UNIVERSITA
DI PAVIA

Dipartimento di Fisica

Corso di Laurea Magistrale in Scienze Fisiche

ON A NON-ISOTHERMAL
CAHN-HILLIARD MODEL BASED
ON A MICROFORCE BALANCE

Tesi di Laurea di

Alice Marveggio

Relatore:
Prof. Giulio Schimperna

Anno Accademico 2018/2019






A mamma, papa e Marco,
sempre al mio fianco per suppportarmi
e accompagnarmi verso ogni traguardo.






Abstract

This thesis is concerned with a non-isothermal Cahn-Hilliard model based on a
microforce balance. The model was derived by A. Miranville and G. Schimperna
starting from the two fundamental laws of Thermodynamics, following M. Gurtin’s
two-scale approach. The main working assumptions are made on the behaviour of
the heat flux as the absolute temperature tends to zero and to infinity. A suitable
Ginzburg-Landau free energy is considered. Local-in-time existence for the initial-
boundary value problem associated to the entropy formulation and, in a subcase,
also to the weak formulation of the model is proved by deriving suitable a priori
estimates and showing weak sequential stability of families of approximating solu-
tions. At last, some highlights regarding a possible approximation of the system
are given.

La tesi tratta un modello di tipo Cahn-Hilliard non-isotermo basato su un bilancio
di microforze. Il modello ¢ stato derivato da A. Miranville e G. Schimperna partendo
dalle due leggi fondamentali della Termodinamica, seguendo ’approccio a due scale
dovuto a M. Gurtin. Le principali ipotesi di lavoro riguardano il comportamento
della legge di flusso di calore al tendere della temperatura assoluta a zero e a infinito.
L’energia libera considerata ha un’espressione opportuna di tipo Ginzburg-Landau.
L’esistenza locale in tempo per il problema ai dati iniziali e al bordo associato alla
fomulazione entropica e, in un sottocaso, anche debole del modello ¢ dimostrata
derivando opportune stime a priori e mostrando la stabilita debole sequenziale delle
famiglie di soluzioni approssimanti. Infine, si presentano alcuni aspetti rilevanti di
una possibile approssimazione del sistema.
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Introduction

In material sciences, when a binary alloy (e.g., Aluminium/Zinc or Iron/ Chromium)
is cooled down sufficiently, the two components spontaneously separate and form
domains pure in each component. In other words, the initially homogeneous mate-
rial quickly becomes inhomogeneous, forming a fine-grained microstructure, which
then coarsens at a slower time scale.

In 1958, J.W. Cahn and J.E. Hilliard derived a model to describe important qualita-
tive features of two-phase systems related with phase separation processes (see [11]),
obtaining a conservation law which describes the transport of atoms between unit
cells. Their approach is based on diffuse interface models, i.e., the interface be-
tween two coexisting phases is replaced by a thin interfacial region. Therefore, a
partial mixing of the two components is allowed. Furthermore, their model assumes
isotropy and constant temperature, i.e., that the process, caused by instantaneous
quench under a critical temperature, is isothermal. Hence, only diffusive phenom-
ena are taken into account.

The Cahn-Hilliard system is now quite well understood, at least from a mathe-
matical point of view. In particular, one has a rather complete picture as far as
the existence, the uniqueness and the regularity of solutions and the asymptotic
behaviour of the associated dynamical system are concerned.

In 1986, M. Gurtin made several remarks on the phenomenological derivations of
the Cahn-Hilliard system. From his point of view, such derivations obscure the
fundamental nature of balance laws in any general framework that includes dissi-
pation. Based on these observations, Gurtin proposed in [31] several generalizations
of the isothermal Cahn-Hilliard equation. More precisely, a relevant feature which
distinguishes his approach from other macroscopic theories of order parameters is
the separation of balance laws from constitutive equations and the introduction of
a new balance law for internal microforces, i.e., forces at an atomistic level.
Isothermal Cahn-Hilliard models take into account only diffusive phenomena, as-
suming that the process is caused by an instantaneous quench under a critical
temperature. However, in realistic physical systems, quenches are carried out over
a finite period of time and an external thermal activation can be used to control
the process. These reasons lead to the introduction of non-isothermal Cahn-Hilliard
models.

In 1992, H-W. Alt and I. Pawlow proposed and studied the existence of solutions
for a mathematical model of phase separation that describes coupled phenomena
of mass diffusion and heat conduction in binary systems under thermal activation
(see [2]- [3]). Indeed, their aim was to extend the Cahn-Hilliard approach to the



non-isothermal setting by accounting for the dynamics of energy transfer. Con-
stitutive relations for the mass flux, the heat flux and the chemical potential are
postulated, and the derivation of the model follows from the mass and the energy
balance laws. The consistency with the first and the second principle of Thermo-
dynamics is shown a posteriori and it is essentially a theorem.

In 2005, following M. Gurtin’s approach, A. Miranville and G. Schimperna extended
the previous non-isothermal model derived by Alt and Pawlow to non-isotropic ma-
terials and to systems that are far from equilibrium (see [43]). Their approach is
a two-scale one and the two fundamental laws of Thermodynamics are used as a
starting point to derive the model. Furthermore, no a priori specification of the
constitutive equations for the mass flux, the heat flux and the chemical potential is
made. Rather, these quantities are kept in an implicit form and only a list of inde-
pendent constitutive variables upon which they are allowed to depend is specified.
It is only a posteriori that the admissible expressions for the physical parameters
are deduced. Thus, this kind of procedure seems to be the one that may allow us
to describe the most general class of free energies and of chemical potentials which
are compatible with the fundamental laws.

The mathematical analysis of Miranville and Schimperna’s system of equations
seems rather involved. At least to our knowledge, a result regarding the existence
of (weak) solutions to this non-isothermal Cahn-Hilliard model is still lacking. How-
ever, once suitable assumptions are made, it is possible to collect some formal a
priori estimates holding for hypothetical solutions to the strong formulation of
the model, or more precisely, to a proper regularization or approximation of it.
Therefore, by compactness arguments, one can show that at least a subsequence of
approximate solutions converges in a suitable way to a so-called entropy solution
to the initial-boundary value problem and, in a subcase, also to a weak one. This
procedure will allow us to prove two main existence theorems regarding entropy
and weak solutions to Miranville and Schimperna’s non-isothermal Cahn-Hilliard
model, respectively.

At last, we could wonder about a suitable approximation of the strong formulation
of the model. Since the system of equations is rather complex, then the related ap-
proximation could be particularly long and technical. However, we will give some
highlights regarding a possible way to get an existence result for a regularized
scheme. The details of such a procedure may be the object of future work.
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A synopsis of the thesis is the following;:

In Chapter 1, we shall provide an overview of Cahn-Hilliard models. Section|l.1|con-
cerns the isothermal case. In Subsection [1.1.1, we will introduce the Cahn-Hilliard
equation and present its standard phenomenological derivation. Afterwards, in Sub-
section we will focus on Gurtin’s generalizations of the isothermal Cahn-
Hilliard equation, whose derivation is based on a two-scale approach. As for Sec-
tion [1.2] it concerns non-isothermal Cahn-Hilliard models. In Subsection [1.2.1] we
will introduce the model of non-isothermal phase separation proposed by Alt and
Pawlow, presenting its derivation and proving its thermodynamic consistency. Fol-
lowing Gurtin’s approach, in Subsection we will derive the non-isothermal
Cahn-Hilliard model based on a microforce balance proposed by Miranville and
Schimperna. In Subsection we will provide some thermodynamically reason-
able expressions for the Helmholtz free energy density. We will compute Alt and
Pawlow’s system of equations and Miranville and Schimperna’s one for two differ-
ent specific choices and we will outline the main differences.

Chapter 2 deals with the mathematical analysis of Miranville and Schimperna’s
non-isothermal Cahn-Hilliard model. Section concerns the setting of the prob-
lem. In particular, we will specify suitable initial and boundary conditions, which
are consistent with the physical derivation of the model and lead to the conser-
vation of mass, the balance of energy and that of entropy. In Section we will
list the assumptions and the hypotheses made and we will present the so-called
entropy and weak formulations of the problem. Afterwards, we will state the main
results of the thesis in the form of two main existence theorems. The proof of the
theorems begins in Section [2.3] where we will prove some formal a priori bounds
holding for a hypothetical solution to the strong formulation of the model, or more
precisely, to a proper approximation of it. In Subsection we will deduce the
so-called energy and entropy estimates, while, in Subsection the so-called
key estimates. In Section by weak compactness arguments, we will collect con-
vergence properties for a sequence of approximate solutions so that, in Subsection
2.4.2] we will show that at least a subsequence converges to an entropy solution
to the initial-boundary value problem and, in a subcase, also to a weak one. As
for Section [2.5] we will try to weaken a hypothesis in order to generalize the main
existence theorems. However, we will see that some a priori bounds would not hold
true anymore, but we will propose a strategy to overcome this problem. At last, in
Section [2.6, we will give some highlights regarding a possible approximation of the
“strong” system that one could try to develop.

iii






Chapter

Cahn-Hilliard models

The aim of this chapter is to provide an overview of models of mathematical physics
which describe the phase transition processes occurring, for instance, when a binary
alloy is cooled down sufficiently. As a starting point, we introduce the isothermal
Cahn-Hilliard equation, as originally derived by J.W. Cahn and J.E. Hilliard in
1958. Subsequently, several generalizations have been proposed such as that by M.
Gurtin based on a two-scale approach and thus on a microforce balance. Isothermal
Cahn-Hilliard models take into account only diffusive phenomena, assuming that
the process is caused by an instantaneous quench under a critical temperature.
However, in realistic physical systems, quenches are carried out over a finite period
of time and an external thermal activation can be used to control the process.
These reasons lead to the introduction of non-isothermal Cahn-Hilliard models.
In particular, we will focus on the non-isothermal model derived by H.-W. Alt
and I. Pawtow and on that by A. Miranville and G. Schimperna, comparing them
and outlining the main differences once specific choices of the so-called Ginzburg-
Landau free energy are made.

1.1 Isothermal Cahn-Hilliard models

This section is devoted to the introduction of isothermal Cahn-Hilliard models,
which play an important role in material sciences in the description of qualita-
tive features of two-phase systems related with phase separation processes. Firstly,
in Subsection we focus on the phenomenological aspects and the standard
derivation of the Cahn-Hilliard equation, presenting also one of its immediate gener-
alizations: the case with nonconstant mobility. Then, in Subsection[L.1.2, we present
M. Gurtin’s objections to the standard derivation and his two-scale approach which
lead to the generalized Cahn-Hilliard equation.

1.1.1 Introduction to Cahn-Hilliard equation

In material sciences, when a binary alloy (e.g., Aluminium/Zinc or Iron/ Chromium)
is cooled down sufficiently, one can observe a partial nucleation, i.e., the apparition
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of nuclides in the material, or a total nucleation, the so-called spinodal decomposi-
tion. The initially homogeneous material quickly becomes inhomogeneous, forming
a fine-grained microstructure. In a second stage, which is known as coarsening
and occurs at a slower time scale, these microstructures coarsen. In other words,
binary systems under quenching are brought from one-phase equilibrium to non-
equilibrium states which are located within the coexistence region of their phase
diagrams. Then, activated by composition fluctuations, the systems evolve to a
new equilibrium that comprises two coexisting phases. This contributes to a local
separation of the phases and creation of a spatially heterogeneous structure. Such
phenomena play an essential role in determining the mechanical properties of the
material, e.g., strength, hardness, resistance to fracture, toughness and ductility.

In 1958, J.W. Cahn and J.E. Hilliard proposed a system of equations which de-

scribes important qualitative features of two-phase systems related with phase sep-
aration processes (see [11]). Assuming the interface between two coexisting phases
to be a 2-dimensional sufficiently smooth surface, as done in the so-called sharp in-
terface models, analytical problems related to the interface singularities could arise.
Thus, Cahn and Hilliard adopted an alternative approach based on diffuse inter-
face models. In this setting, the sharp interface, represented by a lower-dimensional
surface, is replaced by a thin interfacial region, whose thickness is related to a small
parameter o > 0. Therefore, a partial mixing of the two components is allowed. In
order to describe this phenomenon, a new variable u is introduced. This quantity
may represent a rescaled density of atoms or concentration of one of the material’s
components.
The Cahn-Hilliard system consists of a conservation law which describes the trans-
port of atoms between unit cells. The model assumes isotropy and constant tem-
perature, i.e., that the process, caused by instantaneous quench under a critical
temperature, is isothermal. Hence, only diffusive phenomena are taken into ac-
count.

As a starting point we should underline that we consider a bounded, open sub-
set  C R3 with a smooth boundary 0 as the domain occupied by the material.
As for time, it plays the same role as in Classical Mechanics, namely it is an ex-
ternal parameter, not a coordinate. In particular, we consider a finite time interval
[0,7] € RT. We denote by (z,t) an arbitrary point belonging to Q x (0,7, while
by V and by A the spatial gradient and Laplacian, respectively.

The Cahn—Hilliard system can be written as

(Z—? =mAp, m >0, (1.1)

p=—alAu+ f(u), a>0, (1.2)

in Q x (0,7), which can be restated, equivalently, as the fourth-order in space
parabolic equation

% + amA®u — mAf(u) =0 (1.3)



1.1. Isothermal Cahn-Hilliard models

in 2x(0,T). Here, u is the so-called order parameter, i.e., it represents the difference
between the rescaled densities of atoms or concentrations of the two material’s
components. At least in principle, u should take values between —1 and 1; the
values —1 and 1 correspond to the pure states. p is the chemical potential or,
more precisely, the difference of chemical potentials between the two components.
m > 0 is the mobility, while o« > 0 is related to the surface tension at the interface,
i.e., capillarity. Furthermore, f is the derivative of “coarse-grained” free energy
F, a double-well potential whose wells correspond to pure phases configurations. A
thermodynamically relevant potential F' is the following logarithmic function which
follows from a mean-field model:

F(u) = =002 +0[(1 —u)log(l —u) + (1 + u)log(1+u)],
we (-1,1), 0<6<6b,, (1.4)

ie. 1
flu) = —=20.u+ Olog . tu

. (1.5)
The logarithmic terms correspond to the entropy of mixing and 6 and 6. are pro-
portional to the absolute temperature (assumed constant during the process) and
a critical temperature, respectively. The condition 6 < 6. ensures that F' has a
double-well form and that phase separation can occur. Indeed, at temperatures
0 > 6., I would be convex in u reflecting a continuous solubility range of the sys-
tem. On the contrary, under the critical temperature 6., a miscibility gap arises,
and F' assumes a double-well form.

In Figure the potential F' and its phase diagram are represented as a func-
tion of u at fixed temperatures 7 > 6. and 65 < 0., and as a function of v and 9,
respectively.

For fixed 67 > 6., F' has only one minimum point u,,, that is the mean value of the
concentration, i.e., ﬁ(ﬂ) Joudz = up,. Observe that, when F is given by ,
Um = 0.

For fixed 62 < 0., the concentrations u., and ., correspond to the minimum points
of I, i.e., its equilibrium points. Such concentrations have identical chemical poten-
tials and may coexist. By varying 6>, the locus of the concentration values ., and
ue, determines the coexistence curve in the (u, )-plane, referred to as the binodal.
The region above the binodal represents stable single phase states, while its com-
plement refers to states that are not thermodynamically stable. The concentrations
us, and us, are the inflection points of F. By varying 6>, the locus of the concen-
tration values us, and us, determine a curve referred to as the spinodal. This curve
separates the metastable and unstable subregions where the second derivative of F’
with respect to u is positive and negative, respectively, namely we have f/'(u) > 0
or f'(u) <O0.

Referring to the phenomenology, when the initially homogenous system is quenched
below the critical temperature 6., it undergoes separation into two phases. For in-
ner states of the spinodal, the path to phase separation is traditionally classified
as spinodal decomposition, whereas in the metastable region as nucleation.
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Figure 1.1: F at 6; > 0. and 02 < 6., and phase diagram of F'.

At last, note that, when the absolute temperature is close to the critical one,
the double-well potential F' can be approximated by more regular ones (see Figure

. Typical choices are given by

Flu)= 5 1), (1.6)
h flu) = —u; (L.7)
or more generally,
F(u)=~(u* - $%)?, BeR. (1.8)
F(u)

Figure 1.2: logarithmic potential (—) for # < 6. and polynomial potential (- -).



1.1. Isothermal Cahn-Hilliard models

Derivation of Cahn-Hilliard equation

From a phenomenological point of view, the Cahn—Hilliard system — can
be derived as follows.

Firstly, a total Helmholtz free energy, that is called Ginzgburg-Landau free en-
ergy, is considered; i.e.,

U (u, Vu) = /Q (%\VUP —I—F(u))dx, (1.9)

where Q C R? is the domain occupied by the material.

The gradient term in has been proposed in [11] in order to model the surface
energy of the interface, i.e., capillarity. Indeed, it has a smoothing effect on inter-
faces between different phases. In consequence, jumps of u are not allowed, instead
different phases are separated by (thin) layers, which are small subregions with
rapid change of u. The thickness of these layers is related to the value of « (typi-
cally it goes as y/a). As already observed, Cahn-Hilliard model is then thought as
a diffuse interface model. Although, the Cahn—Hilliard model approaches a sharp-
interface limit when the interfacial thickness is reduced below a threshold while
other parameters are fixed (see e.g [52]).

Next, consider the mass balance

ou
2 — _div i 1.1
Y div 7, (1.10)

where j is the mass flux which is related to the chemical potential y by the following
postulated constitutive equation which resembles Fick’s law:

j=-mVypu, (1.11)

where m is the diffusive mobility.

The chemical potential is usually defined as the partial derivative of the Helmholtz
free energy with respect to the order parameter u. Here, such a definition is in-
compatible with the presence of Vu in the free energy. Instead, p is defined as a
variational derivative of the free energy functional with respect to u. This
variational derivative can be formally computed by observing that, if du represents
a “small” increment of u,

ov = /Q(aVu -Vou + f(u)du)dz
Assuming proper boundary conditions, it yields
U = /Q(—aAu + f(u))dudx.
Hence,

p== —aAu+ f(u), (1.12)
and the Cahn—Hilliard equation (|1.3|) follows. Observe that (|1.3)) can be equivalently

rewritten as

% +amA*u —V - (mf'(u)Vu) = 0



in Q x (0,7). Thus, the diffusion coefficient is given by mf’(u). Note that, below
the critical temperature 6., it becomes negative for us, < u < us,, contributing to
an unstable development of the process (see Figure [1.1)).

Boundary and initial conditions

The Cahn-Hilliard system (1.1])-(1.2), in a bounded and regular domain €2, is usu-
ally associated with Neumann boundary conditions, namely,

Vu-v=0 on o, (1.13)
Vu-v =0 onof, (1.14)
where v is the unit outer normal to the boundary. Since j-v = —mVpu-v, it follows

from the first boundary condition that there is no mass flux at the boundary. In
particular, the conservation of mass holds, i.e., of the spatial average of the order
parameter, obtained by formally integrating ((1.1)) over Q:

(1) = Fogy

/Qu(a:,t)dx:<u(0)>, Vi e [0, T]. (1.15)

As for the second boundary condition, it is a natural variational boundary condi-
tion prescribing that the interface is orthogonal to the boundary. In other words,
it allows to write down a convenient variational/weak formulation in view of the
mathematical analysis of the problem.

Otherwise, we could consider periodic boundary conditions. In this case Q =
I13_,(0,L;), Ly > 0,4 = 1,2,3, and the conservation of mass still holds. Periodic
boundary conditions are often chosen in order to approximate a large (infinite)
system by using a small part called a unit cell. Moreover, they lead to some sim-
plifications from the mathematical point of view.

Note that generally Dirichlet boundary conditions are not associated with the
Cahn-Hilliard equation, due precisely to the fact that they do not yield the con-
servation of mass, although such boundary conditions certainly simplify the math-
ematical analysis.

The model is completed by appropriate initial conditions:

u(z,0) = up(z), Yo e Q,

whose mean value
(uo) = um

is conserved over time if a Neumann or periodic boundary condition for pu is as-
sumed, as already observed above.

The Cahn—Hilliard system is now quite well understood, at least from a mathe-
matical point of view. In particular, one has a rather complete picture as far as the
existence, the uniqueness and the regularity of solutions and the asymptotic behav-
ior of the associated dynamical system are concerned. Among the huge literature,
we refer the reader to, e.g., [12}|13}|15/17,21,28}|29}/41}42,44-46.|67].
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1.1. Isothermal Cahn-Hilliard models

Cahn-Hilliard equation with nonconstant mobility

Note that we have assumed so far the mobility m to be a positive constant. Actually,
m is often expected to depend on the order parameter and to degenerate at the
singular points of f in the case of a logarithmic nonlinear term (see [19}20,26]).
This essentially restricts the diffusion process to the interfacial region, which is
observed, typically, in physical situations in which the movements of atoms are
confined to this region (see [54]). In that case, reads

ou .
i div(m(u)Vp)

in Q x (0,7), where, typically,
m(s) =1 —s%, or more generally, m(s) = (1—3s%° 8§ >0.

The existence of solutions to the Cahn—Hilliard equation with degenerate mobilities
and logarithmic nonlinearities is proved in [19]. Up to now, only existence of weak
solutions is known, whereas existence of strong solutions and uniqueness are still
open issues, especially in higher space dimension. The asymptotic behaviour of
the Cahn—Hilliard equation with nonconstant and nondegenerating mobilities is
studied in [59,61].

1.1.2 Cahn—Hilliard models based on a microforce balance

This section concerns some models derived by M. Gurtin in [31].

Actually, Gurtin makes several remarks on the phenomenological derivations of the
Cahn—Hilliard equation such as that presented in Section He notes that such
derivations should not be regarded as basic, rather as a precursor of more complete
theories.

From Gurtin’s point of view, while variational derivatives often point the way
toward a correct statement of basic laws, such derivations obscure the fundamental
nature of balance laws in any general framework that includes dissipation.

In particular, he makes the following objections to the classical isothermal theory:

e It limits the manner in which rate terms enter the equations.

o It requires a priori specification of the constitutive equations for the mass flux
(and for the heat flux in the non-isothermal case). Gurtin further notes that
such postulated constitutive equations may no longer be valid if the system is
far from equilibrium. Indeed, the mass flux (|1.11) resembles Fick’s law, which
is essentially valid close to equilibrium.

e It is not clear how it can be generalized in the presence of processes such as
deformations, e.g., for elastic solids, or heat transfers. Recall indeed that, in
real systems, quenches are carried out over a certain period of time and the
phase separation can occur before the final temperature is reached.
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e There is no clear separation between basic balance laws, such as those for mass
and forces, and constitutive equations, such as those for elastic solids and
viscous fluids, which delineate specific classes of material behaviours. Such a
separation is one of the major advances in nonlinear continuum mechanics
over the past thirty years.

e It is not clear whether or not there is an underlying balance law which can
form a basis for more complete theories.

Based on these observations, Gurtin proposes in [31] several generalizations of the
isothermal Cahn-Hilliard equation. More precisely, a relevant feature which distin-
guishes his approach from other macroscopic theories of order parameters is the
separation of balance laws from constitutive equations and the introduction of a
new balance law for internal microforces, i.e., forces at an atomistic level.

His approach is based on the belief that fundamental physical laws involving
energy should account for the working associated to each operative kinematical pro-
cess. In Cahn-Hilliard theory the kinematics is associated with the order-parameter
u. Therefore, it seems plausible that there should be “microforces” whose working
accompanies changes in u. Indeed, if the only manifestation of atomistic kinemat-
ics is the order-parameter u, then it seems reasonable that such interatomic forces
may be characterized macroscopically by fields that perform work when u under-
goes changes. This working is described through terms of the form (force)%—?, SO
that microforces are scalar rather than vector quantities. Specifically, the micro-
force system is characterized by a vector stress ( together with scalar body force m
and ~ that represent, respectively, internal and external forces distributed over the
volume of  C R3, the domain occupied by the material. To describe the precise
manner in which these fields expend power it is useful to consider the body as a
lattice or network together with atoms that move, microscopically, relative to the
lattice (see [35]). Note that it is important to focus attention not on individual
atoms but on configurations (i.e., arrangements or densities) of atoms as charac-
terized by the order parameter w.

Given an arbitrary control volume R C €2, with v the outward unit normal to
the boundary OR, each of

/E)R(C )g;tda Tr—dx /’y

represents an expenditure of power on the atomic configurations within R. In par-
ticular, (¢ - )8—“ describes power expended across IR by configurations exterior
to R, but neighboring. 773“ represents power expended on the atoms of R by the
lattice; for example, in the ordering of atoms within unit cells of the lattice or the
transport of atoms between unit cells of the lattice. As for 7 57> it describes power
expended on the atoms of R by sources external to the body. This system of forces

is presumed to be consistent with the microforce balance
/ C-yda+/(7r+’y)dx:0, (1.16)
OR R

8



1.1. Isothermal Cahn-Hilliard models

for each control volume R C €.
A partial motivation for the microforce balance ([1.16)) can be given by the fact
that, at equilibrium, the first variation of the Helmholtz free energy vanishes, i.e.

5T — /Q (Oguth - Vou + dypdu)dz = 0.

Assuming proper boundary conditions, we then obtain the Euler-Lagrange equa-
tion div{ + 7 = 0, where { = dy,¥ and m = —9,1, which represents a static
version of the microforce balance , with ¢ and 7 being given constitutive rep-
resentations and v = 0. In dynamics with general forms of dissipation there is no
such variational principle, and actually the use of a microforce balance can be seen
as an attempt to extend to dynamics an essential feature of static theories.

Gurtin’s approach is essentially a two-scale approach. If standard forces in con-

tinua are associated with macroscopic length scales, microforces describe forces
associated with microscopic configurations of atoms. These different length scales
explain the need for a separate balance law for microforces. In order to have a full
description of the dynamics of the phase separation process, the microforce balance
has to be complemented with the mass balance and a mechanical version
of the second law of Thermodynamics, which has to be expressed in a form which
takes into account the action of the internal microforces.
Furthermore, Gurtin does not introduce a constitutive equation for the mass flux
and he does not state the explicit form of the physical quantities. Rather, he keeps
these quantities in an implicit form and he just specifies a list, which is taken as
wide as possible, of independent constitutive variables upon which they are allowed
to depend. It is only a posteriori that the admissible expressions for the physical
parameters are deduced and this is done by solving a thermodynamic inequality
which arises as a direct consequence of the balance laws. In particular, this kind
of procedure allows us to describe what seems to be the most general class of free
energies and of chemical potentials which are compatible with the fundamental
laws.

Derivation of the generalized Cahn-Hilliard equation

Gurtin’s development of the Cahn-Hilliard theory begins with balance laws for
mass and microforce in conjunction with a dissipation inequality. In this sense, in
order to have a full description of the dynamics of the phase separation process,
relation has to be complemented with the fundamental balance laws.

Let © C R? be the domain occupied by the material, which is supposed to be
open, bounded and with a smooth boundary 99, and let [0,7] C R" be a finite
time interval. Firstly, we consider the mass balance, namely

d
—/ uda::—/ j-vdo +/ hdzx, (1.17)
dt Jr OR R

for every control volume R C 2, where j is the mass flux and h is the external mass
supply. Next, we consider a version of second law of Thermodynamics appropriate
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to purely mechanical theory, which asserts that the rate at which the free energy
increases cannot exceed the sum of the work on R and the rate at which free energy
is carried into the control volume R by mass transport. Namely,

Z/Rwdx < W(R) + M(R) (1.18)

where 1 is the Helmholtz free energy density, W(R) is the rate of working of all
forces exterior to R and M(R) is the rate at which free energy is added to R by
mass transport. To motivate this version of the second law, consider the first two
laws of Thermodynamics, i.e., the balance of energy

d/ edm:—/ q-ud0+/ rdz+W(R)+ M(R), (1.19)
dt Jr R R

and the Clausius-Duhem entropy production inequality

d q-v r
— [ sdx > — ——d —dx, 1.20
dt /72 - /BR o F R 0 (1.20)
in which e is the internal energy density, s is the entropy density, 6 is the (absolute)
temperature, g is the heat flux and r is the heat supply. Since the Helmholtz free
energy density is given by the Gibbs relation

P =e—0s,

assuming isothermal conditions, i.e., # = constant, then multiplying (1.20) by 6
and subtracting the resulting equation from (1.19), we obtain ([1.18]). In particular,
the rate of working of external forces is given by

ou ou
W(R) :/BR(C-Z/)ECZU+/Rv§dx, (1.21)

while the mass transport is characterized by the chemical potential and it reads

M(R):—/Emuj-uda—i—/R,u,hdx. (1.22)

Observe that does not include the work of 7. Indeed, inequality holds
for the material in R, i.e., lattice plus atoms. Therefore, being 7 a force exerted
by the lattice on the atoms, which acts internally to the material in R, its work is
not considered. On the other hand, represents a force balance for the atomic
configurations and thus it includes the action of .
Because of the arbitrariness of the control volume R, the microforce balance (1.16
reads

div(+7+~=0, (1.23)

where the vector ( is the microstress and the scalar m and + correspond to the
internal and external microforces, respectively. On the other hand, using the di-
vergence theorem and the arbitrariness of the control volume R, from (1.17) we
recover

%:f:—diijrh. (1.24)
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1.1. Isothermal Cahn-Hilliard models

Note that 5 5
u u
/ém(g v) 5y do = /Rdl (atC>dx

/ wj - vdo :/ div(pj)dz
oR R

Therefore, since the control volume R is arbitrary, from (|1.18]) it follows that

and

(‘91/) ou L
¢ S div (at C) — div(pj)
—8—ud' C+¢ V@— divj—j-V
“ o Y ot AV T VR
and (|1.23)-(1.24) finally yield the following dissipation inequality:
o ou ou
7 - < 1.2
o T —ng —C Vo +7-Vus0. (1.25)

In standard theories of diffusion the chemical potential is given, constitutively,
as a function of the order parameter u. On the contrary, if one considers systems
sufficiently far from equilibrium such that a relation of this type is no longer valid,
the chemical potential and its gradient join v and Vu in the list of independent
constitutive variables. Specifically, constitutive equations of the following form are
assumed

w = w(%VU;M, V,U) ) J :](u7 VU,,LL, VM) )
¢ =C(u,Vu,u, V), m™=m(u, Vu, u, V).
If we call Z the set of independent constitutive variables, namely,

Z = (u, Vu, pu, V),

then v = (2), j =j(Z), ( = {(Z) and 7 = 7(Z). It follows that

0 ou ou
2~ w2 oo v 4 0,07 4 ogu v
and the dissipation inequality becomes
ou ou
(O +m— ) - 5 +(Ovut — ¢)-V 8ﬂw +8sz Vor +g Vi <0. (1.26)

Note that has to hold for all fields Z. Actually, it is possible to choose Z
such that Z, S V%?, 9% and V%’t‘ take arbitrary prescribed values at some chosen

point x and time ¢. Therefore since (% , V%?, %’Z and V%’Z appear linearly in ,
necessarily,

oY +m—pn=0, (1.27)
Duts — € =0, (1.28)
B =0, dyuh=0. (1.29)
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Indeed, otherwise, %, V%—?, % and V%’: could be chosen to violate ((1.26)). It follows
that ¢ = ¢ (u, Vu), as expected, and ((1.26) reads

which has to hold for every field Z. This yields the existence of a matrix A = A(Z),
the so-called mobility tensor, such that (see Appendix |A.1))

j=-AZ)Vpu,
and A is, in some sense, positive semi-definite:
Y -A(Z)Y >0, VY € R®.
Hence, can be rewritten as

‘Zit‘ — div(A(Z) Vi) + . (1.30)

Furthermore, combining together (1.23)), (1.27) and (1.28), it yields

w=0+m=0,—div(—v=09,¢ —divog,y — 7. (1.31)
Substituting (1.31) into (|1.30), we obtain the so-called generalized Cahn-Hilliard

equation, that is

5 = dV(A(Z)V (9,0 — div vt = 7))+ h (1.32)

in Q x (0, 7). If we consider the Ginzburg-Landau free energy given by (1.9)), i.e.,
¢ = §|Vu|? + F(u), then

Outp = F,(U) = f(u)7 Ovut) = aVu.

Assuming null external microforce, i.e., v = 0, it follows that the chemical potential
w is given by the variational derivative of the total free energy, as in (1.12)). Finally,
assuming null external mass supply, i.e., h = 0, (1.32) reduces to

— = div(A(Z)V(~alu + f(u))

in 2 x (0,7). In particular, assuming isotropy, i.e., the mobility tensor of the form
A =mlI, m > 0, we recover the standard Cahn—Hilliard equation (|1.3)).

1.2 Non-isothermal Cahn-Hilliard models

In isothermal Cahn-Hilliard models, which assume that the process is caused by
an instantaneous quench below a critical temperature, only diffusive phenomena
are taken into account. However, in realistic physical systems, quenches are usually
carried out over a finite period of time, so that phase separation can begin before
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1.2. Non-isothermal Cahn-Hilliard models

the final quenching is reached. Furthermore, external thermal activation can be
used to control the separation process and the resulting spatial structure.

Different models of non-isothermal phase transitions have been proposed. We
mention a model for phase separation during continuous cooling proposed by Hus-
ton et al. (see [32]), which is merely the Cahn-Hilliard equation with temperature
dependent coefficients, and the conserved and nonconserved phase-field models
proposed by Caginalp (see [10]). In their discussion of the phase-field theory of
solidification, Penrose and Fife [53] replaced the free energy functional with an en-
tropy functional, from which they deduced kinetic equations. However, is not clear
how their derivation can be generalized in the presence of heat transfer. In 1998,
Zhiqiang Bi and Sekerka proposed in [6] a generalization of the Cahn-Hilliard equa-
tion, developing a general thermodynamically consistent phase field model based on
a proper postulated entropy functional which accounts for heat transfers. However,
this generalization follows the standard theory in the derivation of the equations.

In 1992, H.W. Alt and I. Pawtow proposed and studied the existence of solutions

for a mathematical model of phase separation that describes coupled phenomena
of mass diffusion and heat conduction in binary systems under thermal activation
(see [3]- [2]). Indeed, their aim was to extend the Cahn-Hilliard approach to the
non-isothermal setting by accounting for the dynamics of energy transfer. The
construction is based on the Landau-Ginzburg free energy functional and on Non-
equilibrium Thermodynamics. Firstly, constitutive relations for the mass and heat
fluxes are postulated and a definition for the rescaled chemical potential is provided,
then the derivation of the model follows from the mass and energy balance laws. The
proposed model has the form of a system of nonlinear parabolic partial differential
equations, where the concentration and the energy are conserved quantities. The
consistency with the first and the second principle of Thermodynamics is shown a
posteriori and it is essentially a theorem.
In 1996, H.W. Alt and 1. Pawlow obtained more general models, making no a priori
specification on the entropy flux and obtaining the Gibbs relation as a consequence
of a weaker form of entropy inequality (see [4]). Furthermore, they derived more
general forms of the constitutive equations for the mass and heat fluxes.

In 2005, following M. Gurtin’s approach (see Subsection , A. Miranville
and G. Schimperna extended the previous non-isothermal model derived by Alt and
Pawlow to non-isotropic materials and to systems that are far from equilibrium
(see [43]). Their approach is a two-scale one and the two fundamental laws of
Thermodynamics are used as a starting point to derive the model. Furthermore,
no a priori specification of the constitutive equations for the mass flux, the heat
flux and the chemical potential is made. Rather, these quantities are kept in an
implicit form and only a list of independent constitutive variables upon which
they are allowed to depend is specified. It is only a posteriori that the admissible
expressions for the physical parameters are deduced. Thus, this kind of procedure
seems to be the one that may allow us to describe the most general class of free
energies and of chemical potentials which are compatible with the fundamental
laws.
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1.2.1 A mathematical model of dynamics of non-isothermal phase
separation

In this subsection we introduce the model of non-isothermal phase separation pro-
posed by Alt and Pawlow in [3]. In particular, we present its derivation and we
prove its thermodynamic consistency.

Derivation of a non-isothermal Cahn-Hilliard model

Let © C R3, be the domain occupied by the material, which is supposed to be
open, bounded and with a smooth boundary 99, and let [0,7] C RT be a finite
time interval. Let u be the order parameter, whereas 8 the absolute temperature.
The Helmholtz free energy density is assumed in the form of the Ginzburg-Landau
one (see [23]), i.e.,

W(u, Vu, 6) = %a(u,ﬁ)\VuF +F(u,0), (1.33)

where F' is the volumetric energy density of a homogeneous system and « is a
positive surface tension coefficient possibly dependent on the concentration and
temperature. In the following, F' and « are left in a general form and they are
supposed to be regular enough.

Let e denote the internal energy density of the system and s its entropy density.
The Gibbs relation

P =e—0s (1.34)

is postulated, with the entropy s = —dy1. It follows that
e =1 —00p1) = (o — 0pa)|Vul> + F — 005 F . (1.35)

In the isothermal case p is given by the variational derivative of the total free
energy with respect to u. This can be generalized to the non-isothermal case
by introducing the reduced chemical potential and defining it as the variational
derivative of the rescaled free energy with respect to u, that is

I Y

—=—(—= 1.36
0 u ( 6 ) ’ ( )

where ¥(u, Vu,0) = [, ¥ (u, Vu, 0) dr and ¢ is given by (1.33). In other words, for

spatially non-uniform temperature fields 6 the free energy is scaled by %.

The variational derivative can be formally computed by noting that, for a small

variation du,

5(%) :/Q(;azawm%u—i-aVu'Véu%—

OuF
0

6u)dx
Assuming proper boundary conditions, it yields

6(%) = /Q (%&éa]VuF —div (QTYU) + aquF)(Su dx ,
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1.2. Non-isothermal Cahn-Hilliard models

whence 10, - 5 F
B o 9 aVu "
Ld Vu .
5= Vel —div (o) +
The mass balance is still governed by ((1.10). However, in the non-isothermal case,

the balance of energy is also to be considered, that is

(1.37)

Oe
1.38
T +divg = ( )

where ¢ is the energy flux due to heat and mass transfer, while r = r(z,t) repre-
sents the rate of distributed heat sources, i.e., the heat supply. By employing the
Non-equilibrium Thermodynamics [16], Alt and Pawlow postulate the constitutive
relations for the mass and energy fluxes in the forms

1
J= *lnvﬁ + 112V,

1.39
7 7 (1.39)
1 %
=lpoV- —I51V- 1.40
q 22 0 21 R ( )
where the coefficients I;; = l;;(u, §, %), 1,7 = 1,2, satisfy
l11 >0, 1o >0, l11leg —l12ls1 > 0, (1.41)

i.e., the matrix (I; ;)i j—1,2 is positive definite and it has positive diagonal elements.
Equations (1.10), (1.35)), (1.37), (1.38)), (1.39) and (1.40) can be summarized in the
following system that describe the dynamics of the non-isothermal phase separation

ou
a — div (an@ - l12v9) (1'42)
de . 1
o +div (zmvé _ zzlv%) =, (1.43)
B 18 o 2 .. (aVu OuF
G =55 |vul’ - div (=~ ; )+ o (1.44)
e= %(a — 0ga)|Vu|* + F — 00 F , (1.45)

in Q x (0,7).

Boundary and initial conditions

Alt and Pawlow assumed the system to be thermodynamically closed, that is, it
may exchange only heat with its environment. The condition of mass isolation is
given by

j-v=0 on 09,

where v is the unit outer normal to the boundary 0f2. As for the concentration,
Vu-v=0 on0f)

is imposed. For the temperature Alt and Pawlow postulate Newton’s heat exchange
through the boundary, that is

q-V—l—p(u,%,%) =0 on 09,

15



where

p(nl )= [ (sl )i -

po = po(x) is the non negative heat exchange coefficient, 0., is the external temper-
ature, ky = kp(u, 9,, 9,) represents the effective heat conductivity at the boundary,
while 7, = rp(z,t) is the boundary flux. Summarizing and using constitutive equa-
tions (|1.39) and ([1.40]), the boundary conditions imposed by Alt and Pawlow are
the following

Vu-v =0 on 0, (1.46)
1
(- znv% + zmva) =0 on 9, (1.47)
1 W o1y
(lQQV@ — l21V§> v+ p(u, 5, 5) =0 on Jf. (148)

The model is completed by appropriate initial conditions ofr the concentration and
the temperature:

u(z,0) = up(z), 0(x,0)="0p(x), Yo €,
with prescribed mean value
(uo) = tm
which is conserved over time. Indeed, integrating over €2 and using boundary
condition , we obtain % = 0, which implies
(u(t)) = (u(0)), Vte[0,T]. (1.49)

Observe that there is a direct correspondence between the system of equations
deduced by Alt and Pawlow and the standard Cahn-Hilliard equation. Indeed,
assuming « = constant and r = 0, if # is constant, the system of equations (|1.42])-

(1.45) reduce to (1.3) with m = %1, while the boundary conditions ((1.46)-(1.48

reduce to the Neumann boundary conditions (1.13) and (1.14).

Thermodynamic consistency

The model proposed by Alt and Pawlow (|1.42)-((1.48) conforms with two basic laws
of Thermodynamics.

o Balance of energy:
Integrating (1.42) over €2 and using the boundary condition (|1.48)), we obtain

d
a/edaj—/ﬂrdm’—i—/ 0 e)da

which expresses the balance of energy.

e Clausius-Duhem inequality for the entropy production:
Multiplying (1.42) by %, then integrating over { and using (1.47), it yields

pou

1 wo,
Y dzx —|—/ l11v l12V§> -V=dx=0. (1.50)

0
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1.2. Non-isothermal Cahn-Hilliard models

On the other hand, multiplying (|1.43) by %, then integrating over €2 and using

(1.48)), we obtain

10e !
——dx — /(lggvé—l21v9> V dr +

—/mé / . (1.51)

Subtracting (|1.50) from (1.51), it ylelds

10e pou 1
/Q(@a‘aa)df”‘/ma d“‘/

v
5
/Q<l11VZ—l12Vé>-ngx+/ (122v zzlv“) v

whence, using conditions (1.41)), i.e., that the matrix (i,j)m:lg is positive
definite, we deduce

10e pou 1
~dJe pou 1 1 B . .
/9(9 ot eat)df” /agé? ( "9’ 9 da /9 r >0. (1.52)

Rewriting the Gibbs relation (1.34) as s = § — g and taking the partial

derivative wih respect to time, we obtain

ds 10e 10¢ (e—1)00

ot 0ot 0ot 62 ot
From ([1.33)) and (1.35) it follows

o 1 28u 2 a a ae
and

e—1 = —789a|Vu|2 00y F .
Hence, we can rewrite (1.52) as

9s 104« 50 ou OyFou pou
/(815 IV T gV Y e e )

1 ol
- - d - dr > 0.
/39 (v 5:5)do / 0"

Using the boundary condition (1.46]) and (1.44), we can conclude that

0s 1 w1

% g — / - )do — / dr > 0.

oot ™ 399(99" 0

Finally, in view of the constitutive equation and the boundary condi-
tions (1.48)), we deduce

1 w1 q-v
- L )do = =~ do.
/mep(“’e’e)“ /m g
Os r
2 > _ R _
/Qatd:z_ /BQ 7 d0+/9daz,

which is the integral form of the Clausius-Duhem inequality for the entropy
production.

It follows that
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1.2.2 Non-isothermal phase separation based on a microforce bal-
ance

A. Miranville and G. Schimperna in [43] extend the approach of Gurtin to the
non-isothermal case in order to derive non-isothermal Cahn-Hilliard models. In
particular, these models generalize those derived by Alt and Pawlow to anisotropic
materials and to systems that are far from equilibrium.

Following Gurtin’s approach (see Subsection , they derive the model by con-
sidering the microforce balance (or (1.23)) together with the mass balance
(1.17) (or ) complemented with the two fundamental laws of Thermodynam-
ics. Clearly, these laws, and especially the energy equality, have to be expressed
in a form which takes into account the action of the internal microforces. Further-
more, they do not introduce a system of constitutive equations for the mass and
heat fluxes stating the explicit form of the physical quantities (as done by Alt and
Pawlow in [3] and in Subsection [1.2.1)). Rather, still following Gurtin, they keep
these quantities in an implicit form and just specify a list of independent constitu-
tive variables upon which they are allowed to depend. It is only a posteriori that
the admissible expressions for the physical parameters are deduced by solving a
system of thermodynamic inequalities which arises as a direct consequence of the
balance laws. As already observed, this kind of procedure allows them to describe
what seems to be the most general class of free energies, of chemical potentials and
also of heat fluxes in this non-isothermal setting, which are compatible with the
fundamental laws.

Derivation of a non-isothermal Cahn-Hilliard model based on a micro-
force balance

Let © C R3 be the domain occupied by the material, which is supposed to be open,
bounded and with a smooth boundary 952, and let [0,7] C RT be a finite time
interval.

In order to derive the model, we consider the two fundamental laws of Ther-
modynamics:

e Balance of energy:

d/edm——/ q-yda—i-/rda?—i—W(R)—i—M(R), (1.53)
dt Jr OR R

where R C 2 is an arbitrary control volume, v is the unit outer normal vector
to IR, e is internal energy density, ¢ is the heat flux, r is the heat supply,
W(R) is the rate of working of all forces exterior to R and M(R) is the rate
at which free energy is added to R by mass transport. The rate of working of
external forces and the mass transport are still defined as and ,
so that can be rewritten as

d ou
— edx:—/ ‘Vda—i-/rdx%— -v)—do +
dt/R aRq R aR(g )Bt

+/ ')/audac—/ uj-uda—i—/ phdo .
ROt OR R
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1.2. Non-isothermal Cahn-Hilliard models

Using Green’s formula to treat the surface integrals, we obtain

d . ou ou
7/Redx—/R<—d1vq+r+atd1VC+C v@t

du .
+7 —udivj—j-V,u—l—,uh)dx.

Using the microforce balance (|1.23) and the mass balance (|1.24), since the
control volume R is arbitrary, we deduce

Oe ou ou
— = —di j - . 1.54
o ivg+r+(n— )8t+C Vat j-Vu (1.54)
e Clausius-Duhem entropy production inequality:
d
— dox > — d d 1.
dt/Rsx_ /E)R9 O’+/9x (1.55)
where s is the entropy density. Noting that the control volume R is arbitrary,
(T55) yields
0s r
— > —div —. 1.56
ot = (9) 9 (1.56)

We now multiply (I.54) by § to obtain
0 re 01\ uwo m\ Ou ( ou j
o) ez (g) =~ (9)” V0+9+<9 9) TR TR

Since we know from Thermodynamics that the Helmholtz free energy v is
given by the Gibbs relation, i.e.,

P =e—0s,
using (|1.56]), we then deduce that

0¥ 9 (1 1 noom ¢ _Ou j
Oy 91N _ 1 (pow ¢ e
5ilg) ~em(3) <a Vf(e 9) ot to Var g Ve (157

Following Gurtin’s approach and in view of the equations obtained by Alt and
Pawlow, Miranville and Schimperna choose

_ w1l _1
Z—(UVUHVOHVO) (1.58)

as independent constitutive variables. Note that, in order to obtain Alt and Pawlow’s

equations (|1.42))-(1.45), we should consider Z = (u, Vu, %, Vé), with & given con-
&

stitutively and somehow postulated, as done in (|1.36]), and we should assume h = 0
and v = 0. A priori assuming that ¥ = ¢(Z), e = e(Z), j = j(Z), ( = ((Z) and
m = m(Z), we deduce from ((1.57) the following dissipation inequality:

(045 )i () 1+ g =1 o) G+ oo =) O+
%a%%? (5)+ %%%1/’ | %(V%) + ;%ﬂ : a(vé) +5-VH<0, (1.59)
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which has to hold for every field Z. Actually, it is possible to choose Z such that

oL ovi 9l ovi . .
Z,%u O0Vu o Zre 78 and —5;> take arbitrary prescribed values at some chosen

> ot) Ot ) Ot Ot 0 Ot M L
. . . 87 ovyg 03 ovi
point z and time ¢. Therefore, since %, %, a5 —ars o, and —5; appear linearly

in (|1.59), necessarily,
Y

e=01— Ly (1.60)
T—p+ 0 =0, (1.61)
Ovuh — (=0, (1.62)
(9%1#:0, ({9ng=0, 8V%¢=0. (1.63)
1
Indeed, otherwise, %, %, %—%, ag—t%, % i 1.59).
It follows that ¢ = ¥ (u, Vu, #), and - reads
Ly
~q-V-+2-Vu<0 (1.64)
6 0
for every field Z. Combining together (1.23), (1.61) and (1.62), we obtain
n= Oup — div(8Vu'¢}) -7 (1'65)
whence
B = 20w — 5 div (Out) -
Writing % Vpu=3j-Vi—pj- g, - ) becomes
. L /)
—(g+p) Va+i V<0 (1.66)
for every field Z, which yields (see Appendix |A.1)
. o 1
= —-AV- — BV- 1.67
. o 1
q+pj= CV§+DV5, (1.68)

where the matrices A, B, C and D depend on Z and are such that (|1.66) is satisfied,
i.e., A and D are, in some sense, positive semi-definite.
Using (1.61) and (1.62), we can rewrite the energy balance (1.54) as

gj——dlvq—i-r%-@uw + Ovut - vgt—g-w,
which, using , reads
9 _ i (Ovﬁ + Dvl) tr +auzp + Oout) - va + pdivy.
ot 0 0
Using (|1.24) and ((1.65), we finally obtain the energy equation
O — —aiv (VE+DVE - Do) 4y 2 (00— div(Don) ). (169)
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1.2. Non-isothermal Cahn-Hilliard models

Combining together (1.24), (1.67), (1.69), (1.65) and (1.60), one obtains the fol-

lowing non-isothermal generalized Cahn-Hilliard system:

ou I 1
5 = div (Avg + Bvé) +h, (1.70)
de n 1 Ou ou
5 = —div (OVE+DVE =200, ) 74y +h(D0 —div (9v,) =), (1.71)
p = 0ytp — div (Ovyu®) — 7, (1.72)
= ;Z’ — ¥ — 000, (1.73)
in Q x (0,7).

At last, assuming null external microforces and null external mass supply, i.e., v =0
and h = 0, we obtain the following non-isothermal Cahn-Hilliard system:

ou
5 = div (AVH + ng) (1.74)
Oe B . 7 1 oOu
5 = —div (Cvg + DV~ aawp) T (1.75)
n= Outp — div (aVu"vD) ) (1'76)
¢ = %w — o — 000, (1.77)

in Qx (0,7).

Miranville and Schimperna’s model as an extension of Alt and Pawlow’s
one

Note that the main difference with respect to Alt and Pawlow’s system of equa-
tions is given by the presence of the term —%6%/(/1 in . As for the chemical
potential, observe that, following Gurtin’s approach, in we recover the same
expression in terms of the free energy density as in the isothermal case (see ((1.31)).
On the contrary, Alt and Pawlow define the reduced chemical potential as the vari-
ational derivative of the rescaled free energy with respect to the order parameter u
(see (1.36)), obtaining , ie § = 8u% — div(@vU%). Hence, Alt and Pawlow’s
model seems to have a variational structure, at least with respect to u. However,
there is no reason why the free energy should obey a variational principle in the
non-isothermal setting (see [53]). On the other hand, since Alt and Pawlow assume
that the mass and heat fluxes depend linearly on V% and on V é, their theory can be
1nterpreted as a thermodynamic theory near constant equilibria & =constant and
0— constant. On the contrary, following Gurtin’s approach, expressions for mass
and heat fluxes are found a posteriori, without providing any a priori constitutive
equation. Hence, his approach is suitable for the description of systems which are
far from equilibrium. Furthermore, because the coefficients /;; in — do
not depend on the gradients, Alt and Pawlow’s analysis is essentially restricted to
the case of isotropic materials. On the contrary, Miranville and Schimperna’s model
provides matrices whose coefficients may depend on Z (see ), hence it applies
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to the case of anisotropic materials. Lastly, observe that, as for Alt and Pawlow’s
system of equations, there is a direct correspondence between that deduced by
Miranville and Schimperna and the standard Cahn-Hilliard equation. Indeed, as-
suming « = constant, A = mfI, m > 0, I identity matrix, » = 0 and the Neumann
boundary conditions (1.13) and (1.14), if 6 is constant, the system of equations

— reduce to .

1.2.3 Ginzburg-Landau free energy

In the previous subsections [1.2.1] and we presented non-isothermal Cahn-
Hilliard models proposed by Alt and Pawlow and by Miranville and Schimperna
based on Gurtin’s approach, respectively. Note that no explicit expression for the
Helmholtz free energy density ¢ were given. However, the choice of ¢ plays a crucial
role in determining the explicit expression of the system of equations —
and that of (1.74)-(1.77). In this section, we give some examples of the free energy
¥ in the form of the Ginzburg-Landau one, in part proposed by Falk in [23] and
by Alt and Pawlow in [3,4], that match some structural assumptions in order to
be physically reasonable.

A general form of the Ginzburg-Landau free energy density v is given by
b(u, Vu, 0) = %WUF L F(u,0), a>0, (1.78)

where the first term is the so-called inhomogeneous (or gradient) part, while F'(u, )
is the homogeneous (or volumetric) part, which is given by

F(u,0) =cyF1(0) + F2(6,u), cy > 0. (1.79)

The first term in represents the main concave term of the free energy and it
refers to pure heat conduction and it is linked to the specific heat Cy(0) = Q'(6)
by the relation Q(0) = cy F1(0) — cy0F](0), where ' denotes the derivative with
respect to 0. In particular, it can be postulated in one of the following forms:

F1(9) :519+52—910g9, (1.80)
F1(0) = 6362, (1.81)
Fi(0) = —0log(0+1). (1.82)

where 91, 2,03 > 0 are constants.

As for the second term in , it represents a potential associated with the phase
separation process. Indeed, it is in charge of changes in the qualitative behaviour of
F below a critical temperature 6. > 0 from a convex into a non-convex double-well
potential in order to assign lower energy values to the pure states, and it determines
the behaviour of F' for large value of |u|. A thermodynamically relevant potential
F; is the logarithmic one given by , ie.,

Fy(u,0) = —0.u + 0[(1 —u)log(l —u) + (14 u)log(l +u)], ue (—1,1).
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1.2. Non-isothermal Cahn-Hilliard models

Many polynomial potentials F» for u € (—o0,+00) have been considered in the
literature. Such forms arise by expanding the logarithmic free energy density in w
at the mean value u,, for 6 near the critical temperature .. However, for various
solid solutions, for instance, metallic alloys, fourth or sixth order polynomials in u,
such as

Fy(u,0) = 71(0 — 0c)u” + you* + y3u®, (1.83)
where 71 > 0,72,73 > 0,72 + 73 > 0, are phenomenologically justified choices for
F5 (see [47,/48,[51]).

According to the above considerations, we present some possible expressions
for F. In our setting, a possible choice for the homogeneous part F' is then the
logarithmic one

c
Fiog(u,0) = —%02 — O +0[(1 —u)log(l —u) + (1 +u)log(l+u)], (1.84)
or the the polynomial one

Fyoi(u, ) = —%Va? (0 — 0)u® +ud, (1.85)

where cy, 0. > 0. Observe that for such choices of F' there is a change of the
qualitative behaviour for 6 crossing the critical temperature 6., i.e., for 8 > 6. both
Fiog and Fp are convex in u, while for 6 < 6, they turn out to be non-convex (see

Figures and .

ﬂog(uv 91) ﬂog(ua 62)

| \VV/U

Figure 1.3: convex Fj,e for 61 > 6. and non-convex double-well Fj,s for 2 < 0.

Fpol(u, 91) Fpol(u, 92)

Figure 1.4: convex Fj,, for 1 > 6. and non-convex double-well Fj,, for 62 < 0.
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We observe that the coupling term ~;0u? in is related to the latent heat
of the phase transition. Indeed, the latent heat is given by the difference in energy
at fixed temperature between two pure phases (represented by the two local minima
of the homogeneous part F), i.e.,

AMuy, uz) = 0(s(uy) — s(uz)) .
Hence, for ([1.83)), recalling that s = —dy1p, we obtain
Au,ug) = —710uf + y6u; =0,

which means that no latent heat is involved in the process. However, in several
concrete physical situations of phase transitions (see |53] for more details), the
latent heat is not null. Hence, a more general term of the form ~y;0(Aau? — Aju+ o),
A2, A1, Ag > 0 can be considered. Indeed, in this case, for uq1, us local minima of F'
at fixed 6 < 6.,

)\(’U,l, UQ) = —fyl)\gt%% + ’71)\19U1 + 71)\2«9u§ — 71)\191@ 75 0.

At last, notice that some articles have been devoted to the case where Ao = 0,
so that the coupling term is linear in wu, i.e. y10(—=Au + Ag), A1, A9 > 0 (see for
example [18]). The reason is that, from the mathematical point of view, assuming
such a linear coupling term, thus linear latent heat, seems preferable as one looks
for the well-posedness of the model. In the following, we will show how the sys-
tem of equations — changes and becomes more complicated to study by

assuming a quadratic coupling term instead of a linear one.

Non-isothermal Cahn-Hilliard models for a specific choice of the Ginzburg-
Landau free energy

We already observed that Miranville and Schimperna’s model can be considered as
an extension of Alt and Pawlow’s one to systems which are far from equilibrium
and to anisotropic materials. Furthermore, we noted that the main difference be-
tween Miranville and Schimperna’s system of equations (1.74)-(1.77) and Alt and

Pawtow’s one ([1.42)-({1.45)) is given by the presence of the term — ;v in (1.75).

We now compute them for two specific choices for the Ginzburg-Landau free energy
density .

Firstly, let us assume the homogeneous part F' of the Ginzburg-Landau free
energy density ((1.78) to be polynomial as in ([1.85); i.e.,

Wb(u, Vu, §) = %Wu\? - %Ve? FA0 — )+ ut,
where o, A, 0. > 0, which can be rewritten as
b(u, Vu, 0) = %|Vu|2 — Q(6) + \0u2 + F(u), (1.86)
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1.2. Non-isothermal Cahn-Hilliard models

where Q() = %62, F(u) = u* — A.u?. For such a choice of the free energy Alt
and Pawlow’s system of equations ([1.42)-(|1.45) reduce to

ou ) 1 1

5 = div (znvg - zmva) , (1.87)
Oe ) 1 1
5 Tdiv (zmvg - zmvg) =7, (1.88)
p_oraVu f(w)

e = %\w? +Q(0) + F(u), (1.90)

in Q x (0, T), where f is the derivative of F, i.e. f(u) = 4u® — M u, and the matrix
(lij)ij=12 = (Lij(u, f, %))Z’JZLQ is positive definite with positive diagonal elements.
On the other hand, using (1.86), Miranville and Schimperna’s system of equations
[C73)- (77) become

ou . 7 1
5 = div (Avg + ng), (1.91)
Oe ) 1 1 ou B
N + div (C'Vg + Dvé - QEVU) =, (1.92)
u=—alAu+2\0u + f(u), (1.93)
e= %\w? +Q(0) + F(u), (1.94)

in 2% (0, T'), where the matrices A, B, C, D depend on the variables (u, Vu, §, V4,
%, V%) and, in order to satisfy , A, D are, in some sense, positive semi-definite.
Observe that the explicit expressions for the internal energy density and
coincide. As for the expression for the chemical potential, Alt and Pawlow’s
system of equations and Miranville and Schimperna’s one differ (see and
(11.93)). Indeed, as already observed, Alt and Pawlow’s chemical potential is a pri-
ori assumed as constitutive equation, whereas Miranville and Schimperna’s one is a
posteriori deduced from the two fundamental laws of Thermodynamics. Regarding
the differential equations, note that the coefficients [; ;, 7,7 = 1,2, in —
are replaced in — by matrices A, B, C, D, which satisfy equivalent prop-
erties extended to matrices. Furthermore, as already stated, the main difference
between and is the presence Of the term —a%‘Vu in , which
plays a crucial role in rewriting the system ‘@— in an equivalent form, as
we see in the following. Indeed, once given @, computing %, we obtain

de oVu  0Q(0) ou
T i A
and, inserting it into (1.92), it yields
oVu  0Q(0) Ou % 1 oVu ou,
aVu o + 5t + f(u) 5 +div (CVH —i—DVe) O Vu as Au=r,
whence 90(0) 5 ) 5
5 +f(u)8t+d1v<CV9+DV9) aatAu T
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Finally, using ((1.93)), we obtain

9Q(0)  du , i I
5 +8t(u—2/\9u)+d1V(C’V9+DV0)—r.

Hence, system of equations (1.91)-(1.94)) is equivalent to the following

ou . L 1
5 = div (Avg + Bvé) : (1.95)
p=—alAu+ 2 0u + f(u), (1.96)
0Q(6) Ou : H Iy
o 5 (= 220u) + div (CVE + Dvé) =r, (1.97)

in Q x (0, 7). The mathematical analysis of models of the form (1.87)-(1.90) (or
more generally of (1.42)-(1.45)) can be found, e.g., in [2] and [62]. The mathemat-

ical analysis of (1.91))-(1.94), or equivalently of (1.95)-(1.96) (or more generally of
(11.74)-(1.77)), seems however much more involved. To illustrate this, let us con-

sider for instance the case where A = D = I (the identity matrix), B = C = 0 and

r = 0. The system of equations (|1.95)-(1.96) reduce to
ou

T AR 1.
= —alAu+2\0u+ f(u), (1.99)
0Q0)  Ou 1
—(u—2 A= = 1.1
5% T o (u— 2X\0u) + 7 0, (1.100)
hence setting x = 4 and inserting (1.98) into (1.100]), we obtain
ou
— =A 1.101
X0 = —aAu + 2X0u + f(u), (1.102)
1
a%ie) +OAX(X — 2Xu) + Ag =0, (1.103)

in Q x (0, T'). Here, the problem is that we do not know how to treat the term
OAx(x — 2 u). However, we note that the conservations of mass and energy and
the balance of entropy follow. Indeed, once assumed proper Neumann boundary
conditions, integrating (formally) over the domain €2 occupied by the ma-
terial, we obtain the conservation of the spatial average of the order parameter;
ie.,

(u(t)) = (u(0)) = um, Vte[0,T]. (1.104)

Multiplying (1.101)) by x€ and (1.102) by %, integrating (formally) over €2, then
taking the difference, it yields

d o 2 ou
— — F — — — Ax =0. 1.1
dt/Q {2 |Vul” + (u)}d:p /Q)\(?t Oudx /Qxﬁ x=0 (1.105)
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1.2. Non-isothermal Cahn-Hilliard models

Integrating (|1.103)) over 2 and summing it to (1.105]), using (1.101)), we obtain the

conservation of energy

d d 9
%/ edr = dt/ {§|Vu| +F(u)+Q(9)]dw-O. (1.106)
Multiplying (1.103]) by % and using the chain rule, we reduce to

OA(0) X2 9 1,2
—2 4+ AZ- —2)A Af
50 TAG 2 Ayut VX + k(0)|V 5
where A(f) = cy 0, whence, using (1.101) and integrating (formally) it over 2, the

balance of entropy follows

)

jt/Q(A(Q)_)‘uz)df"’:/lexlzder/Qk(H)‘V;fdx. (1.107)

As already observed, several articles have been devoted to the case where the
general coupling term 10(Aau? — Aju+ o) is assumed to be linear in u, i.e. Ay = 0.
The reason is that, from the mathematical point of view, assuming such a linear
coupling term seems preferable as one looks for the well-posedness of the model.
For instance, let us assume a Ginzburg-Landau free energy density in the
following form

b(u, Vu, 0) = %|vu|2 —Q(0) — Nou + F(u), (1.108)

where a, A > 0, Q(0) = 67‘/02, cy > 0, and F' is possibly a non-convex double-well
polynomial potential. For such a choice of the free energy Alt and Pawlow’s system

of equations (|1.42)-(/1.45) reduce to

ou _ I 1
5 = div (zllvg - zuvg) : (1.109)
9¢ ., div (i vf — VL) =v (1.110)
ot 22 21 0 .
u . aVu /()
5 =—div (T> — ATt (1.111)
- %\VU|Q+Q(0)+F(U), (1.112)

in  x (O, T), where the matrix (li,j)i,jzl,Q = (liyj (U, %, %))i}j:LQ is pOSitiVG definite
with positive diagonal elements, while f is the derivative of F'. On the other hand,
using (1.108]), (1.74)-(1.77) become

U div (AvE 4 BvE

5 = div (Ave +Bv9)’ (1.113)
Oe . 1 ou B
o v (CVH +DV§ —oza—Vu) =, (1.114)
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p=—alAu— N+ f(u), (1.115)
e = %\Vu]2+Q(0)+F(u), (1.116)

in Q x (0, T'), where the matrices A, B, C, D depend on the variables (u, Vu, 4,
V%, %, V%) and, in order to satisfy , A, D are, in some sense, positive semi-
definite.

As already noticed, the explicit expressions for the internal energy density
and coincide. On the contrary, for the expression for the chemical poten-
tial, Alt and Pawlow’s system of equations and Miranville and Schimperna’s one

differ (see (1.111) and (1.115])). Furthermore, as already stated, the main differ-

ence between (|1.110]) and (|1.114)) is the presence of the term —a%?Vu in (|1.114),
which plays a crucial role in rewriting the system (|1.113[)-(|1.116)) in an equivalent
form. Proceeding as done in order to deduce ((1.95)-(1.96), we can conclude that

the system of equations (|1.113))-(|1.116)) is equivalent to the following

ou . 7 1
5 = div (Ava + ng), (1.117)
p=—alAu— N+ f(u), (1.118)
0Q(0)  Ou _ " I
50 gy (A0 + div (CVH +DV9> =r, (1.119)

in Q x (0, T). The mathematical analysis of models of the form (1.109)-(1.112)
(or more generally of ((1.42)-(1.45)) can still be found in [2] and [62]. As for that

of (|1.113))-(1.116]), or equivalently (1.117)-(1.118)), it seems to be more involved.
However, let us assume r =0, B=C =0, A=mlI, m > 0, D = k(0)I, where k
is a suitable function of 6 and I is the identity matrix. The system of equations

(1.117)-(1.118)) then reduce to

ou 1
— = mA= 1.12
= —alu— N+ f(u), (1.121)
0Q(0) Ou ) 1y
5t gy (A0 +div (k;(e)vg) ~0, (1.122)
in Q x (0, T). Setting x = 4 and inserting into (1.122), we obtain
ou
Tl mAy, (1.123)
X0 = —alAu — N0+ f(u), (1.124)
1
8%1(50) +mOAx(x + ) + div (k(@)VE) =0, (1.125)

in  x (0, T'). Recalling that the mass and the heat fluxes are given by (1.67)) and
(11.68), we deduce

1
j=-mVyx, qg=mfxVx+ k(@)vg .
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1.2. Non-isothermal Cahn-Hilliard models

Observe that k is related to the heat conductivity and that, in order to recover
Fourier’s law, we should assume

k() = kob?, ko > 0. (1.126)
However, several papers have been devoted to the case where
k(0) = ko , (1.127)
where kg is a positive constant (see e.g. [34,36,65]), or more generally
k(0) = k16, 6 €10,1), (1.128)

where k; is a positive constant (see e.g. [37]) Indeed, the law (also ([1.128))
turns out to be satisfactory for low and intermediate temperatures and offers some
advantages from the mathematical point of view, but it does not look acceptable
for high temperatures because it does not provide any coerciveness as 6 becomes
larger and larger. These considerations suggest to combine with ,
obtaining

k(0) = ko + k202, ko, ka2 > 0. (1.129)

The meaning of the above expression is that of describing a diffusion law which is
singular as the temperature 6 approaches zero, while it has approximately a linear
structure for large values of 6, as in the classical Fourier relation. Concerning this
case, more generally, in [14,27], k is assumed in the following form

k() = '(0)6?%, (1.130)

where «/ is the derivative of a function s which satisfies the following properties:
k(1) = 0, & is strictly increasing and such that x(0) N\, —oo as 8 \, 0, k(0) / +o0
as 0 " 4o0.

Concerning the system of equations (1.123))-(1.124])), in the following chapter we
will be able to conclude about the existence of the so-called entropy solutions (see

Def. [2.2.1) assuming
k(0) = ko + k10°, B€[0,2), (1.131)

where ko, k1 > 0, and also about that of weak solutions (see Def. [2.2.2) for g €
(3,2).
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Chapter

Entropy and weak solutions to a
non-isothermal Cahn-Hilliard model

The aim of this chapter is to prove the existence of the so-called entropy solutions
to the non-isothermal Cahn-Hilliard model given by equations —. Fur-
thermore, in a subcase, we will also be able to conclude about the existence of weak
solutions. Once suitable assumptions are made, we will prove some formal a pri-
ori estimates holding for hypothetical solutions to the strong formulation of the
model, or more precisely, to a proper regularization or approximation of it. Then,
we will show by compactness arguments that at least a subsequence converges in
a suitable way to an entropy solution and, in a subcase, also to a weak solution
to our problem. At last, we will propose a possible approximation of the “strong”
system that one could try to develop.

2.1 Setting of the problem

Let Q2 be the domain occupied by the material, which we assume to be a bounded,
open subset of R? with a smooth boundary 02, and let 7' > 0 be a given final time,
which may be arbitrarily large. Then, let (z,t) be an arbitrary point belonging
to Q x (0, T'). Let us denote by V and by A the spatial gradient and Laplacian,
respectively. Moreover, for j € N, let D7 stand for the j*® spatial derivative. As for
the time variable, from now on, we will denote by (-); the partial derivative with
respect to t.

Consider the strong formulation of the non-isothermal Cahn-Hilliard model

given by the system equations (|1.123))-(|1.124)), which reads

up = mAy, (2.1)
X0 = —alAu — N0 + f(u), (2.2)
(QUOY)e + mOAX(x + )+ div (K(O)V 5) =0, (2.3)
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in Q x (0, T). Here, u,0 : Q x (0, T) — R represent the so-called order parameter
and the (absolute) temperature of the system, while y : Q x (0, ) — R is an
auxiliary variable defined through equation (2.2) which helps particularly for the
statement of the weak formulation of the model (see Def. As introduced in
the previous chapter, x stands for the rescaled chemical potential 5. m,a and A
are positive constants related to the mobility, the thickness of the interface and the
latent heat, respectively. Moreover, f : R — R is the derivative of F : R — R, a
non-convex double-well polynomial potential, while k : R™ — R, as a function of
0, is related to the heat conductivity. The expressions for F' and k will be specified
in Section Lastly, let @ : RT — R™ be defined as Q(0) = %62, where ¢y > 0.

Boundary and initial conditions

In order to get a well-posed problem, we have to specify suitable initial and bound-
ary conditions. Consistently with the physical derivation presented in the previous
chapter, we will essentially assume that the system is insulated from the exterior.
This leads to taking the following no mass flux (through the boundary) condition:

Vx-v=0 on 09, (2.4)

where v denotes the unit outer normal to the boundary 0Q2. As already observed
in Subsection thanks to (2.4), integrating (2.1)) in space and time, we obtain

the mass conservation:

(u(t)) = Voll( 5 /Q u(z, t)dz = (u(0)), V¢ € [0, T], (2.5)

which is a characteristic feature of Cahn-Hilliard-type models. Next, we assume
that
Vu-v=0 on 0. (2.6)

This condition prescribes that the diffuse interface is orthogonal to the boundary
of the domain. Moreover, we take no-flux boundary conditions for the temperature:

k(G)V% v =0 on 0Q. (2.7)

Finally, the system is complemented by the initial conditions

u(,O) = Ug, 9(,0) = 90.

Balance laws

We already observed that the boundary condition leads to the conservation
of mass . Another conservation law follows from the system of equations —
endowed with the Neumann boundary conditions —: the conservation
of internal energy.

Multiplying by xf and by wug, then taking the difference, we obtain

[%Wuy? + F(u)L — A — mxAx = 0. (2.8)
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Summing (2.3) to (2.8), then using (2.1), the balance of internal energy equation

follows
1

e 9 i B
[§|Vu| +Q(0) + F(u)]t + div (k(e)vg) ~0. (2.9)
Indeed, as provided by the original formulation of the problem (|1.113))-(1.116)), the

internal energy density is given by
o 2
e = 2|V + QM) + Fu).

Hence, integrating (2.9) over £ and using the boundary condition (2.7)), we recover
the conservation of energy

& [ edn= 5 [ [5IV0P + ) +QO)]dr = 0. (2.10)

A key point in the statement of the entropy formulation of our model (see Def.
consists in replacing the “heat” equation with the balance of entropy.
This relation is, indeed, mathematically more tractable, but it keeps all the main
features of the problem.

Multiplying by é and using the chain rule, we obtain an equivalent formulation

of it, which is given by

2
Y

(A(0)): + mA<X22 +Ax) + div(@vl) = m|Vy|? + k(@)\vé (2.11)

0 0

where A(0) = cy 6, whence, using ([2.1]), we deduce the balance of entropy equation

(A(0) + Mu); + mA(X;) + div(@vl) = m|Vx|? + k(e)]vlf.

5 Vo ; (2.12)

Indeed, being the Helmholtz free energy ¢ given by (1.108]), the entropy density is
then s = —dptp = A(0) + Au. Integrating (2.12) over Q and using the boundary
conditions (2.4)) and ([2.7)), the integral form of the balance of entropy follows

d/(A(0)+)\u) d:n:/m|Vx|2d:U—|—/ k(é)’Vl‘zd:v. (2.13)
dt Jo Q Q 0

Remark 2.1.1. It is worth noting that , or equivalently , s an equality
at this level, but it will turn to an inequality in the framework of the rigorous
definition of entropy solution that will be introduced later on (see Def. . of
course, this phemomenon is due to the quadratic terms on the right hand side,
which do not behave well with respect to weak limits. However, in case we could
prove that there exists a smooth solution to the entropy formulation of the model,
then for that solution it would be possible to recover the entropy equality .
Furthermore, s equivalent to in that setting. In this sense, the entropy
formulation presented in the next section turns out to be compatible with the strong
formulation — given at the beginning, at least when sufficient regularity
holds.
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2.2 Main results

Before presenting the main results of the thesis in the form of rigorous statements,
we list the hypotheses imposed on the constitutive functions and we present the
entropy formulation and the weak formulation of the problem.

Assumptions on coefficients and data

First of all, just for the sake of simplicity, we assume m = 1 and « = 1. However,
all the following results will hold also for general constants o, m > 0. Next, we
consider a polynomial double-well potential F', whose expression is given by

F(u) = a1|ul’ —asu®, p€ [3,1], (2.14)
where a1, as > 0, so that its derivative reads
f(u) = arpsgn(u)ul’~" - 2a9u, (2.15)

where sgn represents the sign function. The condition p € |3, %] will be needed to
derive a priori estimates in the next section (cf. for instance (2.42) and (2.44)).
As for the function k related to the heat conductivity, we assume it in the following
form

k(6) = ko + k16°, (2.16)

where ko, k1 > 0 and 8 € [0, 2). The latter condition will be needed to derive a

priori estimates in the next section (cf. for instance (2.48), (2.49) and (2.50)).

We conclude by specifying our hypotheses on the initial data:
ug € HY(Q), 6y >0 almost everywhere in Q,
1 —A
bo € I2(Q), ~ € L) and L) =AU L paqyy (2.17)

) 02
Notice that the regularities provided by are satisfied for instance when
ug € H*(Q), 6y € L*(Q), 6y >0 >0 almost everywhere in Q,
where § > 0 is a given constant.

Entropy and weak formulations

Firstly, we introduce the notion of entropy solution to our problem:

Definition 2.2.1. An entropy solution to the non-isothermal Cahn-Hilliard model
is a triple (u, x, 0) of sufficient regularity satisfying equations

uy = Ax in L*(Q2), almost everywhere in (0,7), (2.18)
x0 = f(u) — X\ — Au in L?*(Q), almost everywhere in (0,7, (2.19)
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2.2. Main results

with the boundary conditions (2.4 . the initial condition u(-,0) = ug, and the

entropy production 1nequahty

//A )¢, ddt +// +>\X -V dadt +// v V¢ dadt
—/O/Q|vx|2<d:cdt —/O/Qk(e)]vg‘ ¢ dzdt —/QA(QO)C(-,O) dz

V¢ € C°(Q x [0, T)) such that ¢ >0, (-, T) = 0. (2.20)

It is worth noting that (2.20) incorporates both the initial condition 0(-,0) =09
and the no-flux condition 1' As for the boundary conditions . they
will be recovered in the sense of traces.

Another notion of solution to our problem can be introduced, that of weak
solution. Notice that this notion is somehow “stronger” than the previous one.

Definition 2.2.2. A weak solution to the non-isothermal Cahn-Hilliard model is
a triple (u,x,0) of sufficient regularity satisfying equations — with the
boundary conditions —, the initial condition u(-,0) = wug, and the weak
form of the “heat” equation:

/OT/QQ(G)&dﬁ/QQ(Go)S(-,O) daz—/ﬂQ(e(.,T))g(.yT) d +

T T 1
—/ / B(x + NAXE dudt +/ / KOV~ - VEdedt =0,
0o Jo 0o Ja o
VE e C®(Q x [0, T]). (2.21)
Also in this case, (2.21) incorporates both the initial condition 6(-,0) = 6y and

the boundary condition (2.7)), whereas (2.4)-(2.6) will be recovered in the sense of
traces.

Main existence theorems

Our main results can now be stated as follows:

Theorem 2.2.1 (Existence of entropy solutions). Under the assumptions stated
above, for f € [0,2) in , the non-isothermal Cahn-Hilliard model admits
at least one entropy solution, in the sense of Definition in the following
regularity class:

we L0, T; W23(Q)) N L3(0, T; HA(Q)) 0 H(0, T; LX(Q))

X € L2(0, T5 HA(Q)), x* € L*(0, T; H'(9)),

0 € L0, T; L*()), 0 > 0 almost everywhere in Q x (0,T),
1

log € L*(0, T; L*()), 5 € L*(0, T; H'(2)),

e L*0, T; HY(Q)),

7 € L*0, T; H'(Q)). (2.22)

1
628
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Theorem 2.2.2 (Existence of weak solutions). Under the assumptions stated
above, for B € (2,2) in , the non-isothermal Cahn-Hilliard model admits at
least one weak solution, in the sense of Definition|2.2.2, in the following regqularity
class:

we L0, T; W23(Q)) N L3(0, T; H2(Q)) N HY0, T; L*(Q)),
x € L*(0, T; H*(Q)), x* € L*(0, T; H'()),

6 € L0, T; L*()) N LI(Q x (0,T)), Vg € [1, 251,

0 > 0 almost everywhere in Q x (0,T),

log 0 € I2(0, T 17(Q), 7 € I2(0, T5 H'(9),

9% c L*0, T; H'(Q)), 92%5 c L*(0, T; H'(Q)). (2.23)
Remark 2.2.3. Notice that in case we could prove the existence of a sufficiently
smooth weak solution (in particular, reqular enough in order to integrate back by
parts the terms in ), then it would be possible to show that such a solution
also satisfies the “standard” form of the “heat” equation . Hence, the current
notion of weak solution turns out to be compatible with the strong one. On the
other hand, in case we could prove the existence of a sufficiently smooth entropy
solution (in particular, reqular enough in order to integrate back by parts the terms
m ), then the entropy inequality would hold as an equality and it would
be possible to show that such a solution satisfies , hence also because they
are equivalent. Thus, we can conclude that the current notion of entropy solution
turns out to be compatible both with the weak and the strong one.

2.3 A priori estimates

In this section, we will prove some formal a priori estimates holding for a hypothet-
ical triple (u, x, 6) solving the “strong” formulation of the model, i.e., the system of
equations —. Actually, these estimates will follow as direct consequences of
the conservation of mass , the conservation of energy and the balance
of entropy , but mainly as results of some technical work (see Subsection
. Of course, to make this procedure fully rigorous, one should rather consider
a proper regularization or approximation of the “strong” system and prove that it
admits at least one solution being sufficiently smooth in order to comply with the
estimates. However, the system of equations — is rather complex and, as a
consequence, the related approximation would be particularly long and technical.
For all these reasons, we decided to skip this argument and rather proceed formally.

Throughout the section, we will assume the reader to be familiar with the no-
tions and the results presented in Appendix However, sometimes we will

explicitly recall them in order to emphasize their use.

From now on, in order to simplify the notation, we will denote by LP(€2), instead
of LP(Q; R3), the space of R3-valued functions whose components belong to LP((2).
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2.3. A priori estimates

(-, -)xr.x will stand for the duality between two Banach spaces X and X', where
X'’ is the dual space of X.

Furthermore, the same letter ¢ (and, sometimes, c,, c. or ¢, when accounting for
the dependence on a parameter p, € or p) denotes positive constants which may
vary from line to line.

2.3.1 Energy and entropy estimates

From the integration with respect to time of the conservation of energy (2.10),

using (2.17)), we deduce

101 Lo (0, 7; 22(02)) < €, (2.24)
[Vull Lo (0, 7; L2(02)) < € (2.25)
[ E(w)l| Lo 0,75 21 () < € (2.26)

Using the Poincaré-Wirtinger inequality, from and it follows that
[ull oo o, 7; H1(0)) < - (2.27)
Using the continuous embedding H'(Q) < L5(2), we then obtain
[wll oo (0, 7; L8 () < €- (2.28)
Since f is given by , we can conclude that
IF @Il oo Sy (2.29)
where % €[2,3] for pe[3,1].

Integrating the balance of entropy ([2.13) with respect to time and using (2.24)),
(2.27) to control the left hand side, we deduce

VX200, 7; L2(0)) < (2.30)
/ /k ]v ‘ dedt < c. (2.31)
Since k is given by (2.16), from (2.31)) it follows that
- < 2.32
Hv@’L?(o,T;m(ﬂ)) = (2:32)
and
T T 5
/ / 054V 0|2 dz dt :/ / 105-2V0|? de dt —
0o Jo
—/ / 2\V92 Y2dxdt <ec,
namely,

8
IVO2 | 20,7, 22 () < - (2.33)
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2.3.2 Further a priori estimates
Key estimates

First test function for the entropy equation. Firstly, we multiply (2.11) by
—(X; + Ax) and we integrate it over €2, obtaining

2 2 2
X X k(0) o1 X
/ !VXIQ( +2x d:c+/ k(0 ]v \ (% +>\x> dr=0. (2.34)
Taking the partial derivative of (2.2)) with respect to time,
xt0 + X0 + A0 = —Auy + f'(uw)uy,

then multiplying it by x, we get

2
(X?)te + X0 + M = —xAug + ' (u)urx . (2.35)

On the other hand, multiplying (2.1) by u; and integrating over €2, thanks to (2.4)),

we have
HutH%Q(Q) = —(Vut, VX) 120, 12(0) - (2.36)

Integrating (2.35) over © and combining it with (2.36), it yields

2
/X 0 dx —/—thx—i—/xQQtdﬂH—
dt Q Q

+/Q)\x0tdm+ ||ut||%2(9) :/Qf’(u)utxda:. (2.37)

Finally, multiplying (2.37) by ¢y and summing it to (2.34), we obtain

d k(0) 1 %

a/cv—edx-f—/ +)\ >+TV§)-V(7+)\X)dx+

+ CV||UtH%2(Q)+/§2|vX| =+ Ax d$+/ k(0 ’V ‘ ( +Ax) dx

:cv/ I (w)upx dx . (2.38)
Q

Note that b1X - b2 < X X+ Ay for by > 0, by > 0 such that 2b9(1 — 2b7) > A. In
particular, —5 < X + )\X It follows that

d k(6) _1 X2
@/Cvfadwr/ +)\ )+TV§)-V(?+)\X>M+
A 12

+ cv/ﬂf’(u)utxda:, (2.39)
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2.3. A priori estimates

for assigned by, be > 0 satisfying 2bo(1 — 2b1) > .
We now control the last term on the right hand side of (2.39). Using (2.1]), we can

rewrite it as

ey /Q f(wurx de = ey /Q f/(u)xAx da,

thus, integrating by parts and using ([2.6)),
Cv/ I (w)upx dz = —cv/ f(w)|Vx|?dx — cv/ f"(w)xVu-Vxdz, (2.40)
Q Q Q

where f/ and f” denote the first and the second derivative of f, respectively. Since
f is given by (2.15), then
F(u) = arplp — DIl — 2z, () = arplp — 1)(p — 2) sgn(w)ul . (2.41)

From (2.40) it then follows that
cy /Q f(w)ugx de = — cy /Q arp(p — D|ulP~2|Vx[2dz + cv /Q 2a2|Vx|*dx +
— cv/ arp(p —1)(p — 2) sgn(u)|u|’>xVu - Vyxdr. (2.42)
Q

Observe that, inserting (2.42)) into (2.39), we can move the first term on the right
hand side of (2.42) to the left hand side of (2.39), hence the only term to control
is the last one of (2.42). Using Holder’s inequality, we deduce

—cv/alp(p —1)(p — 2) sgn(w)|ul’3xVu - Vxdr < c, [ [ul~?Vu||[VX?| dz
Q Q

el g IV e 19 a0
< collullfaiy IVl o, 193¢ 120

(2.43)
Using the Gagliardo-Nirenberg interpolation inequality, we obtain

, 2
IVl < €102l g g + Ielzsgen]

whence, thanks to classical elliptic regularity results (cf. Appendix [A.8)),

[Vl <clldull g o +lulrs@)], (2.44)

L5 () L3(Q

where, according to (2.15), p € [3, %], hence 6%/) € (2, 1—52]
From (2.43) and ({2.44) it follows

- w/galp(p —1)(p - 2)sgn(w)ul’*xVu - Vxdz

< collulloiey IV 2oy [l Al

2012 2
1] < 0V e + cocpllAul?y

) + ||l Lo (o))

< oVl 2oy [ AUl

Lé(Q) ] ) (245)

)
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where in the last line we used (2.28) and then Young’s inequality for o > 0 small
enough to satisfy by — 40 > 0 for b; as assigned in ([2.39).
Finally, let us control the last term in (2.45). Due to (2.2)) and Young’s inequality,

2 2 2 2
a2y o <l o + 1712+ IRy ]

whence, using Hoélder’s inequality, we deduce

3(Q)

< C[HQ”%(Q) + Hf(u)”i%(sz) + 1101 o161 2]

< c[14[IX%0l 1 (0] » (2.46)

1 1
Al g < ellOI2g o +IF@I2 g o+ 1X0F (20103 3]

where in the last inequality we used (2.24) and (2.29).
Combining together (2.39), (2.42), (2.45) and (2.46)), it yields

i/ V—Gd:x—i—/ (V(X22+>\X)+k(:)vé>.v<x;+>\x>dx+

+ evllugl?aq) + (b1 — 4o) Hv \

e [ (o~ Djul#Vx ) da

1,2
< (bg + 2cva2) | Vx|321 42 k(a) V2| dx + cocp[L+ IX°0) 1)) - (2:47)
@ "9 Q 0

Remark 2.3.1. Notice that we assumed p > 3 in in order to have positive
exponents in the expressions for f' and f" given by ([2.41), hence in (2.42). As
for the hypothesis p < %, it is needed in order to obtain through the ap-
plication of the Gagliardo-Nirenberg interpolation inequality. Otherwise, we would
obtain ||Aul|rrq) on the right hand side of , where p > % for p > % As a
consequence, we would have HX29||LT(Q) with r > 1 on the right hand side of ([2.46).
Thus, we could not proceed as we will do in the following, i.e., applying Gronwall’s
Lemma in order to close the estimates.

Second test function for the entropy equation. Next, we multiply (2.11) by

—g(0), where g is a positive function of # such that its gradient is equal to LVl
Recalling that k is given by -, we have

1 _k k
+ R0V = Vo 4V !

KO) 1 (ko _
- (% 6 202" T (2-p)erF

0
ko k1
— 2.4
V<292+( ﬁ)92‘5)’ (2.48)
hence g is given by
ko k1

g(@):@—i-m.
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2.3. A priori estimates

If g €[0,1)U(1,2), multiplying (2.11) by — 292 + W) and integrating over
), we obtain

d ko kleﬁ 1 ko ky
E/CV@ (2 —B) (B — 1 Jdo +/v (292 T2 —5)02%)“’
k‘o kq kq 9
kl
+/k 292 T 5)‘v9] dz =0. (2.49)

Otherwise, if § = 1, multiplying (2.11) by —(2]% + %) and integrating over €1, we
get

jt/cv(sg—klloge d:c—ir/V X2+Ax)-v(2k92+lz)d

k() ko kl 2
+/ 0v0 v(292+ d+/ s+ g ) IVl de
0 J—

Sum of the ﬁrst and the second test function for the entropy equation.

Summing (2.47) and (2.49), for 8 € [0,1) U (1,2), we obtain

d X2, ko k1651 )
il CV(79 to - o mEon) E e inlie
2 2
X k(9) o1 X ko ki
+/ V(G +TV§)-(V(—+>\ )+ (595 + PO IB)G%B))dx
k k 1,2
2 0 1 +
+/ o+ )92 5 ) IV d:v+/k 292+7(2_ﬁ)92_6)]v9 dx

X _
+ (by — 40)HV? @) + Cv/Qalp(p — D|ulP 2| Vx| dz

A 12
< (by + 2cva2) [|Vxl|72(q) + 5/9"3(9)‘V§’ dz + cocp[1+ X0l (o)

while for § = 1, summing (2.47) and (2.50),

jt/ cV(X29+§0—kllog9) dx—i—chutH%Q
22
+/ (V( 5 A )+k(99)v;) : (v( 5 +>\X) +V(2]?2 kel))da:
+ [ G+ \vxpdﬁ/ o+ )|V o
+ (by — 4o HV LQ(Q)—i—cV/Qalp(p—l)MP2’ny2dx

A 12
< (bo + 200 2) [VXFae) + 5 | KO|V5] do + oo 1+ 130 11(0)]
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Since (2.48) holds true, for 5 € [0,1) U (1,2), it follows that

d 2 k k1051
70 (50 5%~ oo pE-n) @
2 ko kq )

—|—cVHutHL2 +H ( + A+ 5 + ’

202 (2 — B)02B/lL2@)
k: k 1,2
2 0 1 +
+/ o5+ )92 s ) IV dq:+/k: 292+7(2_5)927ﬁ)’v0]dx

+ (by — 4o HV

_ p—2 2
oy + oV [ @l = Dl da
A 1,2
< (bo + 200 2) [VXlEaey + 5 | KO|V5] do + coco L+ P0l10)] (251)

whereas, if 3 =1,

d ko
7/ V( .9+——kllogﬁ)dx+6v||ut||%2(sz)

dt 20
ko K
+HV( +Ax +ﬁ+ 6?1) L2()
+/ 5+ |VX|2dm+/k: 2’“902 %)’V%’Zd:ﬁ

+ (by — 40) Hv

— DulP2 2
oy * oV [ @100 = Dl da
A 1p2
< (b2+26Va2)||VXHL2(Q)+§/Qk(9)’v§‘ dz + cocp[1+ X0l 1)) - (2.52)

Let us consider the cases 8 € [0,1), 8 =1 and § € (1,2) separately.
o [ €[0,1): Integrating (2.51) with respect to time, we obtain

29 k‘o k‘l
/CV( S (T)+29( )+( 5)( (™) ot
ko ey 2
+CV +)\ +ﬁ+m) L2(QC)Zt
k
+// 7 T 1)92 ﬂ>|VX|2dxdt+

+///<: 292 o 292 ﬂ)]ve\dmw

T 2 2

X -2 2

by —4 = dt —1)|ulf

+ (b U)/O \% 5 |20 —i—cv/o /Qalp(p MNu|P~#| Vx| dedt

2
S/cv(XOGOJrkOJr i ) da+
Q 2 200 (2-8)(1- B

A [T 1,2
+ (b2 + 2CVa2)||VX||%2(0,T; L2(Q)) + 5/0 /Qk(e)’VE‘ dxdt +

+ coc,T + coty / 20l e, V€ [0,T]. (2.53)
0
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2.3. A priori estimates

Remark 2.3.2. Recall that the a priori estimates deduced in this section
should be satisfied by sufficiently smooth solutions to a proper reqularization or
approximation of the “strong” system ——. For this reason,
and other estimates in the following are supposed to hold true ¥t € [0,T],
instead of almost everywhere in (0,T). However, passing to the limit, thus
recovering an entropy or weak solution (u,x,0), they may be satisfied only
almost everywhere in (0,T).

Observe that from we can deduce that yg = w A. Using the
hypotheses on the 1n1t1al data provided by (2.17| -, we can conclude that

1
X003 € L*(Q). (2.54)

From (2.54), (2.17), (2.30) and (2.31) it follows that all the terms apart from
the last one on the right hand side of (2.53) are bounded. On the other hand,
all the left hand side term of (2.53) are positive, hence we deduce

Ccy T
7“9(29( i) < C+CanT+Can/ 1?0l L1 dt, VT €1[0,T].

Gronwall’s Lemma then yields

2¢cocp

CV T
S I L) < e+ coc,T)e v ", V7 €[0,7],

whence

| Izt < o 7)., vr e 0.7,

where ¢(o, p,T) is a constant depending on the parameters o, p and 7.
It follows that (2.53]) can be rewritten as

2
X 0 k‘o k‘l
/QCV< 9 (1) + 29(7—) + (2 — B)(l _ 18)91*5 (T)) dz+
ko k1 2
+ev [ urliagoydt + / R R e T
1 2
+// 29 + @ pys) |Vl dedt+

+//k~ 292 o ’;92 ﬂ)lve‘da:dt—l—

T 2 2

X -2 2

+ (b — 4 V- dt + -1 e\, dzxdt
( 1 U)/o 9 ‘LQ(Q) CV/O /9(11,0(,0 )\U\ | X| x

<c(o,p,T), V7el0,T]. (2.55)
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e [ = 1: Integrating (2.52) with respect to time, we obtain

[ (Sl + B ) ars
ko

2
T 9 T Xi ho- k 2
o Hutrrmm/ IV + et g+ ) et

k1 ) kg Fein 12
// 202 \vx| dzdt +//k 5 yﬂvé‘dxdt%—

+ (b — 4o) dt—i—cv/ / a1p(p — 1)|ul~2|Vx|? dedt
0 Q

7‘ 12(Q)

20 ko
§/cvkllog6(r)da: +/c XO O—i-——kllogﬁo)dx—i-
Q Q 2 290

A 12
+ (b2 + QCVCLQ)HVXH%E(O’T; L2(Q)) + 5/0 Ak(e)lva‘ dxdt +

+ coc, T+ cgcp/ ||X20HL1(Q)dt, V1 e [0,T].
0
Observe that, since logs < s, Vs € R, using (2.24), we can deduce
/ log 6(7) dx < / O(r)dx <c, VY7 €[0,T].
Q Q

On the other hand, since |logs| < 1+, Vs € RY,

1
—/ vk log 8 da g/cvk1|1og90|dx g/cvk1<—+90) dz .

Q Q Q 0o
It follows that
2

X9y ko
/ch( ; (T)+26( ))d +
ko | Euy g2

kl 2 ko | kiy|olp?
+// o g ) |VXP dedt +//k s g )|Vl dedi+
+ (b — 40) v*H dt+ev [ [ aplp = Djul~?x? dade
0 2 lL2(q) 0 Jo

X090 k1
< — 4+ — 4+ k16p) d
c+/ 9 +200+60+ 10) T +

AT 12
+ (b2 + QCVCLQ)HVXH%E(O’T; L2(Q)) + 5/0 Ak(e)lva‘ dxdt +

.
+ coc, T+ cgcp/ ||X20HL1(Q)dt, VT e [0,T].
0

Proceeding analogously as done in the case 8 € [0, 1), the regularities on the
initial data (2.54) and (2.17), together with (2.30) and (2.31)), and Gronwall’s
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2.3. A priori estimates

Lemma allow us to conclude that

/QCV(X;H(T) + ’2“;( )) dz +

+CV

ko kiy 12
+)\ +ﬁ+ 0) 12(Q)

+// o+ ) [Vx? dadt +//1<; e+ )| 5| drat +

T 2.9
X -2 2
by —4 = dt — 1) |ul? dxdt
+ ( ! J)A v 2 LQ(Q) +CV/O /Qalp(p )‘U| |VX| !

<c(o,p,T), V7€]0,T]. (2.56)

o [ € (1,2): Integrating (2.51) with respect to time, we obtain

29 k k1601
/QCV<X7(T)+22( )) dx + /(2_;)(25_1) dx +

+Cv/ ||ut||L2(Q)dt+/ HV +)\ +£+L) 2

dt
202 (2 B)0* A/ NIz (q) *
2
+// 29 G 6)92 ﬁ)’vx’ dadt +
ki
+// 292 + G g ﬁ)]v \dde
T X2 2
+(b1—4a)/ v dt+cv/ / a1p(p — D|ul~2|Vx|? dedt
0 2 2 ()
k651 x090
< AV -
/<2 B)(B - d“/cv 2 +290)d vt

12
+ (bQ + 2CV(12)||VX||%2(O,T; L2()) + 5/0 /Qk(ﬁ)‘va‘ dxdt +

+epe, T+ cgc,,/o 20l e, V€ [0,T],

whence, using (2.24),
/ ¢ (XQH(T) / ]“90 dx +
0 Y\ 2 - 1)

+cv/\|ut||L2(Q)dt+/ v (% SV k‘ PRS-

202 " (2 — B)92-F LQ(QC)IZt+
kl 2
// 7t T s ) [V dadt +
oy
+//k 292 2= ) ﬂ)’v ‘de

+ (by — 40)

= dt — D)|ulP~2|Vx|? dxdt
0 VQHLQ(Q) tev [ aplo—Dlul 2V do
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20
< C+/ m + 7) dr + (b2 + 2CVa2>HVXHL2(O T LQ(Q))+

2 26,

v f/ /k(e)\vf] dudt +cgcpT+cgcp/ X260l @yt , ¥ € [0,T).
2 Jo Ja 0 0

Proceeding analogously as done in the previous cases, the regularities on the
initial data (2.54) and (2.17), together with (2.30) and (2.31), and Gronwall’s
Lemma imply

/QCV(X;G(T) +/ ]“90

k
+cv/ HutHLQ(Q)dH/ V(5 N X+ gt

k1 2
+// 2 T T s ) [V dadt +

+///<: 292 o= 292 ﬁ)]v ‘dwdt—i—

+ (b — 40) LQ(Q)dt+cV/O /Qalp(p—l)\u|p_2|VX|2dxdt

v

<clo,p,T), V7€l0,T].

(2 - p)o>=F

(2.57)

From (2.55), as well as from (2.56) and from ([2.57)), we can deduce that, in case
that g € [0, 2),

and, recalling

1520| o< (0,7 L1 () < €,

’5“Lw(o,T;L1(Q)) se

Hut||L2(0 T;L2(Q)) < €,

ko k1
]v( +Ax +292+7( 5)92—6)’
HVX 2200, 1 22(0)) < ¢,

<c
L20TL2Q))

)

Vx
91

<c
L2(0,T; L2(Q))

that k is given by (12.16]),
1
Vel

i

L2(0,T; L2())
1

B
6% 2

<c
L2(0,T; L2(%))

)

\Y

62-8 ‘ L2(0,T; L2(Q)) —
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2.3. A priori estimates

Note that (2.65) and (2.67) yield

k k
HW?&*W)’

On the other hand, using (2.68)), from (2.61)) it follows that

[9(% + 2]

<c. (2.68)
L2(0,T; L2(2)

<c (2.69)
L2(0,T; L2(Q))

Consequences

Higher regularity for y. Firstly, observe that y = XH%G_%, then from ([2.58)
and (2.59), using Holder’s inequality, we deduce

X[l (0,7; L1 ()) < - (2.70)

At this point, (2.30) and (2.70)) together with the Poincaré-Wirtinger inequality
yield

Xl 20, 7; 11 (00)) < €- (2.71)
Furthermore, from (2.60), using (2.1]), we obtain
IAXN L20, 75 22(0)) < € (2.72)

By classical regularity results for elliptic equations (cf. Appendix [A.8)), (2.71) and
(12.72) imply
Xl 20, s H2(0)) < €, (2.73)

whence, using the continuous embedding H?(2) — C(Q),
HX”L2(0’T;C(Q)) <ec, (2.74)
while, thanks to the continuous embedding H?(Q) — W0(Q), we infer

X2 (0, 73 wrs () < c- (2.75)

Let us now estimate ||x||z4(0,7; 12(q))- Using standard interpolation, from (2.70

and (2.74) we deduce

T 1 1
Il 75220y < [ (s gy e )"t
2 2
< ||X||L°o(0,T;L1(Q))||X||L2(0,T;LOO(Q)) <c,

namely,

Xl 1o, 75 22(02)) < €,
or equivalently,

HX2||L2(O,T;L1(Q)) <c. (2.76)
Using the Poincaré-Wirtinger inequality, from (2.62)) and (2.76) it follows that

X2l 220, 7; #11(02)) < €- (2.77)
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Moreover, thanks to the continuous embedding H'(2) < L(Q),

HX2||L2(O,T;L6(Q)) <c, (2.78)

or equivalently,
XM a0, 7; Lr2(0)) < € (2.79)
Using the Gagliardo-Nirenberg interpolation inequality and then (2.70]), we obtain

1 2
X Lo () < C||D2X||i2(g)||x||z12 + Xl < C||D2XHL2(Q ”X||L12 @ 1t
whence
X010y < elD*xllz20) XN F 1200y + € < eD*Xl 720 + ellxllTrz() + ¢

where in the last inequality we also used Young’s inequality. Using regularities
given by ([2.73) and (2.79), we can conclude that

x50, 7; L= () < - (2.80)

Higher regularity for u. Let us consider (2.2), namely,
Au = f(u) — 60— x0.

Noting that x# can be written as XQ%Q%, from (2.58)) and (2.24), using Holder’s
inequality, it follows that
1 1
X0 oo (0, 7 L4/3(2)) < IXO2 (| oo 0,75 22 102 | oo 0, 7 2(02)) S € (2.81)
On the other hand, (2.29) and ([2.24) hold true. Hence, we obtain

| Aul] (2.82)

<c
L°(0,T; L3 ()

Combining ([2.82) with (2.27), by classical elliptic regularity results (cf. Appendix

A.8), we deduce
[l

Furthermore, from (2.80) together with (2.24) it follows that

L0, T; W23 7(9)) <c. (2.83)
X030, 7; L2(0)) < € (2.84)
whence, once more by comparision,
[ Aull 30, 1; L2(02)) < - (2.85)

Finally, taking into account (2.27), by classical elliptic regularity results (cf. Ap-

pendix [A.8]), we obtain

lullz3(0, s m2(02)) < € (2.86)
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2.3. A priori estimates

Higher regularity for powers of #. Firstly, note that (2.24) and (2.72)) imply

10AX 200, 7 L1 () < - (2.87)

Using ([2.80) and (2.87), we deduce that

16XAXN 8 o, 7 110y < € (2.88)
Combining (2.87) and (2.88), we can conclude that
160+ MAXI g .7, 110y = € (2.89)
in particular,
10(x + N AxI| 1o, 7; L1 (@) < c- (2.90)
On the other hand, (2.72) and (2.80) imply
XA XHLS 0.T: L2() <ec, (2.91)
whence
(x + MAX 10,75 11(0)) < - (2.92)

Let us now multiply (2.3) by —0~¢, where € € (0,1) is such that 5 # 1 + ¢, and
integrate it over {2, obtaining

_ /(62_6)tdx —/91—6(X+A)Axda¢ +/ k(O)VE - VO dr =0,
2—¢€Jo Q Q 0

which can be rewritten as
1—e¢ 9% d 2—e 1—e
/k(@)ee Vo do = 7/ 62 da +/ 01 (x + NAxde.  (2.93)
QO 0 2 —edt Q Q

Integrating (2.93) with respect to time,

2—e 1—e
2_6/90 dx+//k e

/92 ‘ d:c+//01 “(x + N Ay dzdt .

1‘2dxdt:

2—c¢€

whence it follows that

/0 T/Q k(0)e0' ¢

cy T
< 2_6/9(1+02(T))dx +/0/Q|(1+9)(X+)\)Ax|dxdt

V%fdxdt

IN

T
v /(1+02(T))d:c +// |(x + A\)Ax| dwdt +/ 10(x + \)Ax| dadt .
2—¢€Ja 0.JQ Q

Using (2.24), (2.90) and (2.92)), we deduce

/0 T/Q k(0)e' ¢
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v%‘ dwdt < c. (2.94)




Since k is given by (2.16), (2.94) becomes

T
//6(k091—6+k191+ﬂ—e)
0JQ

T
_ / /e(k:OG_?’_E 4 k653 VO dedt < c,
0JQ

V%fdxdt -

whence

2 dadt < c,

//05 374V dadt = Foiooe //|ve

B—1—c¢
IVO 2" || 20,7, £2()) < Ce (2.95)

which is

where ¢, = |5 — 1 — €lc.
Using the Poincaré-Wirtinger inequality, from (2.32)) and (2.59) it follows that

c, (2.96)

H@’ L2(0,T; HL(Q)) —

whence, using the continuous embedding H!(Q) — L%(Q),

Z <ec. 2.
H9 L2(0,T; LS(%2)) = ¢ (2.97)

Using once more the Poincaré-Wirtinger inequality and (2.32), from (2.65) and
(2.67) we can deduce that

— < 2.
H02 L2(0,T; HY(R)) — ¢ (2.98)
and that

<ec

L2(0,T; HY(Q)) — (2.99)

=
respectively. Moreover, using the continuous emebedding H'(Q2) — L5(Q), (2.98

and (2.99) yield

<e (2.100)
L2(0,T; L8())

H@ L0, T5 L12(Q)) H07
and
<e, (2.101)

"927—5’ L2(0,T; L5(Q))

respectively.

Consequences for 3 € [0,1)

Consider the case when 5 € [0,1) in 1' Note that V6P~ = (1-B)0°V 3. Using
Holder’s inequality together with (2.24]) and ( , we obtain

1
Ve, <=7l

— < .
2(0, T; LA Q) (0, T; L%(Q))H 0 ¢

L2(0, T3 L2(9))
(2.102)
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2.3. A priori estimates

Since 8 € [0,1), (2.59) and (2.102)) together with the Poincaré-Wirtinger inequality
yield

1651 <ec. (2.103)
L2(0, ;W' BT (Q))

Let v € WLHP(Q), p > 3. Multiplying (2.11) by GQ%BU and integrating over (2,
we obtain

2
cy -1 X 1
G- 1O 0wy, wire) = /QV<7 #2) V(s

k(0) |Vx|? /k(9) 12
+/Q ; ve v(02 )dx+ [ gvdnt 992_6\%

v) dx +

namely,

C —
l/ 1 <(95 l)t’ U)(W1,p)/(Q)7W1,p(Q)

:/S2V<)<22+Ax> (UVGQ 3 %Vv)d$+
+/Qk(90)V2-<(1+2i5)vV92 = va ) da +/

Firstly, consider the first right hand side term of (2.104 . Using Holder’s inequality,
we can deduce

/\v +)\X (VHQL_BJFQ%W)W

< [v (5w
2
<V (5 3 L5

where in the last inequality we used the continuous embeddings H'(Q) — L5(2)
and WHP(Q) < C(Q), which holds true for p > 3, and we denoted by ¢, an
embedding constant depending on p > 3 and possibly exploding as p \, 3.

As for the second right hand side term of , using , we can rewrite it

as
kO)_1 /3-8 1 1 B
/ —vg - (2_,3”%2% Vo) do =
k1 3-8 1 1
—/ 262 2= 5)02_5) . (2_50%2_5 + 92—ﬁvv) dz .

Using Holder’s inequality, we obtain

k(0 3
/Q’ (G)v; (; BV9215 = W)‘dm

@

IVx!2

vdz. (2.104)

LQ(Q)(HVGJB N HQQ%B\ Lﬁ(g)”w||ﬂ3<9>)

Hl(Q)HUHWLP(Q) ) (2.105)

k

- Hv(292 W) 12 Q)(ﬂuveg_ﬁ L2(Q)HU”L°<>(Q)+
o= 2 Py

= CPHV(ZIZ2 + (];1)925>‘ LQ(Q)HG;/B‘ Hl(Q)HU”WLP(Q) (2106)

o1



where in the last inequality we used once more Sobolev’s embeddings.
Finally, let us consider the third right hand side term of (2.104)). Hoélder’s inequality
and H1(Q) — L5(Q) yield
Vx Vx
lollwn oy (2:107)

/ ‘|VX|2 ’
91-2 0= 5 llr2(0)

From ([2.104)), using (2.105)), (2.106) and (2.107]), we can deduce that

2

[v]| oo @) < cp
L2(Q)

%‘((95 )ta >(W1 )/ (Q), WL P(Q) ‘ < Cp(HV( 2 +)\X)

k
+HV(292 e,

L%Q)HWHM(Q)

L2(Q)“W‘

HY(Q)
Vx
+| [ollwroey
-2 8 LQ(Q)) P(Q)
which implies
cy _ ey 0P, v) )y, wir)
— || T py(Q) =  Su :
g1l vy = S0 51 Tollwes(e
v#0
2
X 1
< CP(HV<7 + )\X)‘ L2(Q)H02_B‘ H(Q)
k1 Vx
+ HV(QHQ (2 - 5)02*5)‘ Lz(Q)H92*5 HHI(Q)Jr ’ Ql—g LQ(Q)) ’ (2.108)

Integrating (|2.108]) with respect to time and using Holder’s inequality, we obtain

01/1 /TH(Q'B_l)tH(WLp)/(Q) dt
2
< Cp(HV< + )\X)‘ L2(0,T; LQ(Q))HW‘

k
+ HV<292 W)’

VX )
0= 5 12200, 7, 12 ()

Taking into account (2.68), (2.69), (2.99) and (2.64), we can conclude that

L2(0,T; H ()

L2(0,T;L2(Q))H02—5 L2(0,T; Hl(Q))+

-

H(eﬁ_l)tHLl(o’ T, (whe(@)y) < ¢p, for every p > 3. (2.109)

Consequences for 5 =1

Consider the case when =1 in (2.16). Note that Vlogf = HV%. Using Holder’s
inequality together with (2.24) and (2.32), we obtain

<ec. (2.110)

1
1V 1og Ol 20, 7; 1 () < |!9||Loo(o,T;L2(Q))HV§‘ 120,73 £3(@) =
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2.3. A priori estimates

On the other hand, since |logs| < s+ %, Vs € R, then

1
[log 0| o (0,7, L1 (2)) < 10l (0, 7; L1(02)) + H@”Lw(o,T;Ll(Q)) <c, (2.111)

where in the last inequality we used ([2.24)) and (2.59). Using the Poincaré-Wirtinger

inequality, (2.110) and (2.111)) yield

Hlog9||L2(O,T;W1v1(Q)) S C. (2112)

Let v € WHP(Q), p > 3. Multiplying (2.11) by %v and integrating over €2, we
obtain

cy((logf), v >(W1 PY(Q), WL p(Q) = /V( 22+>\ ) V(; )da:Jr

/ g d+/|vX|2d+/

namely,

2
X 1 1
Cv<(10g 0)t,U>(W1,p)/(Q)’W1,p(Q) = /QV(? + )\X) : (’UV@ + 5VU) dx +
k(0) _1 11 |Vx|?
Z . (90V= 4 =
—|—/Q QVH (UVH—FQVv)d:r—i—/Q
Note that the right hand side of (2.113)) is equal to that of (2.104) with g = 1.

Hence, proceeding analogously as done in the case 5 € [0, 1), it is not difficult to
conclude that

vdr. (2.113)

|(log )¢l L1 (o, 7; (W py )y < ¢p, for every p >3, (2.114)

where ¢, is an embedding constant depending on p > 3 possibly exploding as p ™\, 3.

Consequences for § € (1,2)

Consider the case when § € (1 2 in - Let € > 0 be such that 8 > 1+4¢. Then,

noting that - > 2, from ( we deduce
B—=1—¢ B—1—c¢
102" 20,7 2 < cllo =2 || 4 <c. (2.115)

Loo(0,T5 LA=1=¢(Q))

From (2.95) and ([2.115)) it follows that

B—1—¢
16072 {20, 7 B2 () < ces (2.116)

whence, using the continuous embedding H!(Q) — L%(Q), we obtain

B—1—¢
1072 l2(0, 7 L () < Ce - (2.117)

Using ([2.115)) and (2.117]) together with the continuous embedding

L0, T; LF=1=¢(Q)) N L0, T; LS(Q)) < LI(Q x (0, T)),
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384+1—3¢

where ¢ = % 1 » We can conclude that

30+ 1— 3¢

3 (2.118)

101l Lagax 0, < ¢, where g =

Observe that 5
cj>2<:>6>§+e. (2.119)

Thus, for 5 > % we can choose a suitable € > 0 such that g > g + € and then we
obtain an additional regularity for 6 that will play a crucial role in Subsection|2.4.1

In particular, consider k(f)V4 which can be rewritten as Hk(a)Vé = 9V(292 +

W) due to (2.48). For g > %, we can choose a suitable ¢ > 0 such that
B8 > % + €, then (2.118]) and (2.68) together with Holder’s inequality yield

1 9 14
Hk(ﬁ)va’ X (0.7) < ¢, where 7 = o € ( 13) depends only on .
(2.120)
Let € > 0 still be such that 5 > 1+ €. From ([2.24) we also deduce that
165" <ec. (2.121)

4 >~
Lo (0, T; L3=5%¢ (1))

Observe that VO = 1 693_§+6V65_21 = Using Holder’s inequality together with

and (2.121)), we obtain
Vol

L2(0 T; L%ﬂﬂ(g))
3— ﬂ+e B—1—¢
N ”LOO(O,T;L%M(Q))HVH > 20,1 220

<ee. (2.122)

Note that, since € > 0 is such that 8 > 1 + e and § < 2, then 1 < éﬂ < 3

Hence, using and (| m 2.122) together with the Pomeare—ertmger inequality,
we can conclude that
< ece. 2.123
16 HL2 0,7;wh 5= ﬂ+e(9)) = Ce ( )
Testing (2.11) by v € W1P(), p > 3, we obtain

2

V(X + ) - Vvdzz:—i—/ Ve Vo dz +

+ |Vx|2vd:n—|—/k ’v ‘vdw. (2.124)

CV<9t>U>(W17P)’(Q),W1’p(9) :/Q

Using Holder’s inequality and (2.48)), we deduce

/‘V +/\x Vv‘dx<HV< +/\X)‘

N\ 2 PP

< o[ V(2 g 02100

54



2.4. Weak sequential stability

L F5295 9ol < 9 (g + i3 | 19l
= C”HV<202 * (2_21)92—B>’ L2(Q)||U||W1’p(m’

/QHVX|2U|d$ < NVxPllip@llvllze ) = HVXH%%Q)”UHLOO(Q)

< & lIVxlIZa o v llwnge) -

/Q ‘kw)’v%f”’ dz < |o]| (@) /Q k(ﬂ)]V%\de
< opllvlwrae) /Q kO)|V | de

where in the last inequalities we used once more the continuous embeddings H Q) —
L5(Q) and WhP(Q) < C(2), which holds true for p > 3, and we denoted by ¢, an
embedding constant depending on p > 3 and possibly exploding as p \, 3. From

(2.124) it then follows that

+
L2(Q)

IV + [ KO T5[ do)

vl B v) sy, wir@)| < epllollwnno ([V (5 LS x|

k
+Hv<202 (2—/81)92—5)‘ L2(Q)
which implies

cv (0, v) (WL.p(Q)), W1.P(Q) ‘

evlBellowsryie = ueV%li?’(Q) [l p ()
% ko ki
= CP(HV( + AX) L2(Q) + Hv<292 * (2 - 5)0275)‘ LQ(Q)+
—|—]VXH%Q(Q)+/QI<:(0)’V;‘2dx). (2.125)

Integrating (2.125)) with respect to time and using the regularities given by (2.69)),

(2.68), (2.30) and (2.31)), we can conclude that

||9t||L1(0,T; (WL p)(Q)) <¢,, forevery p>3. (2.126)

2.4 Weak sequential stability

In this section, we assume to have a sequence {(un, Xn, 0n)}» of solutions satisfying
a proper approximation of the “strong” system of equations ——. This
family is assumed to comply with the a priori bounds proved in Section uni-
formly with respect to n € N. Our aim is showing, by weak compactness arguments,
that at least a subsequence converges in a suitable way to an entropy solution to
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our problem, i.e., to a limit triple (u, x, #) satisfying the statement given in Defini-

tion Furthermore, in the subcase when 5 € (%, 2) in , we will be able to
show the convergence to a weak solution, according to Definition Actually, to
further simplify the notation, we intend that all the convergence relations appear-
ing in the following are to be considered up to the extraction of (non-relabelled)
subsequences.

Throughout the section, we will assume the reader to be familiar with the no-
tions and the results presented in Appendix [A.2HA.12. However, sometimes we will
explicitly recall them in order to emphasize their use.

As for the notation, we will denote the weak convergence by — and the weak star
one by = .

Collecting the bounds proved in the previous section, we deduce the following

convergence relations. In particular, from , and we infer
Up 5w in L0, T; W23(Q)) N L3(0, T; H2(Q)) N HY(0, T; L2(Q)), (2.127)
whereas, from and ,
Xn — x in L*(0, T; H*(Q)) N LY0, T; L'*(Q)), (2.128)

and from (2.24))
0, =0 in L>=(0, T; L*(2)). (2.129)

Noting that
W23(Q) cC LI(Q) < LYQ), 1< q< 12,
together with the Aubin-Lions-Simon Lemma yield
un, — u strongly in C([0, T; LI(f2)), 1 < ¢ < 12. (2.130)

From ([2.130)) we can deduce a convergence relation for { f(uy,)},, where f is given
by (2.15). Indeed, observe that f(uy,) — f(u) can be rewritten as

Flum) = £ = ([ o+ (1= 9)u)ds) (= ),

where f/(sup +(1—s)u) = a1p(p—1)|sup + (1= s)ul’~2 —2as, a1, a2 > 0, p € [3, 2],
by (2.41). Using Hoélder’s inequality, we obtain

1
1£) = F@zriey < || [ £ (sun (0= spupas| oy llim = ellzsce)

where r is such that % = % + % for s < % and g < 12. Thus, r < plfQI. It follows
that

1
1) = £y < (15 (st + (1 = )l ayds) e = oo
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2.4. Weak sequential stability

namely,

1/ (un) = f()ll )

< ([ laspto — st + (1 = )0l ~ 2aall09ds) i — wlss(o

Due to (2.83) and the Sobolev embedding W23 (Q) — LI(Q ) 4= 12, {lunl” 2
and |u|?~2 are uniformly bounded in L*((0, T); L*(f2)), s

1 (un) = F(u)llLr@) < epllun = ullLogay

whence, using the convergence relation (2.130f), we can conclude that

f(up) — f(u) strongly in C([0, T]; L"(2)), 1 <r < il’ (2.131)

where % € [2,6] for p € [3,1].
Furthermore, since

W23 (Q) cc WhH'(Q) = LY(Q), 1< ¢ < >

and

H*(Q) cc W (Q) — LY(Q), 1<r* <6,
then we can use again (2.127)) and the Aubin-Lions-Simon Lemma to conclude that

« 12
u, — u strongly in C([0, T]; W' (Q)), 1< ¢* < 5 (2.132)
and that
u, — u strongly in L3([0, T]; W (Q)), 1 <r* <6. (2.133)

We now show that {é}n converges to 3 almost everywhere in Q x (0, T').
To this aim, let us consider the cases 0 < <1, 5 =1and 1 < § < 2 separately.

e 0< B <1: From ([2.103) and ([2.109) we deduce that {62~1}, and {(6571),},,
2
are uniformly bounded in L2(0, T; W51 (2)) and in L*(0, T; (WhP) (),
for any p > 3, respectively. Noting that

WU (Q) cC L8 (Q) < (WHPY(Q), 1< s* <

6
) >37
= 36117

and using the Aubin-Lions-Simon Lemma, we obtain

05~1 — 5 strongly in L?(0, T; L* (Q)), 1< s* <

38+1°

1
In particular, 5~ — 1 almost everywhere in Q x (0, T'), thus 6,, — 5?1
almost everywhere in 2 x (0, T'). Since ([2.24)) holds true, we deduce that 6,, —
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1
n?-1 weakly in LP(0, T; L*(Q)), p < +00, (cf. Appendix|A.10). On the other
hand, we have convergence relation (2.129)). Hence, due to the uniqueness

of the weak limit, we can conclude that 6 = nﬁ almost everywhere in
Q2 x (0, T). It then follows that

051 — 571 strongly in L%(0, T; L (), 1< s* < 11

(2.134)

Thus, #5~1 — 651 almost everywhere in Q x (0, T), whence 6§, — 6 and

%n — % almost everywhere in Q x (0, T').

e f=1: From (2.112) and (2.114)) we deduce that {log,}, and {(logfy,):}n
are uniformly bounded in L*(0, T; W11(Q)) and in L1(0, T; (W1P)'(Q2)), for
any p > 3, respectively. Noting that

WhH(Q) cc L (Q) — W) (Q), 1 < s* < ; p>3,

and using the Aubin-Lions-Simon Lemma, proceeding as done in the previous
case, we can conclude that

log 8, — log @ strongly in L*(0, T; L* (), 1< s* < g (2.135)

It follows that log 6,, — log 6 almost everywhere in Q2 x (0, T'), whence 6,, — 0
and %n — % almost everywhere in Q x (0, T').

e 1 < 8 < 2: From (2.123) and (2.126) we deduce that, for any arbitrary
small € > 0 such that 8 > 1+ €, {0,}n and {(0,)}, are uniformly bounded

in L2(0, T; Whs=pe (2)) and in L1(0, T; (WP)(Q)), for any p > 3, respec-
tively. Noting that

1,—— s* 1,p\/ * 12
W () cC L¥(Q) < (WIPY(Q), 1< s

< = >3
= n-35+3 P~

and using Aubin-Lions-Simon Lemma, taking € small enough, we can conclude
that

* 12
0, — 0 strongly in L?(0, T; L* (Q)), 1 < s* <

< T (2.136)

As above, it follows that 6, — 6 almost everywhere in € x (0, T'). Thus,

%n — % almost everywhere in Q x (0, T').

Next, from (2.100) we deduce that {é}n is uniformly bounded in L*(0, T; L'?(Q)).

Since %n — % almost everywhere in  x (0, T'), we can conclude that (cf. Appendix

1 1
I strongly in L*(0, T; LY(Q2)), 1 <s<4,1<g<12. (2.137)

From ({2.96) we deduce that {%}n is uniformly bounded in L?(0, T; H(Q)), hence
it weakly converges to a function ¢ in L2(0, T; H*(f2)). Since L?(0, T; H'(2)) —
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2.4. Weak sequential stability

L5(0,T; L), 1 <s<2,1<qg<6, from and the uniqueness of the
weak limit it follows that { = % almost everywhere in 2% (0, T"). Since V can be con-
sidered as a continuous linear operator from L?(0, T; H*(Q)) to L*(0, T; L*(Q)),
then we can conclude that

1 1
Vo= Vg in L0, T; L*(Q)). (2.138)
From (2.101)) we deduce that {031%6}” is uniformly bounded in L2?(0, T; L%(Q)).

Since %n — % almost everywhere in Qx (0, T), then 02%3 — 92%3 almost everywhere

in Q x (0, T'). Thus, we obtain (cf. Appendix

1 N
9%—5 028

in L2(0, T; L%(Q)) .

From (2.99) we deduce that {92%[3}” is uniformly bounded in L?(0, T; H'()),

hence it weakly converges in L%(0, T; H'(f2)). Proceeding as done above, we can

conclude that 1 1
Vs Vg

Analogously, if we consider {9%},“ from (2.100)) and the almost everywhere conver-
gence we deduce

in L*(0, T; L*(Q)) . (2.139)

1 1
7 g 0 L*(0, T; L°(Q)),
then, thanks to (2.98), we can conlude that
1 1
v9—2 N ve—2 in L2(0, T; L*(Q)). (2.140)

Note that in Section we implicitly assumed the temperature 6 to be (almost
everywhere) positive. This fact is used in several estimates which, otherwise, would
not make sense. Positivity of {6}, should be shown, indeed, at the n-level, i.e.,
for the hypothetical regularized problem which we decided not to detail here. We
cannot give here a proof of this fact, since this would require to provide the details of
the regularization. However, we can at least show that, if {6, },, is almost everywhere
positive, and satisfies the estimates given in Section [2.3] then positivity is preserved
in the limit. To see this, we first notice that, for 5 = 1 we have convergence relation
, hence the integrability of log8 allows us to conclude that 8 > 0 almost
everywhere in Q x (0, T'). As for the cases f € [0,1) or 8 € (1,2), note that
|logs| < s+ 1, Vs € RT. Thus, and imply |[log 0| 7200, 7, 12(0)) <
¢,¥n € N. Since we showed that 6,, — 6 almost everywhere in Q x (0, T'), we obtain

(cf. Appendix
log 6, — log 0 strongly in L"(0, T; L"(Q2)), r < 2.

Once again, due to the integrability of log#, we can conclude that 6 > 0 almost
everywhere in £ x (0, T').
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In order to simplify the notation, from now on we will denote exponents such
as p— 6 and p + 4, for a properly chosen small § > 0, by p~ and p™, respectively.
Let us now consider the difference between y, and X, Yn,m € N, which is given

by (2.2)), namely,

A (Un — Um) 1 1
o = T ()

Testing (2.141)) by v € WLP(Q), p > 3, and integrating by parts the second term
on the right hand side, we obtain

/Q(x xmvda:—/v )(vve1 +91 Vv)daH—
/Aum——— d—i—/fun_ tm) vdx +
+/ Flum) (5= = )vdx (2.142)

Let us consider the first term on the right hand side of (2.142). Using Hoélder’s
inequality, from ([2.96)) we deduce

/\v uv0n+ ~vo)|da

< IV (= )l o (vaf\ s ol Vs )

< 19 (= ) o=y (| V5 \m ol s+ g +H91L2 Py

< IVt = om0 5 s o 2100 (2.143)

where we denoted by ¢, an embedding constant depending on p > 3 and possibly
exploding as p \, 3.

As for the second term on the right hand side of , using Holder inequality,
it follows that

//\A“m (1—) of dadt < [|Auy |20 H( 01) ”
< || Auy, ”LQ(Q)HQ Gi’

L(Q)

Tvll=co
i\

< cpl|Aup, ||L2(Q)Ha “ o @

HUHWLP(Q) )
(2.144)

where in the last inequality we used the continuous embedding W1 P(Q) < C(Q),
holding for any p > 3.
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2.4. Weak sequential stability

Let us consider the third term on the right hand side of (2.142). Using Holder’s

inequality together with the continuous embedding above, we obtain
flun) — 1

[ I, < ) = s[5

< [ f(un) = flum) L2 || 5~

, Q)HUHLOO(Q)

HUHWI,p(Q) . (2145)

1
< ¢l f(un) — f(“m)HLQ(Q)H?‘ 12(Q)
n

Lastly, we consider the last term on the right hand side of ([2.142f). Using Hoélder’s
inequality, we deduce

[l (=) o= -

= H%_%’m(m
1 1
SCPH@—@\

ey F ) vl

1f (wm)ll 2@ V]| oo )

N O] P Iy
(2.146)

where in the last inequality we used once more Sobolev’s embedding.

Collecting ([2.143)),(2.144),(2.145), and (2.146)), from (2.142)) it follows that

[ (Xn = X V) (Wi (), wir ()| = ‘ /Q(X" —Xm)v dm‘

1
%‘ L2(Q)

| ) z2@)) 2> 3.

m 122(22

< ol (1 on um>HmH%HH1 f 18wliz] 5 -

#17) = £ o

et oo
which implies

|<Xn - Xm> 'U>(W1,10)/(Q)7 W17p(Q)|

Ixn = Xmll(wiey@) =  sup
no AR T ey [vllwrp o
v#0

< CP(HV(Un - Um)HLa— H;H}[l(g) + HAun”LQ(Q)H Hln
150 = Fm o0 [y * 17 = 1y M i) - 2147

Integrating (|2.147)) with respect to time and using Holder’s inequality, we obtain

L2()

g 1
/o n = Xmllgwrry ey dt < CP(HV(U” = )l 20, 7 Lo~ (Q))H%‘
L) N
O, 13 (0,75 12())

L2(0,T; H1(2))

1
1At 20,7, 2 | - —

+ 1 (un) = f (um)ll o< 0, 7 L2(Q))Hgln‘

1 1
+Hg—@\

+
L1(0,T5 L2(Q))

|7l oo, 20

L(0,T; L2(Q)
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Thus, using (2.29), (2.85) and (2.96)), it follows that

T
/O X = Xl w2y @ dt < Cp(Hv(un - Um)”p(o’T; s @) T
1
@‘ L3 0,1 L2
+ 1f (un) — f(um)ll Lo 0,75 2002))

1 1
T H@ B @‘ Ll(O,T;LQ(Q))) .

Passing to the limit in ([2.148]), convergence relations (2.131f), (2.133) and (2.137)

yield

-

(2.148)

HX” — XmHLl(O,T; (Wl’p)’(Q)) — O, fOI' every p > 3 . (2149)
Let us consider |[Xn — Xmll11(0, 7, £2()), Which can be rewritten as

1
2

T
lIxn — Xm||L1(O,T;L2(Q)) = /O {(Xn — Xm>Xn — Xm>(H2)/(Q),H2(Q) dt .

Thus,

T 1 1
lIXn — Xm||L1(0,T;L2(Q)) < /0 lXn — XmH(2H2)/(Q) IXn — XmH12q2(Q) dt

< (/OT Ixn = Xml 2y () )é(/OT X = Xmll 20 dt)%

1
< HXn - Xm‘|zl((]7T;(H2)/(Q)) (HXnHLl(o,T; H2(Q)) + HXmHLl(O,T; HQ(Q)))
(2.150)

where in the second inequality we used Hélder’s inequality. Note that H?(Q) —
WP(Q) for p < 6, hence (W) (Q) < (H?)(Q) for p < 6. Using (2.73) and
(12.149), from (2.150) we deduce

IxXn = Xmll 10,75 22(02)) = 0 (2.151)

By completeness, it follows the existence of £ such that y, — & strongly in
L' (0, T; L*(2)). In view of (2.128), by the uniqueness of the weak limit, we de-
duce that £ = x almost everywhere in Q x (0, T'). Hence, x,, — x strongly in
LY (0, T; L?(2)), which implies in particular that x,, — x almost everywhere in
Qx (0, 7).

Since {xn}n is uniformly bounded in L3 (0, T; L>(9)) due to (2.80), then we de-
duce (cf. Appendix

Xn — X strongly in L™ (0, T; L™(Q2)), 1 < 3, ro < +00. (2.152)
Combining (2.129)) together with (2.152)), we can conclude that
Xnbn — x0 in L™(0, T; L™(Q)), 11 < 3, r9 < 2. (2.153)
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2.4. Weak sequential stability

Since Y, — X almost everywhere in Q x (0, T), then x2 — x? almost everywhere

in Q x (0, T'). Thus, from (2.78) we deduce that (cf. Appendix
x2 — x? strongly in L9 (0, T; L%2(Q)), q1 < 2, g2 < 6. (2.154)

On the other hand, from (2.77) it follows that {x2}, is uniformly bounded in
L% (0, T; H'(2)), hence it weakly converges in L(0, T; H'(€)). Due to the unique-
ness of the weak limit, we can conclude that

X =7 in L0, T3 HY(Q):
Since V can be considered as a continuous linear operator from L*(0, T; H'(2))

to L?(0, T; L*(9)), then we obtain

V2 = Vx? in L*(0, T; L*(Q)). (2.155)

2.4.1 Subcase § € (2,2)

As already observed, for g € (%, 2) in we have additional regularity for 6. In
particular, we refer to , which implies . In this subsection, we derive
some convergence relations which directly follow from and thus hold only
for g € (%, 2). These will be fundamental in order to pass to the limit in the weak
form of the “heat” equation and thus conclude about the existence of a weak
solution in the sense of Definition [2.2.2] as stated in Theorem [2.2.2.

Let v € WhP(Q), p = ;_—‘72, where ¢ is given by (2.118) with € > 0 taken so small

that 5 > %—}— €. Thus, for 5/3 < 5 < 2, p € (14,400). Testing (2.3) by v, we obtain

1
<Q(9n)t,v>(W1,p)/(Q)7W1,p(Q) = — /Q en(Xn + )\)Axnv dx + /Q k(@n)ve— -Voudz.
(2.156)
Integrating (2.156)) with respect to time between arbitrary 7,¢t € [0,T], 7 < t, we
deduce

(Q(On(1)), v) (wrwy (), wie@) — (Q(On(T)),v >(W1P)(Q)W1P(Q):

//9 (Xn + A Axnvdxdt—l—/ /k: - Vo dzxdt,

whence, using Holder’s inequality,

(Q(On (1)), v) wiry (), wir) — (Q(On(T)), V) (Wiry (@), wir@)]
t 1
< [ (1000 + VANl @0l + 075 o 170 st )
(2.157)

where 7 € (1, %g) is the conjugate exponent to p € (14, +00). Namely, 7 has the same

expression as in (2.120). Using the continuous embedding WP(Q) < C(Q), p €
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(14, +00), from (2.157) it follows that

1Q(0n () — Q(On (7))l (wrry () =
(Q(0n (1)), v) wiry (), wir) — (Q(On(T)), V) wiry (), wir@)l

vEWLP(Q) [vllw.p (o)
v#0
¢ 1
<e [ (18a00n+ VAN + 6605

Noting that 7 > 1 and using Hélder’s inequality, we obtain

1Q(n (1)) — QOn (M)l w12y ()

1
< ef|0n(xn + N Axnl L7 o, 7 L1 (@) 1L Lo () + €]|K(00)V || I e (e -
0, 1L7((0,T)x Q)
(2.158)
Since 7 < 2, from (2:158) it follows that
1Q(0n(8)) = QOn(T)) | (wrry (@)
1
< cllon O+ N8l g ) Wleoteny + €k OT -] e
<clt—r|7, t,re[0,T], (2.159)

where in the last inequality we used (2.89) and (2.120]). From (2.159)) we infer

1Q(6n)lco-a (o, 17; (wrry (@) =
1Q(05(t)) — QUL (wrry ()

= Q en 0 . ) + sup SC,
1@ lleoqo, 2 v rmyay + sup [t =7
t#£T
(2.160)

where o = % € (0,4;). Notice that {Q(6,)}n C C([0, T]; L*(2)) is implicitly
assumed, thanks to and Remark

Observe that from it follows that the sequence {Q(6,,)}. is equicontinuous
with values in (W1P)(€).

On the other hand, consider any Banach space X such that (WP)'(Q) cC X.
For instance, X = (H?3)'(Q2). Indeed, from the compact embedding H3(Q) CC
W23(Q) cc Whi(Q), g € [1, +00) , we deduce H3(Q) cc WP(Q), p € (14, +00).
Thus, (WP)'(Q) cC (H?)(Q), p € (14, +00) (cf. Appendix [A.9).

In general, having (W) (Q) CcC X, then from we obtain that {Q(6,)}n
is pointwise relatively compact in X, i.e., {Q(6,)}n is relatively compact in X,
vt € [0, T7.

Using the Ascoli-Arzela Theorem, we conclude that {Q(6y,)}» is relatively compact
in CY([0, T); X). It then follows that there exists ¢ € C([0,T]; X) such that

Q(6,) — ¢ strongly in C°([0,T7; X). (2.161)
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2.4. Weak sequential stability

On the other hand, for 5 € (%, 2), from ([2.136) we can deduce that
62 — 0% strongly in L' (0, T; L' (Q)). (2.162)

Recalling that Q(6,) = %62 and combining with (2.162), we can conclude
that ¢ = %-6? almost everywhere in Q x (0, T). In particular, ¢ € C°([0,T]; X)
is a representative of %6% € L'((0,T); L*(R2)) in the distributional sense. It then
follows that

Q(0,) — Q() strongly in C°([0,T]; X). (2.163)

As a consequence, we have

Q(0n(t)) — Q(O(t)) strongly in X, Vt € [0,T]. (2.164)

Combining ([2.24]) with (2.118)), we obtain
0, =0 in L=(0, T; L*(Q)) N LI(Q x (0,T)), (2.165)

where ¢ = w > 2 for € > 0 such that g > g—i— €. Using standard interpolation,
from (2.165)) we deduce that Vg € (g, +00) Jg2 = g2(¢1) > 2 such that

0, — 0 in LU(0, T; L®(Q)). (2.166)

2q _ 20iq1
(1-a)g+2a — (I—a)aqgi+2a’
interpolation coefficient. Being ¢ > 2, then ¢3 > 2, V¢1 € (G, +00). Since we showed

that 6, — 6 almost everywhere in Q x (0, T), then it follows that (cf. Appendix

More precisely, q; = g, while ¢o = where a € (0,1) is an

0, — 6 strongly in LP*(0, T; LP2(Q)), p1 < ¢1, p2 < @2 (2.167)

In particular,
6, — 0 strongly in L8 (0, T; L*" (Q)). (2.168)

We now show that {6, xn}, strongly converges to 0y in L%(0, T; L?(f2)). Using
Young’s inequality, we obtain

T
16n x5 — Ox 1120, 7 £2(02)) = /0 10X = OnX + Onx — Oxl[72(0dt
T 2 r 2
< 2/0 [0nxn — 9nX||L2(Q)dt + 2/0 [0nx — 9X”L2(Q)dt- (2.169)

Let us consider the first term on the right hand side of (2.169)). Holder’s inequality
yields

T
/0 Hean - enXH%%Q)dt < HGnHLﬁ(Q,T;Lﬁ(Q))HXn - XHL3*(07T; L5(Q)) (2-170)
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where & < +o00 is such that 2% + % = % As for the second term on the right hand
side of (2.169)), proceeding analogously, we obtain

T
/0 ”HnX - QXH%Q(Q)dt S ||9n - QHL6+(O,T;L2+(Q))”X||L3_(O,T; L‘S(Q))' (2171)

Combining (2.169) with (2.170) and (2.171)), then using convergence properties
given by (2.152)) and (2.168)), we can conclude that

O xn — Ox strongly in L*(0, T; L*(Q)). (2.172)

At last, in order to deduce a convergence relation for {k(@n)Vé}n, note that

k(6,) 1 ko k1
(N —]
5, = e, Vi, = (gt (- ﬁ)gg—ﬁ)

where in the last inequality we used ([2.48)). Let us set i = p% + % and L = L 4 %,

52 D2

respectively. Being p; and p in (2.165)) such that p; < ¢ and ps < ¢o with
q1,q2 > 2, then there exist pi, ps satisfying 2 < p; < ¢; and 2 < ps < ¢o. Thus,

$1, 82 > 1. Combining ([2.140) and (2.139) with (2.165)), we obtain

1
k(0p,)V— — k(@)va in L°(0, T; L*%(Q))), for some s1,s9 > 1. (2.173)

2.4.2 Limit of the non-isothermal Cahn-Hilliard model

We assumed that, for every n € N, the approximate solution (u,, xn,8,) fulfils the
“strong” system of equations —— (actually, its hypothetical approxi-
mation). Then, multiplying by suitable test functions and integrating by parts, it
readily follows that {(un, Xn,0n)}n also complies with Definitions [2.2.1] and [2.2.2]
Then, we can see what happens as we let n * co.

Limit of the Cahn-Hilliard system

We assumed that (2.1]) and (2.3)) are satisfied by the approximate solution (t,, Xn, 0n),
Vn € N, namely,

(upn)r = Axy almost everywhere in Q x (0, T, (2.174)
Xnbn = f(un) — N0, — Au, almost everywhere in Q x (0, T), (2.175)

with the initial condition wuy(-,0) = uy, o, the boundary conditions Vi, - » = 0 and
Vu, -v = 0, where v is the unit outer normal to 9€). Since we have the convergence

relations provided by ([2.127)) and by (2.128)), taking the limit in (2.174)), we directly
obtain (2.18).
As for equation (2.175)), combining ([2.131) with (2.129) and (2.127)), it yields

Fun) — A0y — Ay = f(u) — AN — Au in L0, T; L3 (Q)) N L3(0, T; L2(Q)) .
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2.4. Weak sequential stability

On the other hand, we have convergence relation given by . Hence, taking
the limit in , by comparison, we reduce to (2.19).

At last, we recover the initial and the boundary conditions given in Deﬁnition m
Observe that u(-,0) = g directly follows from the convergence relation (2.130)). As
for the boundary conditions, we appeal to the theory of traces in Sobolev spaces
(cf. Appendix @) Let Ty : H*(Q) — H? (092) be a trace operator which maps a
function of class H2() to the trace of the normal component of its gradient. Since
T} is linear and continuous, from and we deduce that

Tixn — T1x and Tyu, — Tiu in H%(aQ) , almost everywhere in (0, T') .
It follows that the boundary conditions ([1.13) and (|1.14)) are recovered at least in
the sense of traces.
Limit of the balance of entropy equation

We assumed that (2.11) is satisfied by the approximate solution (un, Xn,0n), ¥n €
N, then we can test it by ¢ € C*(€2 x [0, T']) such that { > 0, {(-,7) = 0. Then,
integrating by parts, we obtain

// n)Ge dudt +// +A><n) V¢ dadt +// g VCdudt
_/O/Q|Vxn\2§dmdt —/O/Qk(en)’ven‘ ¢ dzdt _/QA(Qn(‘aO))C(wO)dﬂJ.

(2.176)

Our aim is taking the supremum limit in . Firstly, recall that A(6,) =
cvbn, cy > 0, and that *Y VL = vk 4 VW, ko, k1 > 0, as shown in
2.48). Hence, using convergence relations (2.129)), (2.155), (2.128)), (2.140) and
@D, the first row of passes to the desired limit. Indeed, we recover the
first row of not only as a supremum limit, but as a true limit. As for the
first two terms in the second row of , we apply a useful lower semicontinuity
result due to A.D. Ioffe, that is known as Ioffe’s Theorem - see Theorem in
Appendix @ Referring to the notation used in T heorem Q=0x(0,T),
while f : Q x RT x R? — [0, +00] is such that (z, t) x w x v — w|v|?. Observe that
f is measurable and non-negative. Moreover, f((x,t),w,-) is lower semi-continuous
on R x R3, V¥(z,t) € Q, and f((x,t),,-) is convex on R3 V((x,t),w) € Q x R*.
Let us now consider the first two terms in the second row of separately.
In particular, referring to the first term, w, = ¢ and v, = Vxn, Vn € N. The
almost everywhere convergence of {wy,}, in @ is then obvious, and the weak one
of {Vxn}n to Vy in L}(Q) easily follows from (2.128)). Thus, we can conclude that

n—-4o00

T T
lim inf/ / IV xn|?¢C dzdt > / / |V x|2¢ dadt . (2.177)
0 JQ 0 JQ
As for the second term, w,, = (k(6,) and v, = Ve , Vn € N. Since we showed at
the beginning of Section E 4] that 6,, — 6 almost everywhere in Q x (0, T'), then
k(0,) — k(0) almost everywhere in © x (0, T'). That implies the almost everywhere
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convergence of {Ck(6,)}n in Q. On the other hand, convergence relation (2.138))
gives us the weak convergence of {Vé}n to V# in L'(Q). Then, it follows that

T 12 T 1,2
liminf/ /k(@n)‘V—‘ ¢ dadt 2/ /k(@)]vf‘ ¢ dadt. (2.178)
0o Ja On 0 Ja 6

n—-+0o0o

At last, assuming that 6,,(-,0) converges properly to 6y, the last term in the second
row of passes to the desired supremum limit and we recover . Observe
that the inequality sign in is due to the application of Ioffe’s Theorem, and
in particular to relations (2.177) and (2.178)).

Limit of the “heat” equation

In order to pass to the limit in the “heat” equation, we need the additional infor-
mation for {6, }, holding for % < B < 2, as already stated. To this aim, we assume
5

Since the approximate solutions (uy, xn,8y) fulfils (2.3)) (actually, its hypothetical
approximation) strongly, Vn € N, then we can test it by £ € C*°(Q2 x [0, T]) and,
integrating by parts, we obtain

T
|| @@gde+ [ Qu(.00e,00de = [ QU T)ECT) dat
0 JQ Q Q

T T
—/ / On(Xn + N)Axp& dadt —I—/ / k(é’n)vi -Vedxdt =0. (2.179)
0 Jo 0 Jo On,

Taking the limit in (2.179), using convergence relations (2.165) and (2.164)), the
first row of (2.179)) passes to the desired limit, i.e., we recover the first row of

(2.19). Next, we consider the second row of (2.179)), which is that requiring the

additional regularity provided by (2.118)) and (2.120f). Indeed, in order to pass to
the limit in the first term we use the strong convergences provided by (2.172) and

(2.167)) combined with the weak one by (2.128)]). As for the second term, convergence
relation (2.173)) allows us to conclude. Thus, we recover (2.19).

2.5 An open problem

In this section we try to weaken a hypothesis made on the double-well potential

(2.14). In particular, we would like to generalize Theorems and to fourth
order polynomial potentials such as (1.6). We will see that, in this case, some a

priori bounds obtained in Subsection do not hold true anymore. However, we
will propose a strategy to overcome this problem.

Consider a polynomial double-well potential of the following form
F(u) = a1|ul” — agu® —as, p € [3,4], (2.180)

where a1, ag > 0. Notice that the expression includes fourth order po-
tentials such as , or more generally . In this case, the derivative of F
reads

f(u) = arpsgn(u)|ul~" - 2asu, p< [3,4], (2.181)
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2.5. An open problem

where sgn represents the sign function and a1, ag > 0.

If we assume a double-well potential of the form , instead of , then
does not hold true anymore. As already notice in Remark @, in this case,
the Gagliardo-Nirenberg interpolation inequality yields the LP norm of the Lapla-
cian of v with p > % for p > % on the right hand side . As a consequence,
we obtain [|x?6||-(q) with 7 > 1 on the right hand side of (2.46). Thus, we can-
not proceed anymore as done in Subsection i.e., we cannot apply Gronwall’s
Lemma in order to close the estimates. This suggests that we should adopt different
techniques to recover the estimates collected in Subsection In particular, we
should provide an alternative method to control the last term on the right hand
side of (2.39), namely cy [q f/(u)ugx dz. To this aim, we can try to proceed as
follows.

From (2.181)) we deduce that f'(u) = a1p(p—1)|u[~2—2a2, p € [3,4], a1, az >
0. It follows that

[ 7uecds < 6, [ (= + Dlud da

< oIl XNl 22y + XN z2e)) luell 22 ()
< e[l 23y Il o) + Ixl 2@ luell 2 (o)

-2
< colllullFaio-2 ) T Mxllzs@ lull 220

where we used Holder’s inequality twice and ¢, denotes a positive constant depend-
ing on p € [3,4] which may vary from line to line. Notice that 3(p — 2) € [3, 6] for
p € [3,4]. Thus, using (2.28) together with Young’s inequality, we obtain

9%
ev [ Fwurxde < lunla + colixlom

whence,

Cc
ev [ Fupuncds < G lulFa + ol o) (2182)

due to the continuous embedding H'(Q) — L%(Q).
Observe that we can move the first term on the right hand side of to the
left hand side of . As for the second one, we should find a way to control it.
First of all, we would like to estimate the average of x over €, i.e. (x), which is
given by (2.2)), namely (x) = <@> - <%) — 1. Integrating by parts, using the
boundary condition and Holder’s inequality, we obtain

1
+ dllVull 20| V5|

1(x)] < Hf(u)HmmH%( 2@

where f is given by (2.181)). Notice that, for p € [3,4], % € [2,3] in (2.29). Thus,
using (2.27) and ([2.29), we deduce

L2(Q)

61262+ 73

1).
L2(Q) L2(Q) + )
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The Poincaré-Wirtinger inequality then yields

+ 5]

Iz < (1902 + gl oy * [Vl + 1)

whence

+[vg]

Iy < eo(IVX N2z + | 5] +1). (2.183)

L2(Q) L2(Q)

In order to recover the estimates collected in Subsection [2.3.2] we should now
square , insert it into , combine what we obtain together with ,
and then integrate with respect to time. Observe that this procedure fails because
the so-called energy and entropy estimates do not provide any upper bound for
||%HL2(07 7, 12()) (see Subsection @) However, if we were able to prove that the

spatial average of 3, i.e. <%>, is somehow bounded by the L?(€2) norm of V% and by
that of 6, then the Poincaré-Wirtinger inequality together with and
would allow us to conclude that H%H £2(0,7;12()) < ¢ Thus, we would recover the
estimates collected in Subsection[2.3.2] Then, we could proceed analogously as done
in the previous sections. As a consequence, we would be able generalize Theorems

and to fourth order polynomial potentials given by ([2.180)).

The problem is that we do not know how to obtain an estimate for (%) depending
on L?(2) norm of V5 and on that of 6.
For the sake of simplicity, let us ignore the dependence on the time variable ¢t €
(0, T). In one-spatial dimension, i.e., for Q@ = (a,b) C R, the following result holds
true.

Proposition 2.5.1. Let v € Whi(a,b) such that v > 0 almost everywhere in (a,b).

Let (-) denote the average over (a,b) and let

1 b
M = (v) >0, R::< >>0 and G::/ |V ()] dz

v
where v’ is the spatial derivative of v. Then,

1
MG+ —=.
S —i—R

Proof. For the sake of contradiction, suppose M > G + %. Since v € W1(a,b) can
be represented by a continuous function, then let £ € [a,b] such that v(§) = M.
Thus, for every y € (a,b), it holds

v<y>=v<§>+/§yv'<w>das >M—/j\v’<x>rdx —M-G,

where M — G > 0 because M > G + %. Then, we can deduce that

1 1
< )
- M-G

Yy € [a, 0],
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2.6. A tentative approximation of the “strong” system

whence 1
R< .
- M-G
It follows that 1
M<G+—.
<G+ I
Since we have a contradiction, the statement follows. O

Setting v = 1, since # > 0 almost everywhere in Q = (a,b) (see Section , then
Proposition together with yield the desired estimate for <%>

If we were able to generalize Proposition [2.5.1 to strictly positive function v belong-
ing to WH1(Q), where  is a regular subset of R”, n € N, then we would be able
to conclude and thus generalize Theorems [2.2.1] and [2.2.2 to fourth order polyno-
mial potentials given by . However, the generalization of Proposition m
to higher spatial dimension is not immediate and it may be particularly technical.
Indeed, for @ € R", n > 1, v € WH1(Q) does not imply the existence of a con-
tinuous representative and the proof may involve the use of the so-called Lebesgue

points (cf. Appendix A.5)).

2.6 A tentative approximation of the “strong” system

We already observed that the system of equations f is rather complex
and, as a consequence, the related approximation could be particularly long and
technical. For all these reasons, in the previous sections, we decided to skip this
argument and rather proceed formally. In this section we give some highlights re-
garding a possible approximation of the “strong” system f that one could
try to develop.

Recall that, in order to make the procedure carried out in Section fully
rigorous, one should rather consider a proper regularization or approximation of
the “strong” system and prove that it admits at least one solution being sufficiently
smooth in order to comply with the estimates. To this aim, we propose as a possible

approximation of (2.1)—(2.3) the following system of equations

Ay[P2A
ue = mx -+ o XX (2.184)
X0 = —aAu — N0 + f(u), (2.185)
1 1
(Q(0)): + mOAX(x + \) + div (k(e)vg) e 6o =0, (2.186)

where sgn denotes the sign function, for (small) o,7,e,d € (0,1) and for properly
fixed (large) p > 3, q,s,7 > 1, possibly depending on each other. The system of
equations — may be endowed with the same boundary conditions as
before, and properly regularized initial conditions. In particular, we expect that 6
may be truncated both from below and above, where we intend the truncation to
be removed passing to the limit.
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First of all, as done for the equation (2.3)) in Section we can multiply (2.186))
by % Thus, using the chain rule, we obtain an equivalent formulation of (2.186)),
which is given by

(A(9))y +mA( X + Ax) +d1v<k(90)V;)
— m| Vx| - ‘v ] el - 597}“ = 0. (2.187)

Observe that, due to the introduction of the regularization terms, the energy
and the entropy estimates cannot be recovered separately, as done in Subsection
However, one could try to collect them together with the “key” estimates
obtained in Subsection In other words, one could first multiply and
by Ox and by wu, respectively, then take the sum of them, obtaining a
balance of energy equation for the approximate problem On the other hand, one

could multiply by —(X; + Ax) — (292 + W use -, then sum
the result to the difference between the balance of energy equation and (| m
A single equation is thus obtained and one could try to recover the estimates col-
lected in Section by controlling the non-positive terms on the left hand side, or
equivalently, the positive ones on the right hand side. Furthermore, the recovered
estimates should be uniform with respect to the parameters o,~, ¢, 0.

The motivations for the introduction of the regularization terms in systern
(2-184)-(2.186)), thus in (2.187)), are the following. The term O"AX‘ X in
could be helpful to collect further regularity for Ay, hence for x. In part1cular, 1t is
rescaled by 6 so that 6 disappears when we multiply by 6x in order to ob-
tain an “approximated” balance of energy equation. Also —vy sgn(y)|x|? in
is introduced in order to improve our estimates for x. As for the regularization
terms £60° and —69% in , thus €6°~! and —501«% in , they could be
useful in order to obtain higher spatial regularity for # and 4, respectively.

In particular, the solutions x and # to the approximated system —
should be regular enough so that and are equivalent, i.e., both are
satisfied almost everywhere in Q x (0,7"). Indeed, as observed at the beginning of
Subsection in order to conclude about the existence of weak solutions (see
Def. as well as about that of entropy solutions (see Def. to the system

(2.1)- (2.3), we need more regularity for 6.

One could provide the proof of the existence of solutions to the approximate sys-
tem ([2.184))-(2.186) by means of a fixed point argument of Schauder type (cf. [40]).
In particular, one could fix € in — and then prove the existence of
unique solutions u and x by some more or less standard techniques such as a
time discretization argument or a Faedo—Galerkin approximation (cf. |55, §7.3]).
Then, once obtained w and x, one could prove the existence of a unique solution
0 to by standard techniques. Notice that, due to the structure of equation
, we expect 0 to be positive almost everywhere in Q x (0, 7). Finally, ap-
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2.6. A tentative approximation of the “strong” system

plying the Schauder fixed point theorem, one could conclude about the existence
of at least one triple (u,x,6) satisfying the approximate system -
almost everywhere in Q x (0, T'). At least in principle, the regularity class of the
approximate solution (u, x, ) obtained by the application of the Schauder fixed
point theorem could be not sufficient in order for the estimates collected in Section
to be fully rigorous. However, these regularities would be just the outcome of
the fixed point argument, and, hence, they could not be at all optimal. Further
regularity of the approximate solution might be standardly proved by working sep-
arately on the equations of the approximate system and performing some bootstrap
argument. This procedure may require a notable amount of technical work, as men-
tioned above, including the need for regularizing the initial data.

At last, observe that the approximate solution to (2.184)-([2.186) provided by
the fixed point argument may depend on the parameters o,7,&,d. On the other

hand, the a priori bounds performed in Section should be adapted to the ap-
proximate solution so to be uniform with respect to o,7,¢,d. Thus, if we consider
any sequences of parameters {op, }n, {¥n}n, {€ntn, {0n}n C (0, 1) converging to zero
as we let n oo and we denote by {(un, Xn,0n)}n the corresponding sequence of
approximate solutions provided by the fixed point argument, then the estimates
obtained in Section are uniform with respect to n € N. As a consequence, they
are preserved to the limit as we let n " oo, i.e., they are satisfied by the limit
(u, x,0). Notice that, since the parameters o,7v,¢,¢ in — possibly de-
pend on each other, the sequences {0y, }n, {¥n}n, {€n}n, {0n}n may not pass to the
limit in a independent way.
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Conclusions

In this work we proved the local-in-time existence for the initial-boundary value
problem associated to the entropy formulation and, in a subcase, also to the weak
one of a non-isothermal Cahn-Hilliard model proposed by Miranville and Schim-
perna.

In Chapter 1, we first gave an overview of Cahn-Hilliard models, which describe
phase-separation processes in two-phase systems. We presented the phenomeno-
logical derivation of the standard isothermal Cahn-Hilliard equation, as originally
deduced by Cahn and Hilliard. Afterwards, we introduced Gurtin’s two-scale ap-
proach which is based on a new balance law for microforces. This led us to some
generalizations of Cahn-Hilliard equation.

Since also thermal effects should be taken into account when studying realistic
physical systems, then we focused on some non-isothermal Cahn-Hilliard mod-
els. In particular, we compared and outlined the main differences between Alt
and Pawlow’s model and Miranville and Schimperna’s one. We saw that Alt and
Pawlow deduced their model of non-isothermal phase separation from constituive
relations for the mass and heat fluxes and the chemical potential and that the
thermodynamic consistency is shown a posteriori. On the other hand, Miranville
and Schimperna adopted Gurtin’s approach and used the two fundamental laws
of Thermodynamics as a starting point to derive their model. Furthermore, they
did not made any a priori specification on the mass and heat fluxes and on the
chemical potential, deducing a posteriori the admissible expressions for the phys-
ical parameters. Therefore, since this procedure seems to allow us to describe the
most general class of free energies and of chemical potentials, we proposed their
model as an extension to Alt and Pawlow’s one to non-isotropic materials and to
systems that are far from the equilibrium.

At least to our knowledge, a result regarding the existence of (weak) solutions to
Miranville and Schimperna’s non-isothermal Cahn-Hilliard model was still lacking.
To this end, in Chapter 2, we made some working assumptions on the Ginzburg-
Landau free energy and on the heat flux. Then, we looked for some formal a priori
estimates holding for hypothetical solutions of the strong formulation of the model,
more precisely, to a proper regularization or approximation of it. By compactness
argument, we showed that at least a subsequence of approximate solutions con-
verges in a suitable way to an entropy solution to the initial-boundary value prob-
lem and, when possible, also to a weak one. This procedure thus led us to obtain
two theorems about the existence of entropy and weak solutions to Miranville and
Schimperna’s non-isothermal Cahn-Hilliard model, respectively. We also noticed
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that if a preliminary result could be extended to the three-dimensional case, then
our theorems could be generalized to a wider class of polynomial double-well po-
tentials. At last, we gave some highlights regarding a possible approximation of the
“strong” system that one could try to develop.

We now recall some already mentioned open problems and we present further pos-
sible extensions to this work.

First of all, we still have to develop the details of the approximation of the strong
formulation of the model. Here, we decided to skip this part and rather give only
the highlights of the procedure because it could be particularly complex, long and
technical.

Furthermore, we observed that in order to generalize our local-in-time existence
theorems to fourth order polynomial potentials we should extend a preliminary
result to the three-dimensional case. This is one of our first future objectives.
Another future objective could be that of recovering the Fourier’s law for the heat
flux at least for high temperatures. To this aim, we should develop another strategy
to recover suitable a priori estimates.

A physically reasonable change regarding the homogeneous part of a Ginzburg-
Landau free energy could be done. In particular, one could adopt a temperature
coupling term which is quadratic in the order parameter, instead of linear. As we
saw at the end of Chapter 1, that would lead to some changes in the heat equation
and thus to some mathematical difficulties in looking for suitable a priori estimates.
Other possible extensions may go in the direction of introducing an anisotropy co-
efficient in the inhomogeneous (or gradient) part of Ginzburg-Landau free energy.
Otherwise, we could try to extend our results to logarithmic potentials and thus
appeal to the theory of monotone operators, in order to define a proper concept of
solution.

76



Acknowledgements

My grateful thanks go to my supervisor Giulio for his invaluable help and for guid-
ing me patiently step by step in writing this work. I admit that at first I was very
skeptical that we would come to an end. However, I still don’t know how, thanks
to some “magic”, we got something unexpected. I have learned a lot, and for this
I am grateful to him.

I also thank Prof. Gianni Gilardi for helping us in proving a proposition and for
giving us the hope of obtaining more general results in future.

7






Appendix

Mathematical Tools

In this appendix we collect some mathematical tools used throughout the thesis.

A.1 Solution to thermodynamic inequalities
Let F' be a smooth function from R™ x R™ into R™, n,m € N,n,m > 1.
Our aim is to find a general solution of the inequality
F(X,)Y) Y <0, VX e R", VY ¢ R™. (A1)

In the following, we present a resolution strategy that is given in [31, Appendix B].
The variable X can be considered as a parameter and we may, without loss of
generality, suppress it when convenient.

Suppose that holds true, for A > 0, F(A\Y)-\Y < 0 and hence F/(\Y)-Y <0.
Letting A — 0, we obtain F/(0)-Y <0 ,VY € R™, so that F'(0) = 0. It follows that

1
F(Y) = (/ VF(sY)ds)Y, WY € R™,
0
Setting —A(Y) = [ VF(sY)ds, we obtain F(Y) = —A(Y)Y, VY € R™
The general solution F' of (A.1) is therefore
F(X,Y)=—A(X,Y)Y,

where A(X,Y), for each (X,Y) € R® x R™, is a linear transformation from R™
into R™ consistent with the inequality

Y AX,Y)Y > 0. (A.2)

Because of the dependence of A(X,Y) on Y, the inequality (A.2) is weaker than
positive definiteness for A(X,Y’). However, when F is quasilinear, i.e., F(X,Y) is
linear in Y for each X, then

F(X,Y)=-AX)Y, Y(X,Y) eR" xR™,
where A(X) is positive semi-definite because of (A.2]). More generally,
F(X,)Y)=—-AX)Y —o(|]Y]), asY -0, VX € R"

where A(X) is positive semi-definite.
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A.2 Young’s inequalities

Lemma A.2.1 (Young’s inequality). Let 1 < p,q < oo such that %—k% = 1. Then,

Proof. Write ab = €™ The statement directly follows from the convexity of the
map  — e*. [

Corollary A.2.2 (Generalized Young’s inequality). Let 1 < p,q < oo such that
% + % = 1. Then,
ab < ea? +cb?, a,b>0,e>0,

_9
for cc = (ep) rq 1.

Proof. Write ab = ((ep)%a)((ep)fib) and apply Young’s inequality. O

A.3 Gronwall’s lemma

Lemma A.3.1 (Gronwall’s Lemma). Let I C R be an interval. Let  and v be
real-valued functions defined on I. Assume that B and v are continuous and that
B > 0. If there exists « € R such that

U(T)ga+/ B(ty(t)dt, VreT, > a,
then .
v(T)Saefaﬁ(t)dt, Vrel, m>a.

Proof. The proof can be found in [60, §1.3]. O

A.4 Lebesgue differentiation theorem

In this section, we show that a summable function is “approximately continuous” at
almost every point. More precisely, for almost every point, the value of an summable
function is the limit of infinitesimal averages taken about the point.

Let Li .(R™) denote the space of locally summable functions on R", n € N.

Definition A.4.1. Let v € L%OC(R"), n € N. A point x € R" is a Lebesgue point
of v if

1
lim —— v(y) —v(x)|dy =0,
r—0t+ |B(z,r)] B(I,T)| ) (2)ldy

where is a ball centered at x with radius » > 0, and |B(x,r)| is its Lebesgue
measure.
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A.5. Sobolev spaces

The Lebesgue points of a locally summable function are thus points where
the function does not oscillate too much, in an average sense. If the function is
continuous, then every point is a Lebesgue point. On the contrary, for a locally
summable function, it is far from obvious that there exist Lebesgue points. However,
the following remarkable theorem shows that they actually exist.

Theorem A.4.1 (Lebesgue differentiation theorem). If v € L} (R"), n € N, then
almost every x € R™ is a Lebesque point of v.

Proof. The proof can be found in [57, §7.6]. O

Observe that Theorem [A.4.1 is an analogue, and a generalization, of the funda-
mental theorem of calculus in higher dimensions.

A.5 Sobolev spaces

The aim of this section is to briefly recall Sobolev spaces. For more details, see [8, §8-
9]. Notice that we suppose the reader to be familiar with LP spaces, their norms,
their dual spaces and their main properties, such as reflexivity for 1 < p < oo and
separability for 1 < p < co. Otherwise, we refer the reader to [8, §3| for the general
theory regarding reflexive and separable spaces, and to [8, §4] for LP spaces and
their properties.

Let €2 be an open subset of R”, n € N. Let C2°(2) denote the space of infinitely
differentiable functions with compact support in €.

Definition A.5.1. Suppose v, w € L} (Q), and « is a multi-index. We say that
w is the atP-weak partial derivative of u, written D% = w, if

/ vD%dx = (—1)l° / weo dx
Q Q
for all test functions ¢ € C°(Q2)

Once recalled the notion of weak partial derivative, we can introduce the definition
of Sobolev space.
Fix 1 < p < oo and let k£ be a nonnegative integer.

Definition A.5.2. The Sobolev space W*P(Q) consists of all locally summable
functions v : 2 — R such that for each multiindex a with |a] < k, D% exists in
the weak sense and belongs to LP(€2).

If p = 2, we usually write H*(Q) = W52(Q).
Definition A.5.3. If v € W*P(Q), we define its norm to be

laj<kl D ey s 1 < p <00,
Zla\Sk esssupgq | D], p = 0.

[vllwrr (o) = {
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Theorem A.5.1. For each k nonnegative integer, the Sobolev space WP (Q) is a
Banach space for every 1 < p < co. W*P(Q) is reflexive for 1 < p < oo and it is
separable for 1 < p < oco.

Proof. The proof can be found in [8, §9.1]. O

Consider the case k = 1 and n = 1, i.e., Q@ = (a,b) C R. The functions in
WP (a,b) are roughly speaking the primitives of the LP(a,b) functions. More pre-
cisely, we have the following:

Theorem A.5.2. Let v € WP (a,b) with 1 < p < oo, then there erists a function
v € C([a,b]) such that v =0 almost everywhere in (a,b) and

o(x) —0(z) = /: V' (y)dy, Y,z € [a,b],

where v’ is the first derivative of v.
Proof. The proof can be found in [8, §8.2]. O

Let us emphasize the content of Theorem [A.5.2. It asserts that every function
v € WP (a,b) admits one (and only one) continuous representative on (a,b), i.e.,
there exists a continuous function on (a,b) that belongs to the equivalence class of
v (v ~ ¥ if v = ¥ almost everywhere). When it is useful v can be replaced by its
continuous representative. In order to simplify the notation we also write v for its
continuous representative. We finally point out that the property “v has a contin-
uous representative” is not the same as “v is continuous almost everywhere”.

Furthermore, when p = 1 and (a, b) is bounded, the functions of WP (a,b) coincide
with the absolutely continuous functions AC([a,b]). Indeed, they are also charac-
terized by the property: Ve > 0 3§ > 0 such that for every finite sequence of disjoint
intervals (aj,b;) C (a,b) such that 37, |b; —a;| < 3, we have 37, |v(b;) — v(a;)| <e.

Next, we present some other sort of Sobolev spaces, which comprise functions
mapping time into Banach spaces. These are essential in the construction of weak
solutions to evolution equations, which are partial differential equations explicitly
depending on both time and spatial variables. Before defining them, we should first
of all introduce the measure and integration theory for mappings taking value in a
Banach space, i.e. the so-called Bochner’s integral. However, since the main results
in Lebesgue theory of integration can be adapted to the case of Bochner’s integral
at least when the target space X is separable, we decided to skip this part and we
refer the reader to [66, V.5], [38, §8.1] and |22, Appendix E.5].

Let [0,7] C R be a time interval and let X denote a Banach space, with norm

Il x-

Definition A.5.4. The space LP(0, T'; X) consists of all (strongly) measurable
functions v : [0,7] — X with

T 1
vl oo, 75 x) = (/0 Hv(t)HA’;(dt)p < 00
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A.5. Sobolev spaces

for 1 < p < o0, and

[v][ Lo (0, 7 x) = esssup [[v(t)[|x < oo.
0<t<T

Proposition A.5.3. LP(0, T; X) is a Banach space.

If X is separable, then LP(0, T'; X) is separable for any 1 < p < oco.

If X is reflexive, then LP(0, T; X) is reflexive for any 1 < p < oo. In particular,
the dual space is given by (LP(0, T; X)) = 4 (0, T; X'), where p’ is the conjugate
ezxponent to p and X' is the dual space of X.

If X is a Hilbert space, then L?(0, T; X) is a Hilbert space.

Proof. The proof can be found in [38, §8.2]. O

Notice that, using the integration theory for Banach-valued functions, it can be
proven that
LP(0, T; LP(Q) = LP(Ax (0, 7)), 1 <p<oo. (A.3)

This result is due to the separability of L? spaces for 1 < p < co. Indeed, for p = oo,
L®(0, T: L¥(Q)) € L¥( x (0, T)).

Definition A.5.5. The space C([0, T]; X) comprises all continuous functions v :
0,7] — X with
Iolleqo.m0 = gmas [o(®)x < oc.

By standard techniques, the following proposition can be proven.
Proposition A.5.4. C([0, T|; X) is a Banach space.

As we weaken the definition of spatial partial derivative, we can do the same
for the time derivative.

Definition A.5.6. Let v € LY(0, T; X). We say w € LY(0, T; X) is the weak
derivative of v, written vy = w, provided

T d¢ T
| == [ ovuoar,
o dt 0
for all scalar test functions ¢ € C2°(0,7).

Definition A.5.7. The Sobolev space W1?(0, T; X) consists of all functions v €
LP(0, T; X) such that u; exists in the weak sense and belongs to LP(0, T; X).
Furthermore,

P 07 5 * —

If p = 2, we usually write H*(0, T; X) = W"2(0, T; X).
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A.6 Inequalities involving I’ and Sobolev norms

In this section, we recall some useful inequality usually used to deduce properties
of some functions.

Theorem A.6.1 (Holder’s inequality). Let 1 < p < co. Assume that v € LP and
w € L9, where q is the conjugate exponent to p, i.e., it satisfies % =+ % = 1. Then,
vw € L' and

lowl|zs < [[vllzellw]|za -
Proof. The proof can be found in [8, §4.2]. O

Direct consequences of Holder’s inequality are the following extensions:

Corollary A.6.2. Assume that vi,vs, ..., v, are functions such that v; € LPi, 1 <
1 < k with p% + p% + ...+ pik = = < 1. Then, the product v = vivs...v; belongs to
L? and

1
p
lvlle < [Jvillzes Jvalloes - - - vkl zex -

Corollary A.6.3 (Interpolation inequality). If v € LP N LY with 1 < p < q¢ < o0,
then v € L" for all v such that p < r < q and the interpolation inequality holds:

ol < [0l Eollvll e,
where%:%—kl_Ta,Ogagl.

Theorem A.6.4 (Poincaré-Wirtinger’s inequality). Let Q) be a bounded, connected,
Lipschitz, open subset of R™, n € N. Assume 1 < p < oo. Then there exists a
constant ¢, depending only on n,p and §2, such that

1
Hv—wﬂmm>s¢vmumn,me«»zHNAfwm

for each function v € W1P(Q).
Proof. The proof can be found in [22, §5.8]. O
The following theorem is due to L. Nirenberg [50] and to E. Gagliardo [25].

Theorem A.6.5 (Gagliardo-Nirenberg inequality). Let 1 < q,r < oo, let k be a
natural number and let v € LI(R™) N W, (R™), n € N. Suppose that a real number
a and a natural number j are such that

1 j_‘_(?la ?]z) 11—«

o+ — (mdlgagl.
q k

Then, there exists a constant ¢ depending only on k,n,j,q,r and « such that
j k 1—
107l gy < el D ullg gy lull by - (A.4)
with the following exceptional cases:
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1. If j =0, kr < n and q = oo, then it is necessary to make the additional
assumption that either v tends to zero at infinity or that v lies in L® for some
finite s > 0.

2. If 1 <r <ooandk—j— 7 is a non-negative integer, then it is necessary to
assume also that o # 1.

For a bounded, connected, Lipschitz, open subset Q@ C R™, n € N, and v € L1(Q) N
WHT(Q), the result holds with the same hypotheses as above and reads

k
1D7ull Loy < er D*ullgr oy lull ooy + c2llull o)

where c1,co are constants depending only on k,n, j,q,r, o, Q, and s € [1,4q] is arbi-
trary.

Proof. A sketch of the proof can be found in |50] and in [38, §12.5] O

A.7 Continuous embedding theorems

The embedding characteristics of Sobolev spaces are essential in their use in anal-
ysis, especially in the study of differential and integral operators. The most impor-
tant imbedding results for Sobolev spaces are often gathered together into a single
theorem, that is known as the Sobolev embedding theorem. On the other hand,
they are of several different types and can require different methods of proof. The
core results are due to Sobolev [64, §1.8], but our statement (Theorem also
includes refinements due to others, in particular Morrey [49] and Gagliardo [24].

Theorem A.7.1 (Sobolev embedding theorem). Let Q be an bounded, Lipschitz,
open subset of R n € N. Let j > 0 and k > 1 be integers and let 1 < p < oo.
Then, we have the following continuous embeddings:

1. If kp < n, then

WjJrk’p(Q) — WH(Q), forp<q< P
n—kp
In particular,
np
WkP(Q) — LI(Q <q< :
@< 199, forp<qs P

2. If kp =n, then
WIThP(Q) — WH(Q), forp<q < oco.

In particular,
WEP(Q) — LI(Q), forp<q< .

3. If kp > n, then
WITEP(Q) — WH9(Q), forp < q<oo.

In particular,
WHEP(Q) < LU(Q), forp < q<oo.
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Furthermore,

1. If kp >n > (k—1)p, then

Withe(Q) < CINQ), for 0 < A <k — % .

2. If (k —1)p = n, then
WItkP(Q) — CINQ), for0< A< 1.
In particular, if n =k —1 and p =1, it holds for A =1 as well.
Proof. The proof can be found in [1, §4]. O

Next, we present a useful embedding result holding for L? spaces that comprise
functions mapping time into other LP spaces. Its proof directly follows from an
application of the standard interpolation inequality [A.6.3]

Proposition A.7.2. Let [0,T] C R be a time interval and let Q be an open subset
of R" n € N.

(0, T5 L7()) N LP(0, T5 L(9)) = LIS x (0, T)),
for q satisfying
11—«

1
(1-—a)g=p and g—i— ==, where 0<a<1.
r s q

A.8 A regularity theorem for elliptic equations

In this section, one of the regularity results for elliptic equations is given. In par-
ticular, we report that holding for Neumann boundary conditions.

Theorem A.8.1 (Regularity for the Neumann problem). Let @ C R" n € N, be
an open, bounded subset of class C2. Let f € L*(Q) and v € H'(Q) satisfy

/Vv-chdm +/v<pdm :/ fodz, Yo € HY(Q). (A.5)
Q Q Q

Then, v € H*(Q) and vl 2(0) < el fllz2(q), where ¢ is a constant depending only
on 2.

Proof. The proof can be found in [8, §9.6] O

Notice that is the weak formulation of —Awv + v = f in 2 endowed with the
Neumann boundary condition Vv - v = 0 on 052, where v is the unit outer normal
vector to the boundary 9. Thus, if v, Av € L?(Q2) and Vv -v = 0 on 01, then
Theorem [A.8.1 allows us to conclude that v € H?(1).
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A.9 Compactness theorems

In this section, we present some compactness results, fundamental for our applica-
tions of functional analysis to partial differential equations.

First of all, we recall that, for any metric space X with distance d, the notion
of compactness and sequential compactness coincide. Thus, if X is compact, any
X-valued sequence admits at least a subsequence which converges in X. Similarly,
if any A C X is compact, any A-valued sequence admits at least a subsequence
which converges in A. Otherwise, if the closure of A, but not A, is compact, any
A-valued sequence admits at least a subsequence which converges in X, hence not
necessarily in A. In this case, we say that A is relatively (sequentially) compact.
We can now give the definition of compact operator.

Definition A.9.1. Suppose X and Y are Banach spaces and By is the open unit
ball in X. A linear map 7 : X — Y is said to be compact if T'(Bx) is relatively
compact, i.e., its closure is compact in Y.

For any linear bounded operator T' : X — Y, where X,Y Banach spaces, there
exists a unique linear bounded operator 77 : X’ — Y’ that satisfies (T'z,y') =
(x,T'y"), Vo € X,y € Y’, and such that its operator norm is equal to that of T'
(see |58, Theorem 4.10]). Furthermore, the following result holds true:

Lemma A.9.1. Suppose X andY are Banach spaces and consider a linear bounded
operator T : X — Y. Then, T is compact if and only if T' is compact.

Proof. The proof can be found in [58, Theorem 4.19]. O

Thus, since a compact embedding is nothing but a continuous embedding with an
inclusion map that is not only continuous but also compact, we observe that if X
is compactly embedded in Y, i.e., X CC Y, then Y’ is compactly embedded in X’,
ie,Y cc X'

The Ascoli-Arzela theorem is a fundamental result giving necessary and suffi-
cient conditions to decide whether every sequence of a family of continuous Banach
space valued functions defined on a compact metric space has a uniformly conver-
gent subsequence.

Theorem A.9.2 (Ascoli-Arzeld theorem). Let X be a compact metric space with
distance d and let Y be a Banach space with norm ||-||y. Let F C C(X;Y). F is
relatively compact in C(X;Y) if and only if

1. for all x € X, F is equicontinuous in x, i.e., Ye > 0 A5 > 0 such that,
vy e X :dz,y) <0, |[f(x) = f(ylly <€ VfeF;

2. F is pointwise relatively compact, i.e., Vo € X, F(x) = User{f(z)} is
relatively compact in'Y .

Proof. The proof can be found in [60, §5.2]. O
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Next, we are concerned with the compactness of the Sobolev continuous em-
beddings stated in Theorem [A.7.1.

Theorem A.9.3 (Sobolev compact embedding theorem). Let Q be a bounded,
Lipschitz, open subset of R", n € N. Let 5 > 0 and k > 1 be integers and let
1 < p < oo. Then, we have the following compact embeddings:

1. If kp < n, then

WIthP(Q) cc WI(Q), for1<q< —L
n—kp
In particular,
np
WhP(Q LI(Q 1< :
(@) ce 1), for1<q<

2. If kp = n, then
Withr(Q) cc W39(Q), for1<q< oco.

In particular,

WhP(Q) cc LY(Q), for1<g<oo.
3. If kp > n, then
Withr(Q) cc W39(Q), for1<q<oo.

In particular,
WkP(Q) cc LY(Q), forl1<q<oo.

Furthermore,

1. If kp >n > (k—1)p, then

Withr(Q) cc CINQ), for0 <A<k — .
p

2. If kp > n, then
Withr(Q) cc ¢/(Q).

Proof. The proof can be found in [1, §6]. O

In the study of nonlinear evolutionary partial differential equations, in order
to prove the existence of solutions, typically, one first constructs approximate so-
lutions, then uses some compactness result to show that there is a convergent
subsequence of approximate solutions whose limit is a solution. A compactness cri-
terion in the theory of Sobolev spaces of Banach space-valued functions is given by
the Aubin-Lions lemma (or theorem).
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A.10. Convergence theorems

Theorem A.9.4 (Aubin-Lions-Simon lemma). Let Xo, X and X, be three Banach
spaces such that Xog CC X — Xy, i.e., Xg is compactly embedded in X and X is
continuously embedded in X1. For 1 < p,q < 00, let

W ={ue LP0,T; Xo) | us € L0, T; X1)}.
1. If p < o0, then the embedding of W into LP(0, T; X) is compact.
2. If p =00 and q > 1, then the embedding of W into C([0, T]; X) is compact.
Proof. The proof can be found in [5] and in [63]. O

At last, we provide a result whose corollaries plays a crucial role in deducing
convergence of sequences of approximate solutions in the proofs of the existence
of solutions to evolution equations. We suppose the reader to be familiar with the
theory of weak topologies, reflexive and separable spaces. A standard reference is
given by [8, §3].

Let X be a Banach space and let X’ be its dual space. Let Bx be the closed unit
ball of X, while let By be the closed unit ball of X'.

Theorem A.9.5 (Banach-Alaoglu-Bourbaki theorem). Bx: is compact with re-
spect to the weak star topology.

Proof. The proof can be found in [8, §3.4]. O

Corollary A.9.6. If X is separable, then By is sequentially compact with respect
to the weak star topology. In other words, if {z),}n C X' is a bounded sequence,
then there exists a subsequence {xy, }n, which converges in X' with respect to the
weak star topology.

Corollary A.9.7. If X is reflexive, then By is sequentially compact with respect
to the weak topology. In other words, if {xn}n C X is a bounded sequence, then
there exists a subsequence {xy, }n, which converges in X with respect to the weak

topology.

A.10 Convergence theorems

In this section, we introduce some convergence theorems which can be found in the
Appendix of [7] due to C. Sbordone. We suppose the reader to be familiar with
weak convergence in LP spaces, which can be found in [8, §3-4].

We will denote the weak convergence by —.

Let 2 be a bounded, open subset of R, n € N. Recall that a sequence of real-
valued function {vy,}, defined on {2 is said to converge almost everywhere on {2 to
v if and only if the set {z € Q| v,(x) does not converge to v(z)} has measure zero.

Proposition A.10.1. Let 1 < p < oco. Let {v,}n be a sequence in LP(S2) such
that v, — v strongly in LP(Y). Then, there exists a subsequence {vp, }n, such that
Un,, — v almost everywhere in ).
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Lemma A.10.2. Let 1 < p < oo and let ¢ > 0. Let {v,}n be a sequence in LP(2)
such that v, — v almost everywhere in Q and (v, 1r () < ¢, Vn € N. Then, v, — v

in LP(Q?) and v € LP(Q).

Theorem A.10.3. Let 1 < g < p < oo. Let {v,}n be a sequence in LP(Q). If
v, — v in LP(Q) and v, — v almost everywhere in ), then v, — v strongly in
L1(Q).

Proof. The proof can be found in [7, Appendix]. O

Remark A.10.4. Notice that, due to , both the above results hold true also
for sequences belonging to LP spaces of LP space-valued functions. Furthermore,
they can be generalized to LP' spaces of LP? space-valued functions for p1 # pa,
1 <p1,p2 < oo.

At last, we present a result that directly follows from the definition of weak
convergence.

Proposition A.10.5. Let X,Y be Banach spaces and let {xy,}, C X be a sequence
such that x,, — = in X. Consider a linear and continuous operator T : X — Y.
Then, Tx, —Tx inY.

A.11 Toffe’s theorem

In this section, we report the statement of a lower semicontinuity result due to A.D.
Toffe [33]. This can be useful in the study of evolution equations in order to recover
at least an inequality when passing to the limit in the approximate problem.

Theorem A.11.1 (Toffe’s theorem). Let Q@ C R? be a smooth, bounded, open
subset and let f: Q x RE x R™ — [0, +00], d,I,m € N, d,l,m > 1, be a measurable
non-negative function such that:
f(y,-,-) is lower semicontinuous on R' x R™ for every y € Q,
f(y,w,-) is convex on R™ for every (y,w) € Q x R,

Let also (wy,v,), (w,v) : Q@ = R x R™ be measurable functions such that

wy, — w almost everywhere in Q, v, — v in L'(Q).

Then,
liginf/ f(ys wn(y), only)) dy Z/ fly,wly), v(y)) dy.
Proof. The proof can be found in [33]. O
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A.12. Theory of traces in Sobolev spaces

A.12 Theory of traces in Sobolev spaces

In this section, we discuss the possibility of assigning boundary values along 9f2
to v € W2P(Q), where Q is a bounded, Lipschitz, open subset of R”, n € N. If
v € C(22), then clearly v has values on 0f2 in the usual sense. The problem is that a
typical function v € W?2P(€) is not in general continuous and, even worse, is only
defined almost everywhere in €). Since 92 has n-dimensional Lebesgue measure
zero, there is no direct meaning we can give to the expression “v restricted to 02"
The notion of traces resolves this problem.

Theorem A.12.1 (Trace theorem). Let Q be a bounded, Lipschitz, open subset of
R™ n e N. Let 1 < p < oco. Then, there exist surjective, bounded, linear operators

Ty : WHP(Q) » W0 P(09) and T : W2P(Q) » W' 57 (00)

such that -
Tov = vl|gq, if v € WHP(Q)NC(Q),
Tiv = Volsq-v, ifve WP (Q)nc(Q),

where v is the unit outer normal vector to the boundary 0.

Proof. For p =2, the proof can be found in [39]. Otherwise, for p # 2, we refer to
the references in [39]. O

Definition A.12.1. We say that Tyv is the trace of v on 9€2, while T}v is the trace
of the normal component of Vv on 9.
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