

1
< Sl + C (s + oo ) lull,
1 < (I9eilim + IV eallim@ ) IVl VA ]

<

[\
=~ =/

Il + (I3 @y + V2l e ) el
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Collecting the above estimates, we find the differential inequality

d
&(b < CT19 + CYslg),
where
T1(t) = 1+ [z (8) || 700 + Nl (Bl 2oy + l2(8)]| 70
+ Vo1 () () + Vo2 () 170 (0
and

Tot) = 1+ [|F' (1)l ) + [1F(@2(8) [ 21 )-

Thanks to Theorem (@.1.7) and the Sobolev embedding W23(Q) — W1H>(Q), we
deduce that T, and T, belong to L'(0,T'). Therefore, an application of the Gronwall
lemma together with (#.2.4) entails

@)l + @Iz < Cllua(O)]lf + Clie(O)z + Cl2(0)], ¥t € [0, 7],

where C' depends on 7T'. Due to the equivalence of norms, the above inequality concludes
the proof. [

4.3 Regularity Properties and Separation Property

In this section we show that weak solutions regularize instantaneously by virtue of the
intrinsic parabolic nature of the system. Accordingly, any weak solution is indeed a
strong solution on 2 x (o, 00), for any o > 0, namely system (4.0.1)) is satisfied almost
everywhere. To this aim, we provide higher order regularity estimates which are inde-
pendent of the specific choice of the initial datum, but only depend on its total mass and
the value of the energy. Hence, we fix R > 0 and m € [0,1) such that —m < ¢ < m
and we consider bundles of trajectories (u, ¢) departing from (u, o) with

E(ug,p0) <R and —m<p, <m.
In particular, due to (4.1.5]), we deduce that
[2(t)| <m, VYt>D0.
In what follows, the generic constant C' > 0 may depend on R and m.

Theorem 4.3.1. For any o > 0, there exists a positive constant C = C(o) such that
]| 2 (0.00v5) + Nl Lo 0000y < C 4.3.1)
and

t+1
/ (), + 10 ()| + [9re(T)Ily dr < €, Vit >0 (4.3.2)
t

In addition, for any p > 2, there exists a positive constant C' = C(o, p) such that
1]l oo (6,020 (2)) + [N ()] oo (0,00:Lp(02)) < C- (4.3.3)
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The estimates presented in the following proof are formal. However, they can be rigor-
ously justified by establishing them first for Galerkin approximating solutions (see for
instance [|117]]) and then passing to the limit in the usual way.

Proof of Theorem We start by recalling that the dissipative inequalities in Theo-
rem (cf. Remark {4.1.8) yield, for any ¢ > 0,

t+1
Eor(u(t), (1)) + / IVa(m) 2 + (V)2 + ()l dr < O (43.4)
t

In particular, we have for any ¢t > 0

e[| + o)l < C, (4.3.5)
and
(@[l < CA+[[Vu@)l). (4.3.6)
Taking v = p; in @.1.3)), we get
1d
5 IVHIP + (D, ) + (@ - Ve, o) + Bl = e, ) = 0.
In light of

1
alldell” < S IVl + Cllowelly,
we infer from the assumptions on F’ that

<8t907 8t,u> = (at% —Aatsf)) + (8%07 F//(Sf?)at@
> |[Voe|® — alldwe|?

> 2 Vol + Clldkel
Besides, we observe that
(- Vo, ) + B — ¢, Oupr)
= %{(u Vo, ) + 8 —¢ M)} — (O - Vo, p) — (- Vo, i) — B(Oup, 1)
= { @ v+ 8o —em = SIvelr — 5 [ Floyar)
— (O -V, 1) = (- Vo, ).
By (4.3.6)), we estimate the last two terms as

(O - Vo, p) < [|0|[[Veoll s ll 1l s @)
1
< Z||3tu||2 + ClIVollZsollully

1
< 710w ]® + ClIVelLa (1 +IVal’)
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and
(- Voo, ) < [lull s IVorpllllull s
1
< —||Vé’ts0||2 + Cllul|Zs o llullv

|!V8ts0|!2+0||u!|m YL+ (IVpl).

Accordingly, we arrive at

drl
GGV + @ Vo) + 8o = ) = 5196l = 5 [ Ple)de} + 100l

1
< Z||atu||2 + Clldelly + O(HV‘PHLS(Q) + ||u||L3(Q)) IV pl?
+ClIVelis + Clulisg: 4.3.7)
Taking v = Au and v = Ouu in (4.1.2) and summing the resulting equations, we obtain
d
T IVul® + [1Aw]® + (|0
= —b(u,u, Au) — b(u,u,0m) + (uVe, Au) + (uVp, Owm).
By (3.17) and using (4.3.4)-(4.3.6), we get
(e, Aa) — b{at,u, O0) < (|| Aul] + Dyl ) [l s | Vet 1)
1
< (|| Aul| + 0] ) [ Vul | A

1 1
< ;lllAuH2 + gll@ull2 +C||Vu|*
and

(190, Au) + (V9. 0a) < [l | Vool ooy (1 At + + O] )

1 1
JIAu|? + S 0wl + ClIVip s (1 + 1V al1?).

IN

Hence, we are led to
d 1 3
QWuH2 + §!|Au!|2 + Z!I(‘%ull2 < C|[Vul[* + ClIVel s (1 +[Vul?). 4.3.8)

Collecting (4.3.7) and (4.3.8), we find the differential inequality

d 1 1
3A+%mmf+y@mf+jwaﬂf (4.3.9)

< Cllapld, + CIVal + C(IV el + Il ) I V4]
+ CIVelEs@ + Clluls,

where
A(t) = [|Vu(t)]* + %HW(@H2 + (u(t) - Vo(t), u(t))
+ Ble(t) — ¢, u(t)) — §||V90(25)\|2 —p i F(p(t)) dz.
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Next, we show that A > —C/, for some positive constant C'. Arguing as in Theorem

4.1.7,
Bl —c,p) = BVl + 8 / F(g)dz — BF(0)|2 — A8l — ||

Furthermore, by (3.1.7)) and exploiting (4.3.4)-(4.3.6), we have
(- Voo, 1) < lael[ oo [[Vepllll el oo
1 1
< Clla>[[Vael[> || pllv
< C|[ Va2 + C|[ Va2 Vy|
1 1
< < ||Val? + 2|Vl + C.
< S IvulP + 71 9al? +
In summary, we infer that
1 o 1 2
Az S| Val]” + Z[Vul” - C.
2 4
Moreover, it is easily seen that
A < O||Vul* + C||Vul* + C,

which leads us to rewrite (4.3.9) as

d 1 1 1
— A+ Z||Au|?+ = 24 - 2 4.3.1
A Sl Aul? 4 S0l + Vol (4.3.10)
< 0N+ OVl + el )A +C
+ Cllowell + ClIVelis + Cllelfsq)-

Owing to (4.3.4) and exploiting Sobolev embeddings, we infer that

t+1

/ A(T) + () 125y + IVe(T) 75y dT < C.

t
Also, by comparison,
t+1
[ 1aemitar<c.
t
Therefore, the uniform Gronwall lemma entails
[Vu@)[| + [[Ve@)| <C, Vizo,

where C' depends on o. A further integration in time of (4.3.10) on any interval [¢, ¢+ 1],
fort > o, gives

t+1
| 1R + 0w + [ 906(r) [ dr < €.
t

In turn, together with (4.1.5]) and (3.6.2), this implies (4.3.2)). Finally, having in mind the
Neumann problem (3.4.1)), we deduce the desired control (4.3.3)) from Corollary [3.4.3|
and i € L>®(0,00; V). O
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Remark 4.3.2. As a consequence of Theorem[4.3.1] we learn from the regularity theory
of the Neumann problem that . € L?(t,t + 1; H3(Q2)) for every ¢ > o and

on _

o= 0, ae. (z,t) €90 x (0,00).

The regularity attained in Theorem.3.T]does not entail the separation property from
the pure phases. Indeed, a uniform-in-time control of W'(y) in L>°(12) is needed. To
this aim, we first learn from Lemma [3.4.6]that U”(¢) is bounded in LP(Q2 x (¢,t + 1)),
for any ¢ > o. Then, the achieved regularity allows us to perform further higher order
estimates which will guarantee the validity of the instantaneous separation property.
More precisely, we have

Theorem 4.3.3. Assume that ¥ € C3*(—1,1) and (H.2), (H.3) hold. Then, for any
o > 0, there exists a positive constant C' = C(o) such that

HatuHLoo(20',oo;Ha) + ||at90||L°°(20,oo;H) S C (4311)
and
t+1
| 10wk, + o)l dr <€ ¥tz 2 @3.12
t
In addition, there exist 6 = 0(o, R,m) € (0,1) and C = C(0) > 0 such that
sup (0l 1(0) < 1 —
t>20

and
sup u(t) | w, + [le@)||a2@) < C. (4.3.13)
t>20

Remark 4.3.4. Note that ¢ € C(Q x [0,00)), o > 0, by Theorem and the Aubin
embedding theorem. Hence, we have, in particular,

lo(x, 1) <1 -6, VY(x,t) €Qx[20,00).

Proof of Theorem#.3.3] Let us define f = u + Oy¢p. An application of Lemma [3.4.6]
entails for any p > 2 that

19" ()| Lo (00022 (02)) < C (4.3.14)

where C' depends on o and p. We proceed by showing additional a priori estimates on
the solutions. To this end, given h > 0, we denote the difference quotient of a function
v by

1
h, _ — .
ojv = h (v(t + h) v(t)).
On account of Definition4.1.1} 9"y solves
(007, v) + (Ofu - Veo(t + h),v) + (- Ve, v) + B(8)p,v) + (VO 1, Vo) = 0,
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for all v € V. Taking v = 9y in the above equation, we find
S lotelP + BloteIP + (Yol Valo) = i+ B @315)
having set
Ji=—(0fu-Vo(t +h),0/p), Jo=—(u-Vip, ).
Integrating by parts, and using the boundary conditions (cf. Remark [4.3.2)), we have
(VO u, Vi) = —(0) u, Adfp)

1
= [Ad7¢l* = €0l VO el* — (5
h

By the convexity of ¥”, we find the control

A1) = V()] < [ ¥t 1)+ (1= n)e(0) ol ar

[P'(p(t + h)) = '(p(t))], DO ).

h
< [ (rwtete+ 1) + (1= D ole) o0 ar

< (W7(plt+ ) + (o (1)) 00,

which, in turn, leads us to
1 !/ !/
(G0t + 1)) = Wp(t))], AL )|

1 " "
< 18001 + C (117 (ot + ) sy + 10 (0(0) 2oy ) 190 s
We notice that
108 ¢ls(@y < CIVOLQI? + Clofl?
< Cllotelliladtell + Clofel

Then, we arrive at

1 " "
(VO Vo)) 2 S1A0ke]2 = C(1+ 10" (ot + h) ey + 1" () [ ) 000

— O (I (ot + ) sy + 17 (0(8) 200 ) 1OF I

Moreover, by (4.3.1)) and (4.3.3), we have
Ji < 07ulll[ Vet + h)ll =@ 107 ¢ll
< Cl|oyull® + Cl|o} |

and

o < |[u(t)]] 3o [ VO lI10F @l oo
< CIVoell* + 10 lIIVoy el

1 R
< ZIIAd7el* + Cllofel* + Clofel.
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Collecting the above estimates, we end up with the differential inequality
1d
2dt

where

1 L
|08 ell” + ZIAd eI + Bllofell* < Tllofel” +T=(0f¢l* + o ull?, (4.3.16)

T(t) = C1+ 9" (ot + M)l 1@ + 1" () 15()-
We observe that T is summable in light of #.3:14). Now, we rewrite #.1.2) for O''u
getting
(0,0Mu,v) — (u(t + h) @ O'u, Vv) — (O'u @ u, Vv) + (Vo'u, Vv)
= (Vo(t + h) @ V8o, Vv) + (Vo ® Vo, V),
for all v € V. Taking v = 0/'u, we obtain
Ld, on o ho |2
S loul” +IVoru|™ = Js + Ju,
having set
Js = (u(t +h) @ 0Mu,Volu) + (0'u @ u,Vol'u),
Ji= (Vo(t +h) @ Ve, Volu) + (Volp @ Vo, Volu).

Exploiting the estimates (4.3.1)) and (4.3.3)), and using (3.1.7)), we control J;, i = 3,4,
as follows

Js < (It + 1) lsioy + N ) 1900l | VO]
< {IVolul? + Cloful?
and
Ji = IVt + Wll(o) + V() (e ) IVOL Il VO]
< Cllofelz 120} |2 [V olu|
< JIVatul? + Sl80tel? + Clofell

In summary, setting

1 1
a(t) = S0 et)| + Sl u()]?

we find the differential inequality

d 1 1 L=
& T glA%ell + Blotel” + 5 Voiu|® < CO+ 1)@ + 1200l

Observing that
1000 L2150 < 1000|2210

we easily deduce from (#.3.2)) and (4.3.14) that

/t+1 O(7)+ Y (r)dr < C,
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where (' is independent of h. Hence, the uniform Gronwall lemma yields
10| L~ (20,0081, + |01 ]| oo 20,00:1) < C
and

t+1
/ V()2 + |Ad(H)2dr < C, Vi > 20,
t

A final passage to the limit as &~ — 0 entails (4.3.11)) and (#.3.12). We are now in a
position to prove the separation property. By the elliptic regularity of the Neumann
problem, we obtain

| 14]] oo (20,00: 112 (02)) < C. (4.3.17)
Accordingly, using the Sobolev embedding H?(Q2) — L>((2), we infer from Lemma
3.4.2] with p = oo that

[0 (@)[ Lo xta41)) < C, V> 20
Hence, there exists § > 0 such that
ol o @x ey <1 =96, Vt>20.
Besides, due to (4.3.2)) and (#.3.12)), an application of [9, Theorem 1.1] gives us

|#|| oo (20,00;W 12 () < C.

Therefore, u - Vu is bounded in L*°(20, co; H). In turn, we infer from the regularity
theory of the Stokes problem together with (4.3.11) that

|| oo (20,00:W,) < C.

Next, in light of (@.3.3) and (4.3.17)), we derive that

”So(t) HLOO(20'7OO;H4(Q)) <C.

Finally, due to the continuity in time of the solution, the above inequalities hold for any
t > 20, this is
sup [lu()llw, + lo(t)lle) < C.

]

Remark 4.3.5. It is worth mentioning that the regularity results stated in Section 4.3
are also valid if ¢ = 0. In that case, the novelty compared to [1] is the validity of the
separation property in dimension two on the interval (o, o), for any o > 0.

4.4 Longtime Behavior

In this section we discuss the longtime behavior of the NSCH system (¢ = 0) and the
NSCHO system (¢ > 0) within the theory of infinite-dimensional dynamical systems.
Given m € [0, 1) such that —m < ¢ < m, we introduce the complete metric space (cf.

Remark [4.1.2))
V, = {90 VALY : ol < land —m < 7 < m}
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endowed with the metric
d(¢1, 02) = [le1 — @2llv-
We also define the phase space

Hm:HUXVm

equipped with the corresponding graph metric. For any S > 0, on account of Theorems

M.1.6|and[@d.2.1] problem (4.0.1)-(@.0.2) generates a strongly continuous semigroup (dy-
namical system)

Sﬁ<t) : Hm — ng
via the rule
Sﬁ<t)(u07 900> - (u(t)a So(t))7 Vt Z 07

(u, ) being the unique weak solution to the NSCHO system with initial condition
05 . m

(1o, o). This is a one-parameter family of maps Sz(t) on H,, satisfying the proper-

ties:

) 8,3(0) = Id,
o Syt +7) =Ss(t)Ss(7), for every t, 7 > 0;
o i+ Sz(t)(uo, o) € C([0,00), Hy), for every (ug, o) € Hm.

Moreover, thanks to Theorem .3.1]and arguing by interpolation, we have the following
further property.

Proposition 4.4.1. For everyt > 0, Sz(t) € C(Hum, Hum)-

Proof. Thecaset = Oistrivial. Letus fixt > 0. We consider a sequence { (&, Yon)} C
H,, and (ug, o) € M, such that |lug, — wol|| — 0, d(on, vo) — 0asn — oo. By
(4.3.1)) and (@.3.3), there exists a constant C' > 0, independent of n, such that

lwn(t)||v, + lon )] a2 + lu(®)|v, + o) 20 < C, (4.4.1)

where (u,,(t), pn(t)) = Sz(t)(#on, pon). Then, by virtue of Theorem4.2.1| by standard
interpolation we find

e (2) = wn (D] + llp(t) = n(B)llv
< lue(t) —un(®)ll, lu(t) = wa O3, + le(t) = en®lV o) = en(O) 2

< Cllu(t) — ua(t) 5, + Cllpt) = ealt)]3-

ol

— — 1 :
< C(Jluo — onllv, + 20 = Ponllv: + 7 — Poal )
which, in turn, gives the desired conclusion. OJ

On account of Theorem the semigroup Ss(¢) is dissipative. Namely, there
exists R > 0 such that the ball B of radius R centered at 0 in H,, is an absorbing set,
i.e. for every bounded set B C H,,, there exists ¢z such that

Sg(t)B C By, Vit=>tg.
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4.4. Longtime Behavior

Hence, the trajectories originating from any given bounded set eventually fall into a
bounded set of the phase space. Actually, the trajectories are in fact attracted by thinner
invariant subsets of the phase space H,,. For a complete dissertation of the theory, we
refer the reader to [120]] and [149]. In order to show this, in addition to the general re-
quirements, we assume in what follows that ¥ complies with the hypotheses of Theorem
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Theorem 4.4.2. For any [ > 0, the dynamical system Ss(t) on H,, has the global
attractor A C W, x H*(Q), that is

o Ag is compact in H,,;
o Agis invariant, i.e. Sg(t) Az = Ag, forall t > 0;
o Ag is an attracting set, i.e. for every bounded set B C H,,

tlim dist(S(¢)B,.Ag) = 0,

where dist(A, B) is the Hausdorff semidistance between A and B.

The proof of Theorem {.4.2]immediately follows from an application of the general
result [149, Theorem 1.1]. Indeed, the uniform a priori estimate (4.3.13)) entails the
existence of a compact absorbing set in the phase space H,,,.

Theorem 4.4.3. For any 3 > 0, the dynamical system Ss(t) on H,, possesses an expo-
nential attractor Mz C W, x H*(Q), that is

o Mg is compact in H,,;
o Mg is semi-invariant, i.e. Sg(t) Mg C Mg, forall t > 0;
o Mg has finite fractal dimension in H.,,;

e Mg is an exponentially attracting set, i.e. there exists w > 0 such that, for every
bounded set B C H,,, there exists a constant C' such that

dist(Ss(t)B,Mg) < Ce ™", Vit >0.

By virtue of the strict separation property, the proof of Theorem {.4.3| can be done
arguing as in [[71, Section 3.3] if § = 0 and [21] if 5 > 0. In particular, the construction
of a family of exponential attractors, which is robust (i.e. continuous) with respect to /3,
showed in [21]] can be easily generalized to system (4.0.1)-(@.0.2).

We conclude by noticing that the convergence to an equilibrium for the NSCHO
system is an interesting open issue. In the two-dimensional case, one would argue as
in Section 7 of [W.2], taking advantage of the strict separation property. However, in
three dimensions, the problem is connected with the lack of a Lyapunov function (cf. [1,
Lemma 11] for £ = 0).
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CHAPTER

The Hele-Shaw-Cahn-Hilliard system

N this chapter we study the Hele-Shaw—Cahn—Hilliard (HSCH) system with matched
viscosities in two and three space dimensions. First, the existence of a global weak
solution that satisfies a dissipative property is proven. Then, in dimension two, we

obtain the uniqueness and regularity of global weak solutions. In particular, we show
that any two-dimensional weak solution satisfies the instantaneous separation property.
When the spatial dimension is three, we prove the existence of a unique global strong
solution, provided that the initial datum is regular enough and sufficiently close to any
local minimizer of the free energy. This also yields the local Lyapunov stability of the
local minimizer itself. Finally, we discuss the convergence of any global solution to a
single stationary state as time goes to infinity.

In a bounded domain 2 C R? d = 2,3, the Hele-Shaw—Cahn—Hilliard system with
matched viscosities (v = 1) reads as follows

u=-vVr+ Vo,
divu =0,

O +u-Vo=Apu,
p=—Ap+ F'(p),

subject to the boundary and initial conditions

in Q x (0,7), (5.0.1)

{u_nzanuzan(pzo, on 02 x (0,7), (5.0.2)

90<'70) :QOO(')? in €.

General agreement. Throughout this chapter, if it is not otherwise stated, we indicate
by C' a generic positive constant depending only on the domain and on structural quan-
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Chapter 5. The Hele-Shaw-Cahn-Hilliard system

tities. The constant C' may vary from line to line and even within the same line. Any
further dependence will be explicitly pointed out if necessary.

5.1 Existence of Weak Solutions and Dissipativity

We assume throughout this chapter that the singular potential /' satisfies the assumptions
(H) and (H.1).

We introduce the notion of weak solution to the initial boundary value problem
(.0.1)-(5.0.2).
Definition 5.1.1. Let @y € V be such that ¥(py) € L'(Q) and |p,| < 1. A triple
(u,m, ) is a weak solution to problem (5.0.1)-(5.0.2) on [0, T if

ue L20,T;H,), =¢eL(0,T:Vp),

© € L=(0,T; V)N L*0,T; H*(Q))n H(0,T; V"),

p € L>®(Q x (0,7)) with |p(x,t)] < 1a.e. (x,t) € Qx(0,T),
U(p) € L=(0,T; LHQ)), V()€ L*(0,T; H),

e L0, T5V),
and
(Ovp,v) + (w-Vo,v)+ (Vu, Vo) =0, VoveV, (5.1.1)
for almost every t € (0,T), where
pu=—-Ap+ F'(p), u=-Vr+uVp, (5.1.2)

for almost every (x,t) € Q x (0,T). Moreover, 0, = 0 a.e. on 92 x (0,T), p(-,0) =
o a.e. in ().

Remark 5.1.2. According to the Darcy’s equation, the above Definition is equiva-
lent to the following weak formulation

/u-vdx:/qua-vdx,
Q Q

/Vﬁ~vwdx:/,qu0-V1/de,
Q Q

for almost every t € (0,7) and for any v € H,, ¢ € V. Thus, the pressure 7 is
recovered by the second equation. In addition, in light of the boundary conditions and
the identity

1 .
pVep = V<§!V90|2 + W(@)) —div(Ve ® V),

we can rewrite the weak formulation of Darcy’s equation as
/u-vdx:/gOVu-vdx:—/div(Vgp@Vg&)-vdx. (5.1.3)
Q Q Q

The first result concerns the existence of global weak solutions, in both two and three
dimensions.
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5.1. Existence of Weak Solutions and Dissipativity

Theorem 5.1.3. Let d = 2,3. Assume that oy € V with U(pg) € L*(Q) and |5, < 1.
Then, for any T' > 0, there exists at least one weak solution (u, m, @) to problem (5.0.1)-

(3.0.2) on [0, T such that
uc L0, T;V), meL%0,T;H*Q)),
p € C([0,T],V) N L0, T: W*P(Q)),
U'(p) € L*(0,T; LP(2)),

where s = Sifd =3ors e [1,5)ifd=2,q=%isd=30r1 <qg<%ifd=2
p=6ifd=30r2<p< ooxfd— 2. Moreover, every weak solution satisfies the
energy identity

d

(@) + u@)” + [Vi®)* =0, foraete (0,T), (5.1.4)

as well as the mass conservation
/ o(t)dz = / podz, Vtel0,T]. (5.1.5)
Q Q

Remark 5.1.4. The assumption || < 1 indicates that the initial datum is not allowed
to be a pure state (i.e. +=1). On the other hand, we observe that if the initial datum is a
pure state then no separation process will take place because we now have a single fluid.

The strategy to prove Theorem [5.1.3]is based on a standard approximation proce-
dure. First, we introduce a family of regular potentials { 7.} that suitably approximates
the singular potential /. Then we establish an existence result to the approximating
problem with the regular potential F., by means of the Galerkin method. Finally, for
the approximate solutions (u., 7., . ) related to the family of regular potentials { F.},
we recover compactness by means of uniform energy estimates with respect to the ap-
proximation parameter ¢ and we show that as ¢ — 0 the limit triple (u, p, ) is indeed a
global weak solution with weak to problem (5.0.1)-(5.0.2)).

The approximating problem

For any ¢ € (0, k) with s being the constant given in (H.1), we introduce a family of
regular potentials { F.} that approximates the original singular potential F’ by setting

O 4

F.(s) = WU.(s) — 5 5 Vs eR, (5.1.6)
where

( 2 1

Z—'\If (1—e)[s—(1—e), Vs>1—¢,

J=0 I
U.(s) =< U(s), Vsel|-14¢e1—¢, (5.1.7)

2
1 ,
Zﬁ\w)(_l +e)[s—(-1+¢e)], Vs<-1+e.
L =0

By the above construction of F, we obtain the following properties that will be useful
in the proof of Theorem[5.1.3]
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Chapter 5. The Hele-Shaw-Cahn-Hilliard system

Lemma 5.1.5. Assume that (H.1) is satisfied. Then, there exists & € (0, | such that for
any € € (0, &), the approximating function F; given by (5.1.6) satisfies

(AH) F. € C*(R) and
—a < Fo(s), —a<F/(s)<L, VseR,

where a is a positive constant independent of e, the constant o is given in (H) while
L is a positive constant that may depend on €.

For every ¢ € (0,%) and F_ being the regular potential constructed in (5.1.6), we
consider the approximating problem (AP1):

u. = =V, + p Ve,
divu, =0,

Oepe +u: - Voo = Ape,
He = _AQOe + \I//a((pa),

in Q x (0,7), (5.1.8)

subject to the boundary and initial conditions

(5.1.9)

U -n = Oyite = Opp- =0, ondQx (0,7),
906("0) = Q)OO(')? in Q2.

We state the global existence of weak solutions to the approximating problem.

Proposition 5.1.6. Let d = 2,3 and ¢ € (0,R). Suppose that ¢y € V with V() €
LY(Q) and |g,| < 1. Then, we have:

(1) Forevery T > 0, there exists at least one weak solution (u., p., p.) to the approx-
imating problem (AP1) on [0, T'] such that

u. € L2(0,T;H,), . € L5(0,T;Vp),
e € L™(0,T; V) N L2(0,T; H3(Q2)) N W3 (0,T; V'),
pe € L*(0,T; V).

Such a solution satisfies the weak formulation
(Oype,v) + (Ue - Vo, v) + (Vue, Vo) =0, YoveV, (5.1.10)
for almost every t € (0,T), where
pe = =D +V(p:), u.= -V + p. Ve, (5.1.11)
for almost every (z,t) € Q x (0,T).

(2) The total mass is conserved

/‘Ps(t)dxz/(,ﬁodm, Vit e [O,T]
Q Q
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5.1. Existence of Weak Solutions and Dissipativity

(3) The pair (u., p.) satisfies the energy inequality

1 1
gllvmt)ll?+/QFa(soa<t>>dxs §||V900||2+/QF8(S00)(1% (5.1.12)

for almost every t € (0,T), and

T 1
| @+ 19l ar < 519l + [ Blagdesc s
0 Q

where C'is a constant depending on o (cf. Lemma , but is independent of the
parameter €.

The existence of a weak solution to the approximating problem (AP1) on [0, T'] can be

easily proven by employing a Galerkin approximation scheme (see, e.g., [99, Section 3]
and [113]]). Indeed, according to the property (AH) in Lemma[5.1.5] for any € € (0, %],
the approximating potential F. has a quadratic growth as |s| — +oco and F! is globally
Lipschitz on R.
Remark 5.1.7. We note that it is sufficient to assume ¢y € V to reach the conclusions
of Proposition [5.1.6] Indeed, the additional assumptions such that ¥ () € L'($2) and
|@o| < 1 will be necessary to derive uniform estimates with respect to € in the subsequent
section. Moreover, the estimates for p. and J,¢. when d = 2 can be improved by arguing
as in [90, Section 3.4]. Nonetheless, the regularity properties stated above are enough
to pass to the limit as e — 0%,

e-independent a priori estimates

In order to pass to the limit as ¢ — 07, it is necessary to obtain suitable uniform esti-
mates for the approximating solutions (u., 7., .) that are independent of ¢ € (0, &].

First, we report the following lemma which turns out to be useful in the sequel (see,
e.g., [63] for a proof).

Lemma 5.1.8. Suppose that (H.1) is satisfied. For ¢ € (0,R|, the approximating func-
tion F_ given by (5.1.6) satisfies the following properties:

[FX(s)| < [F'(s)], Vs e (=1,1),
F.(s) < F(s), Vse[-1,1].

Now, we are in a position to derive uniform estimates with respect to the approximate
parameter €.

First estimate. Since V() € L'(9), it holds ||¢g|/r) < 1. Then it follows
from Lemma and the energy inequality (5.1.12) that, for almost every ¢ € (0, 7)),

1 1
IV O + [ W) do < 51Vl + [ i) do = Eaulen). G119
Q Q
Similarly, we infer from (5.1.13]) that

T
| @ + 1900l dr < Ealon) + €. 6115
0
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Chapter 5. The Hele-Shaw-Cahn-Hilliard system

Second estimate. Testing the fourth equation in (5.1.8)) by —Ap., we obtain
1A@e]* = (W), Ape) = — (e, Age).

Exploiting the integration by parts and the homogeneous Neumann boundary condition
for ., we get

1Ape)? + (TL(0:) Vipe, Vo) = (Vite, Vipe).
Hence, we deduce from (AH) that

1A:N* < ol Ve * + IV e[| Vel

Taking the square of both sides and integrating in time, we have

T
/ [Ap-(T)|[*dr < C(1+T)(1 + SGL(%))Q. (5.1.16)
0

Third estimate. We provide a uniform estimate for 0;p.. By comparison, we easily
obtain

1Bspellvr < NV piel| + lluec [l @zl L= (-

Applying the Holder and Agmon inequalities (3.1.9), we infer from (5.1.14)—(5.1.16)
that

T 8
A|@%mmdf
T 8
sc/umumww+0/
0 0

T 8 8
e (T) 15 |2 (T)]] foo () AT

T

T 4 4
SCAHWMﬂWM+CAHwWWMMﬂwwwM;@M

scé(rwv%mme

. T , £ T ) i
+-6ﬂ¢kuzwaynv)(]f ()] dr) (jg stu»uH%Q)dr)

<O+ T)(1+ Earl0)) (5.1.17)

Fourth estimate. We derive a uniform estimate for ||yu.|ly. On account of the
Poincaré—Wirtinger inequality

lpell < CCVpel + [F2]) (5.1.18)
and in light of (5.1.15)), it is sufficient to estimate the mean value fic. On the other hand,

since
/Nedl’:/Fé(QOE)dSL’,
Q Q

it remains to find a uniform control of F!(y.) in L'(€2). To this aim, we recall the
well-known inequality for approximating functions of singular potentials satisfying the
assumption (H) (see, e.g., [63], [118] and Chapterfor the proof)

IWE(ee)llLre) < C/Q(sos — Po) (Ve(pe) — Wilpe)) du + C, (5.1.19)
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5.1. Existence of Weak Solutions and Dissipativity

where C' may depend on i, and W but is independent of . Then, testing the fourth
equation in (5.1.8) by ¢. — P,, and using the integration by parts together with the
boundary condition on . and Poincaré’s inequality (3.1.5]), we find

IV + / (e — o) V(i) da

:/£2N€<905_¢0)dx+®0/QQOs(SOE_@O)dx

- / (e — ) (e — ) da + C[ V|
< C(IVulllVeel + IVeel?) - (5.1.20)

Hence, collecting (5.1.19) and (5.1.20), and using (5.1.14) and (5.1.15)), after an inte-

gration in time we get

T T
/0 (AR )] A0 dTSC/O (VDI IVee ()7 + [ Vepe(r)[[*) dr
< COA+T)(1+ Eaw(p)), (5.1.21)
which together with (5.1.14)) yields

| ok <0 [ (e e + el e )dr
< COA+T)(1+ Ear(p))’.

The above estimate together with (5.1.13)) and (5.1.18) implies

T
| Il dr < 0+ 1) (1 + Eanlen)” (5.1.22)
0

Fifth estimate. We aim to derive a uniform estimate for the pressure 7.. It follows
from the Darcy’s equation for u., the Gagliardo—Nirenberg inequality (d = 3) and the

estimates (5.1.14), (5.1.15)), (5.1.16) and (5.1.22) that
T 8
| 1vm@ltar

T 8 8
<c / Jaa()E + 19027 g 122 o A7
T 4 T 4 8
<c / (1 () [2) dr + C e e v / 162 (7)o 1 7
T
<c / (1+ Jue()[[2) dr
1 4

4 T 1 T 4
+Cllouliaran ([ o0y ar)* ([ Il ar)’
0 0

<C(A+T)(1+Erlpo)) ®. (5.1.23)
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Chapter 5. The Hele-Shaw-Cahn-Hilliard system

Collecting all the above estimates, we conclude that

el 20,71,y < C, (5.1.24)
17l 5 0 r0) < € (5.1.25)
el Lo o,y < C, (5.1.26)
||906||L4(0,T;H2(Q)) <, (5.1.27)
19:pell 5 o 7y < C (5.1.28)
el 20,y < C, (5.1.29)

where the constant C' > 0 depends on the initial energy £ (¢o), the form of ¥, 2 and
coeflicients of the system, but is independent of ¢.

Proof of Theorem m

We are now in a position to prove Theorem|[5.1.3] The proof consists of several steps.

Step 1. Preliminary convergence results. Thanks to the uniform estimates (5.1.24))—
(3.1.29), letting ¢ — 07, the following weak convergence results hold (up to a subse-
quence):

u. —u, weakly in L*(0,T; H,), (5.1.30)
T =, weakly in L5 (0, T; Vp), (5.1.31)
0. — ©, weakly star in L*°(0,T;V), (5.1.32)
De — weakly in L*(0, T; H*()), (5.1.33)
Ohp- — Oy, weakly in L5 (0,T; V"), (5.1.34)
e — [, weakly in L*(0,T; V), (5.1.35)

Besides, on account of the Aubin—-Lions compactness lemma, we have
@. — ¢, strongly in C([0, T, H) N L*(0, T; W' (), (5.1.36)

for r € [1,6) when d = 3 and r € [1,400) when d = 2, which also implies the
pointwise convergence

we = p, ae.inQ x (0,7). (5.1.37)

Step 2. L*>°-estimate for ¢. On account of the singular potential ¥, we shall prove
that the limit function ¢ fulfills

e L x(0,T7)) and |p(z,t) <1 ae.inQ x (0,7). (5.1.38)
It follows from (5.1.21)) that
1L ()| 21 x 0, < C, (5.1.39)

with C independent of . By the definition of ¥, and the assumptions (H) — (H.1), there
exists a constant p € (0, %) such that for all ¢ € (0, g, ¥.(s) > 1 fors € [1 — p, +00)
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and V. (s) < —1for s € (—oo, —1 + p| and V.(s) is monotone increasing for s € R.
Then we introduce the sets

ES={(x,t) e A x (0,T): |p(x,t)] >1—0}, e€(0,0],

o

E,={(z,1) e 2 x(0,T): |p(z,t)] >1—o}.
From the pointwise convergence of ¢. and Fatou’s Lemma, we have for any fixed o

meas(E,) < liminf meas(E7).
e—0t

At the same time, when ¢ € (0, o], we infer from (5.1.39) that
min{W'(1 — ), —=W'(~1+ o)} meas(E}) < [[WL(¢:)llz1@x(o1) < C,

where the constant C' does not depend on p and €. Therefore, we have

C
meas(Ey) < min{¥'(1 — o), ~¥'(-1+ )}

Passing to the limit as ¢ — 07, we deduce that
meas({(z,t) € Q@ x (0,7) : |p(x,t)] > 1}) =0,

which yields the conclusion (5.1.38)).

Step 3. Passage to the limit as ¢ — 0". The L>-estimate (5.1.38) together with the
pointwise convergence of . and the uniform convergence of W’ to U’ on every compact
setin (—1, 1) entails that

V(o) = V'(p) ae. (z,t) € Qx(0,T),

as ¢ — 0. Besides, by comparison in the equation for 1. (see (5.1.11)) and owing to

the estimates and (5.1.29)), we have
||\1/;(805)||L2(0,T;H) <C,
uniformly in €. Hence, up to a subsequence, it holds
U (p.) = V' (p), weaklyin L*(0,T; H). (5.1.40)

On the other hand, it follows from (5.1.30), (5.1.35)), and (5.1.36) with » = 4 that

1V, = iV, weakly in LF(Q x (0,7)). (5.1.41)

In a similar manner, we have
u. V. —u-Vo, weaklyin L3(Q x (0,7)). (5.1.42)
On account of (5.1.30)-(5.1.33)) and (5.1.40)-(5.1.42)), we are able to pass to the limit as

e — 07 (up to a subsequence) in the weak formulation (5.1.10)-(5.1.T1) for (u., 7., ©.)
and conclude that the limit triple (u, 7, ¢) fulfills (5.1.1)-(5.1.2).
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Chapter 5. The Hele-Shaw-Cahn-Hilliard system

Step 4. Further regularity properties. We establish some further regularity re-
sults for the global weak solution (u, 7, ¢) by making use of the estimates (5.1.27) and

(5.1.38)). First, it follows from (5.1.30) and (5.1.38)) that

u-Voc L*0,T; V). (5.1.43)
Then by comparison in (5.1.1)) we immediately see that
@ € L*(0,T; V). (5.1.44)

Next, an application of Corollary with f = pu + ©gp gives

T T
/0 1o () By dr + / 19 (7)) 20 ey 7

T
<C [ 1+l + el dn 5149
0

where p = 6ifd = 3and 2 < p < oo if d = 2. We recall that by the Gagliardo—
Nirenberg inequality

2(r 1 2(r 1) _
Cliellz@llelyeriay, ford=2r>2, (5.1.46)

[VllLe@) <
CH@OIILoo(mHsDHWz,a @ ford=3,

and by interpolation between LP-spaces

2(r—3)

1A@|| 3@) < C||goy|3<’“ 2’||<p||§;gf> . forr > 3. (5.1.47)

Applying the curl operator to the Darcy’s equation for u and exploiting the particular
form of the Korteweg force, we deduce that

IV xul| = [|[Vux Vol < C[Vul[[[Vele)- (5.1.48)
Then by (5.1.38)) and (5.1.46)), we find
IV xul 5 < vl 2 o322
< CIVAIP + Cllg s o ford=2,r>2,

6 6 2
IV xculls < CIVull=llelli2eq
< C||Vu||2+0||90||%v2,6(9), for d = 3.
Besides, according to the Neumann problem (3.5.2) with f = 'V and by using (3.1.3)),
we have
[AT] = V- (uVo)|| < CIVElllIVele@ + Cllulis@llAplse).  (5.1.49)

Hence, we get

3r(r—2) 6(r—2) 4(r—3)
(5r— 9)(r 1)

|A| = < OVl T g wartey -+ Clelvy™ el g HwHé;z‘i
< CHMHV + CH‘PHW?T(Q) + C||90HH2(Q) +C, fOf d=2,r2>3,

8 4 4
|A%)* < V|7 Hs@sza ) T Clelllelliyze@ @l 2w
< Cllully + Cllellivaog) + Cliellizg + €. ford=3.
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The above estimates together with (5.1.26), (5.1.29)), (5.1.45) and the inequality (3.5.3))
yield that

[ullzsorvy <Oy ImllLaorm20) < C, (5.1.50)

wheres:gifd:3and1§s<%ifdz?,q:E—;isd:3and1§q<§ifd:2.
Step 5. Mass conservation and energy identity. For every global weak solution,
taking v = 1 in (5.1.1)), we have
d
— dr = 1)=0
dt o SO x <¢t7 > Y

which implies the mass conservation (5.1.5).

Next, due to the regularity properties of weak solution (see (3.1.30)), (5.1.43), (5.1.44)
and (5.1.50)), for a.e. t € (0,7") we are able to test the Darcy’s equation by u and to

take v = p in (5.1.2)) to get

Jull = [ (1) uds, (5.151)
Q
(ot + [ (- F)ude + [Val? =0. (5.1.52)
Q
Adding (5.1.5T)) and (5.1.52) together, we get
(e, 1) + |lu|)® + [[Vu||* =0, forae.te (0,T). (5.1.53)

On the other hand, we consider the functional

. 1
Eoul) = 5Il+ [ W(e)ds

defined on H. It is well-known that £, is proper, lower semicontinuous, convex with
domain

D(EL) ={Y eV NL®Q) :¢Y(x) € [-1,1] ae. x € Q}.
Being the subgradient of £, equal to 9%, () = —Ap + V'(y), and on account of
the regularity —Ayp + ¥/'(¢) € L*(0,T;V) and ;¢ € L*(0,T; V") of a weak solution
we learn from [131, Lemma 4.1] that

d

d *
EgGL(SD) - ESGL(@)

ey
dat 2 "
= (1, =Ap + V() — Oo{t, ¢)
= (py, )y, forae.te (0,7).
Here, we have also used the standard chain rule in L2(0,7;V) N H'(0,T;V’). Asa

consequence, the required energy identity (5.1.4) holds, which yields that Eq 1, (p(t)) is
absolutely continuous on [0, 7'] and fulfills

I*

t
Ear(p(t)) + / u(T)|1? + [[Vu(r) | dr = Earlpo), Vit > 0. (5.1.54)
0

Lastly, we see from (5.1.32)) and (5.1.34) that ¢ € C,,([0, 7], V) aswellas p € C([0,T], H).
At the same time, the convexity of the function ¥, we obtain that ¢ — ||V (t)||? is con-
tinuous (cf. [1, Theorem 6]). As a result, this gives ¢ € C([0,7],V). The proof of
Theorem[5.1.3]is complete.

73



Chapter 5. The Hele-Shaw-Cahn-Hilliard system

Remark 5.1.9. The energy identity (5.1.54) and ¢ € C([0, T], V) entail that [, U(p(t)) dz
is bounded for all ¢ > 0. Then, from assumption (H), we get

sup [|¢(t)]| (o) < 1. (5.1.55)
£>0

Remark 5.1.10. Ttis worth pointing out that the hypothesis on the growth of ¥” assumed
in (H.1) can be removed by working with the approximation family of singular potentials
proposed in Section[3.2]

Next, we show that any global weak solution is dissipative, namely,

Theorem 5.1.11. Let the assumptions of Theorem hold. Then, any global weak
solution (u, 7, @) satisfies the following dissipative estimate

t+1
SGL@X®)+1/ e (T)I* + [V u(7)||* d7 < Cerlpo)e™ +C, V>0,
t

where w and C' are positive constants independent of the initial datum. Moreover, we
have for all t > 0

t+1
/ e lzz) + 12T Bz + 1V (2 (T) 2o d7 < C€al0)%e™" + C,
t

where p = 6 if d = 3 orp € [2,4+00) if d = 2. Here, the positive constant C depends
on g, € (—1,1) and the parameter p, but is independent of other norms of the initial
datum.

Proof. Testing the equation for v in (5.1.2) by ¢ — @, and using the mass conservation

(.1.5), we get
Vel + [ Fe == [(-me-)de (5156
Recalling the basic inequality for a singular potential satisfying (H)

F(s) < F(w)+ F'(s)(s —w) + %(s —w)?, Vs,we (-1,1),

and exploiting the estimate |¢(x,t)| < 1 for almost every (z,t) € {2 x (0, +00), we find
_ _ o —
| Pz = | Flo)do = F@Ial = Sle -7l

ZLN@M—Q

where C' > 0 depends on 2 but is independent of . Inserting the above inequality
into (5.1.56) and applying Poincaré’s inequality (3.1.5]), we infer that

1
LIVl + / U(p)dz < C||Vu|]? + C. (5.157)
Q
Hence, in light of the energy identity (5.1.4)), we obtain

d 1
TEar(v) +warle) + ull” + 5 IVul® < C,
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where w, C' are positive constants independent of y. An application of the Gronwall
lemma yields

t+1
Earlp(t)) +/ ()1 + [V pu(7)[* dr < Céar(po)e™ +C. (5.1.58)
t

for all £ > 0. In particular, this gives
I} < CEarlpo)e™ +C, Vit >0. (5.1.59)
Next, by Lemma with f = u + Oy, we learn from (5.1.58) and (5.1.59) that

t+1
/ |A@(T)||*dT < CEqr(wo)’e ™ +C, Vit >0.
t

Then, by repeating the same argument exploited in the proof of Theorem [5.1.3|to get a
uniform control of 1 in V' (cf. (5.1.22))), we obtain

t+1
[ @R ar < Ceanape e vizo
t

Here, the constant C' depends on the total mass of the initial datum ,. Therefore, by
Corollary with the same choice of f =y + Oy, we find

t+1
/ le () 20y + 1 (D)[1r(0) A7 < CE(po)’e™" + C, ¥t > 0.
t

where p = 6 if d = 3 and for any p > 2 if d = 2. [

5.2 Uniqueness of Weak Solutions in Two Dimensions

In this section, we address the uniqueness of weak solutions to problem (5.0.1)-(5.0.2)
when the spatial dimension is two. In general, uniqueness of weak solutions for the
Hele—Shaw—Cahn—Hilliard system turns out to be a rather hard task, due to the
low regularity of the velocity field u (cf. [99}158] for the case of regular potentials,
where the uniqueness remains an open question even in two dimensions). However,
in the case of physically relevant singular potential, we are able to prove the following
continuous dependence result on initial data in a lower-order function space (i.e., V)
when d = 2.

Theorem 5.2.1. Let d = 2. Assume that po; € V with U(pg;) € L'(Q), i = 1,2, and
Por = Poe = m € (—1,1). Then, any pair of global weak solutions (uy,m, 1) and

(w2, ma, p2) to problem (5.0.1)-(5.0.2) on [0, T| with initial data o, and pgs, respec-
tively, fulfills the following estimate

t
1 (t) — w2 () I3 +/ le1(7) = @a(N)II5 AT < Cllpor — poolliy, (521
0

for every t € [0,T]. Here, the positive constant C depends on T as well as on the
initial energy Eqr(poi), © = 1,2. In particular, the global weak solution to problem
-(5.0.2) is unique.
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Proof. Let (uy, 71, ¢1) and (us, 7o, 2 ) be two global weak solutions to problem (5.0.1))-
(5.0.2) on [0, T'] with initial data ¢o; and g2, respectively. Their difference denoted by
(w,7,0) = (w1 — Uz, ™ — Ta, 1 — Pa) solves

<at90a U> - (u190, VU) - (ugp% V’U) + (Vﬂa VU) =0, Vv e VYa (5.2.2)
for almost every ¢ € (0,7"), where u and the difference of chemical potentials p :=
p1 — po satisfy (cf. Remark [5.1.2)

u = —I(div(Vyr @ Vo) 4+ div(Ve @ Vi),
p=—Ap+ F'(p1) = F'(p2).

Thanks to the mass conservation and p,; = ¥y, we observe that p = 0 for all ¢ > 0.

By Theorem [5.1.3| (see (5.1.26)), (5.1.35))), we also know that

(5.2.3)

o)y + loi@®)|l ey < C, Vte[0,T], i=12. (5.2.4)
Taking v = N in (5.2.2)), and using (3.3.2)), we get
1d
s lelv + (1 9) = (e, VN@) + (w2, VN ). (5.2.5)

Using integration by parts and the homogeneous Neumann boundary condition for ¢,
and making use of (H) and (3.3.4)), we have

(1 0) = IVl + (F'(01) — F'(2), ¢)
> [Vell* = alle|?

1
> SIVel® = Clely;

Then, the differential equality (5.2.3) turns into

1d 1
saleliy + 51Vl < Cllellt; + 1+, (5.2.6)

where
I=(up,VNy) and J = (ups, VN).

Firstly, by (3.1.3), (3.1.7), (3.3.4)) and (3.3.6)), we control I as follows
I< ||u1||||90||L4(Q)||VN<P||L4(Q)
< Cllaslllll? Il I VA @ll2 VAol
< Cllullleli Il Vel
< Cllulll[ollvglIVeell

1
< IVl + Clla [Pl

Next, we take care of J. To this aim, by means of (5.2.3)), J can be rewritten as

J = —(I(div(V, @ V) + div(Ve ® Vs)), 2 VN )
= —(div(Vi1 ® Vo) + div(Ve ® Vo), (g2 VN ).
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A further integration by parts together with the homogeneous Neumann boundary con-
dition for ¢ entails

—(div(Vr ® Vo), I(2VN))
= (Vi1 ® Vo, VII(92VN)) / (Vo ® Vo )ll(¢2VN ) - ndo

= (V1 ® Vi, VII(02VNp)) n)(Vor - (92 VN@)) do

K‘\

= (Vi1 @ Vo, VII(p2VNp)) =
Similarly, we infer that
—(div(Ve ® Vi), (02 VN )
= (Vo @ Vi, VII(p2VN ) — /BQ(Vw n)(Ve - I(2VN)) do
= (Vo @ Vi, VII(p2VN)) = .

We now estimate .J; and J,. Exploiting (3.1.7)), (3.5.1)) and (5.2.4)), we obtain

Ji < ClIVor|luao Vel VII(e2 VN )| Lao)
< CIVeillB I VeillZ IV ol VI VA Q)| | VI VA ) [
< Cllill o IV T2V N @) 13T (0 VA ) [
< OH@lH[%{?'(Q)HVSOH H%VN‘PH\%/“‘P2VN<P”1%{2(Q)' (5.2.7)

It follows from (3.1.8)), 3.1.1)), (3.3.4), (3.3.6) and (5.2.4), that

le2VN¢llv < Cllg:ll =@ VN @llv + Cllp: v I VN @llo
< C|[VNellv + ClIVN@llLe@)

< Cllell + CIIVN @l IVN @l q,

1 1
< Cllglly, IVl

On the other hand, by (3.1.8)), (3.1.2)), (3.3.6) and (5.2.4), we deduce that

o2 VN ollm2(0) < Cllga|le @) VN @llaz@) + Cllal a2 VN @L<
1 1
< C|VNolluz) + Cllezll 2@ VNl 2 [ VN @l g2 g

1 1
< ClIVell + Cllga] a2l lly Vel

Thus, from (5.2.7) we obtain

1 1 7 1 1 1 3
1 < Cllgrll ey Il 1901 + Cllior ey ezl z ey el 1 Vel
= Rl + RQ.
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Using Young’s inequality, the reminder terms R; and R, can be controlled as follows

1 1 7
Ry = Cllerllza llelli Vel

< 32HW?H2 + Cllenllaz o el

and
1 1 1 3
Ry = Clloillfrz o) 02l fra gy el Vol
< 32IIWH2 + Cllellzr@lle2llFz @ 17, -

Collecting the above estimates and using again Young’s inequality, we end up with

7 < Sl 96l + C (et + ezl ) ey

Repeating the same calculations for .J; line by line, we get
Jo < —||V<,0||2 + Clleallbz o l2lly;-

Finally, combining (5.2.6) with the above controls of /, .J; and J5, we find the differential
inequality

1d 1
S Il + 11Vl < (1l + il + el Il (528)

On the other hand, thanks to Theorem[5.1.3] we have
T
/0 2 (T)I* + [l (T 12720 + l2(7) 20y AT < C. (5.2.9)

Thus, an application of Gronwall lemma together with (5.2.8)) and (5.2.9) gives (5.2.1).
[

5.3 Regularity Properties and Separation Property in Two Dimensions

In this section, we show that global weak solutions become instantaneously more regular

when the spatial space dimension is two. Furthermore, we are able to prove the validity

of the instantaneous separation property. The goal will be achieved by obtaining some

higher order estimates for weak solutions that only depend on the initial energy £ ()

and on the average of total mass i,. In particular, these estimates will be independent

of any other norm of (. To this end, given arbitrary but fixed numbers R > 0 and
€ (—1,1), we consider weak solutions (u, 7, ) departing from ¢, with

E(po) <R and By=m

Consequently, in this section the generic constant C' > 0 depends on R, m and possibly
on €.
Our result on regularity properties of weak solutions reads as follows
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Theorem 5.3.1. Let d = 2. Then, for every o > 0 and p > 1, there exists a positive
constant C' = C(o, p) such that

]| oo (0,00:v) + [|7]] oo (0,002 (20)) F [|2]| o0 (010020 (02)) < C-
In addition, suppose that ¥ € C3(—1,1) and (H.2)-(H.3) hold. Then, for every o > (,
there exist § = 0(o, R, m) € (0, 1) and a positive constant C' = C (o) such that

sup ||e(t) | L) < 1 -4, (5.3.1)
t>20

and

||u||L°°(20',oo;H2(Q)) + ||7T||L°°(20',00;H3(Q)) + ||S0||L°°(2U,OO;H4(Q)) S C. (532)

Remark 5.3.2. The proof of Theorem [5.3.1] easily implies the existence of a unique
global strong solution to problem (5.0.1)-(5.0.2) in two dimensions, provided that the
initial datum g is more regular, e.g., 1(0) = —Apo + F’'(po) € V with dy9 = 0 on
s

The proof of Theorem [5.3.1]is carried out by means of several lemmas. Our first
regularity result is the following estimate for 0.

Lemma 5.3.3. Let the assumptions of Theorem hold. For any o > 0, there exists
a positive constant C' = C(o) such that

10kol| oo (o asvry + [|0vel L2 pr1v) S C, Vi > 0. (5.3.3)
Proof. We first note that, by virtue of Theorem [5.1.11](see also (5.1.55)),
le@ v +lle®) iz < C, V=0 (5.3.4)

Given h > 0, let us introduce the difference quotient of a function v by

1
ol = 5 (v(t +h) — v(t)).
Owing to Definition [5.1.1] the difference quotient of a weak solution satisfies
<at82{1907 U) + (u(t + h) ’ V@fgp, U) + (6thu ’ VQO,U) + (Vaglll"b7 V’U) =0, Vv e ‘/7

for almost every ¢ € (0, +00), where

ot =20+ 1 (Fle(t + 1) ~ F(o(0) (53.5)
and
Ol = —H(div(Vgp(t +h) ® V) + div(Vale ® Vgo)). (5.3.6)
We observe from the mass conservation that
o =0/ =0.

Taking v = N 9Py in the above weak formulation, and exploiting (3.3.2)-(3.3.3)), we
have

1d
5&”@@“%@/ S CATNGAT

— —(u(t+h) Ve, NOPg) — (0 - Vo, Nol'p), (5.3.7)
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By the definition of 9"y and making use of the homogeneous Neumann boundary con-
dition for /¢ together with (H) and (3.3.4)), we get

(01, 0y 0) = IVOre|* + %(F’(w(t +h)) = F'(p(t), 07¢)
> [Voyol* — alloy|?
> IVl ~ Cllatel
Setting
K = (u(t+h)0lp, VNO'p) and Ky = (0'up, VN ),
we find the differential inequality from such that

1d H
2dt
In order to control K and K, we argue similarly to the proof of Theorem [5.2.1] By

@B.1.5), 3.1.7), (3.3.4) and (3.3.6)), we estimate K as follows
Ky < Jlu(t + W10l 2o VN O @l
< Cllu(t + W) 10 ¢ll 1012 I VA O VNl
< Clatt + W08 llE, 08 ol VOl
< Cllu(t + W)|[10F ¢l | Vol

1
Al + IV el* < Cllofellyy + K+ Ko, (5.3.8)

< éHVastH2 +Cllut + )07l
Regarding K, in light of (5.3.6) we obtain
Ky = — (T{div(Tip(t + h) © V'), pVN ')
— (H(div(V@fg@ ®@ Vo)), @VN@?QD)
— —(@iv(Vip(t + h) @ VL), TI(EVN L))
— (Av(Vafe © Vi), VN O))
= (Velt + h) & Vobe, VIV O))
+ (Voie @ Vi, VIIpVNOp))
=71+ Z4s.
Let us proceed to estimate Z; and Z5. By (3.1.7), (5.3.4) and (3.5.1)), we deduce that
Zy < C|IVe(t + )l IVOr el VI VNI 9) |
< IVt + )13 ot + 1) |2 I VORI T (EVN DL 0) sy
< Cllp(t + )20 IV N0 VN RN o VN O o 2
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A further application of (3.1.1)), (3.1.2), (3.1.8), (3.3.4), (3.5.1), and (5.3.4) yields
lpVN Ot olly < CllgllL=@ VNI ellv + Cllellv VN ol
1 1
< Cllogell + CIVN Ol [VN O ol iz )

< Clakellz, IV akel *,
and
loVN O el < Cllelle | VA B ollz(@) + Cllellme@ I VA pllieeey
< CIVN O oz + Cllolayl VN0 [ VN Bl e
< CIValel + Cllpllmallofells, Vol ell?.
Therefore, we learn that
71 < Clo(t + h) | o o 000 5, | VLo

1 1 1 3
Cllo(t + W)yl 72 10 el IV OF el
=Y +Ys.

By Young’s inequality, we infer that
1 1 7
Vi = Clle(t + D)l 100 el VO ¢l
1
< IV + Cllot + M) [k 19 117y

and
1 1 1 3
Yo = Cllo(t + h)”12q2(9)H90||12{2(Q)||a?90|’\2/g||vaf‘ﬂ” ?
1
< HIVOrell® + Clie(t + W)z llela@ 19 el
Hence, combining the above estimates together, we end up with
1
7 < 1900l + C (It + Wiy + el ) 19011
Arguing in the same way for Z,, we also find
1
Zs < 51Vl + Clliellirz e 197 2l

Then, collecting the estimates of K; and K5, from (5.3.8) we deduce the following
differential inequality

1d 1
5&”&@”%@' + ZHV@}LSOHZ

< C(1+ llalt + I + It + 1) ey + Nl ) 1900 1.
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On account of

||5f80||L2(t,t+1;v(;) < \leell L2 ir1envy, V=0,
and the dissipative estimate (cf. Theorem [5.1.11)

t+1
/ () 172y + ()1 + llee(D)I5 dr < O, V>0, (5.3.9)
t

an application of the uniform Gronwall lemma entails the uniform bounds
1080l Lo oy + 107l L2y < C, Vi >0

Here, C'is a positive constant which depends on ¢ > 0 but is independent of /. A final
passage to the limit as » — 0" completes the proof. [

Thanks to Lemma [5.3.3] we derive a preliminary higher order estimate for ¢ with
respect to the spatial variable.

Lemma 5.3.4. Let the assumptions of Theorem hold. For any o > 0, there exists
a positive constant C' = C(o) such that

ol @ pm2@) < C, Vt=>o. (5.3.10)
Proof. By [9, Theorem 1.1], we have for an arbitrary 7" > o
H'(o,T;V) N L*(0,T; H*(Q)) = C([o, T], W"*(2)).
Hence, in light of Theorem[5.1.3]and Lemma [5.3.3] we infer that
p € C([o, +00), WH(Q)).
In order to get a uniform-in-time estimate, we recall that (cf. Theorem [5.1.11])
el ey + ol 2@ isrmz@y <€, Vit > o,
where C' is independent of ¢. Then, by the above result, we have
le(®)lwiae < C, Vi€ [o,0+1]
By the same argument replacing ¢(-) with ¢(- + n), for any n € N, we have
|t +n)|lwra@ < C, Vtelo,0+1] and Vn €N,
where C' is independent of n. This in turn gives the uniform estimate
le()lwia@ < C, Vi>o. (5.3.11)
Next, taking v = N (px — f1) in the weak formulation (5.1.1]), we get
(pe, N — 1)) — (o, VN (1 — ) + (p, p — 1) = 0.

We note that
(b o —70) = |l — %
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Besides, by (3.1.4), (3.3.6), (3.5.1)) and (5.3.T1)), we control the other two terms as fol-

lows

(0, N (= 1)) < llpellvg IV (1 = ) [lve
< Clledlvlln =l

<Xin—aE+ ez,
and
(u<p, VN (p — ﬁ))
_ (H(div(VQD ® V), VN (u - ﬁ))
__ <div(Vg0 ® V), MeVN (1 — ﬁ)))

= (Vo Vo, VIV (1~ 7))

< ClIVellLs o I VN (1 — 7)) lv
< ClleVN (n = m)lv

< Cllollze@ I VN (1 = ) lv + Cllellwrao VN (1 — 1)@
< Ol — |

< lu—aP+ o
Collecting the above estimates and using Lemma|[5.3.3] we find
i = ill s oy < C, V>0 (5.3.12)
Applying Lemma with f = u + ©¢p, the above estimate further entails
1Apl (i < C, V20

Finally, due to classical elliptic regularity results for the Neumann problem, we conclude
that (5.3.10) holds. The proof is complete. O

Now we can improve the regularity properties of global weak solutions (u, ) on the
time interval [0, +-00) for any o > 0.

Lemma 5.3.5. Let the assumptions of Theorem[5.3.1| hold. For any p > 2, there exists
a positive constant C' = C(o, p) such that

HuHLOO(U,t;V) + HWHL‘X’(U,)&;HQ(Q)) S C7 Vi Z g,
]| oo oty + || Lo (otwow () < O, ViE>o.

Proof. First, we observe that
u=-Vr'—ApVyp, ae. (z,t)€Qx(0,+00),
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where 7* is the modified pressure given by 7* = 7w + U(¢p) (cf. Remark|5.1.2)). Thus,
we have u = II(—ApV ) and by (3.5.1) together with the uniform estimates in Lemma
[5.3.4] it follows that

e HL°° o3 () = C’HA(pVSOHLOo (o113 (9))
< Cllell Lo (o.t:m2(0)) 1€ Lo (0,616 ()
<C. (5.3.13)

Next, we prove a uniform bound for the V'-norm of . arguing as in the proof of Theorem
[5.1.3] As customary, we need to control its average value over €2. To this end, we recall
that the singular potential /' satisfies

1P (@)l ey < C / (6~ Bo) (F'(9) — F(@)) dz + C,

where C' depends on m (cf. (5.1.19)). Testing i by ¢ — @, integrating by parts and
using (3.1.5) and (5.3.4)), we easily get (cf. (5.1.20))

/Q(sﬂ—%)(F’(sO) F(p))da < O(L+ || Vpl)-

Combining the above inequalities, we are led to the inequality

' (@)@ < CA+Vall), (5.3.14)
which together with (5.1.18) gives
lullv < €A+ Vul]). (5.3.15)

Now, taking v = p in (5.1.1)), we have
IVul® = —{pe, 1) — (- Vi, ).
By (5.3.3), (3.3.10), (5.3.13) and (5.3.15)), we get
IVl < llerllvllullv + llull g o IVelzo@ il 2o

< lleellvllallv + lleell g o 1@ llz2 e |l
< C(1+ | 9pl).
Hence, we infer from the above estimate, Young’s inequality and (5.3.13) that
Il 1oy < C, V>0 (5.3.16)

Thus, we can apply Corollary again with f = p + Oyp. As a consequence, for
any p > 2, there exists C' > 0 such that

||<p||Loo(a-’t;W2,P(Q)) S O, Vi Z g. (5317)

Therefore, combining (5.1.48), (5.1.49), (3.3.16), (5.3.17) and using the Gagliardo—
Nirenberg inequality for d = 2, we have

|l Lo ot5v) + |7]| oo (o2 < C, Vit > 0.

The proof is complete. [
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Remark 5.3.6. Thanks to the regularity achieved in Lemma [5.3.3] it is easily seen that
(5.1.1)) holds almost everywhere in €2 x (o, +00) and, in particular, y satisfies 9, = 0
almost everywhere on 02 X (o,+00). Since o > 0 is arbitrary, we infer that any
global weak solution to problem (5.0.1)-(5.0.2) becomes a global strong solution in-
stantaneously when ¢ > 0.

We now have the necessary ingredients to prove the validity of the instantaneous
separation property. The main task is to show that W’(¢) is essentially bounded in time
and space. For this purpose, higher order estimates will be derived by using the further
assumption (H.3) on the growth control between derivatives.

Lemma 5.3.7. Let the assumptions of Theorem hold. Then, for any o > 0, there
exists C' = C(o) > 0 such that

100l L o) + 1ell L 2oz () < €5 Vi > 20
Moreover, there exist 6 = §(o, R,m) > 0 and C = C(0) such that
le@ =@ <1 -6, Vt=20, (5.3.18)
and
#| oo 200182 (02)) + 7] Loo 20,13 2)) + 1@l Lo 2o psmray < €5 V> 20, (5.3.19)

Proof. Under the assumption (H.2), we can apply Lemma with f = pu + Ogp.
Hence, for any p > 2, using the estimates obtained in Lemma there exists C' =
C(p) such that

H\If"((p)||Loo(a,t;Lp(Q)) <C, Vt>o. (5.3.20)

We recall that the finite difference 97 solves
(0,010, v) + (w(t +h) - VOlo,v) + (0w -V, v) + (VOlu, Vo) =0, YoV,

where 9711 and O'u are given by (5.3.3) and (5.3.6), respectively. Taking v = 'y, we

get
1d

s 10l + (VO p, Vv) = Hy + H, (5.3.21)
having set
Hy = —(u(t+h)-Vp,dt¢), Hy=—(0fu-V,dp).

By integration by parts and making use of the homogeneous Neumann boundary con-
ditions for /¢ and d'11, we find

(VO w, VO o) = —(0pp, Ad}p)

= A0 ¢l> = B0[[Varell? — (- (W' (@t + h) — U'(e(t)), Adle).

S

Thanks to the convexity of ", we obtain
1 /! / ! "
Aot m) - Weo)] < [ Wt )+ (1 Tl ool dr
0
< (U"(p(t +h)) + ¥ (2(1))) 107l
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and as a consequence, it follows that
1
G (Wt + B)) = W((0)), ADt)

1
< 51800+ O (I (ot + 1) sy + 19 (0 (0) (0 ) 108 e ey

By (3.1.5)) and the boundary conditions, we infer from Poincaré’s inequality and inte-
gration by parts that

107l 7o) < CIVOL@l® < CllOfelll| AL |-

Therefore, we easily derive from (5.3.21) the differential inequality
1d
24t
< C(1+ 197 (o(t + W)l + 190 aiey ) 18I + H + Ha. (53.22)

Regarding the term H;, by Lemma|5.3.5] the Sobolev embedding V' — LP(€2) for any
p > 1, and the elliptic estimate for the Neumann problem, we get

Hy < |lu(t + h)|lusy VO ollne @107 ||
< |07 ¢l 2@ 107l

1
< 1—6||A5£190||2 +Cllogel*.
On the other hand, by the Darcy’s equation (cf. Remark [5.1.2)), Lemma [5.3.5| together
with (3.1.5)) and (3.1.4), we infer that

Hy = (H(div(w(t + 1) @ Volp + Ve ® Vo)), Vgo@thgo)

1
R N

- <Vg0(t +h) @ Ve + Ve ® Vo, vn(wafgp))
< (IIVw(t + h)||Le@) + ||VS0||L°°(Q)> IV} ||| VIL(V 00} ) |
< CIVarellIVed)ellv
< C||Vath¢|| (“V@HLOO(Q)HVQ?SOH + ||90||W2v4(§2)Haf@”L‘*(Q))
< CIVarel?

1
< 1—6HA<9?90H2 +Clorel?.

Collecting the above estimates for H; and H,, we end up with

1d 1
5 SOl + SIAdGI? < Wikl

where
W(t) = C(1+ 8" (o(t + W)Ly + 15" (00 sy ).
On account of the estimate (5.3.20]), we have

t+1
/ W(r)dr <C, Vt>o.
¢
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Thus, an application of the uniform Gronwall lemma implies that
1070l Lo 2otery + 1800l 241000 < C, V> 20,
where the constant C' is independent of h. Passing to the limit as 4 — 0, we obtain
0ol Lo 2oy < C, V> 20. (5.3.23)

Now, using Lemma [5.3.5]and (5.3.23)), we deduce by comparison that

HMHLO@(QO—’t;HZ(Q)) S C, Vit Z 20. (5324)
Therefore, Lemma with p = oo together with the Sobolev embedding H?(2) —
L>(2) yields
' (@) 20200y < €, V> 20
Due to the singularity of W’ at the pure states +1, the above estimate immediately yields

the conclusion (5.3.18). Thus, it is readily seen from (5.3.24) and the separation prop-

erty (5.3.18)) that
ol Lo otsma)y < C, Vi > 20. (5.3.25)

Finally, by (3.1.2)), (5.3.24) and (5.3.23)), we arrive at

|V @ Lo 2o m2)y < C, V> 20.

In turn, due to (3.5.1), this gives the estimate (5.3.19). The proof of is complete. [
In summary, we have

Proof of Theorem[5.3.1) Combining the results obtained in Lemma [5.3.5] and Lemma
we immediately arrive at our conclusions in Theorem[5.3.1} O

Remark 5.3.8. The validity of the separation property is crucial, since it entails
further regularity of weak solutions to problem (5.0.1))-(5.0.2)). Indeed, if (5.3.18) holds

along the trajectory, the solution ¢ is confined to an interval that does not contain the
pure states +1. Thus the term V’() can be seen as a Lipschitz nonlinearity.

5.4 Strong Solutions and Lyapunov Stability in Three dimensions

When the spatial dimensional is three, the existence of a unique global strong solution
to problem (5.0.1)-(5.0.2) with arbitrary large regular initial datum ¢, can not be ex-
pected (cf. [[158] for the case with regularity potential). In this section, we first prove
the existence of a unique local strong solution (u, 7, ). Then, we show that if the initial
datum ¢ is sufficiently close to a local minimizer of the energy functional £, then the
local strong solution is indeed a global one and  will stay close to that minimizer for
all ¢t > 0.
To this end, we recall the following definition
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Chapter 5. The Hele-Shaw-Cahn-Hilliard system

Definition 5.4.1. Let us set
Vo= {0 € VLX) pllimi < Tand —m<p<m}, 54D

A function i) € V,, is called a local energy minimizer of the total energy Eqy, if there
exists a constant x > 0 such that Eqr (V) < Eqr(p) for all ¢ € V,, satisfying || —
Y|y < x- If x = +0o0, then 1) is called a global energy minimizer of Eqy.

Our result on the existence of strong solution in dimension three is the following

Theorem 5.4.2. Let d = 3. Suppose that the assumptions (H.1) and (H.5) hold. In ad-
dition, assume that V is real analytic in (—1,1) and ) € V,, is a local energy minimizer
of the total energy Eq 1. Then, for any € > 0, there exists a constant n) € (0, 1) such that
for an arbitrary initial datum o, € H>(Q) satisfying Oypo = 00n 0, B, = ¢ = mand
0 — || H2() < n, the problem (5.0.1)-(5.0.2) admits a unique global strong solution
(w,m,p) such that

u € C([0,4+00),H,) N L} (0, +00; H*(Q)),

7 € C([0, +00), Vo) N L2 (0, +oo; H*()),

p € C([0, +00), H*(Q)) N L. (0, +00; H*(Q)) N H,e (0, +00; V),
w € C([0,+00),V) N L, (0, +00; H*(Q)) N H,.(0, +00; V).

Moreover, the solution ¢ always stays close to the minimizer v such that

lo(t) = Ullu2@) <€, Vt>0.
Namely, any local energy minimizer of Egy, is locally Lyapunov stable.

Remark 5.4.3. The conclusions of Theorem [5.4.2] (in particular, the Lyapunov stability
for local energy minimizers) are still valid in two dimensions, with only minor modifi-
cations in the proof.

Remark 5.4.4. Actually the solution given by Theorem [5.4.2] is slightly more regular
than the usual notion of strong solution (i.e., a solution which satisfies the equations
and the initial and boundary conditions almost everywhere, cf. Theorem [5.3.1).

Local strong solutions in three dimensions

We first provide a result on the existence of local-in-time strong solutions.

Theorem 5.4.5. Let d = 3. Assume that (H.1) and (H.5) hold and ¢y € H? () satisfy-
ing |[¢ollc@) < 1— 0o, for an arbitrary but fixed & € (0,1), and 9,0 = 0 on OS2 Then,
there exists a unique local strong solution (u, w, ) to problem (5.0.1)-(5.0.2) such that

u € C([0,7%],H,) N L*(0, T*; H*(Q)),

7 € C([0,T%], Vo) N L*(0,T*; H*()),

p € C([0,T7), H*(€)) N L*(0,T"; H*()) N H' (0, T V),
p € C([0, T, V)N L*(0,T* H*(Q)) N H'(0,T*; V"),
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5.4. Strong Solutions and Lyapunov Stability in Three dimensions

and
1

for some T* € (0, +00) depending on || o | sy and do. In particular, the strong solu-
tion satisfies (5.0.1)) for almost every (z,t) € Q x (0,T*) and the boundary conditions
Onp = Oppe = 0 0n OS2 x (0, 7).

Proof. For any € € (0, 1), we introduce a regular approximating potential ﬁg € C4(R),
namely,

Fi(s) = W.(s) — %52 Vs eR, (5.4.3)
where
( 4 1
—'\If (1—¢)[s—1—-e), Vs>1—e¢,
J:
~ J:
F.(s) =< U(s), Vse[-1+4+¢1—¢], (544)
4
1 _.. )
Zﬁw(—l +e)[s—(=14¢), Vs<—-1+e.
\ 7=0 ‘

Then we consider the following approximating problem (AP2)

U: = =V + peVpe,

divu, =0,

e +ue - Voo = A,

pe = —Ap. + T(p.),
subject to the initial and boundary conditions (5.0.2) (with ¢, u being replaced by ¢

and y., respectively).
For any given ¢y € (0, 1), by the assumption (H.5) we can choose a sufficiently small

constant € € (0, min{x, 10o}] such that F. € C*(R) satisfies

in Q x (0,7), (5.4.5)

Fi(s)>vs*—C, VseR,

for some positive constants v and C' which are independent of €. Local well-posedness of
the approximating problem (AP2) easily follows by employing the Galerkin method as in
[113}/158]. In particular, by means of a differential inequality involving the H3(£2)-norm
of ¢ (see [158])), it follows that there exists a T, € (0, +00) depending on || || 30

e and €2 such that problem (AP2) admits a unique local strong solution (u., 7., ¢.) on
[0,7.]. Then, in light of the regularity p. € L*([0,T.]; H*(2)) N H*(0,T.; V) (see
[158, Proposition 2.1]), we deduce that . € C%([O, T.]; H*(Q)) (see [9]). Then, due
to the Sobolev embedding H2(Q2) < C(Q), the function ¢ = (t)[l @) is Holder
continuous and )

et ey — lolle| < CtF,

where C' only depends on the norm [ || 73(). Accordingly, we find 7 € (0, 7] such
that

| (t )Hc — —(50, Vtel[0,T"], (5.4.6)
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where 7™ only depends on || || 30y and dy. Noting that, by the choice of ¢ and the
definition of £, itholds Fi|_; 15o.1-1s, = F'. Hence, (ue, e, pe) actually is the strong

solution (u, 7, ) to the original problem (5.0.1)-(5.0.2) on [0, 7*]. In turn, it is unique
and satisfies the separation property (5.4.2)). The proof is complete. O

Next, we derive a higher order differential inequality for (local) strong solutions.

Lemma 5.4.6. Let d = 3 and let the assumptions of Theorem hold. Assume that
(u,m, ) is a strong solution to problem (5.0.1)-(5.0.2)) on [0, T'|. Define the function

A=Vl + [lee]*.
Then, we have

%A <. (14ad). (54.7)

for almost every t € (0,T). Here, the constant C, only depends on (), o, m and
Ear(po)-

Proof. By the regularity properties of a strong solution (see Theorem [5.4.5), we infer
thatu - Vi € L?(0,T;V). Thus, we test the third equation of (5.0.1)) by s such that

1d ,,
S5V 416l + [ FrlaPds = [ Vomde. 548
Q Q

Next, in light of Remark [5.1.2] for any v € H, NV, we have
(ug,v) = /(—V?T + puNVp)-vde
0
= —2/ div(Ve @ Vi) - vde
0

= 2/(V¢®V<pt) : Vvde
Q

<2Vl @ IVerliviiv,
< Cllelms@lIVedliviiv,,

which entails that u;, € L?(0,T; (H, N'V)'). Thus, differentiating the first equation of
(5.0.1)) with respect to time and testing the resulting equation by u, we get

= / 1wV -udr + / Ve, -ude. (5.4.9)
Q Q
Noting that, by (3.3.4), we have
| Pl o= ~allaly Vel
Q

1
> —§||V90t||2 - CHSOtH%/O“

Then adding (5.4.8) to (5.4.9), we infer that

d

EA+HWMP§me%+2/uV%-WM. (5.4.10)
Q
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By comparison, we have
letllvg < llaell + [V ] (5.4.11)
On the other hand, by (3.1.11)) with p = 3, we obtain

/,chpt-uda::—/gptu-Vudx
Q Q

< el |V aleoe
1 1

< Cllulled 19l (I1aul + lxl)
1 3

< Cllullieelli 1Vl (el + - ol + 1l

The reminder terms W, i = 1,3 can be controlled by (3.1.5), (3.3.4) and (5.4.11) as
follows

Wh = Clalllledly IVl el
AR
< IVl + Cllul e
< éHW)tH? + C(l + A%),

and
Wy = Clalllledli, IV lul

< Clalllull IVt (1 + V)

< Clallllgdliy 19l (1+ 1921

< LIV + 01+ A).

Here, we have used the estimates (5.3.14)) and Young’s inequality. Concerning W5, by
the Gagliardo—Nirenberg inequality (5.1.46), Young’s inequality and Lemma [3.4.6] we
get

1 3
Wy = Cllulll[ed[3 Vel * lu - V|
1 3
< Clull®lleelli, Vel 111V ol o)
L onll? + Cllal ol Il ol
< V@™ + Cllall= lloell v el e oy 1z o)
1
< <Vl +0(1+4%).
Collecting the above estimates together, we deduce (5.4.7). [

Remark 5.4.7. Tt is worth mentioning that the differential inequality has been
obtained without using the separation property (5.4.2) but only the regularity of strong

solutions to problem (5.0.1)-(5.0.2) given by Theorem [5.4.5]
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The stationary points

The stationary problem related to the evolution system (5.0.1))-(5.0.2) reads as follows

{—Aw +F'() = F(§), inQ

5.4.13
oy =0, on 0f), ( )

where 1) = §, = m. For any given m € (—1,1), we introduce the set of stationary
points

Z, ={1 € H*(Q), Ear(¥) < +00 : ¥ solves (FAII) }. (5.4.14)
The following result has been proven in [4, Section 6].

Proposition 5.4.8. The set Z,, is nonempty. Every element 1) € S,, is a critical point
of Eqr- Moreover, for each ) € Z,,, there is a constant § € (0, 1) such that

[p(z)| <1-¢ Vel (5.4.15)

Next, on account of Proposition [5.4.8] and arguing as in [4] Proposition 6.3] (or [1,
Proposition 3]), the following gradient inequality of Lojasiewicz—Simon type can be es-
tablished. This inequality will be crucial in the study of stability and longtime behavior

of problem (5.0.1)-(5.0.2).

Lemma 5.4.9 (Lojasiewicz—Simon inequality). Let d = 2,3. Assume that U satisfies
(H) and V is real analytic on the open interval (—1,1). For any m € (—1,1), let
Y € Z,,. Then, there exist constants § € (0, 1) and 3 > 0 such that

Eo1(p) = Ec1 W) < | -0+ () — V()

, (5.4.16)

whenever p € H?(Q) satisfying || — || g2 < B, § = m and 9, = 0 on 9.

Finally, we provide a characterization of local energy minimizers of the functional £

(cf. Definition [5.4.1)).

Lemma 5.4.10. Let i) € V,, be a local energy minimizer of Egr. Then, ) € Z,, and it
satisfies the separation property (5.4.15).

Proof. We consider the Cahn—Hilliard equation with singular potential

o = Ap, in Q x (0, 4+00),
—_— / i
p=—Ap+F(p), inQx(0,+00), (5.4.17)
anﬂ = anSO = 07 on 9§2 x (07 +OO)7
Q0 =p. 0

It has been proved in [4, Section 6] that for both d = 2, 3 and any o € V with W(pg) €
L'Q), g, = m € (—1,1), problem admits a unique solution ¢(t), which
defines a family of operators {G(t) };>o such that G(t) € C([0,+00); Vi), G(t)po =
©(t), for all ¢ > 0. Besides, p(t) regularizes instantaneously for positive time, e.g.,
G(t)po € H*(Q) for every t > 0. Then, {G(t)}+>o is a dynamical system on V,, in
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the sense of [149] and the energy functional £ () : V,, — R is a strict Lyapunov
function for {G(¢) }+>¢ (due to an energy identity similar to (5.1.4) with u = 0).
Therefore, every local energy minimizer ) € V,, must be a stationary point of the
evolution problem (5.4.17)), i.e., G(t)1) = ¢ for all ¢ > 0. On the other hand, due to the
instantaneous regularity property of problem (5.4.17)), it has been shown in [?, Section
6] that the set of all stationary points is characterized by Z,,. As a consequence, we
conclude that ¢ € Z,,, and ¢ fulfills (5.4.15)) for some & € (0, 1). O
Proof of Theorem m
The following relations will be used in the subsequent proof.

Lemma 5.4.11. Let d = 3 and let the assumptions of Theorem hold. Suppose that
(u,m, ) is a strong solution to problem (5.0.1)-(5.0.2) on [0, T). Then, we have

]| < [Vl
IVall < llellms@ + 1E (@) =@ Vel

el < C(IVal+ 1P @) l=@llely + lelv),
where the positive constant C only depends on ).
Proof. The first two conclusions are obvious. Next, by elliptic regularity, we have
lellas@) < CUlIAClY + [[ell2@)
< C(IVul + IF" @l =@ Tl + el zo

1 1
< (IVall + IF @l llelly ) + ClelElIel e,

/N 7 N

1
< Sl + € (IVal + IF" @l lelly + Il ),

where C' only depends on (). [

Proof of Theorem The proof mainly follows the idea in [I58]], where problem
(5.0.1)-(5.0.2)) with the regular potential (I.5.3) was considered. However, here we meet
an extra difficulty due the singular potential /'. An essential step is to prove a separation
property from the pure states 1 uniformly for ¢ > 0 along the trajectory of o (t).

For any given m € (—1,1), let¢) € Z,, be an arbitrary local energy minimizer of
the free energy £ such that (cf. Definition and Lemma [5.4.10)

[Plle@ < 1—¢, and Ear(¢) < Earlp) forall o € Vi« [l = ¢flv < x. (5.4.18)

We note that the constants £ € (0,1) and xy > 0 are fixed once ¢ is given. Since ¥
is assumed to be real analytic on (—1, 1), then by the separation property (5.4.15) and
the classical elliptic regularity theory for the Neumann problem, we have ¢ € H*((2)
(k € N) provided that € is a domain of class C*.

Due to the Sobolev embedding theorem H?(2) < C(Q2) (d = 3), it holds

lelle@ < Csllelluz@), (5.4.19)
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meanwhile, by (5.1.18]) we have
lelly: < Co(IVell” + 12), (5.4.20)

where C's and C'p are positive constants that only depend on 2.

Step 1. Bounds for the initial datum. We consider any initial datum o, € H3(Q)
with J,¢ = 0 on 0 that satisfies

lollms) < M, Ty=m, (5.4.21)
o — Dllr2Q) <, (5.4.22)

where 77 € (0, 1) will be determined later and M > 0 is given by (5.4.29) below. The
fact n < 1 implies that

leoll 2@y < 9l m2(@) + 1. (5.4.23)
Moreover, if we further require
0<n<minql, i , (5.4.24)
3Cs
it follows from (5.4.19) that
2€
leolle@y < ¥lle@y + llvo = Yllem <1 - 3 (5.4.25)
We define the constants
K= max |F"(s)], Ky = max |F(s)]. (5.4.26)
se[-1+5,1-5] s€[-1,1]

Hence, it holds (cf. (5.4.25))

1
Ear(po) < IVipoll® + 19 max |F(s)]
se[—1,1]

1
< S(IWllv +1)° + Q1Ko
S (5.4.27)

where 71 > 0 only depends on |1y, §2, F', but is independent of ¢,. Next, denote

1 1
Y2 = CE(2m + 60| +1)2. (5.4.28)

Then, we take the constant M in (5.4.21]) to be a sufficiently large but fixed number such
that

M > C[(Ki+ 1)y +2], (5.4.29)

where the constant C' is given in Lemma

In the sequel we denote by C, C; those constants that only depend on (2, the aver-
aged mass m, norms of the local minimizer v, the function ¥ and parameters like &, x.
Specific dependences will be pointed out explicitly.
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Step 2. Strong solution on a finite interval. On account of the assumptions (5.4.21]),
(5.4.24) and (5.4.29), it follows from Theorem [5.4.5] that there exists a unique local
strong solution (u, 7, ) to problem (5.0.1)-(5.0.2)) on [0, 7} ] such that

lellom <1~ 5, ¥tel T, (5430

where 77 depends, in particular, on M and . We infer from (5.4.21)) and Lemma
that

A©) = VRO + [u(O)? < 2[M + Ki(olly + 1] =M (5.431)

It follows from the higher order inequality and that there exists 7o €
(0,T1] depending on M, «, 2, m and |[1||y such that

A(t) < 2M;, Vteo,Ty). (5.4.32)

Besides, we set

in{1, M, )T,
By = w (5.4.33)

which is a number that characterizes the energy drop along the trajectory ¢(t) (cf.

(5.4.43)). By the energy identity (5.1.4)), it holds EqL(p(t)) < Eqr(po) fort > 0.
On the other hand, we know that

1 )
Ear(p(t)) 2 SlIVe®I® = 191, ¥t €0, Tl

Then, we deduce from (5.4.20)), (5.4.27) and (5.4.28) that

le@I < CallVe®)|* +m?)
S CQ(25(Q00) + @0’9’ + 1)

<75, Vte|0,Ty, (5.4.34)
which together with Lemma [5.4.11], (5.4.30) and (5.4.32) yields

Step 3. Refined estimates. Our aim is to find a sufficiently small > 0 such that
the local strong solution satisfies a uniform bound that is independent of the existence
interval. If this is true, then we can extend the unique local strong solution obtained in
Step 1 to be a global one on [0, +00).

It follows from (5.4.30) and (5.4.34)) that

Eanln) — Eanlp(t) < IV ) + w01V (2(0) — w0l

+  max |F'(s)][le(t) — vollria)
se[-1+5,1-§]

< Msllo(t) — ollv, YVt e[0,Ty, (5.4.36)
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where the constant M3 depends on v, ||¢||yv, ¥, £ and €.
For any € > 0, let us now set

£ 2E } (5.4.37)

w mm{ € X, B, 305 30,
where > 0 is determined by Lemma and Ey is given in (5.4.33]). We define

. w
T, =inf{t > 0 p(t) = Yllmxey = w} forne (0, 2].

By (5.4.21) and continuity of the strong solution ¢(t) in H*(12), it follows that T, > 0.
Next, we claim that there exists at least a value of 7 such that 7,, > T75. Indeed, by
contradiction, we have that 7;, < T; for all n € (0,%]. As a consequence, we apply
Lemma 5.4.9to derive the following energy inequality on the interval [0,7;] C [0, T%]

d d

S anlo(0) ~ EcrW)) = ~0lEanle(D) ~ Ear(¥)) S EAE)
I + ]
0z
> (lull + 1V 2 Cillodhg. (5438

where the constant C'; depends on 6 and €2. Here and after, we shall always exclude the
trivial case such that there is a ¢ty € [0, 7}] such that £ (¢(t0)) = Ec(¢). In that case,
|lu(t)|| = ||[Vu(t)|| = 0 for all t > t, by virtue of the energy identity (5.1.4)) and the
evolution stops.

Then, using and recalling that £(y(t)) is nonincreasing and, by the choice

of w, E(p(t)) > E(¢) on [0, T,] (cf. Definition|5.4.1), we infer that (cf. (5.4.36))

Ty
[ v ar < Ca(Eanlon) = Eeuw)” < Callen = vl
where Cy depends on C1, [[¢]|v, F', € and Q2. As a consequence, we obtain
1o(Ty) — Pllr20) < llvo — Yl + [0(Th) — @oll w29
< lleo = Dl + Collo(Ty) — Goll agey o (T) = ol

T, 4
< ligo = By + C(M + M)’ ( [ el df)
0

3 1 6
< llgo — bl sy + Co(M + Mo g — ¥ e

Choosing now

Dl

1 = min %’ ( - 3) , (5.4.39)
402403(M + ]\/[2)Z

we have [|o(T},) — ¢ i2(0) < 2w < w, which yields a contradiction with the definition
of T;,. As a consequence, for the above choice of 7, it holds 7, > 75 and we learn that

lo(t) = dllae) Sw, Vtel[0,Ty]. (5.4.40)
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In turn, by (5.4.37)) and (5.4.40) we obtain, for all ¢ € [0, T3],
28
le()lle@ < 1Wlle@ + Cslle(t) = ¥llpze) <1 - 3 (5.4.41)

E
lo(t) = Gollir) < o) = Vllme) + o = Yl < 77+ (5442)
Then we infer from the energy identity (5.1.4), (5.4.36) and (5.4.42)) that

Ts
/ A(T)dr = Eqr(po) — Ear(e(Th)) < Ep. (5.4.43)
0

Step 4. Iteration argument. Due to the nonnegativity of the function A and (5.4.43),
there exists t* € [37T5, T»] such that

A(t") < min{1, My }. (5.4.44)
Then it follows from Lemma [5.4.11] (5.4.29) and (5.4.34) that
e )30y < 6[ min{1, M1} + (Ki + 1)y | < M. (5.4.45)

Now we easily see that ¢(t*) satisfies the same bounds as for ¢, (compare (5.4.21),
(5.4.25) with (5.4.41)), (5.4.45)). Thus, we can take ¢(t*) as the new initial datum and
solve the problem (5.0.1)-(5.0.2)) as in Step 1 and Step 2 on [t*, ¢* + T5|. Thanks to the
uniqueness of strong solutions, this yields a local strong solution defined on the extended
interval [0, t* + T5]. After that we repeat the argument in Step 3 on [0, 375] C [0,¢* +
T5] to derive the same refined estimates (5.4.40)—(5.4.43) on |0, %Tg] under exactly the
same choice of 7) (i.e., (5:4.39)). Again, there exists t** € [T5, 2T5] such that A(t*) <
min{1, M, }. Then we can take t** as the initial time to repeat the above procedure and
extend the unique local strong solution to the extended interval [0, 275] with uniform

estimates (5.4.35)) and (5.4.40) on [0, 275].

By iteration, we easily arrive at the conclusion of Theorem[5.4.2] O

5.5 Longtime Behavior

In this section, we investigate the longtime behavior of global solutions.

The Infinite Dimensional Dynamical System

We briefly discuss the infinite dimensional dynamical system associated to (5.0.1)-
(5.0.2). For any m € (—1,1), we consider the phase space V,, (see (5.4.1)) with the
metric

d(1,02) = llo1 — @2lv.
It is well-known that V,,, is a complete metric space. The following result can be proven:

Theorem 5.5.1. Let m € (—1,1). Denote by G,, the family of all global weak solu-
tions to problem (5.0.1)-(5.0.2)) with initial condition ¢y € V,,. Then, G,, defines a
generalized semiflow on V,, in the sense of [|I3|] and admits a unique global attractor.
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Thanks to the validity of Theorems[5.1.3|and[5.1.11] in particular, the energy identity
(5.1.4) for global weak solutions, the proof of Theorem [5.5.1] can be carried out by a
standard argument (see, e.g., [63]) with some minor modifications and thus we leave
the details to the interested readers.

Next, in two spatial dimensions, thanks to the uniqueness and regularity results (cf.
Theorem [5.2.1] and Theorem [5.3.1] we have a strongly continuous semigroup acting
on the phase space V,, defined via the rule S,,(t)¢o = ©(t) (see Section [8.4). More-
over, Theorem [5.3.T]also entails that the global attractor is bounded in the more regular
space H*(2). Therefore, on account of known results for infinite dimensional dynam-
ical systems, the global attractor obtained in Theorem [5.5.1] consists of a time-section
of complete (i.e., defined on the whole R) strong solutions. Besides, exploiting the sep-
aration property (5.3.1)), one can proceed to establish the following result through the
general approach described in [[120].

Theorem 5.5.2. Let d = 2 and m € (—1,1). Assume that V € C*(—1,1) and (H.2) —
(H.3) hold. The dynamical system (V,,, S, (t)) has an exponential attractor that is
bounded in H*(QQ). This further implies, in particular, the global attractor for problem

(5.0.1)-(5.0.2) has finite fractal dimension.

Convergence to Single Stationary State

Concerning the longtime behavior of single trajectory associated to (5.0.1)-(5.0.2), we
have the uniqueness of the asymptotic limit as ¢ — +-o00. In order to show this, we need
that the solution eventually satisfies the separation property. Accordingly, the following
result deal with any global weak solutions in dimension two, whereas it considers global
strong solutions in dimension three.

Theorem 5.5.3. Assume that V is real analytic in (—1,1). Ifd = 2, let (u, 7, ) be any
global weak solution to problem (5.0.1)-(5.0.2). If d = 3, let (u, 7, ) be a global strong
solution given by Theorem Then, for both cases, there exists o, € H>(S)) which
is a solution to the stationary Cahn—Hilliard equation

~Apoe + F'(00) = F' (o), 112
anQOOO - 07 on (9(2,

@oo = @07

such that (u(t), p(t)) converges to (0, ) as t — 400 with the following convergence
rate
o
@) + [le(t) = poollus@) < CA+ )", Vi>1.

Here, C > 0 is a constant depending on |@o|v (if d = 2), ||pollus) (if d = 3),
oo || 302y and F', while 6 € (0, %) is a constant depending only on o (cf. Lemma
B-49.

Remark 5.5.4. Theorem implies that, for any global strong solution (u, 7, ) ob-
tained in Theorem[5.4.2] ¢ will not only stay close to that local energy minimizer ¢, but

also converge to a certain equilibrium ¢ that is near ¢. Furthermore, if v is an isolated
minimizer, then it follows that ¢, = 1, namely, v is locally asymptotically stable.

Before proving Theorem [5.5.3] we need the following preliminary convergence re-
sult.
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Proposition 5.5.5. Let d = 2, 3 and let the assumptions of Theorem hold. Assume
that the initial averaged mass satisfies p, = m € (—1,1) and V is real analytic in
(—=1,1). If (u,m, p) is a global strong solution to problem (5.0.1)-(5.0.2) and there exist
M > 0and 6 € (0,1) such that

le@lli@ < M, oWl <1-38, Vi >0, (55.1)

then (u(t), p(t)) converges to an equilibrium (0, ps,) as t — +oo with the following
convergence rate

__0
lu()]| + [|o(t) — @oollms@) < C(1+t) T2, Vi>0. (5.5.2)

Here, oo, € Z,NH?(Q) is a solution to the stationary Cahn—Hilliard equation (5.4.13),
C > 0 is a constant depending on M, || oo || 130, 0, ¥ and ©, § € (0, %) is a constant
depending only on @..

Proof. We observe that due to the assumption (5.5.1)), F'((t)) is confined on [—1 +
d, 1 — 4] along the trajectory o(t) for t > 0 so that Lemma can apply. Then, the
conclusion follows from the same argument as in [158] for the problem (5.0.1)-(5.0.2)
with the regular potential (1.5.3). O

We can now proceed to prove Theorem[5.5.3]

Proof of Theorem[5.5.3} Inlight of Theorem|5.3.1]for any global weak solution (u, 7, ¢)
in two dimensions, we can consider our solution from a certain positive time on to deal
with a (global) strong solution. By Theorem [5.3.1] (resp. Theorem [5.4.2] with e suffi-
ciently small, cf. (5.4.41)) for global strong solutions in two (resp. three) dimensions,
we see that the assumptions made in Proposition [5.5.5] are fulfilled. As an immediate
consequence, the conclusion in Theorem[5.5.3] holds. [
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CHAPTER

The Brinkman-Cahn-Hilliard system

N this chapter we consider the Brinkman—Cahn—Hilliard (BCH) system with un-
matched viscosities in two space dimensions. We first show the existence of weak
solutions. In particular, we are able to prove further regularities in the class of

weak solutions. In turn, these properties allow us to address the uniqueness of weak
solutions. Then, we study the regularity propagation in time and the instantaneous sep-
aration property from the pure phases.

In a bounded domain 2 C R?, the Brinkman—Cahn—Hilliard system with unmatched
viscosities reads as

—div(v(¢)Du) +u+ V1 = pVe,
divu = 0,

Op +u-p=Ap,

p=—Ap+ F'(p),

in Q x (0,7), (6.0.1)

subject to the boundary and initial conditions

{uzﬂ, Onp = Oyt =0, on0Q x (0,7T), (6.0.2)

©(+,0) = po(+), in Q.
General agreement. Throughout this chapter, if it is not otherwise stated, we indicate
by C' a generic positive constant depending only on the domain and on structural quan-

tities. The constant C' may vary from line to line and even within the same line. Any
further dependence will be explicitly pointed out if necessary.
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6.1 Existence of Weak Solutions

In the sequel the viscosity coefficient v = v/(s) is assumed to be a bounded function
satisfying v € C?(R) and

v(s) >21 >0, VseR. (6.1.1)
We introduce the definition of weak solutions.

Definition 6.1.1. Given o € V with V(po) € L' () and [py| < 1, a pair (u, ) is a
weak solution to (6.0.1)-(6.0.2) on [0, T] if

uc L*(0,T;V,),

p € L=(0,T; V)N LY0,T; H*(Q)) N H'(0,T; V"),

e L>®(Qx(0,T)) with |p(x,t)] <1 ae (z,t)€Qx(0,T),

V() € L*(0,T; H),

and

(v(¢)Du, Dv) + (u,v) = (uVep,v), Vv eV, (6.1.2)
(Opp,v) + (u-V,v) + (Vu, Vo) =0, YoeV, (6.1.3)

for almost every t € (0,T), where i € L*(0,T; V) is given by
p=—Ap+ F'(p), (6.1.4)

for almost every (x,t) € Q x (0,T). Moreover, Oy = 0 a.e. on 9 x (0,T) and
©(+,0) = o a.e. in L.

Remark 6.1.2. It is straightforward to observe that any solution satisfies the mass con-
servation property, namely,
P(t) =2, V=0,

Remark 6.1.3. Note that equation (6.1.2) is equivalent to
(v(¢)Du, Dv) + (u,v) = (Vo @ Vo, Vv), VveV,,

in light of the equality

1 .
iV =V (5IVel + F(g)) - div(Ve @ V).

Remark 6.1.4. As customary, the pressure term is dropped in the weak formulation of
the Brinkman’s law. Indeed, the pressure can be recovered (up to a constant) thanks to
the classical de Rham’s theorem (see, for instance, [151]). In particular, since

S=V-(v(p)Du) —u — puVe

is orthogonal (in the dual sense) to any element of H}(€2), then there exists a function
7€ L*0,T; L3(Q)) satisfying Vrr = S.

We state our existence result.
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Theorem 6.1.5. Let o € V with U(pg) € L' () and |g,| < 1. Then, for any T > 0,
there exists a weak solution (u, @) to problem (6.0.1)-(6.0.2) on [0, T'| such that

p € C([0,00), V),

and the energy identity

Earlp(t)) +/ Vv (o) Du(r)[|* + [u(T)|I* + [ Viu(r)|* dT = Ear(e(s))

is satisfied for all 0 < s <t < oo. Furthermore, we have the dissipative estimates

t+1
Earp(t)) +/ IVa(D)* + [Va(r)|*dr < Céar(po)e ™ +C,  (6.15)
t

and t+1
| et + moP dr < Canfanfe +C 6.0
t
for everyt > 0, where w and C are positive constants independent of the initial datum.

The rest of the section is devoted to the proof of Theorem [6.1.5] which is obtained
via an approximation procedure and energy estimates.

Approximation of the singular potential

We recall the sequence of regular functions W), which approximate the singular potential
U introduced in Section For any A > 0, there exists

U,:R—=R

such that

(i) W, is convex and Wy (s)  U(s), forall s € R, as A — 0;

(ii) For any 0 < \ < 1, there exists C' > 0 such that

1 -
Uy(s) > 532 —C, VseR, Ve (0,
(iii) W} is Lipschitz on R with constant  and W} (s) exists (see Lemma 5.1.5)) for all
s € R;

@iv) |\ (s)| 7 |V'(s)| for s € (—1,1) and W, converges uniformly to W' on any set
[a,b] C (—1,1);

(v) U5 (0) = ¥, (0) = 0, for all A > 0.

The approximating problems.

For any A € (0, 1) fixed, we introduce the quadratic perturbation of ¥ by
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The corresponding regular BCH,, problem reads as
—div(v(p)Du) +u + V71 = pVo,
divu = 0,
or+u-Vo=A7Apu,
p=—0p+ F(p),

endowed with (6.0.2)). Analogously to the singular case, given any ¢ € V/, a pair (u, )
is a solution of BCH,, on [0, 7] if

uc L*0,T;V,),
@ € L>(0,T; V)N L*(0,T; H*(Q)) N H' (0, T; V'),
and
(v(¢)Du, Dv) + (u,v) = (uVe,v), Vv eV, (6.1.7)
(Opp,v) + (- V,v) + (Vu, Vv) =0, VoveV, (6.1.8)
for almost every ¢ € (0,7"), where
p=—Ap+ F(p) € L*0,T3V).

The Brinkman—Cahn—Hilliard system with regular potential having polynomial growth,
satisfying also suitable dissipation assumptions, has been studied in [20]. Since F,
complies with these requirements, for any A > 0 we have the following

Theorem 6.1.6. Let oy € V. Then, for any T' > 0, the BCH) problem has at least a
weak solution (u, ) on [0, T such that

0 €C([0,7],V)N L*0,T; H*()),

which satisfies (6.1.7)-(6.1.8).
The proof of Theorem is carried out by a standard Galerkin method and by
exploiting the Lipschitz regularity of F).

Energy estimates

Let A € (0, 1) be fixed. We denote the energy of a solution to BCH,, by

1
&) =3IVl + [ Fio)da.

In what follows, the generic positive constant C' is independent of A and of the initial
datum.

Lemma 6.1.7. There exist X > 0and w > 0 such that, for any ¢o € V and any
0 < X < A\ we have the dissipative estimates

Ear(e®)) + lle®} < C&&L(po)e™" + C(Ia(By) + 1), (6.1.9)

and
t+1
/ IVu ()| + [Vi(r)|? dr < CE&L(po)e™" + C(UA(g) + 1), (6.1.10)
t
for everyt > 0.
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Proof. We take v. = u in (6.1.7) and v = g in (6.1.8). Summing up the resulting
equalities, we have

d
Ea(®) + (v(p)Du, Du) + [Jul[* + ||V l[* = 0. (6.1.11)

To reconstruct the energy in (6.1.11)), we test i by ¢ — p, getting
(Th(9), 0 — @) + IVel? = Oolp, 0 — ) + (1 — T, 0 — B). (6.1.12)

By the convexity of V), we know that

[uorar< [ e -pdo+ [ n@)d.
Q Q Q
By (3.1.5), we also get
1
Qe =) + (1 =1, 0 = ?) < 5[IVel” + OVl + CEgllel”

Then, we arrive at
/Q‘I’A(SO) dz + %HV<P||2 < C|Vull* + CA®) + COgllell”.
Now, exploiting (ii) with a small A = X(@o), we find
SE8.(9) < CIVuIP + CU(@) + C.

Multiplying the above inequality by 2w, where w = 7, and, summing up with (6-T.TT)),
we obtain

d 1
TEar(v) + W€ (@) + nllVul* + SVl < CUA(P) + C. (6.1.13)

Here, we have also used (6.1.1]) and the Korn inequality (3.5.4). An application of the
Gronwall lemma, together with the mass conservation, yields

Ean((t)) < Exp(po)e™" + C(VA(%,) + 1),

for some w, C' > 0 that are independent of A. In addition, owing to (ii), for a possibly
smaller A, there exists C' such that

1
£4.(0) > 3 llell? - C.

for every A € (0, A]. Therefore, we infer that
le@} < CE&L(po)e™" + C(Ia(By) +1), Vit >0.
A final integration of (6.1.13) on [¢,¢ + 1] completes the proof. O

We prove two consequences of the dissipative nature of the system, referring here-
after to \ and w as the parameters defined in Lemma
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Lemma 6.1.8. We have

t+1 2
/ [0p(T) [} dr < C(Exp(po)e ™! + Wa(@) +1), VE20.  (6.114)
t

Proof. We first observe that
(- Vo,v) < lul[s@llello@l Vol < ClIVullllelv Vol veV.
Then, exploiting (6.1.9), we have

t+1 t+1
[ ) Vel dr < o(&s0e ™ + U@y +1) [ [Va()|dr
t t

Therefore, by comparison

t+1
/ 10 (r) |20 dr
t

t+1
<C(lae ™ + W@ +1) [ ITa@P + Va0 P
t

which, in turn, entails the desired conclusion. O
Lemma 6.1.9. Let oy € V with gy, = m € (—1,1). We have

t+1 2
| 180N+ 1)) + A dr < O(Enln)e™ + Ba) +1)
for everyt > 0.
Proof. Testing by —A and integrating by parts, we get

(Vi, Vo) = [[Ap|l* + (F(p), —Ap).

An additional integration by parts, together with (H), yields

(Fi(p), —Ap) = (F(¢)Ve, Vo) > —a|Vel>.

Hence, we find
1Ap]* < CIVell? + IVl Vel
Besides, we have
= (Fi(e), 1).
In order to control the right-hand side, we recall that there exists C' > 0, independent of

A € (0, \], such that

IEA (@)l @) < (Faly) = FX(9), ¢ — %) + C.

where C' depends on m (see, e.g., [118] Proposition A.2] and Chapter[7). Moreover, by
virtue of (6.1.12), we know that

(F\(¢), 0 — @) < (n— T, — P)
< CVull|Vell.
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Combining the above controls, we arrive at
IEX (@)L + |7l < CIVEl Vel + C.
Finally, we deduce that
— 2
1Al + 1 EX ()71 + B < CIVell* + IVulllVell +1)°. (6.1.15)
In light of (6.1.9)-(6.1.10)), the claim follows from an integration in time on [¢, t+1]. [

Remark 6.1.10. Note that o € L?*(0,T; H3(2)) is obtained by testing the equation
of by —AZ?p (see [20]) and exploiting the Lipschitz regularity of F}. In turn, ¢ €
C([0,T], V) immediately follows. Nonetheless, this argument does not work in presence
of the singular potential.

Existence of a weak solution to the BCH system

Let us fix
wo €V with U(pg) € L'(Q) and p, = m € (—1,1).

Thanks to Theorem for A € (0, \], we consider the family of solutions (., ©y)
to BCH,, departing from ¢(. On account of property (i), we observe that

U,(s) <WU(s) <C, Vsel[-1,1].

In turn, this gives £3; (v0) < Eq(0). Thus, from Lemmas|6.1.7}(6.1.8|and 6.1.9, we
infer the uniform estimates

lox®)[l} < C,
and

t+1
/ IVas(I* + loa(m) [z + 10eox (D5 + APl dr < C,
t

for every ¢t > 0, where the right-hand sides are independent of .
Now, in the limit A — 0, we have the following convergences (up to subsequences)

uy, —u weakly in L*(0,7;V,),
o) — ¢ weakly star in L>(0,T;V),
©x — ¢ weakly in L*(0,T; H*(Q)),
Oupr — Oip  weakly in L*(0,T; V"),
iy — p weakly in L*(0,T; V).
By the classical Aubin-Lions compactness lemma, 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)in Q x (0,7).

We claim that the limit pair (u, ) is a weak solution according to Definition [6.1.1]
Indeed, the required regularity of (u, ¢) immediately follows by the above convergences.
Next, we show that ¢ fulfils

lo(x,t)] <1 ae. (x,t)inQ x (0,7).
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To this aim, note that
T
/ 1% (oa(t) | L1y dt < C,
0

for some C' > 0 depending on 7" and on the initial datum. Following a standard argu-
ment, for any fixed n € (0, 1/2) we introduce the set

Eé‘ ={(x,t) € A x[0,T] : |pa(z,t)] >1—n}.

It is easy to see that

C
EM < — .
Bl < min{ W} (1 —7), [T\ (=1 +7n)[}

Hence, passing to the limit as A — 0 and then letting  — 0, we conclude

[{(2,1) € @x(0,T) - |p(, )] = 1} | = 0.

Regarding the nonlinear potential, using the pointwise convergence of ¢, and the uni-
form convergence of W/, to ¥’ on any closed subset of (—1, 1), we infer that

Ul (ox) = U'(p) ae. (z,t) € 2 x(0,T).

Moreover, using the definition of 1, we get

/0 194 (or(r) 2 dr < C.

Then, we deduce that ¥} (¢,) — ¥'(¢) weakly in L?(0,7T; H), which allows us to
identify
p=—Ap+ F'() € L*(0,T;V).

Finally, in a standard way, we pass to the limit in the weak formulation of BCH), proving

the validity of (6.1.2)-(6.1.3).

Energy equality and dissipativity

Let us define the functional
. 1
Eoule) = Vel + [ W) o, Vpen
Q

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

d *
61(#) = (0ot Oop),  ae.te[0.T].

In particular, it follows by a standard argument that

/Q W(()) dz € ([0, T]),
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which in turn gives ¢ € C([0,T], V). Now, taking v = p in (6.1.3)) and exploiting the
standard chain rule, we get

d
g or(e) + IVu|? + Ve, p) =0, ae.tel0,T] (6.1.16)

At this time, taking v = u in (6.1.2)) and summing up to (6.1.16)), we find

d

(o) + Iv/v(e)Dul + ul?|Vul* =0, ae.te0,T],

proving the energy equality claimed in Theorem [6.1.5] We are left to establish the dis-
sipative estimates. As a matter of fact passing to the limit as A — 0 in (6.1.9)-(6.1.10),
we deduce that

t+1
Ealp(®) + [ IVa(IP + VA dr < Cearlen)e™ +C,
t

for almost every ¢ > 0. The continuity of the energy E;, € C([0,7]) allows us to
conclude that the inequality holds true for all ¢ > 0. Finally, the control (6.1.6]) follows
by Lemma|[6.1.9] This finishes the proof of Theorem [6.1.5]

6.2 Further Regularity of Weak Solutions

We establish some further regularity properties of weak solutions (u, ¢) given by The-
orem In the sequel, the generic constant C' > 0 may depend on &(pp) and 3.

Lemma 6.2.1. For any p > 2, there exists C' = C(p) such that

t+1
/ le (M) 2oy + 1Y (@D pey dr < €, VE20.
t

Proof. The claim immediately follows from Corollary [3.4.3|and Theorem[6.1.5] H
Lemma 6.2.2. We have

t+1
/ |Vu(r)|[*dr < C, Vt>0.
t

Proof. We take v = u in (cfr. Remark[6.1.3)
(v(p)Du, Du) + ||u|]* = (Ve ®@ Vo, Vu).
Hence, exploiting (6.1.1)) and the Korn inequality (3.5.4)), we have
vi|[Vul? + [[ul® < (Vo ® Vi, Va).
By (3.1.7), we deduce that
(Vo ® Vi, Vu) < ||[Vul[[Velliaq
< CIVallielviellze
< SVl + Cllglegey.
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so we end up with the control
[Vu| < CHSOHHQ(Q)-
The thesis follows from (6.1.6). O

Remark 6.2.3. It is worth noticing that the above regularity for # holds true also for
the Galerkin approximating solutions. Unfortunately, this is not enough to ensure the
uniqueness of weak solutions, and we need to gain some extra regularity properties for
u. To this aim, let us observe that (6.1.2) is also equivalent to

(v(¢)Du,Dv) + (u,v) = —(¢Vpu,v), VveV,
for almost every ¢ € (0,7), where
¢V e L*0,T; H),

according to the boundedness of ¢ stated in the Definition[6.1.1] However, due to the vis-
cosity depending on concentrations, we do not expect the regularity u € L?(0,T; H*())
as well as in the case of constant viscosity by the classical regularity result for the Stokes
problem (see Section [3.6)).

We prove the following crucial result.

Lemma 6.2.4. We have

t+1 s
|, i< 62.1)
and
t+1
[ ) s < . 622
t

Jor everyt > 0.

Proof. Let us first observe that the velocity equivalently solves
(v(@)Du, Dv) = (f,v), veEV,,

where
f=—-pVu—u
Now, we apply Lemma with p = 3 and r = 4 obtaining

el gyt ) < CA A IVluae) (IF1+ [ Val]).

By (3.1.7) and the Young inequality, we have
8
el Gzt ) = C+ LI+ 1IVull* + el aw)-
Recalling that
t+1
/ £+ Va2 + o ()2 dr < C,
t
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we conclude
t+1 8
5 < .
| o<

In order to prove (6.2.4)), we recall the following Gagliardo-Nirenberg inequality (see
Section [3.7))

2
3

1
lellwracey < llaell oy o 1l 20

Hence, we deduce
2 3 2 H 4
Juliroey < Cllullg o IV < ull g+ CIVal,

and the conclusion follows by collecting (6.2.1]) with Lemma [6.2.2] O

6.3 Uniqueness of Weak Solutions

We are now in a position to prove the following continuous dependece estimate with
respect to the initial conditions. In turn, this implies the uniqueness of weak solutions.

Theorem 6.3.1. Let g1, po2 be such that po; € V, U(py) € LY(Q) and |poi] < 1,
i = 1,2. Assume that (uy, p1) and (us, @) are two weak solutions to the BCH problem

on [0, T'| with initial data o, and pgs, respectively. Then, there exists a positive constant
C = C(T) such that

ler(t) = @a(®)llv < Cllvor = ozllve + ClEor — Poal 2,
foranyt € [0, T]. In particular, the energy solution to the BCH system is unique.

Proof. Letus consider (u1, 1) and (us, o) two weak solutions to the BCH system with
total mass ©,; and ©,,. Their difference u = u; — us, ¢ = Y1 — @2 solves

(v(p1) Du, Dv) + (v(p1) — v(p2) Dug, Dv)
+(u,v) = (V@ Ve, Vv)+ (Vo @ Vs, V), YvreV,  (63.1)

and
(Opp,v) + (w1 - Vp,v) + (- Vg, v) + (Vu, Vo) =0, Yo e, (6.3.2)
where p = 1y — o satisfies
p=—0p+ F'(p1) = F'(g2).
We note that B(t) = Py, — Py, for all ¢ > 0. Taking v = N(¢ — P) in (6.3.2)), we find

1d

5&”%0 — Pl + (e —9) = L + I,

having set
I = (pur, VN(p = 9)), L= (o, VN(p = P)).
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Chapter 6. The Brinkman-Cahn-Hilliard system

By the assumptions on F', we deduce

(1,0 = @) = [Voll? + (F'(¢1) — F'(02), 01 — 2) + (F'(¢1) — F'(02),9)
> |[Vel? — allel® = [(F'(¢1) — F'(2), 2]

> Jlglly = (e + Vel - (IF ()l + IF (@l )
Besides, by (3.3.4), we have
(a+Dlell® < ClIVelllle - 2l + Clel®
< Sllgll? + Cllgl.

We set
(1) = C(IF @)@ + 1F (2w,

which is a summable on any [0, 7']. Owing to the mass conservation, we thus obtain

ol + el < Cllgll2 + TIgl + 1 + I (633
We proceed by estimating /; and /5. First, we have
1| < lua|les@llellze@lle — Pl
< el + Cllur sl
Next, since by definition of solution ||a|| ) < 1,

[Ta] < [luellllpall oo o o — Pllvy
< [ullllefl.
Now, in order to find a control for the velocity field, we take v = u in (6.3.1) yielding
(v(1)Du, Du) + |[ul)®> +J = (Vo ® Vi, Vu) + (Vo ® Vo, V), (6.3.4)

where
J = (v(p1) — v(p2) Dus, Du).
By Sobolev embedding, we notice that

(Vo @ V1, Vu) < [[Voll[[VellLe o || Vu|
%1
< ZHWH2 + Clleallfir2 @) Vel

Dealing analogously with the last term, on account of (6.1.1)) and (3.5.4)), we arrive at

%HquQ + lul? + 7 < C(H%H%ﬁ/w(ﬂ) + H¢2H3v2,3(9)> el - (6.3.5)
Regarding J, by v € C*(R), we find the control
J < Cllollro@ [ Vol e @) [ Val|
< ZIVul? + ClIVuslallll-
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Thus, we learn by (6.3.3) that

Jull < € (llerllwasia + Ieallwaay + lwllwrs ) I¢llv,

and, exploiting this estimate in /5, we find

1
I < 7191+ C (o Brasiey + I2lBasay + lallynscey ) ol

Collecting the above controls for /; and I, in (6.3.3)), we obtain the final differential
inequality

d _
el < Tllell + 112,

having set

L(t) = C<1 +lle1 (O lvas) + 02Oz + lu2(t) wrs o) + ||u1(t)|!%(,),

which is summable in light of Lemma [6.2.T] and Lemma [6.2.4] An application of the
Gronwall lemma gives

le11Z < lle(0)]121e + CB(0)[e”, Vi€ [0,T].

In particular, if pg1 = o2, then @1 = 9 and by (6.3.4), u; = u, as well, thus unique-
ness follows. [

6.4 Regularity Properties and Separation Property

Let R > 0and m € (—1,1) be given. In the sequel, we consider bundles of trajectories
(u, @) departing from ¢, such that

Eor(po) <R and P, =m.

The aim is proving higher order regularity estimates for the trajectories which depend
on R and m but are independent of the specific choice of the initial datum. Accordingly,
the generic constant C' > 0 depends on R and m.

Theorem 6.4.1. For every o > 0, there exists C = C(o) such that

|2l oo (0005v) + 8| oo (0,003v0) < C,

and

t+1
[ @, + e dr<c. vizo 64.1)
t

Moreover, for any p > 2, there exists C' = C(o, p) such that

el oo (,00522(2)) + 1%/ (0) | o0 (0,00sLr (2)) < C. (6.4.2)
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Remark 6.4.2. At this point, by the classical Aubin embedding lemma, we learn that
p € C([o,00), WH(Q)),
for every p > 2 and o > 0. In particular,
0 €C(Q x [0,00)).
Proof of Theorem|[6.4.1] Let us first recall that the dissipative inequalities (6.1.5) and
(6.1.6) yield
t+1
E(p(t)) +/ le (M) + IV (DI + [ Va(r)|[*dr < C, (6.4.3)
t

for every t > 0. Besides, arguing by comparison, we deduce
leellve < CUIV R+ [[Val), (6.4.4)
and, reasoning as in the proof of Lemma|[6.1.9] we learn that
ully < CA+[[Vul]). (6.4.5)
We take v = Oy in (6.1.3)) getting
(Orp, Opp) + (w - Ve, Oppt) + (Y, Vo) = 0.

Since
(Orp, Opp) = (—A0yp, 0p) + (F"(10)Op, Orp)
> S [V0wl? - Clal.
we have 1 d 1
s VAIP + IVl + (- Vi, d) < Clloely

A differentiation in time of (6.1.2) entails
(v(¢)Dowu, Dv) + (V' (¢)OwpDu, Dv) + (O, v) = (0N o, v) + (uV Opp, ),
for allv € V,. Taking v = u, this gives
1d
2dt

Hence, setting

{0 D, D) + ]} = @V, ) + 4V, ) = 3/ (9)04o D, Du)

A = (v()Du, Du) + |lu|* + | Vpl?,

we find
1 L
s+ 5 IVowll” < Clawlly: + (Ve u) — 5/ (9)dup Du, Du).

Now, taking v = —Au in (6.1.2)), we have
(v(0)Au, Au) + || Vu||* = —(uV, Au) — (V(¢)VpDu, Au).
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Recalling (6.1.1]), we deduce
V(@) Au, Au) + [|Va||* > vy ]| Aulf?* + || Va|?

2
> vi|ulw,
Summing up with the above differential inequality for A, we are lead to

1d. 1
s At 5 IVl + nlluly,) < Clowll + (1Yo, )]

2dt
+ C|(v'(9)0vpDu, Du)| + [(uV, Au)| + |(V'(0) Vo Du, Au).

First, we estimate
1
[(uVOp,u)| < gHV(’WHQ + Cllul|ga ol

Next, by (3.1.7) and (3.3.4), we control
C|(V (9)OpDu, Du)| < Cl0p|l[| Dul3s
< Cllowl| 2.V a3 [ Vael .
< Zlluly, + %HV@SOHQ + O Va0l
and
(V' (2)VepDu, Au)| < C|[Vip|lps oy | Dae s oy || M|
< CIVl ol IVl ully,
< Tl + Cliel ) Vul
In addition,
(1, Au)| < ZHul, + Cllul el
Therefore, we get

1d 1 1241
A - 2 -4 2
T

< O+ [IVulHowellir + Cllullzs @ llully + Cllellzr e (IVall® + [ully)-
Keeping in mind (6.4.4) and (6.4.3)), in light of the equivalence

1
5(HWI|2 +[[Va|?) < A < CUIVll? + IVal]?),
we finally obtain
1 9 Uk 9
s+ gIVowll + Fllullw, < TA+T, (6.4.6)

where
T(t) = 0(1 + [l (®)[|Ts ) + Vu@®)I* + o)1) -
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Owing to ([6.4.3), an application of the uniform Gronwall lemma yields
IVu®)ll + V@) < C, Vi=o.

The inequality (6.4.1)) follows by an integration of on any interval [t, ¢ + 1]. Fi-
nally, from o € L>(o, 00; V') and Corollary 3.4.3] we easily deduce the desired control

©.4.2). O

Remark 6.4.3. The proof of Theorem [6.4.1]is obtained by formal computations. How-
ever, they can be rigorously justified through the Galerkin scheme mentioned in Section
6.1l

Remark 6.4.4. As aconsequence of Theorem|6.4.1} we learn that u € L2(t, t+1; H3(Q))
for every ¢t > o. Then, it is immediate to deduce that

o+ V- (up) =Ap, ae. (x,t) €Qx(0,00)

and J,pu = 0 a.e. in 92 X (0, 00). Accordingly, the energy solution is indeed a strong
solution on ) x (o, 00).

Our next aim is to prove the validity of the instantaneous separation property.

Theorem 6.4.5. Assume that ¥ € C3(—1,1) and (H.2), (H.3) hold. Then, for any
o > 0, there exists a positive constant C' = C(o) such that

||at90||L°°(2o',oo;H) < C.
In addition, there exists § = 0(o, R,m) > 0 and C' = C(0) such that
sup [[p(t)|[ L) <1 -9, (6.4.7)

t>20
and

sup [ (t) || a(e) < C-
t>20

Proof. We first deduce integrability properties for W (). To this aim, in light of The-
orem [6.4.1] seeting f = u + Oy, an application of Lemma entails that, for any
p > 2, there exists C' = C(o, p), such that

||\I[,/(90)||L°°(G,OO;LP(Q)) <C. (6.4.8)

We are now in a position to prove higher order estimates. Given h > 0, let us introduce
the difference quotient of a function v by

o = %(v(t +h) — v(t)).
Owing to Remark [6.4.4] the solution solves
00" + 0w - Vp(t + h) +u-Vole = Ad .
Testing the above equation by d"¢, we have

1d

s l0rel* = (A0, ) + Ba + Bs, (6.4.9)
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where

Integrating by parts and making use of the boundary conditions, we get
(A, 0y p) = (O 1, AD}p)

= —[lAG oll* + Qo[ VO @l|* + ([T (o(t + ) — V' (2(t))], A p).

S

By using (H.2), we estimate

A+ 1) =V (e0)] < [ ¥t h) + (1= ol ar

< [ (et 1)+ (0= W) el ar
< (W'(p(t + 1) + ¥ (o0))) 0kl

and we deduce

IV (p(t + 1) — W (p(0)], Do)

1
< 51800 + C (1107 (ot + ) [acey + 19" (0(0) a0y ) 19 0
By interpolation
08 l3se) < ClIVOEQI?
< Clafelladiel.
Thus we easily derive from (6.4.9) the differential inequality

1d

1
s llorel? + 71200l < TN07 | + R + Ra, (6.4.10)

where

T(t) = C(1+ 9o (t + 1) s + 19" s )-
Let us now consider the equation satisfied by 97u in the equivalent formulation of Re-
mark [6.1.3] Testing by d}'u, we find
(v(p(t + h))DOMu, DOMu) + ||00u||* = Zy + Zs, (6.4.11)
having set

Zy = = (;[v(e(t + h)) = v(e(t)|Du, DOyu),

==

and
Zy = (Voo @ Vo(t+ h), Volu) + (Vo @ Vol'p, Volu).

Note that by (6.1.1)) and (3.5.4)
(v(p(t + h))DOfu, DIfu) > v ||V ulf?,
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hence, summing up (6.4.10) and (6.4.11)), we obtain

1d 1
5 IR + LIADL I + 1 IV oLl < TNOKGIP + Ry + By + 71 + 2,

We estimate the right-hand side term by term as follows. By Theorem we have

|R1| < ||00u||vs () | Ve(t + B)|lLs)l|0) ¢
n
< ZHV@?"HQ + C|o?,

and

| R

IN

ul|Ls@) VOl 107l
1
ﬂHA@MQ + C|o) .

N

Besides, recalling that v € C!'(RR), and by using (3:1.7)), we find the control
121 < Clot el | Vulluo I VO ull
< %Hvafullz + ClIVulllullez o 10/l A0 |
< 2 Vofal? + o180l + Clale |0l
Finally, the embedding W'3(Q2) C L>() together with (6.4.2) yields
1261 < IVt (1900 oy + V(6 + )iy ) 1900
< 2 |volal? + A0l l? + Clofel

Collecting all the above estimates, we end up with

1d 1 "
sl + g lAdtel® + FIVoul® < OO+ llullfz ) + D)0

Note that
t+1 L
2 2
/t 10 (P + lu(7) [z () + T(r)dr < C, Vi >0,
in light of Theorem [6.4.1] and (6.4.8)). An application of the uniform Gronwall lemma

and a final passage to the limit as h — 0 imply that there exists C' = C'(¢) > 0 such
that

||at90||L°°(2o',oo;H) S C;

and
10kl L2t as1;m2(0)) + |0t 2 441,v) < C, VYt > 20.

On the other hand, by Theorem [6.4.1] we observe that
[ - Vol oo 2000:01) < C-
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Thus, the elliptic regularity of the Neumann problem (see Section [3.3)) entails

|12l oo (20,0012 (02)) < C. (6.4.12)

Therefore, by virtue of the Sobolev embedding H?(Q2) < L*(Q), we deduce from
Lemma [3.4.2) with p = oo that

19 (@) || Lo x(tesry) < C, Vi > 20.

Since W’ diverges at +1 and ¢ is continuous as established in Remark [6.4.2] we imme-
diately infer the existence of 6 > 0 such that

lp(x, )| <1—06, V(x,t)€Qx[20,0).
Finally, thanks to the separation property and (6.4.12)), it is easily seen that

||§0||L°°(20700;H4(Q)) < 07
which completes the proof. ]

6.5 Further Comments

In this final section we collect some remarks and natural developments regarding the
Brinkman—Cahn—Hilliard system.

e The longtime behavior of the BCH system can be characterized by virtue of the reg-
ularity properties here established. More specifically, for any m € (—1, 1), we define
the complete metric space

V., = {(p eVNL®Q): ngHLoo(Q) <land —m<p< m},

On account of Theorem and Theorem system (6.0.1)-(6.0.2) generates a

semigroup of operators
S(t) : Vi = Vi,

via the rule
S(t)po = @(t), Vt=>0,

being (, u) the unique global energy solution to the BCH problem with initial condition
¢o. The semigroup turns out to be strongly continuous (see Proposition [4.4.1] for the
proof) and dissipative due to (6.1.5). Then, in light of Theorem [6.4.1] the existence of
a unique (compact and connected) global attractor A,, for S(t) on V,, follows by the
classical semigroup theory (see, e.g., [[149]). Furthermore, once the strict separation is
reached, a further investigation of the asymptotic behavior is possible. In particular, the
existence of exponential attractors M,, (see [120]). Besides, the convergence of each
trajectory to a single stationary state can be also proved.

e The results herein achieved can be easily generalized to the BCH model with perme-
ability ) depending on the concentration in dimension two (cf. (I.3.15)). The depen-
dence of 7 on ¢ is similar to (I.3.8), namely

1+5+ 1—s
2 B 9 3
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where 74, np are the positive fluid permeabilities. Being able to handle the higher
nonlinear term V- (v () D(u)), we observe that the presence of 77(¢)u in the Brinkman’s
law does not affect significantly the proofs of the present paper.

e A further interesting problem is the study of the BCH system with singular potential
and matched viscosity in dimension three. In which case, the continuous dependence
estimate and the regularization in finite time can be achieved by the same techniques
exploited in this work. By virtue of the energy identity, the asymptotic separation prop-
erty can be proved by exploiting the technique used in [4]]. In turn, this would allow to
show the convergence of weak solutions to single stationary state.
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Nonlocal interaction models
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CHAPTER

The nonlocal Navier-Stokes-Cahn-Hilliard system

Cahn-Hilliard system with matched viscosities in two space dimensions. To

this purpose, we first provide a comprehensive analysis of the nonlocal Cahn—
Hilliard. In particular, we address the well-posedness of weak solutions, the regularity
propagation in time and the longtime behavior. In particular, in two dimensions, we
prove the instantaneous separation property. Thereafter, we extend these regularity re-
sults to the nonlocal Navier—Stokes—Cahn—Hilliard system.

' I \iiis chapter is devoted to the regularity properties of the nonlocal Navier—Stokes—

In a bounded domain 2 C R2, we consider the nonlocal Navier—Stokes—Cahn—Hilliard
system with matched viscosities (v = 1)
O+ (u-Viu—Au+Vr=puVp,
divu =0,

in Q x (0,7, 7.0.1
dp+u-Vo=Ayp, (0.7) 70
p="V(p) = Jxp,
subject to the boundary and initial conditions
= n - Y Q 7T Y
u=0, O,u=0 'on 00 x (0,T) (7.0.2)
u('70> :uO(')a @(70) = SOO('L in Q.

General agreement. Throughout this chapter, if it is not otherwise stated, we indicate
by C' a generic positive constant depending only on the domain and on structural quan-
tities. The constant C' may vary from line to line and even within the same line. Any
further dependence will be explicitly pointed out if necessary.
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7.1 The Nonlocal Cahn-Hilliard Equation: Well-posedness

In a bounded domain 2 C R%, d = 2, 3, the nonlocal Cahn—Hilliard system reads as
follows

Orp :,A“’ inQ x (0,7), (7.1.1)
p=Vp)—=Jxp,
subject to the boundary and initial conditions
ntb — Y, Q 7T )
Ot =0 f)n(‘? x (0,7) (7.12)
e(+,0) =po(), infL

We remind that in the sequel the main assumptions on the singular potential and the
interaction kernel are (H) and (K).

We are now ready to give the definition of a weak solution to problem (7.1.1)-(7.1.2).

Definition 7.1.1. Let @y be a measurable function with U () € LY(Q). A function ¢
is a weak solution to (T.1.1)-(7.1.2) on [0, T if

0 e L0, T;H)NL*0,T; V)N H"0,T; V"),

p € L>®(Q x (0,7)) with |p(x,t)] < 1ae. (x,t) € Qx(0,7T),

pe L*0,T;V),
and

(Owp,v) + (Vu, Vo) =0, YoeV, (7.1.3)

for almost every t € (0,T), where

p="V(p)—Jxp
for almost every (x,t) € Q x (0,T). Moreover, ¢(-,0) = ¢g a.e. in S

Remark 7.1.2. Let us observe that:

1. From ¥(p,) € L'(Q) we deduce that |py(x)| < 1, for almost every = € (2.

2. The conservation of mass is a straightforward consequence of (7.1.3). Indeed,
taking v = 1, we get (0;p, 1) = 0,50 P (t) = B, forall t > 0.

3. Let ' > 0 be arbitrary. Note that ¢ € L*(Q x (0,7)) with |¢(z,t)| < 1
for almost any (z,t) € Q x (0,7) implies ¢ € L>(0,T; LP(Q2)), for all p >
1, and ||@||=(01r@) < |Q|% Moreover, we observe that the function ¢ +—

| (t)]| Lo () is measurable, essentially bounded and, for all f € L'(0,T; L'(9)),
there holds

(@), FE < [[fD)lLrey), ae te(0,T).
We refer the reader to [56]].

4. Asadirect consequence of Definition[7.1.1] we have p € C([0,T], H) and V' () €
L*(0,T;V). The former property entails that the initial condition is well defined.
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The well-posedness of system (7.1.1)-(7.1.2) is given by

Theorem 7.1.3. Let oo be a measurable function with V() € L'(Q), [p,] < 1 and
T > 0 be given. Assume that hypotheses (H.1) — (H.2) are satisfied. Then, for any
T > 0, there exists a unique weak solution ¢ to problem (T.1.1)-(7.1.2) on [0,T]. In
addition, the global weak solution satisfies the dissipative inequality

t+1
En(p(t)) +/ IVo(DI? + IVu(r) |2 dr < CEulpo)e™ +C,  (7.1.4)
t

for every t > 0, where w and C' are positive constants independent of the initial condi-
tion. Moreover, for every two weak solutions ¢, and oy to (T.1.1)-(T.1.2) on [0, T'] with

initial data po1 and @y, respectively, the following continuous dependence estimate
holds

le1(t) = @23 < Cllwor — oall3e“" + Clpgy — Foale™, (7.15)
for every t € [0, T), where the positive constant C depends on T

Remark 7.1.4. By virtue of the dissipative inequality (7.1.4) and ¢ € C([0,T], H), the
function t — [, W(¢(t)) dx is bounded for all ¢ > 0. This immediately entails that

sup [l¢(t) || L) < 1.
>0

As a consequence, we deduce by interpolation that ¢ € C([0, 7], LP(2)), for any p > 2.

The proof of Theorem|7.1.3|is carried out via several steps. First, we provide a family
of regular function defined on the whole R which approximates the singular potential.
The existence of a weak solution to (7.1.1))-(7.1.2) with a regular potential is established
via the Galerkin method (see [39]]). Then, we show (uniform) estimates on the solutions
of this approximate problem in order to pass to the limit via compactness. To the best of
our knowledge, Theorem [7.1.3|ensures the existence and uniqueness of a weak solution
in the most general framework. Indeed, it requires the convexity of the potential whereas
other existence results (cf., for example, |63, Corollary 1]) require further monotonicity
and sign conditions on higher derivatives (i.e. from the second one up) of W. For related
results obtained within a more abstract framework see also [40]].

Remark 7.1.5. We highlight that our analysis relies on the assumption g, € (—1, 1) (see
also, for instance, [[101] for the standard Cahn—Hilliard equation). This is physically
reasonable since ¢, = 1 (or p, = —1) means that the initial condition is a pure phase,
so that no phase separation takes place in (2.

Proof of Theorem m

1. Approximation of W. We consider the family of approximation functions ¥ intro-
duced in Section [3.2] We report herein the main properties:

(i) forany 0 < X < 1, there exists C' > 0 such that

1 _
Wy (s) > ﬁ52—0, VseR, Ve (0,\; (7.1.6)
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(ii) W, is convex with
” «
v >
A(s) 2 1+ a

, VseR,

(iii) \I/;\ is Lipschitz on R with constant i

(iv) Ua(s) / ¥(s)and |V (s)| 7 |¥'(s)| for every s € R as A — 0 and, in addition,
U’ converges uniformly to ¥’ on any interval [a, b] C (—1,1);

(v) U,(0) = ¥\ (0) =0, for all A > 0.
Remark 7.1.6. We recall that, due to the convexity of W, (see (i)), we have
Uy(s) < Uy (w) + (s —w)Wy(s), foralls,w e R. (7.1.7)
2. The approximating problem and the dissipative inequality. For any fixed A >

0, we consider the problem ([/.1.1)-(7.1.2) replacing W with ¥,. The corresponding
problem reads as follows

—A
Orp e inQ x (0,7), (7.1.8)
#:\I])\(SO)_J*SOa

subject to

7.1.9
©(+,0) =g, in Q. ( )

Here, we simply use ¢ instead of ¢, for the sake of simplicity. We denote the energy
functional £, : H — R by

En(v) = /Q\If,\(v) dx — % (J *xv,v)

and we show the dissipative nature of the system.

{Qn,u =0, on 02 x (0,7),

Lemma 7.1.7. There exists X\ > 0 such that, for any 0 < X\ < X, any solution to

(TTB)-(T.L) satisfies

5ﬁ(¢(t))+/t IVe()I* + IV u(r)l|* dr

< CE(po)e™ +C(1+Un(®)),  (7.1.10)
for everyt > 0. Here, w and C' are positive constant that depend on J and o but are

independent of the initial condition and \.

We provide below a formal proof of Lemma A rigorous argument can be done
by performing the same computations within a Galerkin approximation scheme (see the
proof of Theorem[7.1.9|reported below).

Proof. Let us consider £ . By virtue of property (i) and the Young inequality for con-
volution, for any A < A, we obtain

1 1
Ei(v) > EHUH2 = Cl8 = Sl * vl

L (A [PAXES
2 ( == ) ol = cle.
4\ 2
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7.1. The Nonlocal Cahn-Hilliard Equation: Well-posedness

Therefore, for any v > 0 there exists C' such that
Ex(v) = ~|v|* = ClQ (7.1.11)
provided that \ is small enough. It is also apparent from (v) and (7.1.7)) that

1
Wa(s) < sW)(s) < XISIZ-
Thus, we deduce that

2 J| 1 2
Ex(v) < <X+””TL(Q)) loll” + Sl (7.1.12)

Now, testing (7.1.8); and (7.1.8))2 by i and ¢, respectively, and adding the two equa-
tions, we obtain

d
7 En(e) + [Vul* =o0. (7.1.13)

In order to reconstruct the energy functional on the left-hand side, we take the gradient
of (7.1.8), and we test by V¢ yielding

(TA(@)Ve, Vo) = (Vi, Vo) + (VJ x ¢, Vo).

According to (ii) and the Young inequality for convolution, we get

B 1 1
2 IVel® < 551Vl + S5V Tz o llell” (7.1.14)

where 5 = a/(1+ «). On the other hand, testing again (7.1.8))> by ¢ — % and using the
Poincaré inequality, we obtain

(V@) —2)=(Jxp0,0—P) + (1, p — D)
< CT *ol[[Vell + CIVull[Vel. (7.1.15)

Exploiting (7.1.7) with s = ¢, w = @, we find

1
E(v) < W@+ (VA(), 0 =) = 5 (T 0. 9). (7.1.16)

Combining (7.1.15)) with (7.1.16), and using the Young inequality, we infer that
_ 1
En(p) < U@)Q+ CIT * llIVel + ClIIVllI Vel + 51T+ ¢, )l
— /8 2 C 2 C 2 1 2
<@+ FIVIP + IVl + (551w + 51 e

Adding ([7.1.14])) to the above inequality, we reach
C+1
26

1 2 C 2 2
+ (G5 + 551 e + 1l ) ol

eho) + SIvel? < (S5 ) IVl + @
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Chapter 7. The nonlocal Navier-Stokes-Cahn-Hilliard system

In light of the control from below (7.1.11)), there exists A > 0 such thatforany 0 < A < A
we have

1 Ié] C+1 _ C
5E(0) + 7IVel® < ——=IVul* + U@ + 719, (7.1.17)
2 4 20 2
Summing up, by (7.1.13) and (7.1.17) we find the differential inequality
e & Vol + |Vul?) <C 1+ U7
ZEM0) +w(Ehe) + Vel +IVaI?) < C 1+ (@),
for some w > 0 independent of \. Finally, an application of the Gronwall lemma com-
pletes the argument. [

3. Existence of an approximate solution. By analogy with Definition|7.1.1], we recall
the definition of weak solution to the approximating problem.

Definition 7.1.8. Let o be a measurable function with U, (py) € L'(Q). A function ¢
is a weak solution to problem (T.1.8)-(7.1.9) on [0, T if

0 € L0, T; H)NL*0,T; V)N H0,T; V'),
pe L*0,T;V),

and
(Oyp,v) + (Vu, Vo) =0, YoeV,

for almost every t € (0,T), where
for almost every (x,t) € Q x (0,T). Moreover, ¢(-,0) = ¢q a.e. in .

It is immediate to see that point 2 and 4 of Remark[7.1.2are valid in the regular potential
case as well. We can thus prove the existence of a global weak approximating solution.

Theorem 7.1.9. Let g be a measurable function with U (py) € L'(Q) and0 < X < .
Then, there exists a global weak solution ¢ to problem (T.1.8)-(7.1.9) which fulfills the
dissipative inequality forallt > 0.

Proof. The existence of a weak solution is established through a Galerkin scheme. Let
us n € N be fixed. We seek a function

eult) = 3 ar(tyn

which solves for all t € (0,7)
(Orpn,v) + (Vi, Vi) =0, Vv eV, (7.1.18)

where

fin = 10, (W) (o) — J % @] .
Here, {1}, , are the eigenfunctions associated to the Neumann operator A+l, V;, =
span {11, ..., ¥, }, I1,, is the projector operators from V onto V,, and g, = I1,,(¢o). We
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7.1. The Nonlocal Cahn-Hilliard Equation: Well-posedness

observe that ¢y € H due to Wy(pg) € L'(2). Equation is equivalent to a sys-
tem of ordinary differential equations a,,(t) = G(a,(t)), where a,,(t) = [a1(t), ..., an(t)]
is the unknown and G is a locally Lipschitz continuous function. Then, the Cauchy-
Lipschitz theorem entails the existence of a unique local solution a,, € C*([0, T*), R™).
Since ¥; = 1 is the first eigenfunction of A + I, we note that the conservation of
mass holds for the approximated problem, namely, $,,(t) = P,,. Thanks to Lemma
we derive some uniform estimates in order to guarantee that 7 = oo and recover
compactness properties of the sequence ¢,,. Indeed, the Galerkin approximation ¢,
fulfills the following inequality for all ¢ > 0,

Eir(en(t)) +/t IV (DI? + IV in(7)|? dr < CER (on)e™ + C(1+ Ua(Bpn)).

By ©o, — ¢ in H and (7.1.11) and (7.1.12)), the right-hand side of can be controlled
by a constant independent of n and we deduce that

¢n is uniformly bounded in L>°(0,T; H) N L*(0,T; V), (7.1.19)
Vi, is uniformly bounded in L*(0,7T; H). (7.1.20)

On account of (iii) and the above boundedness properties, we have
[l < C (1 + ll@allrrey) <€,
where C' is independent by n. In turn, this combined with (3.1.3) entails that
{tn is uniformly bounded in L*(0,T; V). (7.1.21)

By comparison, we find

W) (¢,) is uniformly bounded in L*(Q x (0, 7)), (7.1.22)
Oy, is uniformly bounded in L*(0, T; V). (7.1.23)

Thanks to (7.1.19)-(7.1.23)) and standard compactness arguments, we infer that, up to
subsequences,

On — ©, weakly in L*(0, T; V),

On = P, weakly star in L>°(0,7; H),

Oy — O, weakly in L*(0,T; V"),

fn —> I, weakly in L*(0,T; V),

U (pn) = (@), weakly in L*(Q x (0,T)).

Hence, we can pass to the limit in the approximation problem achieving the existence of

a weak solution to (7.1.8)-(7.1.9) in the sense of Definition From ¢ € L*(0,T;V)
and O;p € L*(0,T; V"), we also deduce that ¢ € C([0,T], H). Furthermore, according

to the above convergences properties, and passing to the limit in the dissipative inequal-
ity, the weak solution satisfies

En(p(t)) + /t IVe(D)I* + IVa(n)|? dr < CEL (o)™ + C(1+ Ua(B)))
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Chapter 7. The nonlocal Navier-Stokes-Cahn-Hilliard system

for almost every ¢ > 0. In particular, we have used the fact that ¢, — o in H entails
that £ (¢on) — E (o), which easily follows from

1
1Ty (s) — Uy (w)| < X|s —w|max{|[s], |w|}, Vs,weR. (7.1.24)
We conclude by observing that the above dissipation inequality holds for every ¢ > 0
by virtue of ¢ € C([0,T], H). O
We can now prove Theorem

4. Passage to the limit. First, we observe that U(pg) € L'(2) implies that ¥ (pp) €
hl (0

L'(Q) for any A > 0. Then, as a consequence of Theorem [7.1.9} for any A € (0, \],

there exists a weak solution ¢, to problem (7.1.8)-(7.1.9) which satisfies

En(pa(t)) +/t IV oA + [Vur () |* dr < CEx(po)e™" + C(1 + T (%)),

for all ¢ > 0. Here, we have used (i) to control the right-hand side. Hence, in light of
(7.1.11), this entails that

@y is uniformly bounded w.r.t. A in L>(0,7T; H), (7.1.25)
¢y is uniformly bounded w.r.t. A in L*(0,T;V), (7.1.26)
Vs is uniformly bounded w.r.t. X in L?(0,T; H). (7.1.27)

By comparison we also obtain
Oipy  is uniformly bounded w.r.t A in L*(0,T;V"). (7.1.28)

In order to pass to the limit we need to recover a uniform estimate for x, in V. To this
aim, we first control the L'-norm of ¥ (¢,). We apply the argument devised in [101]]
(see also [63] for the details). Let us choose my, my € (—1, 1) in such a way that m; <
Py < ma. Wealso set 6 := min{@p,—my, ms—p, } and ; := max{@, —m1, ma—P}.
Then, for almost every ¢ € (0,7"), we consider the sets

Q= {m1 < gale,t) <ma, Q= {oaet) <mi}, Q= {pa(r1) > ma}.

Since ¥ is monotone and W/, (0) = 0O for any ), using the assumption @, € (—1, 1) and
property (iii), we get

AT P / W (o)) da + 8 / W, (o)) da + 6 / W, ()] da

Qo Q1 Qo
<5 / W (o)) da + / (0 — B9) W (ipn) da
T / (0 — B9) W (ion) da
<@+6) [ W(enlde+ [ (on -5 W) do
Q

Qo

<C+ /Q(w — Po)¥h(pa) dz
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7.1. The Nonlocal Cahn-Hilliard Equation: Well-posedness

where C' is independent of A. Now, testing ) by v — @,, we find
(W (), ox = @o) < CIIT * @alllloall + CIV palllleall- (7.1.29)
Then, by (7.1.25)), we obtain

| o=z ds < (14190l

where C' is independent of A. Therefore, combining the above inequalities, we deduce

from that
T
| M@l 0 dr < © 7.130)
0

where (' is independent of \. In turn, by

/dexz/‘lj;(%)dx‘i‘/b’*%@,\dx’
0 Q Q

172l 220y < €.
Thus, due to the Poincaré—Wirtinger inequality (3.1.3), we arrive at

we get

(1 is uniformly bounded w.r.t. A in L*(0,7; V). (7.1.31)

Accordingly, up to subsequences, we have the following convergences

0\ = ©, weakly in L*(0,T; V), (7.1.32)
©x — P, weakly star in L>°(0,7; H), (7.1.33)
Oupx — Owp,  weakly in L*(0,T; V"), (7.1.34)
Uy = [, weakly in L*(0,T; V). (7.1.35)

Furthermore, compactness yields

©x — @, strongly in L*(0,T; H). (7.1.36)
Also, (K) and imply that
J* oy — J*, stronglyin L*(0,T;V). (7.1.37)

Concerning the nonlinear term, we prove that the limit function ¢ fulfills
lp(z, )| <1 ae. (x,t)inQ x (0,7).
For a fixed n € (0, 1), we introduce the sets
) ={(,1) € 2 x (0,T): [gale,0)] > 11},
E,={(z,t) e Qx (0,T): |p(z,t)] >1—n}.
Since v, — @ a.e. (x,t) € Q x (0,T), the Fatou’s lemma entails

E,| < liminf |E}.
|| < lim inf | £
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Chapter 7. The nonlocal Navier-Stokes-Cahn-Hilliard system

Recalling that U, (z) > Oforz € [0,1), U} (z) < Oforz € (—1,0] and ¥ is monotone,
we deduce

min{¥'(1 —n), =W (=1 +n)}E;| < [Vi(ea)llzr@xom) < C,
where (' does not depends on A and 7). Therefore, we have

C
min{ ¥ (1 —7), —0'(=1+n)}

By <

Passing to the limit as 7 — 0, we deduce that

[{(2,8) € 2 (0,T) - |p(z,8)] = 1} [ =0
which yields the desired conclusion. As a byproduct,

Ul (pn) = U'(p) ae. (z,t) € 2 x(0,7),

where we have used the pointwise convergence of ¢, and the uniform convergence of
V', to U’. Moreover, by the expression of 1, we get

W\ () is uniformly bounded w.r.t. X in L*(0,T; H). (7.1.38)

A standard compactness argument implies that U () — ¥/(p) weakly in L*(Q x
(0,7)). On account of the above convergences, we easily find that

<at307v> + (vlu’a VU) = 07 Vue Vva
for almost every ¢ > 0, with
p=V(p)—J*pec L*0,T;V).

Now, by virtue of the regularity of ¢ and 0;¢, we have ¢ € C([0,T], H). By the above
convergences, we pass to limit in the dissipative inequality satisfied by (¢, and we learn
that, for almost every ¢t > 0,

Eunle®)+ [ IVenIP + V(I dr < CEnlpn)e ™ +C.

Here we have used the boundedness of W. On the other hand, the above inequality holds
forany t > Osince ¢ € C([0,T], H). Indeed, Jxp € C([0,T], H), the integral terms on
the left-hand side are continuous as well as the right-hand side. Let ¢ > 0, there exists a
sequence {t; } which tends to ¢ and for which the above inequality holds. We show that

tim, [ Wptt)de = [ Wl da.

On account of the continuity of ¢, ¢(t;) — ¢(t) strongly in H, so there exists a sub-
sequence which converges for almost every = € €2 and the limit necessarily satisfies
lo(x,t)| < 1 foralmost every = € 2. Since W is continuous on the compact set [—1, 1],
using the Lebesgue theorem, we infer that holds for all ¢ > 0.

5. Continuous dependence on the initial data and uniqueness.
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Let us consider two weak solutions ¢; and (5 related to the initial conditions ¢y; and
o2, respectively. The function p(t) = ¢1(t) — @2(t) with p(0) = @1 — @oa solves

(Do, v) + (Y, Vo) =0, Vo€V,
for almost every ¢ € (0,7T), where

p="V(p1) = V(pa) = Jx .
Taking v = N (¢ — ) and exploiting (3.3.3)), we get

1d

sl =@l + (e —9) =0. (7.139)

According to the assumption (H) and the definition of the operator N, we deduce that
(1,0 =8) = allel® = (V1) = V'(p2), @) — (VJ #9, VN (¢ — 9)).
Moreover, we have
(VT 50, VN (o =2))| < IV * ol = 2lly;
< [VJ i@ ll#llile = 2llvg
a _
< Slell? + Cll - il

Hence, we find the differential inequality for almost every ¢ € [0, 77,

d, _ _
T lle =l + allel® < Clie - 2ly; + A2,

where
A = 2[|W (1) | 1) + 219" (02)l 21 @)

that is a summable function. Therefore, an application of the Gronwall lemma yields,
for all ¢ € [0, 77,

le() =2 () 1T < 10(0) = B (0) I35 + Cl (0) [ (7.1.40)

Finally, by the conservation of mass, (/.1.5) follows. As a byproduct, we learn the
uniqueness of weak solutions.

7.2 The Nonlocal Cahn-Hilliard Equation: Regularity Properties

In this section we study the regularity properties of the weak solutions which allow us,
in particular, to establish the existence of the (smooth) global attractor for the dissipative

dynamical system associated with (7.1.1)-(7.1.2)).

We will derive some uniform higher order estimates which will be independent of the
form of the initial datum, but only depend on its total mass and the value of the energy.
Henceforth, the generic constant C' may also depend on m € (0, 1) and R such that

—14+m<p,<1—m, and Egx(po) < R.
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Chapter 7. The nonlocal Navier-Stokes-Cahn-Hilliard system

As a consequence of the dissipative inequality (/.1.4), we have

t+1
Enlp(t)) + /t ) IVe(I? + IV (n)I* + 10se(7) [} dT < C, (7.2.1)
for every t > 0.
Our first regularity result is
Theorem 7.2.1. For any o > 0, there exists C = C(o) > 0 such that
10l Lo vy + IVl Lo o 1) + 1Ol 2t 441, S €, VT2 0, (7.2.2)
and

sup lp(®)llv < C. (7.2.3)

Proof. We provide below a formal estimate which can be easily justified by exploiting
the difference quotient rather then differentiating with respect to time. We differentiate
system ([7.1.1)) with respect to time and we obtain

O = AV () — J x Oyp).
Testing by A9, and recalling that 0, = 0, we have

1d

5&”81%0”%/0' + (U"(0) O, Orp) = (J * Op, Orp).

By (H),
(\Iﬂ/(@)&t%aﬁp) > O‘HatSOHZ'

Reasoning as in the proof of the continuous dependence estimate, the right-hand side is
controlled as follows

(J * 3t90,at€0) = (VJ * Oy, VNatQD)
«
< 5”@@”2 + C|lovell?.

Here we have used the Young inequality for convolution and (3.3.2). Summing up, we
find differential inequality

d
SN0l + allowl < Clagly.
Therefore, exploiting (7.2.1)), an application of the uniform Gronwall Lemma gives

t+1
(ol + [ loenlPdr<c. Vizo 724
t

By comparison, we easily deduce that
Ve <C, Vtx>o. (7.2.5)

Let us recover a uniform estimate of the weak solution in V. Applying the gradient
operator to the chemical potential, and testing by V¢, we get

(Vi, Vo) = (V' () Ve, V) — (VJ xp, Vo).
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Recalling (H) and using Young and Cauchy—Schwarz inequalities, we arrive at
allVel* < IVellvVell + IV ey el Vel
Then, on account of (7.2.1)), the Young inequality gives
Vo) <C, Vit>o. (7.2.6)

Since (7.2.4)) and (7.2.5) hold for the Galerkin aprroximation, from the lower semiconti-

nuity of the norm we deduce (7.2.2). Finally, we infer (7.2.3)) from (7.2.6), the continuity
¢ € C([0,T], H) and the mass conservation. O

Next, we establish further regularity results and, in particular, a uniform V' -bound of
w. These properties will be helpful in the next section.

Proposition 7.2.2. For any o > 0, there exists C = C (o) > 0 such that

I (D)l @y + il vy + ll 2 irrimz@)y < € VEZo,  (727)

and
L p—2 2
||V,U||L<1(t,t+1;LP(Q)) + ||V90||LQ(t,t+1;LP(Q)) < Ca lf T = 57 d= 27 (7~2'8)
. 3p—6 2
IVl Lo irriir@)) + I VollLagiriiey < C, if g d=3, (7.2.9)

where2 < p<ooifd=2and2 <p<6ifd=3.

Proof. Let us consider the identity

p—f=—Jxp+Jxp+V(p) -V (p)
By (3.1.5)), we deduce that
1¥'(¢) = W(@)lv < ClIVpll + CIVT * .
Hence, according to Theorem[7.2.1] we have
1V (@) — U)oy < C, V>0

In order to control the missing term F’((), arguing as in the proof of Theorem m
we find

(@)l < C / (¢ — B) V(i) da + C.

Then, testing 1 by ¢ — @, and using (3.1.5) and (7.2.3)), we obtain

/(w — %)V (p)dz < C(1+[|Vul).
0
Therefore, the above inequalities yield

1Y ()| Lo (otsrr)y < C, Y=o,
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which, in turn, gives
|Gl e < C, Vit>o.

Thus, we end up with
W (O oy + 1O L@y < C, Vi =0 (7.2.10)

Furthermore, notice that the regularity of ¢ in (7.2.2), (7.2.10) and the regularity theory
of the Neumann problem entail that the first equatlon of problem is satisfied for
almost every (z,t) € Q x (0,00), O,u = 0 for almost every (z,t) € 8(2 X (0,00) and

|l L2 ety < C, YViE>o. (7.2.11)

Arguing now as in [65], we find a control of V¢ in L?(2) by means of the L?-norm of
¢¢. To this aim, we take the gradient of x, multiply it by |[V|P~2V and integrate over
(2. We observe that this estimate cannot be made rigorously within a Galerkin scheme.
Nevertheless, the regularity of the weak solution is enough to compute it. Indeed, on

account of (H) and (K), by (7.2.11)) we deduce that
0" (@) Vel 2iriir@y < C, ViE>o, (7.2.12)

where 2 < p < o0 ifd = 2and 2 < p < 6if d = 3. This allows us to multiply by
|Vp|[P~2V ¢ yielding

/ U (p)|[VelPdz < / Vo[>V - Vudz +/ |Vl[P?V - VJ * pda.
Q Q 0

By (H) and Young’s inequality, we have

ol Velia < IVl Vel + IVl el Vel
Then, by (K) and (7.2.3)) we get
IVellr@ < C(IIVellu@ + lellv)- (7.2.13)

In order to estimate Vi in LP(£2), if d = 2, the Gagliardo—Nirenberg inequality (3.1.10),
together with (7.2.7)), entails

2 1-2

I¥sllioie) < CIVHIEIVally
< c(laul'> + ul=?)

<01+ Hsotnl—;).

Hence, setting ¢ such that 2= 2 — usmg [7.2.2)) and (7.2.13)), the estimate (7.2.8)) easily
follows. On the other hand if d = 3, applylng the Gagliardo—Nirenberg inequality

(B.L.I1), we get

3p—6 76
IViler@ < ClIVE| = [Vl
3p—6

< CHNHHQ;(Q)
3p—6
<C(1+ el ).

Hence, is obtained as a byproduct of (7.2.2)) and (7.2.13)). The proof is complete.
[
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Remark 7.2.3. An immediate consequence of (7.2.§), is the regularity ¢ €
L>(0,t; L>(Q)) with ||¢||pee(ppinoo()) < 1forallt > o and d = 2,3. Indeed, it
follows from ¢ € L8(o, t; W'3(Q)) ford = 2 and ¢ € L3 (o, t; W(Q)) for d = 3.

7.3 The Nonlocal Cahn-Hilliard Equation: The Separation Property

In this section we restrict our analysis to the two dimensional case, d = 2, and we
prove the validity of the instantaneous separation property. Some consequences of this
property will also be analyzed.

In the sequel, the generic constant C' is allowed to depend on m and R as in the
previous section.

Theorem 7.3.1. Let d = 2. Assume that (H.3) and (H.4) hold. Then, for any ¢ > 0,
there exists § = 6(m, R, o) > 0 such that

()| zoei) <1 =96, Vi>20. (7.3.1)

Proof. We begin by proving some integrability properties of U”(y) and ¥ (). Let
p > 1 be given. Thanks to the first assumption of (H.3), we have

/ V(o) d < / SOV @IHC] 4,
Q Q

_ oOp / PV
Q

Recalling that U’(¢) € V for almost every ¢ € [0, o), an application of the Trudinger—
Moser inequality (3.1.6) to CpW’(y) gives

19" ()], ) < eCPCP IV (DT
Then, on account of (7.2.7)), we 1nfer
19" ()| 2 (0,10 (02)) < CeP, Vit > 0. (7.3.2)

In turn, by (7.2.2), (7.2.7) and (7.3.2)), we get
0V (p) = V'(p)dp € L*(t,t + V'), Vit>o.
Thus, we find V'(¢) € C([o,t], H) forall t > o and

¥ ()l < C, " (e()lry £ C, Vi =0 (7.3.3)
Consequently, according to (H.4) and (7.3.3), we easily deduce that
™ (p(t ))HLP < Cec” Vt>o. (7.3.4)

Now, our aim is to show a uniform in time control of the L>°-norm of ¥’(y). To this end,
we perform a Alikakos—Moser iteration argument. Taking v = [¥’()|P~10 ()P (i)
in (7.1.3), we have for almost every ¢t > o

p—|—1dt/’ ‘p+l d$’+/Q\If”(90)VSO'V(‘\I’/(SO>’p1‘1’/(90)111//(30)) da

_ /Q (V@) - V(| (@)1 (0) () dz. (73.5)
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Chapter 7. The nonlocal Navier-Stokes-Cahn-Hilliard system

Observe that
V(W ()P0 (0) 0" () = pl W' (9) P10 (0)* Vo + W' ()10 (0) U (0) Vip.

Then, we can write
pEST / W ()P de + T, + T, = Ty + Iy, (7.3.6)
where
Tiimp [ Vo)V V(P W () Ve ds,
Iy = /Q V(@) Ve - [T (@) P10 () 8" () Vep da,
Iy = p/Q(VJ +0) - W () P71 (p)* Ve da,
Tiim [ (VIx0)- WP W ()" () Vipda.

We point out that taking v in is not formal. Indeed, it is easy to check that
the regularities property Vi € L6(t,t + 1; L3(Q)) in and the uniform bounds
(7.277), (7.3.2) and (7.3.4) entail v € L2(t,t + 1;V), for all t > o. Then, since ¢;
belong to L%(t,t + 1; H), for any t > o, and s — |¥’(s)|P™! is convex, an application
of [141, Chap.IV, Lemma 4.3] gives

i L vert = [ W e,

for almost every t > o.

Now we have to estimate all the terms Z;, : = 1, 2, 3, 4. By the identity

_ 4 pt1
(W' (@) P10 ()| Vo] = w—l)g|v|‘l"(¢)| > |?, (7.3.7)

and recalling (H), we have

4
7 zap/|x1ﬂ(<p)\f’—1\11”(¢)2|v¢|2dx O‘p /|V|\If 2de. (7.3.8)
Q
On the other hand, from (H.4), we obtain
L= [ WP W)V ()W () Vel do > 0.
Q

Hypotheses (K), (H.3) and (H.4) together with Young’s inequality, Remark and
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7.3. The Nonlocal Cahn-Hilliard Equation: The Separation Property

(7.3.’7)) allow us to control Z3 and Z, as follows
p—1 p=1
L <p [ (W VIVel) (VT VIV 5 0l) d
Q

_ P _
<ep / W ()P () VP - L / V()P0 () VT = ol da

4€p p+
< i [V Pa+ LIV 5 el [ V() e
(p+1)2
dep / / ptl o / 1T,/
< — V|v 2 dac~|—— W' () PH0”(
reerl GGl () () d
dep / ' ptl g 1" 2 4 / + 1y
< Vv 2 d$~|— v W' () [P0 (
o L @I P @)1+ T [ )t
and
- e [V ()
< | (1W(0)|"= ¥ (0)|V (\If el VJ x| ) de
1< [ (VI v Ivd) (el Gl
/ p—1\,/ 2 2 1 / p+1|\plll< )’2 2
<ep |‘I’(90)| V()7 |Vl dx+— |‘I’ ()] WWJ*M da
4€p pt1 / p+lgn
< ks [ e |dx+—||VJw||Loo(m/|\v<so>| V() do
4 P
L [T e+ 1 [ P2,
p+1

where ¢ > (0 is an arbitrary parameter. Choosing € = ¢ in the above estimates, we infer

from (7.3.3)) and ((7.3.6) that

2ap pt1
i Lt 2 [ )R

<Cp+ Cp/ W (@) [P0 (p)? da, (7.3.9)
Q

for almost every ¢t > o. Taking now
7= [ WP )
Q

and applying the Holder inequality, we find

T < "(¢ )||i4(m!|‘11’( )I|§§é+n(m
< I ()l

L2(+1)(Q

where we have used (7.3.3) to control U”(¢). Hence, turns into

2ap ptl
p+1dt/| |”+1dx—|—( /|V|\P I da

< op(l Y (O )
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Chapter 7. The nonlocal Navier-Stokes-Cahn-Hilliard system

Setting w(t) = |V (p(t))| "3, we rewrite the above differential inequality in terms of w

as follows

d 2«
gl + S IVl < Cop+ 1) 1+ [0l (7.3.10)

Exploiting Lemma with e = W
ap
Cplp+ Dl < 25 190l + O (14 (4 D°) 1wl
and inserting the above estimate into ([/.3.10), we obtain
Il + SVl < € (14l ).

Therlll, noting that # > %, and using again Lemma withs = 2and e = §, we
reac

d
EﬂWMQ+HUN2§<%f(1+¢wMiwm). (7.3.11)

for almost every ¢ > o and any p > 1. We are now in a position to carry out an
iterative argument (see [6]). To this aim, we observe that, by comparison, ¥'(yp) €

LY(o,20; W13(Q)) (see (7.2.11)) with
W (D)2 (0 20w1.30)) < C,

where C' only depends on ¢. By the Sobolev embedding W'3(Q2) < L>(Q), we infer
that there exists £ € (o, 20) such that

10 (0(€))]| oo () < C-

Hence, denoting

"= max{|r\1ﬂ<so<z>>|rmm,n;;g [ was),

and according to , we find the estimate

1<n<C. (7.3.12)
Next, recalling the very definition of w, an application of the Gronwall Lemma to
(T31T) gives
2
max/ |0’ (¢ |p+1dx<max{ P Cp® max 1+/ |0’ (o ) }
t>¢

for all ¢t > gand p > 1. As customary, taking p + 1 = 2k I € N, we rewrite the above
inequality as

L \2
max/|\11 NI dx<max{77 CQkaaX 1+/|\I/ NP d ) }
t>¢ t>¢

2
<max{n C26k+2max /|\If NP 1dac> }
t>€
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Setting A;, = C'2%%%2 and arguing by iteration, we arrive at

max / (U (p(t)[* do < " Ap AF_y AL, AD 4y (7.3.13)
Q

t>¢€
k k k
< 772 CA2 232 ’

where

=1 =~ 67 + 2
A= — < B = — < 0.
Finally, taking the 2~%-power on both sides of (7.3.13)), passing to the limit as k — +o0,
and using (7.3.12), we end up with
max [ ¥(o(1))| =y < C.

3

Therefore, ((7.3.1) immediately follows from the above estimate. The proof is complete.
O]

Remark 7.3.2. Suppose the third condition in (H.4) is replaced by the more general one
0" (s)| < CU"(s)9, Vse(—1,1), (7.3.14)

for some ¢ > 1. Then, following line by line the above proof, and setting now

J:/WMWMWWWHMm
0

we just need to control J in a slightly different way. Indeed, applying the Holder in-
equality, we get

T < W T8y 1928 ) < I )
Thus the conclusion still follows arguing as above.
A first immediate consequence of Theorem[7.3.1]is
Corollary 7.3.3. For any o > 0, there exists C' = C(o) > 0 such that
lp@®)ll=@ < €, Vit 2> 20

Moreover, as a byproduct, we can also obtain the Holder regularity of the weak solutions
by means of [51} Corollary 4.2]. Indeed we have

Corollary 7.3.4. For any o > 0, there exists C' = C(c) > 0 and 8 = p(0,6) € (0,1)
such that

B
o) = plaa,t2)| < C (o = waf + [t = )

B
s t1) = ez, 12)] < C (Jan = w2l 4 |t = 1))

forall (x1,t1), (xa,t2) € [t,t + 1] x Qand t > 30.
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Chapter 7. The nonlocal Navier-Stokes-Cahn-Hilliard system

Leaning on the strict separation property (7.3.1)), we are able to interpret the weak
solutions to problem (7.1.1)-(7.1.2)) as the weak solutions to a similar problem where W
is replaced by a suitable regular potential. More precisely, we define the regular potential
¥ € C3(R), which extends ¥ outside of [~1 + d, 1 — 6], as follows

(s) =30 XRAD (s 1445k Vs>1-4
(s) =U(s), Vse(=14461-0)  (73.15)

U(s) = Zk 0\1/(1@('1+5)( +1-9)F, Vs<—1+6.

According to the assumptions H.3 and H.4 and taking into account the sign of ¥ and its
derivatives at s = 1 — ¢ and s = —1 + ¢, we deduce the following properties:

(A.1) for any A > 0, there exists C' > 0 such that
U(s) > As*—C, VseR;
(A.2) there exists N > 0 such that
W' (s)| < N(1+s?), VseR;

(A.3) there exists N > 0 such that

l/l

a<U'(s)<N1+]s]), [T"(s)|<N, VseR.
Here, « is the same value defined in assumption (H). Instead, C' and N can be easily
estimated in terms of 9.

Let us now set ¢, = ¢(30), which is a function in V' such that ||¢1 ||y < 1 =,
?; € [-1+m,1 — m]. We consider the Cahn—Hilliard system

%@ = A, in Q x (0,7), (7.3.16)
i=T(p)—J*,

subject to the boundary and initial conditions

{a,,ﬂzo, on 99 x (0,T) 317

@(70) = ¥1, in Q2.

Combining Lemma([7.1.7land Theorem([7.1.9] it follows immediately that problem (7.3.16))-
has a unique weak solution in the sense of Definition obtained as a limit
of a Galerkin sequence. On the other hand, from the separation property, the definition
of U and the uniqueness of (7.3.16)-(7.3.17), we easily infer that ¢ is also a weak so-
lution to (7.3.16) so p(t) = ¢(t + 30) for all t > 0. According to this equivalence,
the idea is to compute some higher order estimates on the Galerkin sequence due to
its regularity. Note that the Galerkin sequence does not satisfy the separation property.
Nevertheless, we can take advantage of the specific form of W,

Lemma 7.3.5. For any o > 0, there exists C = C(c) > 0 such that
10k oo oty + 1002 L2t e 13v) + (| VOl L2141 £ C, V> 50, (7.3.18)
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Proof. Let us consider the Galerkin sequence ¢, which converges to ¢. Due to the
regularity of ¢,, and the properties of W, we can repeat line by line the proof of Theorem

In particular, we have
t+1
18n (O + 10 ()17 +/ 10sn(T)|[Pdr < C, Vit >0, (7.3.19)
t
where (' is independent of n. Now, arguing as in [[65]], we differentiate the system with
respect to time and we test by 0, /i,, getting
(@t@n, 8tp“n> + ||vat[1!n||2 = 0

Hence, exploiting the form of i,,, we obtain

(D4Pns U (Bn)0iPn) = (OuBns T * Orpn) + |V ifin|” = 0.
Using the first equation of (7.3.16]), we can rewrite the above equality as
1d —n, - 12 - 12 B _ 1 —mr, -3
577 [ Y (@n)|0pnl” dr + [V Oiin||” = (Absfin, J * 0:on) + 5 | U (2n)0ep;, da.
24t/ 2 Jq
After an integration by parts in the right-hand side, we get

d
dt J,

—, - - - -~ 1 —, ~
U (80)|01@n|* da 4[| VO, | |* = —(VatumVJ*atson)JrQ/ U ()05 da.
Q

By Young’s inequality, assumption (K) and (A.3), we deduce

4
dt J

On account of (3.1.10)) with p = 3, we control the last term on the right-hand side as

—n N 1 B B B
T (@0)|0nul” dz + 3| VOufinl* < Cl0Gal* + C / 0l . (7.3.20)
Q

10:2nl1 730 < YNV IPull” + CllOrnll*,

for any v > 0 and C' > 0 depending on ~ but independent of n. In order to reconstruct
the L?-norm of the gradient of 9,5, on the left-hand side, we multiply the gradient of
Oy fi, by VOyp,, getting

—I,

/ Vhjin - Voun i = / T ()| Vs do + / T (30)Vbn - Voign da
Q Q Q

Q
Using again Young’s inequality, assumption (K) and (A.3), we obtain
J— ~ ~ (8% ~ _ ~ ~
/ V(@) VOuiul* da < VOBl + ClIVOI* + ClIVEl® + Cll0nal*
Q

According to the bound from below of ﬁ”, the above inequality yields

]_ -, . ~ ~ ~ ~
5/ U (20)|VOi2n|* dw < CIIVO il + ClIVEL|* + Cllownll®. (7.3.21)
Q
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Gathering together ((7.3.20) and (7.3.21]), there exists w > 0 such that

d

—n, 5 —, 5 1 B
o \If"(son)!@tsonIde+W/‘If"(son)\V@tson,therZHV@unH?
Q

Q
< ANV + Cllowgnll* + CIV @l + Cllopnll.
Setting v = “*, we have

d

—, 5 B 1 5
G [T @0 dry [ V0, ds + {1905
Q Q
< Ol + CIVgal? + Cllagal”

Noting that the first term on the right-hand side can be controlled as follows

10.5al* < ClIOn 12 / T () |03a? du,

we get

d —, B B 1 5
[T G0 dr / VOBl o+ Vil
Q Q

< CH@t@nHQ/5//(95n)!3t95n\2dx+CHV%HQ+C\|3ts5n\l2- (7.3.22)
Q

In order to apply the uniform Gronwall lemma, we need to find a bound of

t+1
/ / N0 (T)|? dzdr, Vit >o.

To this aim, we observe that

/ T (60)|0pnl2 Az = (J * 1B, 010 + (Drfin, OuBn)
0

1d R
(J * at‘;pnaat@n) - Eg“at@n"*

Integrating in time from ¢ to ¢ 4 1 and exploiting (7.3.19)), we get

t+1
[ [Feimpemrair<c [ lagmra + ool
<C.
Therefore, due to the above estimate and (7.3.19)), we apply the uniform Gronwall lemma
to ((7.3.22)) deducing
t+1
105w (1)1 +/ 10:Ge (T + [V Oeiin(7)* dr < C, Vit > 20.
t

Passing to the limit as n goes to oo, using the lower semicontinuity of the norm and the

equivalence between ¢ and ¢, we obtain ((7.3.18)). [
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Remark 7.3.6. Notice that by comparison, we also infer that for all ¢ > 50,

2]l oo so,t:2(0)) + V@l Lo o tir)) + 10upll L2 ivrvry < C.

If we strengthen a bit the assumptions on the interaction kernel .J, we can say more
about the regularity of the solution.

Lemma 7.3.7. Assume that J satisfies K.1. For any o > 0, there exists C = C(c) > 0
such that

sup (0 oy < C:
t>bo
The claim of Lemma can deduced from the regularity 1 € L™ (50, 0o; H%(2))

(see [62, Theorem 5]). Moreover, further regularity properties can be achieved by mak-
ing use of the maximal regularity of the Neumann Laplacian (see [69]).

7.4 The Nonlocal Cahn-Hilliard Equation: Longtime behavior

In this section we discuss the longtime behavior of global solutions.

The Infinite Dimensional Dynamical System

Let us now analyze the dynamical system associated to problem (7.1.1)-(7.1.2). For any
given m € (0, 1), we introduce the phase space

Vo = {p € L) : lp(x)|lpoy <land —1+m<B<1-—m}, (74.1)

endowed with the metric
d(%#ﬂz) = ||901 - 902H- (7.4.2)

It is easily seen that V), is a complete metric space. Thanks to Theorem we can
set
St): Vi = Vi, S(t)po=(t), Vt>0,

where ¢ is the weak solution in the sense of Definition corresponding to the i
nitial condition ¢y. The dynamical system (#H,, S(t)) is dissipative owing to (7.1.4).
Moreover, S(t) is a closed semigroup on the phase space V,, because of (7.1.5) (see
[128])).

The following result concerns the existence of the global attractor.

Theorem 7.4.1. The dynamical system (V,,,, S(t)) has a connected global attractor A,,
which is bounded in V,, N'V.

Proof. Let us set
B = By(0,R) NV,

where i > 0 sufficiently large. We infer from Theorem that B is a connected
compact absorbing set for the dynamical system (V,,,, S(t)). Hence, the existence of the
global attractor is an immediate consequence of [[128, Corollary 6]. [

Thanks to the validity of the separation property, we can deduce more information
on the asymptotic behavior of the weak solutions in dimension two.
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Theorem 7.4.2. Let the assumptions of Theorem hold. Then, for every m > 0,
there exists an exponential attractor M., bounded in V N CP(Q) for the dynamical
system (V,,, S(t)), namely,

(i) SH) My, C My, VT > 0;

(ii) M., exponentially attracts the bounded subsets of V,,, i.e. there exist C' and w
such that for every BB bounded set of V,,

dister ) (S(t)B,M,,) < Ce™, V>0,
for any v € (0, B);

(iii) the fractal dimension of M, is finite, that is,
dimp(M,,,C° () < C,
where C depends on 3 and m.

As consequences of Theorem [7.4.2| we have

Corollary 7.4.3. Let the assumptions of Theorem hold, then the global attractor
is a bounded subset of V N C?(Q) and has finite fractal dimension, that is,

dimp(An,C°(Q)) < C.

Corollary 7.4.4. Let the assumptions of Theorem|[7.3. 1| hold. If, in addition, J satisfies
(K.1), then the global attractor A,,, and the exponential attractor M,,, are bounded in
H,, N H?(Q).

Theorem[7.4.2and Corollaries and[7.4.4]are byproducts of the separation prop-
erty. Indeed, we recall that the weak solutions to (7.1.1)-(7.1.2)) coincides in finite

time with the weak solutions to (7.1.1)-(7.1.2) with a smooth potential. Hence we can
use [74, Theorem 2.8] to guarantee the existence of an exponential attractor and its con-
sequences.

Convergence to Single Stationary State

We conclude this section by stating a result on the convergence of single trajectories.
More precisely, we have that any weak solution does converge to a single stationary state.
This result also follows from the argument mentioned above which is based on the strict
separation property. More precisely, it can be proven arguing as in [/4, Theorem 2.21]
where the regular potential case is considered. Thus, we also have

Corollary 7.4.5. Let the assumptions of Theorem hold. If V is real analytic on

[—1+0(m),1 — §(m)]. Then, any weak solution ¢ to problem (T.1.1)-(7.1.2) is such
that

tim [ () = 0.l ) = 0. (7.43)
where . € V N CY(Q) solves

U (pu) = J * 0o = fl,
where i, € R, and p, = p,.
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7.5 The Nonlocal Navier-Stokes-Cahn-Hilliard System: Regularity Prop-
erties

This section is devoted to the regularity results and the validity of the strict separation

property to problem ((7.0.1)-(7.0.2) in dimension two. Let us introduce first the definition
of weak solution (see [63]]).

Definition 7.5.1. Let uy € H,, ¢y be a measurable function with ¥(p,) € L'(Q2). A
couple (u, @) is a weak solution to problem ([1.0.1)-(7.0.2)) on [0, T'] if

uc L>(0,T;H,) N L*0,T;V,) N H'Y0,T; V"),

0 € L>(0,T;H)NL*0,T; V)N H"0,T; V"),

p e L>®(Q x (0,7)) with |p(x,t)| < 1a.e. (x,t) € Qx(0,7T),
pe L*0,T;V)

such that
(Ou,v) +b(u,u,v)+ (Vu,Vv) = (uVep,v), Vv eV,
(Owp,v) + (w-Vo,v)+ (Vu,Vv) =0, YoeV,
for almost every t € (0,T), where
p="p) = J*p,

for almost every (x,t) € Q x (0,T). Moreover, the initial conditions u(-,0) = uy and
©(+,0) = @p a.e. in 2 x (0,7T).

Recalling the energy associated to system ([7.0.1)

1 1
B ) = 5lulP + | ¥(phdo =57 5 0,0)

we state the well-posedness result related to problem ([7.0.1))-(7.0.2]).

Theorem 7.5.2. Let uy € H,, g be a measurable function with ¥(po) € L'(Q2) and

©o € (—1,1). Then, for any T > 0, there exists a unique weak solution (u, ) to
problem (71.0.1)-(7.0.2)) on [0, T'| which satisfies the dissipative estimate

Er(u(t), p(t)) +/t IVu(7)|* + V() |* + V()| dr
< CEg(ug, po)e " + C,

forallt > 0, where w and C' are positive constants independent of the initial condition.

The proof of Theorem can be carried out by arguing as in Theorem [7.1.3]and
by using the standard Galerkin scheme for the Navier—Stokes system (see [151]). We
also refer to [63, Section 2, Theorem 1] for a different approximation technique. Instead,
uniqueness has been proven arguing as in [62].

Let us fix m € (0,1) and R > 0. We consider trajectories such that
[@ol <1—m and  Ep(uo,po) < R.
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Accordingly, the generic constant C' may depend on R and m but is independent of the
specific form of the initial datum. Moreover, thanks to the above result, we have that
any weak solution fulfills for all ¢ > 0

t+1
En(u(t), o(t) + /t ) IVu(n)|? + [ Ve (n)?
V(D) + 10cp (I} dr < C. (7.5.1)
We begin with a regularity result for the Navier—Stokes system in dimension two.
Lemma 7.5.3. For any o > 0, there exists C = C(c) such that
|| Lo otv,) + || L2 e 1:m200)) + |0t L2t 41020) S C, VE > 0. (7.5.2)
Proof. We observe that the Korteweg force can be rewritten as
uNVo =Vr* — (Jxp)V.

On the other hand, we have for all ¢t > 0

t+1
/t 1(J 5 o(r) V()| dr < C.

Thus (7.5.2) follows from [[151] Theorem 3.10]. O

Thanks to Lemma we can prove the following regularity result on the phase
parameter.

Lemma 7.5.4. For any o > 0, there exists C = C(c) > 0 such that
10spl| Lo 20657y + 1Ol L2t 41y S C, V> 20, (7.5.3)

Proof. We provide below a formal computation. A rigorous proof can be easily done by
replacing the differentiation with respect to time with difference quotient. We differen-
tiate the nonlocal Cahn—Hilliard equation with respect to time and we test the equation
by N ;. Then, arguing as in the proof of Lemma[7.2.1] we obtain

d
F19elly; + alloel” < Clidielly; +2/(dmep, VNOp)| + 2| (udip, VN Op)|.
By the Holder inequality and the properties of N, we deduce that
(O, VN Op)| < ||Osuall]|Ovepl v

and
(@0, VN Oip)| < ||| Lo 110l 10ep vy -

Collecting together the above estimates and using the Young inequality, we get

d «Q
&”WPH%/O/ + §|!8t90\|2 < C(1+ |lullie o) 10:0lF + 1|0,

Now, exploiting the uniform Gronwall lemma together with (7.5.1)) and (7.5.2)), we easily
infer ((7.5.3)). [
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As an immediate consequence, we deduce two additional regularity results whose
proofs can be performed following line by line the proofs of their previous counterparts

(namely, Theorem and Proposition [7.2.2)).

Lemma 7.5.5. For any o > 0, there exists C = C(c) > 0 such that
||vﬂ’||L°°(o',t;H) S C, Vt 2 20, (754)
and

sup [[e()]lv < C. (7.5.5)
t>20

Lemma 7.5.6. For any o > 0, there exists C = C(o) > 0 such that for all t > 20

19" ()| oo 2o,:v) + |1l oo 200y + 1l L2t 041,12 (02)) < C (7.5.6)
_2 2

P=2 _Zmdd=2 (157
P q

||v,u”Lq(t,t+1;LP(Q)) + ||v§0||L4(t,t+1;LP(Q)) <C, i

We now have all the ingredients to establish the separation property.

Theorem 7.5.7. Given o > 0. Suppose that V also fulfills (H.3)-(H.4). Then, there
exists 6 = d(m, R, o) > 0 such that

sup [[@(t)| o) < 1 — 6. (7.5.8)
t>30

Proof. We apply the same argument of Theorem[7.3.1] We need to handle the following
further term

2= [ eV (WP W0V () do
Q
Using the boundedness of ¢, we have
2] < /Q || W ()10 () 0" (p) V| da + p/Q [T ()20 (@) P~ V| da
< Z + 2.

Furthermore, we have

o SR
Zl — dlL‘—f——/ |\I} |p+ | \If”( )
_— +1 2.2
< p+12/|vmf'< |dx+—/|w P () P
< i | VI P o+ 19l V()75

P+1 1
@T/IVI‘I’ o) 72 [P da + 12 ()12 o 2o (@) 1 () 1 710

< s [T e+ OV
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and

4p / Lél 2 1 2.\ 2
2 < / VW) F P e+ 2 2 0 fall V() b o

4p / ptl o
< s [V P+ I
Arguing as in Theorem[7.3.1]and using an Alikakos—Moser type iteration procedure, we
obtain ([7.5.8]). [

Thanks to the strict separation property we can also prove some Holder continuity.
Indeed we have

Lemma 7.5.8. For any o > 0, there exists C = C(0) > 0 and 5 € (0, 1), depending
on 0 such that

sup ||lu(t)|lwra@) < C (7.5.9)
tedo,00)
and
(1, t1) — (@2, )| < C (| — o] + [ty — ta]2) (7.5.10)

forall (x1,t,), (va,t5) € [t,t+ 1] x Qand any t > 50.

Proof. We observe that the Korteweg force can be rewritten in the following form
uNVo =V — (VJx)p.

Thanks to Lemma and the boundedness of , we deduce that

[0:((VJ * 90)%0)’|L2(t,t+1;H)
< (VI = 0p)ell e irimy + (VI 0)0ipl 12 p41m) < O, V> 30,

Therefore, we can consider the Navier—Stokes equation
(O, v) +b(u,u,v) + (Vu,Vv) = (f,v), Vvel,,

for almost every ¢ > 0, where f is a vector-field bounded in L?(¢,t + 1; H) with 0, f
bounded in L?(¢,t + 1; H). Setting

1
ol = 5 (v(t +h) — v(t)),
we take the difference of the above equation for ¢ + h and ¢ and we test by 9/'u. This
gives
1d 4,
2dt

Notice that the last term on the left-hand side is equal to zero. Exploiting (3.1.7) and
the Young inequality, we obtain

1d
2dt

OMu||* + | VOru|* + b(OMu, u(t + h), OMu) + b(u, O'u, Ofu) = (O £, 0'u).

—loful® + IVorul* < llu(t + b)llv, |0Full |07 ullv, + 107 £1110u].

150



7.5. The Nonlocal Navier-Stokes-Cahn-Hilliard System: Regularity Properties

Due to the Poincaré inequality, we deduce

%Hal‘ullz +[IVorul® < Cllu(t + )5, 07ul* + Clloy £1”
< Clloyul® + Clloy £1?,
where we have used Lemma([7.5.3] On account of the inequality
1000 L2 terrsniny < Nvellzae s,
applying the uniform Gronwall lemma, we infer that
107l Loe (ao 1 + (VO ul| 2t 1m0) < C, ¥V E > 4o
Hence, we conclude that
0w || oo (40t 01) + [| VO L2t 418) £ C, V1> 4o. (7.5.11)
Therefore, an application of [9, Theorem 1.1] yields
lu(®)llwa@ < €, Vit 4o,

and we conclude that holds. Finally, we can apply [51, Corollary 4.2] to the
nonlocal Cahn-Hilliard equation with convective term and infer (7.5.10)). [

Remark 7.5.9. As we observed in Section [/.3| we can still identify the weak solutions
to problem (7.0.1))-(7.0.2)) with the weak solutions to a similar problem with a regular
potential. Then, we can generalize the results on the longtime behavior contained in
Section[7.3] More precisely, we know from [62] that (7.0.1)-(7.0.2) generates a dissipa-
tive dynamical systems which possesses a global attractor. Then, the regularity of the
global attractor as well as the convergence of any weak solution to a single equilibrium
proved in [65]] for a regular potential can be extended to the present case. The same can
be told for results on the existence of an exponential attractor proven in [62, Section 5].
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CHAPTER

The nonlocal Hele-Shaw-Cahn-Hilliard system

Hele—Shaw-Cahn-Hilliard system. First, we prove the well-posedness of weak

solutions in both two and three dimensions. Then, we show the existence of
global in time strong solutions. Consequently, due to the parabolic nature of the system,
we deduce that weak solutions become instantaneously strong solutions. In addition,
by using the method introduced in Chapter [/, we obtain the validity of the separation
property in dimension two. Finally, we discuss the longtime behavior.

' I \iiis chapter is devoted to the mathematical analysis of the nonlocal version of the

In a bounded domain 2 C R?, d = 2, 3, the nonlocal Hele—~Shaw—Cahn—Hilliard system
with matched viscosities (v = 1) reads as follows

u=-Vr+uVo,
divu = 0,
dp+u-Vo=Ap,
p="V(p) = Jxp,

in Q x (0,7), (8.0.1)

subject to the boundary and initial conditions

{u.nzanuzo, OnaQX(()?T)’ (802)

@('70) = 900(')7 in Q.
General agreement. Throughout this chapter, if it is not otherwise stated, we indicate
by C' a generic positive constant depending only on the domain and on structural quan-

tities. The constant C' may vary from line to line and even within the same line. Any
further dependence will be explicitly pointed out if necessary.
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Chapter 8. The nonlocal Hele-Shaw-Cahn-Hilliard system

8.1 Well-posedness

We prove that problem (8.0.1))-(8.0.2)) is well posed with respect to the notion of weak
solutions in 2 C R3. To this purpose, we remind that the singular potential and the
interaction kernel satisfy the basic assumptions (H) and (K).

By weak solution we mean the following

Definition 8.1.1. Let oy be a measurable function with V() € L'(Q) and |p,| < 1.
A triple (u, 7, ) is a weak solution to problem (8.0.1)-(8.0.2) on [0, T if

ue LX0,T;H,), =eL'0,T;Wh2(Q)),

@€ L0, T; H)NL*(0,T; V)N H'(0,T; V'),

p e L>®(Q x (0,7)) with |o(x,t)] < 1ae. (x,t) € Qx(0,7T),

V() € L*(0, T3 V),

pe L0, 1:V),
such that

(Owp,v) — (up,Vu) + (Vu, Vo) =0, VovelV, (8.1.1)

for almost every t € (0,T), where

u=-Vr+uVe, p=V(p)—Jxg,
for almost every (x,t) € Q x (0,T) and satisfies ©(0, ) = g a.e. in .

Remark 8.1.2. We deduce from the assumptions W (o) € L'(Q2) and |g,| < 1 that the
class of admissible initial conditions consist of ¢y € L>(£2) such that |po(z)| < 1,
for almost every = € (). However, they cannot be pure phases, namely ¢, #Z +1, due
to the restriction on the total mass. In addition, concerning the initial condition, note
that ¢ € C([0, 7], H). Also, any weak solution satisfies the mass conservation property,
namely

Remark 8.1.3. On account of the regularity satisfied by ¢, any weak solution fulfils the
identity

PNV = V(‘If(cp) —(J* @)@) + (VI xp)p,
for almost every (z,t) € 2 x (0, 7). Thus, the Darcy’s law is equivalent to
u=-Vr+(Vixp)p, n=1—V(p)+ (J*e)p, a.e. in Q2 x (0,7).

Its weak formulation becomes
/u-vdx:/(VJ*ga)gp-vdx, a.e. in (0,7), (8.1.2)
Q Q

for any v € H,. In particular, the modified pressure 7* € L*(0,T’; Vj). However, since
the product 1V is bounded in L'(0, T’; Wk (€2)), the original pressure 7 belongs to
LY0,T; Wh2(Q)).

Our first result regarding the existence of a weak solution is given by
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8.1. Well-posedness

Theorem 8.1.4. Let ¢y be a measurable function with 1(py) € LY(Q) and [p,| < 1.
Then, for any T > 0, there exists at least a weak solution (u,w, ) to problem (8.0.1)-
(8.0.2) on [0, T satisfying
51>1103 () || ooy < 1. (8.1.3)
t=>

In addition, assuming that |g,| < m for some m € [0, 1), there exists C = C(m),
independent of the initial datum, such that

el L2 s iim,y + 1l 2 1) + loll 2y < C, VE>0. (8.1.4)

A solution in the sense of Definition [8.1.1| will be constructed through several approxi-
mating problems. We introduce an artificial viscosity —eAu, with € > 0, in the Darcy’s
equation and we replace the singular potential with the family of regular ones W ,, de-
fined in Section In this framework, the existence of a pair (u**, ©**) is carried out
via the standard Galerkin scheme (the pressure will be recovered at the end of this argu-
ment). Then we aim to derive some uniform estimates with respect to the approximation
parameters A and €. After that, it will be convenient to pass to the limit as A which goes
to 0, with £ > 0 fixed. In such a way, the velocity field is bounded in L*(0,T; V,) at
this stage. This facilitates the goal of finding an estimate for ;,°*. Next, taking ad-
vantage of the uniform bound in L (€2 x (0, 7)) of ©°, we recover the limit system via
compactness letting € go to 0.

Proof. The proof will be divided into five steps.
1. A two levels approximation problem. For any given € > 0 and A > 0, we consider

the nonlocal Brinkman—Cahn—Hilliard system (see [20] and [47] and references therein)

—cAu+u=-Vr1+ uVo,
divu = 0,
Op+u-Vo—Au=0,
p="Us(p) = Jxp,

in Q % (0,7), (8.1.5)

subject to the following boundary and initial conditions

d
u=73k=0, f)n(‘?Qx(O,T), (8.1.6)
@(70) = Yo, 1n Q.
The family of regular functions ¥, : R — R satisfies (cf. Section[3.2)
(i) for any 0 < X < 1, there exists C' > 0 such that
1 _
Wy (s) > ESQ—C, Vs e R, Ve (0, (8.1.7)
(ii) W, is convex with
” (6%
v > 4 R; 8.1.8
)\(S) =14+ 067 ERS ) ( )

(iii) ‘I/A is Lipschitz on R with constant 1;
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Chapter 8. The nonlocal Hele-Shaw-Cahn-Hilliard system

(iv) Ua(s) / ¥(s)and |V (s)| 7 |¥'(s)| for every s € R as A — 0 and, in addition,
U’ converges uniformly to ¥ on any interval [a, b] C (—1,1);

(v) U,(0) = ¥\ (0) =0, for all A > 0.

As previously anticipated, arguing as in [47] and Chapter [/, one can prove the ex-
istence of a global weak solution to problem (8.1.5))-(8.1.6) via a Galerkin scheme, by
exploiting standard energy estimates and then passing to the limit in the usual way. More
precisely, given an initial datum ¢o € H, for any T' > 0, there exists a pair (u, ) such
that

uc L*0,T;V,),
p € LX(0,T; H)N L0, T V), dhp € L3(0,T; V"),
p="U5\(p) = Jxp e L*0,TV),

and satisfies (see Remark [8.1.3))

e(Vu,Vv) + (u,v) = (VJ xo)p,v), VYveV,, (8.1.9)
(Owp,v) — (up, Vo) + (Vu,Vu) =0, VovelV, (8.1.10)

for almost every ¢ € (0, T"). Furthermore, introducing the regularized free energy

X () = /Q% x——// 7 — y)(@)b(y) dedy,

the energy inequality holds

Enlp(1)) +/O ellVa()|* + lu()]* + V(D) dr < Eg(po),  B.1.11)

for almost every ¢ > 0.

2. A priori bounds based on the energy estimate. We consider an admissible initial
datum such that (, is measurable with U(,) € L'(Q) and |g,| < 1. According to the
previous stage, for any ¢ > 0 and A\ > 0, there exists a pair (u**, ¢**) satisfying the

weak formulation (8.1.9)-(8.1.10) and the energy inequality (8.1.11). Our next goal is
to show some a priori uniform bounds with respect to € and .

By virtue of the properties of W, we deduce that £, (o) < Ex (o). Inlight of (B.1.T1),
we find

t
En (™)) +/ ellur(T)IR, + [l (D) + [VaH ()| dr < Er(po) (8.1.12)
0

for almost every ¢ € [0, T']. We notice that, as a consequence of property (i), we have in
particular

T
[ [ +/ elw? ()3, + ()P + IV ()P dr
0
<&ul(po) +C,  (8.1.13)
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8.1. Well-posedness

where C'is independent of ¢ and ). Taking the gradient of ;i and testing by V=,
we also obtain

(TR V™, V) = (Vuth, V™) + (V] 52, V™).
By property (ii) and the Young inequality for convolution product, we reach
IV ? < CIVEA P + Clle™ .

Thus, integrating in time and using (8.1.12)-(8.1.13)), we arrive at

T
/ V= (7)[|? dr < C(L+T) (1 + Erleo))- (8.1.14)
0

We now prove a uniform estimate of =* in V. It is sufficient to find a control of the
total mass 7i°*, that is

1 / 1
—e,\ 1 £, £,
ot =— [ U\ (¢™)de — — [ Jx ¢ dx.
Qf Jo €2 Jo
Thanks to the monotonicity of W), it is possible to show (see [63]] and Chapter that
e <€ [ @ -FYBE e +C @IS
Q

where C' depends on p, and W but is independent of ¢ and \. Then, testing u** by
0= — P, yields

/Q(sf’A — o) VA (™) dz < O Vit llo™ = ol + Clig™|* + C

Collecting the above estimates and using (8.1.13)), we find

T
/ 105 (M) (1) |21 0y AT < O+ T) (1 + Enlp0))”, (8.1.16)
0

which, in turn, implies

T
/ =2 ()||Z dr < C(1 + T)(l + EH(¢0))2. (8.1.17)
0

Observe that all the above estimates are independent of € and .

3. The BCH system with singular potential: the limit A\ — 0. Our goal is to
perform the limit A\ — 0. To this end, we need to derive a uniform control of 850”.
By comparison, using Sobolev embedding and (3.1.11)) with p = 3, we have

10005l < IVE ]+ ™ o lle™ 220
1 1
< Va2 + Cllu v, =12 151
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Chapter 8. The nonlocal Hele-Shaw-Cahn-Hilliard system

Hence, we get
T 4
| 1ol ar
0

T
SC/(IWVWW3M
0

1

2 T \ 2 T R 1
+ O "M 2 0o iq / w13 dr)’ / oA (7)||Z dr )’
I ioiran ([ 1001, dr)" (] el ar)

< C(L+T)(1+ Eulyo)) .

Here C'is independent of A but depends on €. Collecting the above estimates, we deduce
that

w20 7v,) < O, (8.1.18)
"M oo 0,75y < C, (8.1.19)
"Mz, < C, (8.1.20)
106671 4 .y < € (8.1.21)
115 20,5y < C, (8.1.22)

where the constant C' depends on the initial energy g (o), @y, the form of ¥ and e,
but is independent of \. Thank to the uniform controls (8.1.18)-(8.1.22)), letting A — 0,
we deduce the following weak convergence results (up to subsequences)

u — uf, weakly in L*(0,T; V), (8.1.23)
O = ©F, weakly star in L>(0,T; H), (8.1.24)
O = ©f weakly in L?(0,T; V), (8.1.25)
Brp™ — 8,0, weakly in LF(0,T; V"), (8.1.26)
T weakly in L*(0,T; V). (8.1.27)

Besides, according to (8.1.20) and (8.1.21)), an application of the Aubin-Lions com-
pactness lemma entails

gpa”\ — ¢, strongly in LZ(O, T; LP(Q)), (8.1.28)
for p € [2,6). In turn, this gives the pointwise convergence
P = 7, ae. inQx (0,7). (8.1.29)

On account of the monotonicity of U and the uniform bound (8.1.16), it is possible to
show (see, e.g., Chapters [5|and [6)) that the limit function ¢° fulfils

©° € L=(Q x (0,7)) such that [p°(z,t)| <1 ae.inQ x (0,7). (8.1.30)

As a consequence, we deduce from property (iv) and the pointwise convergence (8.1.29)
that
U\ (™) = U(¢°), ae. inQx (0,7).
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8.1. Well-posedness

By comparison, we also get
H‘Ij/)\(gos)\)HLQ(O,T;V) < C7
with C independent of A\. Then, we infer from a standard argument that
W) (p5) = W' (%), weakly in L*(0,T; V). (8.1.31)
Regarding the product terms, it follows from (K), (8.1.24), (8.1.28)) that

(VJ % oM™ = (VJ % o), weakly in L3 (0, T; H),

and

ugy)\gpav)‘ —\ uESOE’ Weakly iIl L% (07 T7 H)

Therefore, a passage to the limit in the weak formulation (8.1.32))-(8.1.33) yields

e(Vus,Vv) + (u®,v) = (VJ x )%, v), VveV,, (8.1.32)
(0pp®,v) — (F¢", Vu) + (Vs ,Vu) =0, YvelV, (8.1.33)

for almost every ¢ € (0,7T"), where
pt = 0'(p%) — Jx %, a.e. inQ x (0,7).
Furthermore, owing to the above convergences, we can pass to the limit into the energy
inequality (8.1.12)) obtaining
t
En(¢° (1)) +/ el Vas (D) 1* + lu (D) * + Vs (7)|* dr < Enlpo),  (8.1.34)
0

for almost every ¢ € [0, 7], for any given 7" > 0.

4. The vanishing viscosity limit ¢ — 0. First, according to (8.1.30) and (8.1.34), it
follows immediately that

|| Lo (ax (0.1)) < 1,
|| 20,71,y < C
Vel 20,0 < C.

Repeating line by line all the estimates performed in Step 2, we arrive at

HSOE”[?(O,T;V) S 07
15 20,0y < C,
1" () |20,y < C.

We need to find a control for J;¢ that is independent of €. On the other hand, thanks to
the uniform L*°-bound of ¢° (cf. Remark|[7.1.2)), we have by comparison

106" by < Ve[| + [l

Hence, this leads to
10:0° | 2 0,75v7y < C.
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Chapter 8. The nonlocal Hele-Shaw-Cahn-Hilliard system

Being all the above bounds independent of A, the following weak convergence results
hold (up to a subsequence)

u® — u, weakly in L*(0, T; H,), (8.1.35)
" — p, weakly star in L>(€2 x (0,7)), (8.1.36)
©° — o, weakly in L*(0,T; V), (8.1.37)
Op® — Oyp,  weakly in L*(0,T; V"), (8.1.38)
e — p, weakly in L*(0,T; V). (8.1.39)

Thanks to (8.1.35)-(8.1.39), and applying a similar argument to the one employed in Step
3, we are able to pass to the limit as ¢ — 0 in the weak formulation (8.1.32)-(8.1.33)
and the limit pair (u, ) satisfies

(w,v) = ((VJ*xp)p,v), VveV,, (8.1.40)
(Owp,v) — (up, Vo) + (Vu, Vo) =0, VovelV, (8.1.41)

for almost every ¢ € (0,7"), where

p="Vp)—Jx*o.

To conclude the proof, we need to comply with the weak formulation stated in Definition
[.1.4 by recovering the pressure 7. In this regard, making use of a density argument,
we observe that u = II((VJ * ¢)p). Thus, in accordance with (3.5.2), there exists
™ € L*(0,T;Vp) such thatu = —Vr* + (VJ * ¢)p. Owing to Remark [8.1.3] we
conclude that ™ = 7 + U () — (J * @) € L0, T; Wh2(Q)) andu = —V7 + puVep.
All identities here hold almost everywhere in Q2 x (0, 7).

5. Uniform dissipative estimates. On account of the regularity (8.1.33)-(8.1.39), pass-
ing to the limit in (8.1.34)) as ¢ goes to 0, we get

Eno(t)) + / ()| + [V 2 dr < Enleo).

for almost any ¢ > 0. Since ¢ € C([0, T, H), we deduce that [, F'((t)) dz is bounded
for any ¢ > 0. In turn, it easily follows

sup [[o(8)[[ o) < 1.
>0
Moreover, due to the assumptions on the admissible initial datum, it is clear that

SH(QOO) S Cu
where (' is a positive constant depending on W, but not on ¢,. Thus, we deduce that
t
/ la(7)||* + |Vu(r)||? dr < C, Vit >0, (8.1.42)
0
Arguing as in Step 2, we take the gradient of p and multiply by V. After standard

computations, we find
Vol <O+ [[Vul). (8.1.43)
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8.1. Well-posedness

Then, aiming to estimate 1z, we recall the useful inequality (see [118]] and Chapter|/)

I (e <€ [ (0= AV (o) do +C,
Q
where C' depends on m. Thus, testing i by ¢ — p, we easily obtain

' (O)lere) < CA+[IVul),

which, in turn, entails

[l < O+ [[Vpul]). (8.1.44)
Therefore, (8.1.4)) follows from an integration in time of (8.1.42)-(8.1.44) in time on
(t,t + 1). The proof is complete. O

Remark 8.1.5. A consequence of the proof of Theorem 8.1.4]is the existence of a global
weak solution to the nonlocal Brinkman—Cahn—Hilliard system with singular potential.

Our next aim is to show the uniqueness of weak solutions. We remind that, in the
local case, this is known only in two dimensions (see Chapter [5). To this purpose,
we observe that the regularity of the velocity field u € L*(0,T; H,) is not sufficient.
Nonetheless, taking advantage of the equivalent formulation of the Darcy’s law (see
Remark and using the global L*°-bound of ¢, we prove that the velocity field of
any weak solution is indeed more regular.

Lemma 8.1.6. Let (u, 7, ) be a weak solution in the sense of Definition For any
p € (1,00), there exists C = C(p) > 0, independent of the initial datum, such that

|| oo (0,005Lr () < C. (8.1.45)
Furthemore, there exists C' > 0, independent of the initial datum, such that
|l 2t ir1vy < C, VE>0. (8.1.46)

Proof. Observe first that, by Remark [8.1.3] up to a redefinition of the pressure, u solves
the equation u = —V7* + (VJ % ). Being ¢ essentially bounded, it is easily seen
that

(VI * p)plle@xor) < C, VT > 0.

Thus, (8.1.45)) follows from (3.5.1)). Let us now apply the curl operator to the Darcy’s
law. We find (in a distributional sense)

V xu=—(VJx*p)x V. (8.1.47)
Exploiting once more the L*°-bound of ¢, we reach

(V] % @) x Vel < C[Ve|.
Then, owing to (8.1.4]), we end up with

t+1
[ xwmpEar <.
t
By virtue of (3.5.3), the above inequality entails and this yields the proof. [J
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Chapter 8. The nonlocal Hele-Shaw-Cahn-Hilliard system

We are now in a position to prove the following continuous dependence estimate.

Theorem 8.1.7. Let gy and @y, be two measurable initial data with VU (py;) € L'(Q)
and [py;| < 1,1 = 1,2. Then, there exists C' = C(T') > 0 such that

ler(®) = 2(Oer < Clieor = wollvr + Clor = Poals (8.1.48)
forall0 <t <T. In particular, the weak solution to (8.0.1)-(8.0.2) is unique.

Proof. Let (uy, 7, ¢1) and (ug, 72, o) be two weak solutions to problem (8.0.1))-(8.0.2))
corresponding to ¢g; and g2, respectively. Setting ¢ = p1 — @9, 4 = 1 — o and
u = u; — uy, we have (cf. Remark [8.1.3)

(w,v) = (VI xp)o1,v) + (VI x@2)p,v), VveH,, (8.1.49)
(Owp,v) + (V, Vo) = (upy, Vo) + (agp, Vu), Yv eV, (8.1.50)

for almost every ¢t € (0,7), where

p="V(p1) = U(p2) = J * .

Taking v = 1 in (8.1.50) we readily obtain that p(¢) = p(0) for all ¢ € [0,7]. Let us
now take v = N (p —) in (8:1.50). By definition of A/ and using the chain rule (3.3.3)),
we obtain

1d

sl — @l + (e -9 =T+, (8.1.51)

where
I = (up1, VN (9 =), I = (w20, VN (¢ - 7).
Thanks to (H), we have

(' (1) = W'(02), ) > allgll?, (8.1.52)
On the other hand, recalling the conservation of the total mass, note that
(W'(1) = ¥'(2), %) < RO IV (1) oy + ¥ (e2)ln). (3153
Moreover, recalling once more the definition of N, we deduce that

(J*p, 0—2)=(VJxp, VN(¢p —9))

o
< Fllell” + Cliely;: (8.1.54)
Therefore, we infer
1d , « 9 .
sl + Slel” < T+ I+ Cliells + [RO)W, (8.1.55)

where

W =C(I¥ (@)l + 17 () |e ).

Let us proceed to estimate the terms Z;, : = 1, 2. We have
Iy < [lulllle —2llv
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8.1. Well-posedness

In order to find a control of u in term of ¢, we take v = u in (8.1.49) getting
]| = (VT % 0)or,u) + (V] % 02)0,m).

After standard computations, we obtain

Il < (lorllze + loallze ) IV Tl @il

Hence, we arrive at
[ull < Cllell,

which, in turn, gives
(8%
LSgWW+QMﬁ

Regarding 7, by using (3.1.T1)) with p = 3, (3.3.6) and (8.1.45)), we find the control
I < |uzllus@ [ llIIVN (9 = D)3 0)
< Cluzllws@lelile - 21 e - 711,
< el + el
Combining all the previous estimates, we end up with the differential inequality

1d

2, @ 2 2, 1=
— < .
QMWM+AWH_QWMHﬂWW

Therefore, taking in account that WW € L'(0,T'), an application of the Gronwall lemma
yields

lor(®) = w2012 < € (lleor = woall? + 7o = Feal), V€ 0,7

By the equivalence of the norms, (8.1.48)) immediately follows. The proof is complete.
[

We can also deduce the validity of the energy identity from Lemma [8.1.6] This
identity will play a crucial role to study the longtime behavior (see Section [3.4).

Proposition 8.1.8. Let ¢ be a measurable function with (o) € LY(Q) and |p,| < 1.
Then, the unique weak solution (u,m, ) to problem (8.0.1)-(8.0.2)) satisfies the energy
identity
t
En(p(t)) +/ (D) + [Vi(7)I? dr = E(p(s)), YO<s<t<oo (8.1.56)

Proof. Let us introduce the modified energy functional £ : H — R given by

£0) = [ Ww)de = 5075 v.0) + VI

By virtue of (K), taking x > 0 large enough, it is easily seen that L is proper, convex and
lower semicontinuous. On account of the regularity ¢ € L*(0,T;V), p; € L*(0,T; V")
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and ¥'(¢p) € L*(0,T; V), we learn from [40, Proposition 4.2] that £((+)) is absolutely
continuous on [0, 7] and

d
\Ij/ _ —_ o 2
dtﬁ( @) = (V'(p) = J *x o+ Kp, @), = (1, 1) + thHsDH

foralmostany ¢ € (0,7"). Taking v = g in (8.1.1)) and summing up to the above equality,
we find

d
() — (up, Vi) + V> = .
Then, testing the Darcy’s law by u, we have

ul|* = (1Y, u). (8.1.57)

Note that the above test by u is well defined due to Lemma [8.1.6] (see, in particular,
(8.1.45))). By the classical result on the product rule in Sobolev spaces, we can rewrite

(8.1.57) as

lu||®* = —(pVu,u). (8.1.58)
Thus, collecting the above equalities, we end up with
d
Ef:H( ©) + lul]® + | Vul* = 0. (8.1.59)
An integration on (s,t), 0 < s < ¢, entails the energy identity (8.1.56). O

8.2 Strong Solutions and Regularity Properties

In this section we prove the existence of the (unique) strong solution to problem (8.0.1))-
under a natural assumption on the initial datum. This will be achieved via a priori
higher order estimates. This result (together with the uniqueness of weak solutions) in
the three dimensional case points out the gap between the local and the nonlocal versions
of the Hele-Shaw—Cahn—Hilliard model with singular potential. Indeed, in the former
case, we remind that the existence of a global in time strong solution has been proven in
Chapter [5| only for initial data close to local minimizers of the Ginzburg-Landau free-
energy. On account of the parabolic dissipative nature of the system, we also show the
time regularization of weak solutions.

Theorem 8.2.1. Let @y be a measurable function with W(po) € L'(Q),
VU'(po) € H. Then, the weak solution is a strong solution to problem (8.0.1)-(8.0.2)
on [0, T) such that

uc L0, T; V)N L1(0, T; WH(Q)) N L2(0, T: W (),
7€ L®(0,T; Wh2(Q)) N L*(0,T; Vy),
o € L®(0,T; V)N L0, T; W-(Q)) N L2(0,T; WP (Q)),
Op € L®(0,T; V)N L*(0,T; H),
V() € L=(0,T3V),

foranyd <p< ooifd=20rd <p<6ifd=3.
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8.2. Strong Solutions and Regularity Properties

Proof. Let (u,, ) be the unique global in time weak solution to problem (8.0.1)-
(8.0.2)). Thanks to the additional assumption on the initial datum, we aim to show higher
order regularity properties. We divide the proof into three steps.

1. Smoothing effect on time derivatives. For any 4 > 0, let us introduce the difference
quotient of a function v by

v = %(v(t +h) — v(t)).

We first consider the Darcy’s equation at two different times ¢ and ¢ + h. By subtracting
them, it is evident that (cf. Remark [8.1.3])

(OFu,v) = (VJ % 0/p)p(t + h),v) + (VJ )0, v),
for all v € H,, and for almost any ¢ > 0. Choosing v = 9!'u, we deduce that
107 ull® = (V] 0y 0)p(t + h),0/u) + (V] * ©)0)'p, Ofu),
By (K) and (8.1.3), we have
(VI 0/ 0)p(t + h), 0fu) + (V] = )0, 0)u)
< (et + W)l IV @) + 1V * ellio=coy ) 9L |0l
< Cllorellofull,

which, in turn, gives
107ull < Cllofell. (8.2.1)

Subtracting now the weak formulation (8.1.1]) evaluated at time ¢ from the one at time
t + h we get

(007 p,0) + (VO 1, Vo) = (p(t + h)fu, Vo) + (ud}e, Vo), (8.2.2)
for every v € V and almost any ¢ € (0,7'). Taking v = N'(d"¢), we obtain

1d

s lorely, + @i ote) = i+ 5, (8.2.3)

where
Ji = (p(t+h)0'u, VN(9}9)),  To = @d'e, VN(9;¢)).
By virtue of (H) and (K), we have

%(‘I”(W +h) = W(p(1),0r9) > all0f el

and

(J % O}, 0 p) = (VJ x 0o, VN p)
0]
gI\D%HQ +C||D ][5,

IN
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Let us control the terms J;, ¢ = 1, 2. By (3.3.6), (3.1.11), (8.1.43) and (8.2.1]), we find
Ji < Cllopullllofell;
(6%
< gHathwll2 +Cllorel?,

and

T < ||at]|nsce 101 VN s o)
< CllafellP ot el

< gllé’fSOII2 +Clofel.

Therefore, collecting the above estimates, we arrive at the differential inequality

thllfwll? + Slarel? < Clofell. (8.2.4)
Thus, an application of the Gronwall lemma yields
1012 < 10F(0)]2e“", Vi e [0,T]. (8.2.5)

At this point, to deduce a global in time estimate we need to find a bound for |07 (0)]..
Taking advantage of (H, we observe that
;C(lit (Ovp, N'(0 = o))
= (1,0 — o) + (e, VN (¢ — ¢0))
= —(V'(¢), 9 = o) + (J * ¢, 0 — v0) + (up, VN (¢ — o))
—(V¥'(0), VN (¢ — 90)) + (VJ * 0, VN (¢ — ¢0))
+ (e, VN (¢ — ¢0))

< (CH IV (o))lle = @ollves

for almost every ¢t > (0. An integration in time leads to

le = olly; =

1 t
Sl = wolliy < (C+ IIV\I’/(%)H)/ le(7) = wollvgdr, Vit >0.
0
Accordingly, an application of the integral Gronwall lemma (see section [3.7) implies

le(t) = @ollyy < (C+ IV (@o)ll)t, ¥t >0.
Taking t = h, it follows that
|92 (0)llv: < (CH IV (o)), Vh>0. (8.2.6)
Combining (8.2.3) with (8.2.6), we end up with
10Fe®)lv < C, Vit e(0,T],
where C' depends on ¢, and 7. Owing to (8.2.4)), we also infer that
ID" ol 20,210y < C. (8.2.7)
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8.2. Strong Solutions and Regularity Properties

Recalling that 9/ converges to ¢; weakly in L>(0, 00; V') as h — 0, we end up with

HatSOHLOO(o,T;VI) + HatSOHLz(O,T;H) <C. (8.2.8)
Besides, by (8.2.1), (8.2.7), we deduce that
| Oe| L2 (0.711,) < C. (8.2.9)

2. L°°—in time uniform estimates. Our next concern is to establish global in time

bounds on u, p and ¢. By (8.1.3), (8.1.44), (8.1.45)), and (8.2.8)), it is easily seen that
Il (o) < C. (8.2.10)

Then, by virtue of (8.1.43), we get

el e o,mvy < C. (8.2.11)
In light of the latter bound, by using (3.5.3) and (8.1.47), we have
lulv < C(1+ el Vell), (8.2.12)
which, in turn, entails
2| oo (0,1v) < C. (8.2.13)
As a consequence, we obtain
<C.

3. Higher order estimates in space. We proceed by proving higher order regularity
with respect to the space variables. In this regard, by (8.1.3) and (8.1.45)), we observe
that

[woll ey <C, Vp=2. (8.2.14)

Then, interpreting (8:1.1)) as the Neumann problem for i, the regularity theory in (1¥17)’
(see [[109] and Section[3.3) entails that, for any p > 1, there exists C = C(p) > 0 such
that

[eellwre@) < C(H%H(WLP’(Q))/ + llu - Vol v @)y + HMH(Wlm’(Q))/)a (8.2.15)
where % + z% = 1. In light of (8.2.10) and (8.2.14), we have

lillwre@) < Clleell + leglluo) + llul)
< 1+ fleell),

forany 1 < p < ocifd=2and 1 < p <6if d = 3. This gives
[ 1ell L2 0.7m10(0)) < C.

To recover further integrability on ¢, we argue as in Chapter [/| (see also [65]). We
first deduce by comparison that I’ (¢)Vy € L?(0,T;LP(Q2)), for any p > 1. Then,
exploiting (H), we reach

Vellr@) < C(l + HVMHLP(Q)), (8.2.16)
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which, in turn, entails
HS0||L2(0,T;W1’17(Q)) S C (8217)
Accordingly, we can improve the integrability of the convective term u- V. By (8.1.45))

and (8.2.17), we find

| - Vollrzor,m < C.
Due to this, the regularity theory of the Neumann problem in H yields
I ll 20, m2(0)) < C.
By (3.1.10) and (3.1.T1) with p = 4 and the above estimates, we also learn that

HVN||L%(D,T;L4(Q)) + |’v90HL%(O,T;L4(Q)) S C

Finally, we consider again (8.1.47). It follows that, forany 1 < p < oo ifd = 2 or
1 < p<6ifd=3,there exists C = C(p) > 0 such that

HV X u||L ) + HV X uHL2(0’T;Lp(Q)) < C

8

1 (0,514 ()
On account of [84] Theorem 3.5], there exists g suchthat Vx g =uand —Ag =V xu
in (2, with g-n = 0 on 0€2. By the regularity theory for the Neumann problem, we obtain

18115 o ooy + IEl220 w20y < .

Thus, we infer that

||u||L%(0,T;W1’4(Q)) + ||u”L2(07T;W1,p(Q)) S C

The further regularity of the pressure easily follows from (3.5.2) and the above estimates.
This concludes the proof. [

We are now in a position to state that any weak solution is indeed a strong one on
(0,00), for any ¢ > 0. To this aim, we consider a generic weak solution (u, 7, )
departing from a measurable initial datum ¢, such that |5,| < m, for a fixed m € [0, 1).
Accordingly, throughout this section, the generic positive constant C' may depend on m,
but will be independent of the initial datum.

Theorem 8.2.2. Let (u, 7, ) be a weak solution to problem (8.0.1)-(.0.2). For any
o > 0, there exists C' = C (o) > 0 such that

||at90||L°°(a,oo;V’) + ||M||Loo(a,oo;\/) <C,

sup [[u(t)|lv + sup [|()[lv < C,
t>o t>o

1Ol 2t 1:8.) + 100l 2y + il 2z +IVOl 8 o ppaay = €

for everyt > o. Moreover, forany 4 < p < oo ifd =2and4 < p < 6ifd = 3 and
o > 0, there exists C = C(o,p) such that

]| 2 eriswrm@) + [[ol2@eimie@) + ol 2 miwieg) <O, Vi o
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The proof of Theorem[8.2.2]can be obtained by arguing as in Theorem[8.2.1] Indeed,
recalling the useful inequality

ID" ol 2 rs1vry < el n2rirsnyry, Vit >0,

the only difference consists in applying the uniform Gronwall lemma (see Section |3.7)
to the differential inequality (8.2.4). Then, all the desired estimates follow by repeating
line by line the arguments employed in the above Steps 2 and 3. In particular, integrating
on the time interval (¢,¢ + 1), all the constants turn out to be independent of the time
variable.

8.3 The Separation Property in Two Dimensions

In this section we address the quantitative property concerning the instantaneous and
uniform in time separation from the pure phases. In other words, in the two dimensional
case we can prove that the concentration parameter stays away from the singular values
of the potential. Consequently, being the potential and its derivative globally bounded
in L*°-norm, we are also able to show a further regularization property.

Let us fix m € [0, 1) and consider a weak solution (u, 7, ¢) such that |g,| < m. In
particular, we remind once more that the generic positive constant C' may depend on
m, but will be independent of the initial datum. Thanks to the regularity of # we can
exploit the result proved in Chapter|/|in the present case. More precisely, we have

Theorem 8.3.1. Let d = 2. Assume that U €3 (—1,1) satisfies (H.3) and (H.4). Then,
forany o > 0, there exists 6 = §(o, m) > 0 such that

sup [9(8) ey < 1 6.
t>30

Proof. The result follows by arguing as in the proof of Theorem [/.5.7} Indeed, the
regularity for u given by (8.1.45) is enough for the estimates performed therein. O

Taking advantage of the above result we can prove further regularization properties,
namely,

Theorem 8.3.2. Let d = 2 and let the assumptions of Theorem hold. Then, for
any o > 0 and p > 1, there exists C = C(o,p) > 0 such that

||atuHL°°(4U,oo;Hg) + Hat§0||L°°(4U,oo;H) S Oa
and

sup [|11(t) || z2 () + sup [l lwir) < C.
t>40 t>40

In addition, assume that the assumption (K.1) holds. Then, there exists C = C(o) such
that

sup [u(t)|me(@) + sup [lo(#)l| =) < C.

t>40
Proof. Let us test (8.2.2) by 0'>. We have

1d
5&”@5190”2 + (V0! 1, Vo) = Hy + Ho,
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where
Hi = (o(t +h)0ru, Vo), Ha= (udp,Volp).

By (H), we first notice that
(VOru, Voye) = af|Vorel* = [(VJ % 0pe, Vo)l — [(Ved[ ¥ (), Voj o).
It is evident that

«
(VT 000,Vore)| < 2lIVarel” + Clloyel”.

On the other hand, recalling that

D() = D [ W (splt+ 1)+ (1= 9)o(0) ds.

from the assumptions on ¥ and exploiting (3.1.7) and Theorem [8.3.1] we infer
(Vedp ¥ (), Vore)| < ClIVelluaedr ¢ll@lIVorell
a
< gHV@Z‘sOII2 +ClIVellagllorel.

We proceed by estimating the right-hand side H;, ¢ = 1,2. By (8.1.3), (8.1.45) and
(8.2.1)), we obtain

Hy < ClorellIVorel
< Cllafel? + SIVorel?,
and
Ha < Cllullrso) 107 ¢l VO ¢ll
< <IVael? + Cllotell.

Combining all the previous estimates, we find the differential inequality
Ld
2dt

Thanks to Theorem 8.2.2] an application of the uniform Gronwall lemma leads to

102 + VOl 210 < O, V> 4o

«
lof el + SIVOell” < C(1+ IVelLs)l0fel” (8.3.1)

Here (' is a positive constant depending on o. A final passage to the limit as A — 0,
together with (8.2.1)), entails

HatSOHLOOMU,oo;H) + ||atu||L°°(4a,oo;Hg) S C (832)

and
10wpl| L2t 4150y < O, Vit > 4o,

Then, using (8.2.15)) together with (8.2.14) and (8.3.2), we infer that, for any p > 2,
there exists C' = C'(p) > 0 such that

| 14]] oo (40,0010 (02)) < C.
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Thanks to (8.2.16)), we end up with

o] Loo (4000510 (2)) < C. (8.3.3)
Now, by (8.1.43)) and (8.3.3)), we get
Hu ’ VSOHLOO(ﬁlo',OO;H) < C.

Thus, on account of (8.3.2), the regularity theory of the Neumann problem yields

”/’LHL‘”MU,OO;HQ(Q)) < (.

By comparison, we easily have

|V (0) || oo (40,002 (2)) < C-

Due to the validity of the separation property, by using the classical result on composi-
tion of functions in Sobolev spaces, we deduce that

||§0||L°°(40',00;H2(Q)) S C.
Finally, by and the above estimate, we reach

”‘7 X u|h¥”(4mooﬂ0 <C
which, in turn, gives

2| oo (40,0082 (02)) < C.

In order to conclude the proof, we show that the estimates regarding u, 1+ and ¢ holds
for all t > 40. To this aim, it is enough to prove an L>°(L?)-bound on O;x. Indeed we
have

10l < 19" (0)rpll + 1 % Bupll < (1 + [ ()| oo o) 1012
Hence, by Theorem [8.3.1]and (8.3.2)), we find

”815/“LH L (40,00;H) S C.

As a consequence i € C([40,T], H), for any T' > 40. Thus, for any o > 0, there exists
C' = C(o) such that

sup [[1(t) 20 < .
t>4o0

On account of (8.3.2), the same result holds for u and ¢, thus concluding the proof. [

8.4 Longtime Behavior

In this section we provide a description on the asymptotic behavior of solutions as time
goes to co. In the first part we define the semigroup map related to problem (8.0.1))-
(8.0.2)) and we show the existence of the global attractor. In the second part we prove
that any weak solution does converge to a single equilibrium in dimension two.
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The Infinite Dimensional Dynamical System

We define a semigroup on a suitable phase space as a consequence of Theorem [8.1.4]
Indeed, for any ¢y € L>(Q2) such that ||pg||L=) < 1 and [§y| < 1, there exists a
unique global in time weak solution (u, 7, ¢). Then, for any given m € [0, 1), we define

Vi = {9 € L) : pllp=qey < Land [7] = m},
and we equip it with the metric

d(1,02) = [l — @2ll.
Then, for any ¢, € V,,, we set
p(t) == S(t)¢o,
¢ being the unique global in time weak solution to (8.0.1)-(8.0.2). It is immediate to
check that the one-parameter family of maps S(¢) on V), satisfies the semigroup prop-
erties (see [149]). Moreover, we also deduce that t — S(t)py € C(]0,00), V), for
every ¢y € V,,. On account of Theorem [8.1.7, we have a continuous dependence es-

timate with respect to the initial data in a dual norm. Nevertheless, appealing to the
instantaneous regularity, we are able to show the following property

Proposition 8.4.1. Foranyt > 0, S(t) € C(V, Vin)-

Proof. The case t = 0 is trivial. We consider ¢ > 0 and a sequence {o,} C V,, such
that d(woy, o) — 0, with ¢y € V,,. Due to Theorem [8.2.2] we infer that

le@llv + llen@)llv < C.
Hence, by interpolation and using (8.1.48)), we obtain

dlgn(t), 9(8)) < llen(t) — o(B)]|3 | galt) — o)1
< C||<P0n - <P0||\§/'
< Cd(@0n7§00)%'

The claim follows. ]

The existence of the global attractor is given by

Theorem 8.4.2. The dynamical system (V,,, S(t)) has a connected global attractor A
that is bounded in V.

Proof. Observe that, on account of Theorems [8.2.2] there exists a positive constant C,
independent of the initial datum, such that

sup [l () [lv < C.
t>1

This entails the existence of a compact absorbing set in V,,,. The existence of the global
attractor is thus implied by [149, Theorem 1.1]. [

Remark 8.4.3. It is worth mentioning that the global attractor is more regular in the two
dimensional case. Indeed, by Theorem it follows that A is bounded in H*((2).
Furthermore, due to Theorem[8.3.1] the finite dimensionality of the global attractor and
the existence of exponential attractors can also be proved. We refer the reader to Chapter
[7land references therein.
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Convergence to Single Stationary State

We focus here on the longtime behavior of the single trajectory in two dimensions.
Thanks to the validity of the separation property, Theorem 8.3.2]and the Sobolev com-
pactembedding H2(Q2) — C?, for some 3 > 0, we are able to adapt the strategy devised
for local Cahn—Hilliard type equations (see [1]) within the nonlocal framework.

Given ¢y € Vy,, let (u, 7, @) be the related unique global in time weak solution. We
introduce the w-limit set associated to ¢ by

w(po) = {@ € Vi, : It, — oo such that (t,,) — }.
On account of Theorems 8.3.2] there exists C' > 0 such that
lellvace@ <C, V> 1. (8.4.1)

By the Sobolev compact embedding results, we deduce that the set w((g) is non-empty,
compact, connected in V,,, and, in particular,

1tlim dist(p(t),w(po)) =0, in L>(Q). (8.4.2)

We now proceed to characterize w(yy). To this aim, we introduce the notion of equi-
librium point (or stationary solution), that is, a function ., € V' NV, satisfying that
stationary nonlocal Cahn—Hilliard equation

U (0oo) — J * Voo = oo, D€, (8.4.3)

where (i, € Rand o = ¢, = m. Moreover, u,, = 0 and 7, = [l P Besides, any
stationary solution fulfils the separation property.

Lemma 8.4.4. For any v, € V N H,, satisfying (8.4.3)), there exists § > 0 such that
| ocllpoe@) < 1 =46
Proof. Let us observe that
19" (o0) | oo (@) < poe + 171 L2(00)-

Hence, V() is uniformly bounded. Due to the assumption (H), the conclusion fol-
lows. O]

Let us consider the set of all stationary points

L, = {gooo € VNV, : po satisfies @]}}

We remind that ¢ € C([0,00),V,,) and the energy Ex(y) satisfies the energy equality
(8.1.56). Due to this, we learn that () is a Lyapunov function. Thus, we infer that
w(¢o) consists of stationary states, namely w(pg) C L,,.

We conclude by applying the standard strategy in order to prove that w(yy) is a sin-
gleton ¢.,. We report here the main tool to prove the convergence to equilibrium, that
is the well-known Lojasiewicz—Simon inequality (see, e.g., [68])
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Proposition 8.4.5. Let Py : H — L% be the projector operator. Assume that ¥ is real
analytic in (—1,1), ¢ € V.1 L>®(Q) is such that —1 + v < p(x) < 1 — v for some
v € (0,1) and for all z € Q and o € w(py). Then, there exist§ € (0,1), 1 > 0 and
a positive constant C' such that

[£(p) = E(wo) ™" < ClIR(W' () = T 5 )]s, (8.4.4)
whenever || — ool < 1.
The main result of this section is the following

Theorem 8.4.6. Assume that V is real analytic on (—1,1). Then, ¢ converges to an
equilibrium ¢, namely,

lim [J(t) — ol = 0, (8:4.5)

where p fulfills (8.4.3).

Proof. Thanks to the energy identity (8.1.56)), it follows that £¢ (¢(t)) is non increasing,
Eu(p(t)) > Eu(vs) and Ex(p(t)) — M, where M = Ex(ps), for any v, € w(p).
Without loss of generality, we consider Eg(p(t)) > Ex(ps), for all £ > 0. Otherwise,
if there exists ¢ > 0 such that g (¢(t)) = Ex(Peo), it is evident that (1) = (t), for all
¢t > ¢, and the claim follows. On the other hand, we fix 6 € (0, 5) and > 0 given by
Proposition [8.4.5] Via a contradiction argument, it is possible to show that there exists
t* > 0 such that ||p(t) — @uo|| < m, for all t > t* (see, e.g., [65]). Then, by Proposition

for any ¢ > t*, we have
<8H(¢)—-€H(wm)>

< (ClIR(w (o)~ T+ )|F7)

< ClIVp.
By using (8.1.56) together with the above inequalities, we deduce that
d 0 0-1(
——(En(0) = Enlox)) = =0(Eu(0) = Enlox)) T Enlv)
O(llul® + IV ul?)
ClIVull
> Cl[Vu.

An integration on the time interval (¢*, co), for t* sufficiently large, leads to

/ |V u(r)||dr < oc.
¢

*

Also, in light of (8.1.3)) and (8.1.58]), we obtain
/ lu(7)]| dr < oo.
t

*

By comparison, we find
[ 1ol dr < oc.
t

Thus, we conclude that (¢) converges in V'’ as ¢ goes to oo. Using the interpolation
|lul|pe < CHuHﬁ,HquC;ﬁ, for some 5 € (0,1) and the uniform estimate (8.4.1)), we

deduce (8.4.5). O
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