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Introduction

The aim of this thesis is to present some existence, uniqueness and long-time behavior
results on the solutions to different kinds of fluid-dynamics models, achieved by means
of energy methods combined with the Fourier setting and, in some cases, with
paradifferential techniques.

In particular, here we investigate two main topics concerning fluid-dynamics: first we
consider multiphase models arising from mizture theory, and then we focus on a
semilinear hyperbolic approximation to more classical hydrodynamic equations, namely
the incompressible Navier-Stokes equations.

Multiphase models of an arbitrary number of constituents arising from mixture theory,
[65, 19, 20, 56, 57], present a wide range of applications, mainly in biological fields, as
tumor growth and vasculogenesis [3], biological tissues and porous media [32]. Mixture
theory models have been used to describe flows through biological tissues since the
sixties. In this context, the most general model takes into account few but essential
constituents, such as cells, extracellular matrix and liquid, but it can be generalized to
an arbitrary number of sub-populations of cells, and several components of the
extracellular matrix. These models are based on three main assumptions, [3].

e First, we assume that the components of the extracellular matrix constitute an
intricate network such that they all move together.

e Besides, the pressure gradient and the interaction forces involving the liquid are
much smaller than the other ones.

e The third assumption consists in assuming that cells mechanically respond to the
compression coming from the surrounding cells.

Starting from the ideas of mixture theory, these models are composed by balance
equations which essentially represent mass and momentum conservation. Although
mixture models are largely diffused, up to now the analytical theory has been mainly
developed in one space dimension, see for instance [38, 72, 79], and [11], while some
results about linear stability and numerical approximations were considered in [35].

As a matter of facts, our starting point in the analytical study of mixture theory was
the biofilms system presented in [27]. Although it has been adapted for modeling these
particular gel-like biological structures, called biofilms, by extending the role of the
physical coefficients and the source terms, this system can be seen as a general
multiphase model arising from mixture theory. A complete analytical study of the one
dimensional model presented in [27] is given here in Chapter 5. In more space
dimensions, there are many other difficulties which will be explained in details in the
following. Thus, without loss of generality, we will consider the simpler case of a fluid
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composed by two phases, a solid component denoted by B (for instance, Bacteria), and
a liquid one L, which comes from mass and momentum conservation and reads:

/

8B +V - (Bvs) =T,

QL +V - (Lvy) =Tp = —Tp,

0(Bvg)+V - (Bvs®vg)+VB+ BVP = (M —T1)vy — Mvg, (0.0.1)
O(Lvp)+V - (Lvp®vy)+ LVP =—(M —Tp)vy + Mvg,

V.- (Bvsg+ Lvy) =0,

\

where vg, vy are the solid and liquid phase velocities, I'g,I';, are the source terms,
v, M are experimental constants and P is the hydrostatic pressure. We will give more
details on the physical formulation in the following. Model (0.0.1) is a quasilinear
system whose hyperbolic part is given by the incompressible Euler equations. It is of
intermediate type between an incompressible system, since the average velocity
Bvg + Lvy, is divergence free, and a compressible system, since the presence of VB,
i.e. the gradient of the compressible pressure term like the isentropic Euler equations.
A key role is played here by the inertial terms in the momentum equations. At some
point, in the general framework of mixture theory models, they are usually neglected in
order to simplify the analysis, see for instance [32]. We choose to keep the inertial
terms and study the fully hyperbolic problem. In fact, the inertial terms guarantee the
hyperbolicity of the system and the finite speed of propagation of the front. However,
this choice, together with the compressible and incompressible nature of the system,
introduce some analytical difficulties, which we will overcome by studying an
intermediate model in Chapter 6, and applying energy methods combined with
paradifferential techniques in Chapter 7. At the best of our knowledge, this is the first
existence and uniqueness result for local smooth solutions to mixture models in more
than one space dimension.

The second part of this thesis is focused on another completely different fluid-dynamics
model, which is included in the framework of the BGK - Bhatnagar, Gross and Krook -
approximations for hydrodynamic equations. These models were introduced by
Bhatnagar, Gross and Krook in the fifties as a continuous velocities simplification of
the Boltzmann equation. Precisely, that simplification occurs in terms of the collision
operator. Taking inspiration from the hydrodynamic limits of the scaled Boltzmann
equation, they have been intended as kinetic approximations to some hydrodynamic
systems. A general mathematical framework for BGK models was given in [1(]. In the
last years, BGK models have been extended to the case of systems with discrete
velocities. This additional simplification provides semilinear hyperbolic approximations
for quasilinear systems, with applications to hydrodynamic equations. In the context of
semilinear approximations, it is worth mentioning the relaxation method and, among
several examples, we refer to the Jin-Xin approach introduced in [13]. However, a
more detailed presentation of the relaxation method can be found in [54], and it will be
discussed in the following. An important point to highlight is the intimate connection
between the relaxation method and the BGK approximation with discrete velocities.
Precisely, in one space dimension, the Jin-Xin approximation

Oyu + Ozv = 0,

O 4+ N20,u = %(f(u) _w), (0.0.2)
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for hyperbolic conservation laws
0w+ Oz f(u) =0, (0.0.3)

is equivalent, on behalf of a linear change of variables, to a two constant velocities
BGK model, see [79]. This is the reason why, at the beginning of the last part of the
thesis, we will focus on the diffusive Jin-Xin system, as a simplified version of the BGK
approximation for the Navier-Stokes equations which will be considered. In particular,
global existence, global in time convergence in the diffusive limit, and long-time behavior
for the solutions to the diffusive Jin-Xin system will be proved. These novel results are
based on the study of the Green function of the system and the energy method.

In the last part of the thesis, we consider the following BGK model for hydrodynamic
equations, from [23, 18]:

Oufi + 2l = L (M(U) - ), (004

T

where U = ). fi = (p,epu), p is the macroscopic approximating density, and u the
velocity field, namely the moments associated with the isentropic Euler equations. This

is a discrete velocities BGK model in the sense that A\;,7 = 1,---,L > D + 1, are a
finite number of constant vectors. Moreover, as it is usual in the context of BGK
approximations, see [l0], M;(U) are the Maxwellian functions. Under some

compatibility conditions which will be explained later on, this BGK model formally
approximates the isentropic Euler equations in the hyperbolic limit 7 going to zero,
[23], and the incompressible Navier-Stokes equations for ¢ which goes to zero, [23].
Actually, the hyperbolic limit of this system was also rigorously proved in [68]. Here we
study the diffusive limit from an analytical point of view. We state local in time
existence, uniqueness and convergence theorems of the smooth solutions to the BGK
model to the smooth solutions to the Navier-Stokes equations, which are the first
analytical results on this diffusive BGK approximation. We will discuss on the details
below. In the future, we aim to extend these results by applying the Green function
method for the diffusive Jin-Xin system mentioned before to this BGK model.

The connection between the two main parts of the thesis is represented by the
mathematical tools which have been used here in order to investigate these different
systems: the multiphase model on one hand, and the BGK approximation on the other
one. The key role is actually played by the classical energy method, here applied
through suitable symmetrizers, first combined with paradifferential techniques, and
then with dissipative properties and analysis of the Green function of the problem.

We end this paragraph by introducing an example on the energy method and the
related symmetrization techniques, which represent the main connection between the
different physical systems presented here. Consider the homogeneous wave equation
with constant velocity ¢ = 1 in one dimension in space, as follows:

atu + 8xU = O,
OV + Oyu = 0,

with initial data (u(0,z),v(0,2)) = (uo,vo), and take the L?(R) scalar product (-,-)
with the unknown vector (u v). Denoting by || - || the associated norm, since u,v € L?(R)

7
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implies that / (u-v), dx =0, the resulting expression is the following:
R

1 d 2 2\
5 g Ulell” +1lvl") =0,

ie.
a1 + o) = uoll* + [lvol*.
Now, let be
o+ Adyu =0, (0.0.5)

a symmetric system, i.e. A= AT. Taking the scalar product with u,
1
(A0zu,u) = 2/ O0z(Au-u)dz =0,
R

thanks to the symmetry property. Thus,

1d

2dt
Symmetry is not a necessary condition to get energy estimates, but, on the other hand,
there are some non-symmetric systems which do not admit energy estimates as the
ones before. For instance, we mention the Cauchy-Riemann system, see [3]. Another
less restrictive condition which allows to obtain energy estimates is the so-called
symmetrizability, i.e.: given a system as in (0.0.5), where A is not necessarily
symmetric, there exists a symmetric strictly positive matrix Ag such that
ApA = (ApA)T. This way, taking the scalar product of the symmetrized system

Apdyu + AgAd,u =0

lul* = 0.

with u, we get the desired energy estimate, since / (ApAu - u), dx = 0. Actually, in

this constant coefficient case, symmetrizability is the optimal condition in order to
apply the energy method. For an extended discussion on this topic we refer to Chapter
2.

In the following, we provide a more detailed description of the results collected in this
thesis.

Part I: Models in mixture theory In the first part, we start by presenting a com-
plete analytical study in one space dimension of the multiphase model proposed in [27],

0B+ V - (Bvg) =TI'p,

0,E +V - (Evs) = T'p,

oD +V -(Dvg) =Tp,

WL+V - (Lvy)=Tp,

8((1—L)vs) + V- (1 - Lyvs®vs) = —(1 - L)VP —AV(1—L)  (0.0.6)

+ (M —-Tp)vp — Mvg;

O(Lvp)+V - (Lvp®vy)=—LVP — (M —Tp)vy + Mvg,
p+Tp+Te+IL =0,

V- ((1 — L)VS + LVL) = 0,

\
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composed by four different phases: Bacteria, Dead bacteria, Extracellular polymeric
matrix, and Liquid. The incompressibility condition in one space dimension, i.e. the
vanishing spatial derivative of the average velocity in the last equation of system
(0.0.6), allows to solve for the hydrostatic pressure P. Thus, we get a symmetrizable
quasilinear hyperbolic system and the classical theory in [52] provides a local existence
and uniqueness result for smooth solutions. We investigate the long-time behavior of
this 1D system by using the Nishida approach presented in [61] and developed in [39],
i.e. we define the functional

t
N2(E) = sup o<t W By + [ 1wl (0.0.7)

for { = 0,1, 2 and, by using the dissipative property of the system, we prove that, starting
from initial data close enough to the equilibrium point, the solutions are global in time
and they asymptotically converge towards the equilibrium. This result is based on [12].
This procedure does not work in the case of more than one space dimension, since in that
case we cannot solve for P, and we have to deal with the hydrostatic pressure of the Euler
type. In more space dimensions, even in the divergence free variable w = (1—L)vg+Lvy,
the theory of symmetrizable hyperbolic systems does not apply and there are several
problems. Without loss of generality, we consider the two-phase system (0.0.1).

e First, dropping the pressure P, the remaining system is symmetrizable in the sense
of Friedrichs, and so the classical symmetrizer provides an energy functional which
should allow us to apply the energy method. The difficulty here is that the scalar
product induced by the classical symmetrizer does not preserve the orthogonality
of the gradient of the incompressible pressure with respect to the divergence free
averaged velocity w. Therefore, we cannot get rid of the incompressible pressure,
unlike the case of energy estimates in the Sobolev spaces for the incompressible
Euler equations, see for instance [9].

e Furthermore, it is not obvious how to get these estimates by using the elliptic
equation associated with the pressure P, as in [76]. In fact, because of the gradient
of the compressible pressure 7V (1 — L), and the inertial terms of the momentum
equation, our hydrostatic pressure P does not possess enough regularity in space
to close the estimates.

In order to overcome these difficulties, in Part II we consider a model of a
compressible-incompressible fluid in several space dimensions, which can be seen as a
one phase reduction of the two phase model (0.0.1) and the more general biofilms
system (0.0.6). This single phase model contains the gradient of the incompressible
hydrostatic pressure, and also a compressible one, which depends on the density and
the velocity of the fluid itself. In fact, the coexistence of compressible and
incompressible pressure terms is one of the main features of system (0.0.1) and (0.0.6).
We prove the local well-posedness of this simplified model by applying three different
methods, all of them based on approximating equations. This part is based on [14].
The first approximation is obtained by applying the Leray projector P, i.e. the
projector onto the space of the divergence free vector field, and mollifiers, to the
compressible-incompressible model, see [9] for an application of this technique. In the
second case, we define a continuous version of the Chorin-Temam projection method,
[75], which is a singular perturbation system and requires well-prepared initial data.

9
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The last approximation is an application of the artificial compressibility method, [75].
The local in time convergence of the smooth solutions to these approximations to the
smooth solutions to the one phase system in the general multidimensional case is
proved by using energy methods and paradifferential calculus. Following this direction,
in Part II we are able to prove the convergence to system (0.0.1) of an adapted version
of one of the approximations used for the compressible-incompressible fluid discussed
before, made by the composition of some smoothing operators and the Leray projector
P. The main idea is as follows. First, we apply the projector onto the space of the
vectors such that the averaged velocity w is divergence free. Then, we consider the
paradifferential operator associated with the projected system (0.0.1), we notice that
its highest order part is a strongly hyperbolic operator of the first order, and therefore
it is possible to construct a Lax symmetrizer for it. The construction of this
symmetrizer is essentially based on the techniques developed in [55], which are
combined to some ideas in [34]. We point out that the main idea here is to symmetrize
the whole projected operator, rather than just to use the symmetrizer of the hyperbolic
part of (0.0.1). Using paradifferential calculus, we are able to establish some uniform
energy estimates and the convergence of this method to the unique local solution to
(0.0.1), as well as in the case of more general models deriving from mixture theory,
both in two space dimensions. This result is based on [13].

Research perspective In three space dimensions, system (0.0.1) and the more
general multiphase models deriving from mixture theory present some additional
analytical difficulties with respect to the two dimensional case. Precisely, in R? the
principal symbol of the projected system loses its property of strong hyperbolicity, as
we will show later, and so we are not able to construct a Lax symmetrizer, according to
the definition given in [55]. However, in order to prove the well-posedness of the three
dimensional model, which numerically works well, as it is shown in [27], we could try to
apply some recent works by Métivier et al. that are based on a weaker notion of
symmetrizability.

Moreover, since our analytical study on system (0.0.1) has been made on the whole
space R%, d = 1,2, it would be interesting to investigate the case of a general bounded
domain, with homogeneous Neumann boundary conditions for the volume ratios
B,D,E, L, and no-flux boundary conditions for the velocities vg, vy, which are the
natural boundary conditions used for the numerical tests, see [27]. It is important to
notice that in this case the boundary is characteristic, and so the classical theory does
not apply in a standard way.

Part II: BGK approximation for hydrodynamic equations In the framework
of fluid-dynamics systems, we consider a vector BGK - Bhatnagar, Gross, Krook -
model for hydrodynamic equations presented in [23], which is a singular perturbation
approximation inspired by the hydrodynamic limits of the Boltzmann equation (see
[, 6, 24]) on one hand, and the relaxation approximation for the incompressible
Navier-Stokes equations, see for instance [22], on the other one. Unlike the Lattice
Boltzmann schemes, which are scalar velocities model of kinetic equations widely used
in computational physics, the vector BGK approximations associate every scalar
velocity with one vector of unknowns. This structure provides nice analytical
properties, in particular the natural compatibility with a mathematical entropy, which

10



CONTENTS

guarantees stability. The vector BGK model for hydrodynamic equations introduced in
[23] is given by the following semilinear hyperbolic system:

A 1
O fi + ;Z Vi = E(Mz‘(l)ﬁpu) — fi), (0.0.8)
where (t,z) € Rt x RP,i=1,--- L, and L > D + 1. Moreover,
fl<t7x) - ( 1'07 i17"' 7fiD) :R+ X RD — RD+17
M;(t,z) = (M2, M}, -, MP) : RT x RP — RPTL, (0.0.9)
)\i - ()\ilaAzQa e 7)‘ZD) € RD7

and

L
(p,epu) = Zfi e U c RP*HL

i=1
Under some consistency conditions, this model formally converges to the isentropic
Euler equations in the hyperbolic limit 7 — 0, and to the incompressible Navier-Stokes
equations in the parabolic limit € — 0. Moreover, assuming some additional hypothesis
on the Maxwellian functions M;, in [78] and [08] the rigourous convergence, in the
hyperbolic limit, of the solutions to system (0.0.8) to the solutions to the isentropic
Euler equations was proved. On the diffusive limit in €, the convergence, at the formal
level, to the solutions to the Navier-Stokes equations, and a zero order uniform energy
estimate were given in [23]. More precisely, assuming that, in a suitable functional
space,
F—p
22

p

p°—p, u—1, and — P,

under some consistency conditions of the BGK approximation with respect to the Navier-
Stokes equations, see [23], it can be shown that formally the couple (1, P) is a solution
to the incompressible Navier-Stokes equations. Here we improve the results on the
diffusive limit as follows. We provide a rigorous proof of this convergence in the Sobolev
spaces. In this context, we consider a five velocities vector BGK model on the two
dimensional torus for simplicity reasons. We briefly explain the main ideas. Rather than
the entropy function associated with the BGK approximation, whose explicit expression
is not known, we use a constant right symmetrizer >, weighted with respect to the
singular parameter £, which provides some dissipative properties for the singular linear
part of the source term. More precisely, the symmetrized system in the unknown W =
C(f1, -, fr), with C' a constant matrix, which reads

SOW + B0, W + ByS9,W = —LEW + N(W), (0.0.10)

where B1Y., BoY. are symmetric, —LY. is negative definite and singular in e, and N
is the nonlinear part of the source term, is conservative-dissipative, according to the
definition given in [15]. Besides, the weights, in terms of the diffusive parameter e,
of the symmetrizer, allow us to control the remaining nonlinear part N of the source.
This way, we are able to perform uniform energy estimates in the Sobolev spaces and
to get the convergence by compactness. This chapter is based on [!1]. This kind of
convergence result of smooth solutions is local in time, and it holds for an interval of
time which depends on the Sobolev norm of the initial data. In the context of semilinear

11
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relaxation approximations, here we consider a singular parabolic scaling to the Jin-Xin

approximation for conservation laws, see [13]. The system reads
0 O,v =0,
o (0.0.11)
£20pv + N 0zu = f(u) —v.

In the one dimensional case, this system can be written as a very simple BGK model.
Thus, we study its smooth solutions and, by using an approach based on the Green
function, in the spirit of [15], we prove their global existence and we also investigate
their asymptotic behavior in the singular perturbation limit. We obtain, indeed, sharp
decay estimates in time to the solution to system (9.0.1) in the Sobolev spaces, which
are uniform with respect to the singular parameter. This provides the convergence to
the limit nonlinear parabolic equation

(0.0.12)

ou+ 0v=0
v = f(u) — \20,u,

both asymptotically in time, and in the vanishing e-limit. To this end, we perform an
crucial change of variables that highlights the dissipative property of the Jin-Xin system,
and provides a faster decay of the dissipative variable with respect to the conservative
one, which allows to close the estimates. Next, a deep investigation on the Green function
of the linearized system (9.0.1) and the related spectral analysis is provided, since explicit
expressions are needed in order to deal with the singular parameter €. The dissipative
property of the diffusive Jin-Xin system, together with the uniform decay estimates
discussed above, and the Green function analysis combined with the Duhamel formula
provide our main result. This work can be seen as an intermediate step in order to
extend the results on the solutions to the BGK model for Navier-Stokes, and it is based
on [10].

Research perspective Here we proved the convergence of the solutions to the vector
BGK model to the solutions to the incompressible Navier-Stokes equations on the two
dimensional torus T2. It could be worth extending these results to the whole space and to
a general bounded domain with suitable boundary conditions, but new ideas are needed
to approach these cases. Rather than the more classical kinetic entropy method, here our
main tool was the use of a constant right symmetrizer, which provides the conservative-
dissipative form introduced in [15], and allows us to get higher order energy estimates.
Nevertheless, we do not have an estimate for the rate of convergence, in terms of the
difference [[u® —u™9||,, with u®, u* the velocity fields associated with the BGK system
and the Navier-Stokes equations respectively. Finally, since we obtained a local existence
result for general initial data in the Sobolev spaces, it would be interesting to investigate
the possibility to get a global in time result, with some assumptions of smallness on the
initial data. Taking inspiration from the study of the Green function of the singular
diffusive Jin-Xin system presented here, the idea is to adapt this technique to the vector
BGK model for Navier-Stokes.

Plan of the thesis This thesis is organized as follows.
Part I is devoted to the presentation of the backgrounds on modeling of multiphase
fluids on one hand, and the general analytical theory on hyperbolic systems on the
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other one. In particular, besides the notions of hyperbolicity and symmetrizability and
the related tools, we present a short review on paradifferential calculus in Chapter 2.
Pseudo and paradifferential tools and their strict relation with the energy method will
be important ingredients in the following. At the end of Chapter 2, we also provide a
local well-posedness result for first order paradifferential systems in Theorem 2.4.2.
More precisely, in this context we describe a standard way to construct a
Lax-symmetrizer for a system that satisfies some reasonable assumptions. The
procedure presented here comes from some ideas in [34] and [55]. In [34], the author
shows an energy method which is similar to the one presented here, but there are some
differences which require a different approach. In fact, [34] is the study of a particular
form of singular perturbation approximations, a sort of paradifferential version of the
singular approximation by Kleinerman and Magjda in [17], and some points of that
theory are really based on the particular structure of those systems. On the other
hand, in [55] the energy estimates are obtained by assuming the existence of a
symmetrizer as in Definition 2.4.1 below. What it is worth pointing out is that the
general ideas of the symmetrization technique presented here are well-known, but, to
the author’s knowledge, they are not collected and written in this form in the
literature, though they are really useful for a lot of applications.

At the end of Part I we provide a presentation of dissipative hyperbolic systems. The
symmetrizers theory, rather than the more classical entropy approach, is used in order
to discuss these notions. To highlight the role of the dissipative mechanisms, in
Chapter 3 also the Shizuta-Kawashima condition is presented.

Part II, which is focused on multiphase models in mixture theory, is divided in three
chapters. The first one is devoted to the proof of existence, uniqueness and asymptotic
convergence to the equilibrium of the smooth solutions to the Cauchy problem in one
space dimension, with small initial data, associated with the mixture theory model
presented at the beginning of this part, and it is based on [12]. In the second part, i.e.
Chapter 6, we investigate the multidimensional case by studying an intermediate
model, which contains most of the analytical difficulties of the general d-dimensional
multiphase model. We prove the well-posedness of this intermediate model with three
different methods: the first one makes use of the Leray projector and related
paradifferential tools; besides, we show the convergence of both a continuous version of
the Chorin-Temam projection method, viewed as a singular perturbation
approximation, and the so-called artificial compressibility method, see [75]. These
results are based on [14]. At the end of this part, i.e. Chapter 7, we consider the two
dimensional version of the two-phase model and also the four phases model presented
at the beginning. More precisely, we prove the convergence of one approximation to
the two dimensional two-phase system, made by the composition of some smoothing
operators and the Leray projector, see [9] for different applications of this technique.
Thus, we get the local well-posedness of this multiphase model in two space
dimensions. The proof is based on the energy method combined with paradifferential
tools. Besides, the problems related to the three dimensional case in space are
discussed at the end of this chapter. These results are based on [13].

Part III consists of three chapters. In the first one we present the BGK approach and
its connection with the relaxation method. In Chapter 9, we consider the parabolic

13
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scaled version of the Jin-Xin approximation for scalar conservation laws introduced in
[13]. By studying the Green function associated with the system, we get some uniform
energy estimates which provide global existence and global in time convergence to the
limit system for small initial data, besides the analysis of the long time behavior of
these solutions. The study of the Jin-Xin model under the diffusion scalling comes
from [10]. The last chapter of this part is devoted to the presentation of the BGK
approximation for hydrodynamic equations introduced in [23]. By using the
symmetrizers theory combined with the dissipative property of the singular
approximation BGK system, we prove its convergence to the solutions to the
incompressible Navier-Stokes equations on the two dimensional torus, for a finite
interval of time. This result is based on [11].
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multiphase models and dissipation
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Chapter 1

Multiphase models

The aim of this chapter is to recall briefly the general setting, the main assumptions,
and the physical derivation of models arising from mixzture theory, see [65, 19, 20, 56, 57].
Consider a mixture of N constituents. In the following, we write the equations of balance
of mass

Pn(Ordn + V - (pnvn)) = Ty,

momentum 3
pn(at(¢nvn) +V. ((bnvn & Un)) =V Tn + my + ann7
and energy
pn(at(¢nEn) +V. (d)nEnvn)) = tT(TnLn) -V qn + FnEna
for the n" constituent, n =1,--- , N, where

e p, is the density of the n'" phase, assumed to be the same constant for every phase,

e ¢, (t,x) is the volume fraction of each constituent,
e v, (t,x) is the specific velocity,

e I',(t,x) is the mass exchange rate between different phases,
e T"(t,z) is the partial stress tensor,

e my,(t,z) is the interaction force, which is related to interactions between different
phases across the interfaces,

e F, is the specific internal energy,
e ¢, is the partial heat flux vector,
o [, = Vu, is the velocity gradient.

There is also an hypothesis on the volume fractions,
N
> dultir) = 1, (101)
n=1
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CHAPTER 1. MULTIPHASE MODELS

which means that the mixture is saturated, and no space is left. Besides, we assume the
conservation of the total mass, which is given by the following constraint

N
> Tu(t,z) =0, (1.0.2)
n=1

the conservation of the total momentum, i.e.

N
> iy + Tpon =0, (1.0.3)
n=1

and the conservation of the total energy

N
> Tu(En+ vn - v0/2) + vy - My = 0. (1.0.4)
n=1

Now, summing the mass balance equations for n = 1,--- , N, we get the following diver-

gence free constraint on the averaged velocity of the mixture

N
> V- (¢nvn) =0, (1.0.5)
n=1

which is an incompressibility condition for the whole mixture. Furthermore, it will be
useful to consider the equations for the mixture as a whole
8tpm +V. (vam) = 07

Pm (OtVm + U - Vo) =V - Ty,
(1.0.6)

N N
pm(atEm + Uy vEm) = t’l“(z TnLn) -V gm— Z Up - Mp,
n=1

n=1
where

& Py = Zgzl Prn®r is the density of the mixture,

o v, = ZN pn¢nvn

el is the velocity of the mixture,

m

o T, = Zf:[:l Tn — Pn®nzn ® zn is the tensor for the mixture as a whole and z, =
Up — Um 18 the diffusion velocity,

° Em — ZN pn¢nEn

ne1 is the “inner part” of the energy density of the mixture,
Pm

o gy = Ziv:l(qn + pnénEnzy) is the heat flux for the mixture.

The equations above have been obtained summing the N mass and momentum equations
and using the constraints above.

Following [32], we derive the general form of a mixture model, by considering a binary
mixture of a solid phase S and a liquid one L. Let us focus on the interaction forces
mg, my, where, hereafter, the suffixes S, L refer to the solid and the liquid phase

18



respectively. Since we are in the isothermal case, assuming that the interaction forces
depend on the growth terms and the relative velocity and using (1.0.2), (1.0.3), then

r
mg = PV¢g + M(’UL — ’Us) + TS(UL — 1)5),

r (1.0.7)
mp, = PVor + M(US — UL) + ?L(US — UL),

where P is a pressure term, while M is an experimental constant. In (1.0.7), the second
terms represent the drag forces, while the third ones are the corrections with respect
to the Darcy law. Besides, it can be checked, see [32], that the relations before are
compatible with the Clausius-Duhem inequality, which, according to [60], represents the
second law of thermodynamics.

Now, we notice that (1.0.5) in the case of a binary mixture reads

¢StT(Ls) + gf)Lt’I“(LL) + (’US — ’UL) -Vog = 0.

This equation indicates an indeterminacy, which is represented in the entropy inequality
by introducing a scalar multiplier A\. At this point, one needs restrictions, see again [32]
for more details, and then particular expressions for the Helmholtz free energy for the
solid and the liquid phase are derived. Finally, additional physical assumptions provide
the following expressions of the stress tensors:

Ts = —¢sPI + pspsTs,

_ (1.0.8)
TL = _¢LP17

where T is the excess stress tensor for the solid and P is the hydrostatic pressure. Let
us notice that the physical assumptions lead to an expression for the liquid stress tensor
that does not contain anything else except the hydrostatic pressure.
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Chapter 2

Hyperbolic systems and
paradifferential calculus

This chapter is dedicated to an introduction for the Cauchy problem for multidimensional
hyperbolic systems, which involves the use of energy estimates. First, following [69, &],
we will provide some definitions and technical tools on the key concept of hyperbolicity.
In the context of energy methods, we will introduce the role of the so-called classical or
Friedrich symmetrizer for an hyperbolic system. Furthermore, following [1, 55, 8, 25,

, 1], we will show how paradifferential symmetrizers and the related paradifferential
calculus can be used in order to get energy estimates. We point out that this survey
is far from being complete. Here we try to collect the results that will be useful in the
following. For a further discussion we refer to the works cited above.

2.1 Hyperbolic systems

Consider a N x N system

d
Oa+ Y Aj(t,z,u)0pu = G(t, z,u) (2.1.1)
j=1

in d space dimensions, where ¢ is the time variable and the unknown v € RY depends
on the space-time variable (¢,2) € R x R%. Here, the Aj are N x N matrices, and G is
a source term. Expression (2.1.1) is the most general form of a multidimensional first
order system. However, for our purpose it is sufficient to restrict the attention to the
case of quasilinear systems, where the matrices A; and the source G' depend explicitly
just on the unknown variable u(t,x). Thus, here the most general form of first order
systems under consideration is given by

d
Oru + Z Aj(u)0z,u= G(u). (2.1.2)
j=1
It is worth recalling that, for smooth solutions, a system of conservation laws
d
Opa+ Y0 Fy(u) = G(u), (2.1.3)
j=1
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CHAPTER 2. HYPERBOLIC SYSTEMS AND PARADIFFERENTIAL CALCULUS

is equivalent to (2.1.2), where Aj(u) = VyFj(u). Systems of conservation laws have
several physical applications, such as the Euler equations of fluid dynamics, vehicular
and pedestrian traffic, see [28] for a further discussion.

In the following, our setting will be represented by the Sobolev spaces H*(R?), at least
with s > %. Then, the definitions and the results below will be set in H*(R%).

First, let us consider the Cauchy problem for a linear constant coefficients system

d
Ora+ > Aoy u= f(tx), u(0, ) = uy, (2.1.4)
j=1

where A; are N x N constant matrices, and we assume G(t,z) = f(t,z). If u(t,-)
belongs to C([0,T], H*(RY)) for a fixed T > 0, we can apply the Fourier transform to
the previous equation, obtaining

O +iA(E)a = f, a(0,€) = 1,
where
d
A =D gA;. (2.1.5)
j=1
Thus, the solution is given by
. t . ~
i(t,&) = e 4 O0y(¢) + / e I f(s,¢) ds. (2.1.6)
0

Now, the point is to find conditions in order to have a tempered distribution in £ on
the right hand side of equation (2.1.6), so obtaining the solution u by applying the
inversion formula of the Fourier transform. This fact depends on the behavior of e~#4(©)
for [£| — oo.

The following lemma from [55] follows immediately.

Lemma 2.1.1. If the eigenvalues of A(§) are real for any & € RY, then the exponential
et A& presents at most a polynomial growth for |€] — oo.

Thus, we introduce the definition of hyperbolic systems.

Definition 2.1.1. System (2.1.4) is hyperbolic if the matriz A(§) in (2.1.5) has real
eigenvalues for any & € RY,

From the Plancherel theorem, a necessary and sufficient condition for the well-posedness
of the Cauchy problem associated with (2.1.4) in H*(R?) is the following estimate, where,
hereafter, || - ||s indicates the Sobolev norm:

sup [lu(?)[[s < Crlluolls,
te(0,T)

for a constant Cr depending on 7. We introduce the following definition, see [55].

Definition 2.1.2. The linear system with constant coefficients (2.1.4) is strongly
hyperbolic if there exists a constant C' such that, for any & € R?,

sup [ 4@ < C,
£cRd

or, equivalently, both these two conditions are satisfied:
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2.1. HYPERBOLIC SYSTEMS

o for any £ € R? the eigenvalues of A(€) are real and semisimple;

o there exists a constant C such that, for any & € R%, the norm of the eigenprojectors
of A(&) is bounded by C.

Thus, from [55] we have the following theorem.

Theorem 2.1.1. If system (2.1.]) is strongly hyperbolic, then, for all uy € H*(R?)
and f € LY([0,T], H*(RY)), there exists a unique u which solves the Cauchy problem for

(2.1.4).

A particular class of strongly hyperbolic systems is represented by symmetric and sym-
metrizable hyperbolic systems.

Definition 2.1.3. System (2.1.4) is symmetric hyperbolic if A; is self-adjoint for j =
L d.

Definition 2.1.4. System (2.1.4) is symmetrizable if there exists a self-adjoint matriz
A, positive definite, such that AgA;j is self-adjoint for j =1,---,d. In this case, Ag is
a classical symmetrizer or Friedrich symmetrizer for the system.

The following theorem holds for symmetrizable hyperbolic systems, [55].
Theorem 2.1.2. If the system is hyperbolic symmetrizable, then it is strongly hyperbolic.

There is also another subclass of strongly hyperbolic systems, which is represented by
hyperbolic systems with constant multiplicities and, in particular, strictly hyperbolic
systems.

Definition 2.1.5. System (2.1.4) is hyperbolic with constant multiplicity if, for all
€ #0, A(E) has only real and semisimple eigenvalues with constant multiplicities.

Definition 2.1.6. System (2.1.4) is strictly hyperbolic if, for all & # 0, A(§) has N
distinct real eigenvalues.

From the previous definitions and [55], we have the following lemma.

Lemma 2.1.2. Hyperbolic systems with constant multiplicity, and, in particular, strictly
hyperbolic systems, are strongly hyperbolic.

Now, we return to the case of quasilinear systems in (2.1.2). Consider the symbol

d
A(u, &) =) A (u). (2.1.7)
j=1

Then the previous definitions on hyperbolicity apply to the linearized system
d
O+ Aj(0),;u = G(u), (2.1.8)
j=1

for any u belonging to the domain under consideration. However, the strong
hyperbolicity of the linearized system above is not enough in order to guarantee the
well-posedness of the system. In this context, let us provide the following definition,
see [3].
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Definition 2.1.7. Let U be an open subset of RN. The quasilinear system (2.1.2) is
Friedrichs symmetrizable in U if there exists a C° symmetric matriz Ag(w), positive
definite, such that Ao(w)A;(w) is symmetric for j =1,--- ,d, and for all u € U.

For instance, the isentropic Euler equations in terms of the pressure p and the velocity
v, namely

Op+v-Vp+ypV -v =0,
p(Ov+v-Vv)+Vp=0,
P :p1/76_50/77

where v, Sy are positive constants, can be written as a symmetrizable hyperbolic system
in the sense of Friedrichs. In this case, the system is symmetrized by the diagonal matrix

AO(u) = dza’g(lv ’Ypp'[d%

where u = (p,v), I is the d-dimensional identity matrix. This definition leads to the
following local well-posedness theorem, see [52].

Theorem 2.1.3. Let U be an open subset of RN. Assume that Aj(u), G(u) in (2.1.2)
are C* functions of the unknown u, and that system (2.1.2) is Friedrichs symmetrizable.
Consider the Cauchy problem associated with (2.1.2) and initial data ug € H*(R?), with

s > % + 1. There exists a T > 0 such that there is a unique classical solution to this
problem u € C*([0,T] x R N C([0, T], H*(R?)) N C*([0,T], H*~1(R)).

Furthermore, there exists also another more extended version of symmetrizability. In

order to deal with, we need to introduce some preliminary tools on pseudo and
paradifferential calculus.

2.2 Pseudo and paradifferential tools

Following [1, 55, 74, 4], here we aim to provide a self-contained description of the main
tools on pseudo and paradiffential calculus. We limit ourselves to the arguments that
will be useful in the following, while, for an accurate discussion, we refer to [1, 55, 74, 4].

2.2.1 An introduction

The spatial Fourier transform p(¢) of p(z) € §(R?) is given by

6 = | pla)e" e

Similarly, the inversion formula reads

p(z) = (2m)~¢ / P(E)e™E de.

Rd

Consider a multi-index with o = (@;);j=1,... 4 and take the o derivative
Dp(a) = (20 [ i),
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where D* = D" --- D", and D; = %6@. We associate the notation p(D) = D, to the
zj

integral operator above. In a standard way, p(D) is said to be a differential operator
with symbol p(§) = £¢. More generally, a differential operator can also depend on the
spatial variable x. For instance, we can write a differential operator of order k in the
following form:

p(z,D) = Z ag(x)D?,

|| <k

for some smooth coefficients a,(x). In this case, we say that the symbol associated with
the operator above is

ple.&) = 3 aa()e,

la|<k
and it acts on u € § (the Schwartz space) in the following way:
p(z, D)u(w) = T2, (p(x, ©)u(€)) = (2m)~ /decc, £)a(€)e™ de.

However, differential operators are restricted to polynomial symbols. We can consider a
more general class of symbols by introducing the notion of pseudodifferential operators.
We look for a class of admissible functions p(z, &), which means that

e p(x,&) has a polynomial type behavior with respect to &, i.e.
08p(, €)] < cal(€)™1,
for some m,

e the variation of p(z,&) with respect to  must be weak enough such that the
difference between the amplitude p(z,£) and the phase ¢¢ in the integral above
is preserved, i.e.

10z (2, &)| < ca(E)™,

where, hereafter, we set
A(E) = (14 [¢H)>. (2.:2.9)

This qualitative description leads to the following definition.

Definition 2.2.1. Letm € R. Let S™ = S™(R?xR%) be the set of p(x, &) € C°(RIxR?)
such that, for all a, 3,
070 p(x, €)| < caph(€)™ 10,

An element of S™ is called a symbol of order m. We also denote infinitely smooth
symbols with S™°° = N, S™. The related operator acting on u € 8 is

bl DaJu(e) = 5, (b, )il€) = [ e pla (6) e (2.2.10)

Example 2.2.1. Let p(§) an homogeneous function of degree m, i.e., for all
A >0, p(AE) = A™p(€) which is C™ for € #0. If x € C(RY), with

)1 forlé] <1,
X(g)_{O for|¢| > 1,

then p(&) = (1 — x(&))p(€) is a symbol of order m.
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Example 2.2.2. Let ¢ € 8. Then ¢(&) is a symbol of order —oo.
Example 2.2.3. The function p(x,£) = €€ is not a symbol.
We have the following elementary properties:

e if p € 8™, then 858?]9 e gm~lal,

o if pe S™ and ¢ € S™", then the composition pg € S™ +™"

o if p € S™, then p € §'(R??), i.e. the space of tempered distributions.

Now we introduce the notion of asymptotic sum, which will be useful in the context of
adjoint and composition operators.

Definition 2.2.2. Let p; € S, j € N, for a decreasing sequence m; — —oo. We write

P~ b

i.e. an asymptotic sum in the sense of the behavior for |{| — 400, which means that,

for all k >0,
k

p— ) pj €SML
=0

The previous definition is based on the following lemma, see [1].

Lemma 2.2.1. (Borel) Let (b;)jen be a sequence of complex numbers. There exists
f(x) € C®(R) such that, ¥j fU)(0) = b;, then it holds f(z) ~ 3" bj% when x — 0.
Thus, we have:

Proposition 2.2.1. There ezists p € S™ such that p ~ ) p;.

2.2.2 Pseudodifferential operators in § and &’

Here we provide some results on pseudodifferential operators in the Schwartz space §
and the space of tempered distributions §’.

Proposition 2.2.2. If p(x,D) € S™ and u € 8, then

p(x, Dyu(x) = (2m) ™ / e, )a(€) dé
R4
defines a function of S.

We introduce the Schwartz kernel associated with a pseudodifferential operator acting
on the Schwartz space 8. Let p(x,&) € S™°. For u € 8,

P(z, Dyu(z) = (2r)~ / e Ep(z, €)a(E) de

R4

= [y [ de
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Thus,
K(z,y) = (2m) / D Ep(, £) de

Rd
is the Schwartz kernel associated with the operator p(z, D). If p(z, D) € S™, we extend
the previous formula as follows:

K(z,y) = (21) " (Femsup) (2, y — @),

where F¢_,,p is the Fourier transform of p with respect to the variable £ in §'(R?"), and,
by the inversion formula, one yields

p(,€) = Fye[K(z, 2 = y)],

meaning that there is a bijection in 8'(R??) between symbols and operator kernels. This
is useful for what follows.

Adjoint operator Let p(z, D) be an operator acting on 8. By definition, the adjoint
p*(x, D) : 8" — 8§ is such that, Vu € 8§, Vv € §,

(p(x, D)u,v) = (u,p*(z, D)v).
Then, if p*(x, D) exists, it is unique, thanks to a density argument. Clearly, if v € §
and v € § as before, then

(u,v) = (u, ),
where (-, ) is the duality bracket, and so
(p(z, D)u, v) = {p(x, D)u,v) = (u,p*(x, D)v) = (u, p*(z, D)v).
If p(z,D) = Z| al<m aq(x) D is a differential operator with slowly increasing coefficients,
it is easy to see that
(p(z, D)u,v) = (u,p*(x, D)v),
where p*v =3, <, D*(@qv). More generally,
(K (z,y)u(y), v(x)) = (p(x, D)u,v) = (u, p*(z, D)v)
= (u,p*(z, D))
= (K*(z, y)v(x), uly)),

namely

K*(z,y) = K(z,y) = (27T)_d/ e (2, €) de,
Rd
and

P, &) = [ K*(x,x—y)e ¥ dy
Rd

= (2m) ¢ /R ) eV O 5(x — y,n) dydn

= (2m)? /R ) e Wp(z —y, & —n) dydn.

The previous considerations lead to the following theorem, see [1].
Theorem 2.2.1. Let p(z,§) € S™, then p*(x,§) € S™ and

1
P(,€) ~ 3 08 DI, ).
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Composition of operators Let pi(x, D) and p2(x, D) be two different pseudodiffer-
ential operators. For u € §,

p1(x, D)p2(x, D)u(z) = (2”)_d/ &7 Epy (2, )pa(, E)ul€) de,

Rd

where

—

pa(e €u€) = (2~ [ Dpa(y. i) dedy

This means that, at least formally,

q(z,€) = (2m) ¢ /Rd e~ @ED (2, 9)pa(y, €) dydn. (2.2.11)

As in the adjoint before, here the composition ¢ is a convolution in (y,n), for (z,£) fixed.
Thus, we have the following composition theorem, see [1].

Theorem 2.2.2. Let pi(x,§) € S, pa(x,&) € S™2. Then,
pl(va)pQ(va) = Q(va)a
with Q(‘rvé) :pl(J:?f) Op2(1‘7£) € S™MEm2 in (222); and

1
g~ —OEm D
o

The following corollary, proved in [1], will be extremely useful in Section 7.

Corollary 2.2.1. Let pi(z,£) € S™,pao(x,§) € S™2 be symbols of two different
pseudodifferential operators. The commutator

[p1,p2] = p1p2 — pap1 (2.2.12)
is an operator of order mi + mgy — 1.

Remark 2.2.1. Let us point out that the statement of Corollary 2.2.1 follows directly
from the asymptotic sums given by the composition theorem 2.2.2, and it holds for scalar-
valued symbols. Actually, in more general cases, for instance in the case of matriz-valued
symbols, i.e.

pi(@,€) € (S™ (R x RY)™™, pa(z,€) € (5™ (R? x RY))™F,

the commutator operator [p1,p2] has order my + mg — 1 if the highest order terms of
the asymptotic sums associated with the compositions p1pa and pap1, i.e. p1(x,&)p2(z,§)
and pa(x,&)p1(x,§), commute with respect to the standard matriz product. Otherwise,
the order of the commutator is my + mo.

Action on Sobolev spaces From [l], we have the following theorems.
Theorem 2.2.3. If p(z,&) € S°, then it defines an endomorphism of L?.
Theorem 2.2.4. If p(z,&) € S™, then, for s real and u € H®,

p:H* = H™",p(z, D)ulls—m < Cllulls,

for a constant value C'.
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Homogeneous symbols A symbol p(z, &) € C®(R? x R? — {0}), satisfying Definition
2.2.1 and homogeneous of degree m in &, is almost a symbol of a pseudifferential operator
of degree m, in the sense that the singularity at the origin has to be removed. To this end,
it is customary to introduce a cut-off function x(§) € C'*°, vanishing in a neighbourhood
of the origin and such that x(§) =1 for || > 1. This way, defining

p(z,§) = p(z,§)x(8),

we get a symbol associated with a pseudodifferential operator of order m. Any other
regularized symbols differ from p by an infinitely smooth symbol belonging to S™>°. The
class of homogeneous symbols of degree m will be denoted by S™. From [8], we have the
following inequality for positive symbols.

Theorem 2.2.5. (Garding inequality) If p € S™ (p € S™) such that, for a positive
constant C,

p(@,8) +p(x,€)" = CA§)" 1,

for all z € RY and || large, where p(z,€)" is the conjugate transpose of p(x,€) in the
sense of matrices, and I; is the d-dimensional identity matriz, then

Re(p(x, D)u,w) > eil[ull?, ;o = eallull} oy,
for some constants c1,co and u € H™/2,

Symbols satisfying spectral properties We just mention a special class of symbols
satisfying the following definition.

Definition 2.2.3. Consider p(z,&) € S™ such that
30> 0: Fomsyp(n,§) =0 for [n] > 0A(E),

: supp(Fa-syp(n, ) C B(0,6A(E)),

where B(0,3A()) is the ball of center 0 and radius A(E). This class of symbols will be
denoted by X™.

These symbols with spectral localization will be useful in the context of paradifferential
calculus.

Notice that in Definition 2.2.1, we require the function p(z, &) to be infinitely smooth
in x, so the previous results are based on this assumption, which is clearly too much
restrictive if one wants to apply the pseudodifferential theory to get some results on a
given nonlinear problem. Thus, we need to relax this hypothesis, or, in other words, we
need to apply a regularization procedure to the functions which are not smooth enough
in x to be considered symbols. We aim to explain this in the following subsection.

2.2.3 Littlewood-Paley theory and dyadic decomposition

The main idea under the so-called dyadic decomposition is well explained in [25]. It is a
regularization procedure which consists in localizing the frequencies (with respect to the
spatial variable x of a function p(z, ), after taking its Fourier transform) by considering
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a decomposition of the frequency space into annuli of size 29, where ¢ is a natural
number. This kind of decomposition regularizes p(x,-) € 8’ thanks to the behavior of
the tempered distributions with respect to differentiation, when their Fourier transform
in compactly supported (Paley-Wienier-Schwartz theorem). In particular, from [25] we
have the following result.

Theorem 2.2.6. Let \; < Ay be two positive constants and take u € L?. There exists a
positive constant C' such that, for all integer k and, for a constant value r > 0,

if suppi € B(0,\i7), then sup ||0%lo < C*r¥|ullo,

|a|=k

if suppt € C(0,\ir, \or), then C~FrF|julo < sup [|0%ullo < C*rF||ullo,

|a|=k
where C(0, \17, Aar) is the ring of center 0, short radius A\ and long radius Az.

Thus, the idea here is to write a function p(z,£) with limited smoothness in z as a
sum of (smooth) symbols, obtained, thanks to the Paley-Wienier-Schwartz theorem, by
localizing the frequencies as the spectral localization of ¥ in Definition 2.2.3, and a
remainder of lower order.

Now, take ¥(§) € Cg°(R™), 0 < <1, so that

L k=12,
P(§) = {0’ >0 (2.2.13)

Introduce ¢(&) = ¥(£/2) — (€), which is supported in 271 < |¢| < 2, and, for all &,
setting ¢i(§) == $(27%¢),
B(E) + D k() = 1.
k=0
Now, let
Sou = A_ju = P(D)u, Agu = ¢r(D)u.
Then

x
u=Sou+»  Agu,
k=0

where supp ¢r(€) C {2871 < |¢| < 281}, Besides, we denote by
p—1
Spu = Z Aru
k=—1

the partial sums. Notice that, by convention, A, = 0 for p < -2 and 5, = 0 for p < —1.
From [25], we have the following propositions.

Proposition 2.2.3. For s real, let u € H*(RY) (8'(RY)). Then

lim Spu = u,
pP—00

in the sense of convergence for tempered distributions.
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Proposition 2.2.4. There exists a constant C such that, for s real and u € H*(R?),
—1[, 12 2 2 2
CHul? < ) 22 Aqul§ < Cllull?.
9=-1

This last result allows us to define the norm

1/2
ul = ( ) 22qsquuu%> , (2.2.14)

g>—1

which is equivalent to the usual H®*-norm. Moreover, the following is a useful theorem
from [25].

Theorem 2.2.7. Let (uy)y>—1 be a sequence in 8'(R?) such that suppug € B(0, R) for
a fized R > 0, and suppug € 29B(0,R). If the sequence §; = (2%°||uqllo) is square
integrable, then

1/2
u= Z ug € H*(RY), and [|ul|? < C’( Z (53) ,

g>—1 g>—1

for a positive constant C'.

2.3 Paradifferential operators

Paradifferential calculus comes from the regularization procedure applied to symbols
p(z, &) with limited regularity in the spatial variable z. It is customary to say that, after
smoothing the symbols, one obtains symbols associated with paradifferential operators.
We begin with the simplest case of symbols independent of &.

Paraproduct Given two tempered distribution u, v, we write

U= Z Apu, v = Z Aqv,

p=>—1 q>-1

and, formally, this yields
uv = Z ApuAgv.

p,g>—1

This product can be written as
wv = Tyv + Tyu + R(u,v),

where the first term concerns the high frequencies of u compared with low frequencies
of v, the second addend represents the high frequencies of v against the low ones of u,
while the last term is made by the frequencies of v and v of the same size. Here, the
paraproduct of v by u is

p—3
Ty = Z Apu Z Ay = Z Sq—2ulgv,

p>2 g=-1 q>2
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and the remainder is given by

R(u,v) = Z Apulgv.
lp—q|<2

When it is well-defined, the remainder term is the smoothest one. Precisely, the regu-
larity of R(u,v) is almost the one of u plus the one of v (see [¢], Theorem C.9). More-
over, T,v is a typical example of paradifferential operator of order 0.

Proposition 2.3.1. If u € L, for all s real and v € H?®, there exists C > 0 such that
[Twolls < Cllullso|lv]ls-
For a proof see [3, 55], where they also prove the following error estimate.

Proposition 2.3.2. For s > 0, there exists C > 0 such that, for u,v € L N H?,
luv = Tyolls < Cllullolv]ls-
Besides, another useful result is proved in [55].

Proposition 2.3.3. If v € L>® and Vu € H*™', with s > 0, there exists a constant
C > 0 such that

luv = Tyvlls < ClIVulls-1[v]lo-

Symbols with limited spatial smoothness Now, let us return to the more general
case of a function p(z, ), depending on both z,£ and with limited regularity in x. We
state the following definition, see [55] for a further discussion.

Definition 2.3.1. Letm € R and B € 8’ be a Banach space. We denote by T'}} the space
of distributions p(z, &) on R x R? that are C* in €, and such that, for all multi-index
a € N4, there exists a constant Cy such that

10p(-,€)[l5 < A(e)™ 1L,

Moreover, X is the subclass of functions o(x,§) such that there exists 0 < § < 1:

supp Fp—no(n,§) C B(0,5A(E)).

Remark 2.3.1. For our purpose, we refer to the space B = H®, s > %4— 1. As remarked
in [50], if B C L™, then T} C T']* and X C X', where the subscript 0 refers to the
space L™ equipped with the standard norm. Notice that the functions of X% are such
that their spatial Fourier transform is compactly supported, then these functions are C*°
in x, and so they already are symbols. As a matter of facts, the smoothing procedure for
non regular symbols I'Y works by associating any function p(x,§) € T with a symbol
o(z,§) € X,

The smoothing procedure makes use of an admissible cut-off function to truncate the
spatial Fourier transform of functions in I'fy.
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Definition 2.3.2. x(n,&) € C®°(R? x R?) is an admissible cut-off function if there exist
€1,€2, 0 < &1 < ey <1 such that

1 if Inl <er(1+[€]),
0 if | > e2(1 4 1€)),

and, for all (o, B) € N¢ x N4, there exists Ca,p such that, for all (n,&)

x(n,€) = {

10907 x (1, €)] < Cap(1 + [¢]) 71711,

Example 2.3.1. If ¢,v are as in the Littlewood-Paley decomposition above, then an
admissible cut-off function is

X(0,8) =D (27277 = tp2(n)dp(€)-

p=0 p=0
The following proposition, see [3, 55], gives the smoothing procedure.

Proposition 2.3.4. Let x be an admissible cut-off function. For any p(z,£) € T,
define

O-P(xv 5) = g:;im(X(ajv 5)) *g p(ﬂ?, 5)7
where %, indicates the convolution operator with respect to the variable x. Then o,(x,§) €

Y C XFt. Moreover, if p(x,§) is at least Lipschitz in x, i.e. p(x,&) € I'(", where the
subscript 1 refers to the space WY in x, then the remainder p(z, &) — op(x, &) € an_l.

It can be shown, see [, 55], that the smoothing procedure does not depend on the
particular choice of the admissible function. Now, we can define the paradifferential
operator associated with p(z,£) € T, which is just the pseudodifferential one that
comes from op(z,§).

Definition 2.3.3. For p(z,§) € I'f C I'y*, given an admissible cut-off function x(n,§),
the paradifferential operator T}, is defined by

d

Tyu(z) = (27) /[R 50 (. €)(€) dE.

Now, since o, € X' C S™, the previous results on pseudodifferential operators apply
here and they also extend to the case of matrix-valued symbols.

2.4 Hyperbolic systems and symbolic calculus

Now, we are ready to go back to the notion of symmetrizability for hyperbolic systems.
Consider again the quasilinear system in (2.1.2). From the previous section, we can now
associate a symbol,

d
A(u, ) = D4 (), (2.4.15)

to the first order operator in (2.1.2). Since the symbol also depends on the unknown
u(z) € H5(RY),s > % + 1, we need to apply the smoothing procedure in order to get
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the paradifferential operator Tj4(u¢) associated with (2.4.15) and do calculations.
Nevertheless, as we have seen, operations with pseudo or paradifferential operators
reduce to calculations with the related symbols, in the spirit of the so-called symbolic
calculus.

First of all, from [55], we have the following useful error estimate.

Lemma 2.4.1. Let s > %+ 1 and u € C([0,T]), H'(R?)), Then, for j = 1,--- ,d, there
exists a constant C such that

I[Aj(w) = Ta; ()]0, ulls < ClIVeAj(w)lls—1lulls.
Here we extend the previous definition of symmetrizability.

Definition 2.4.1. System (2.1.2) is said to be Lax-symmetrizable if there exists a matriz
S(u,&), homogeneous of degree 0 in &, with entries C™ in (u,§) when & # 0 and such
that:

o S(u,€) is self-adjoint and positive definite,
o S(u,&)A(u,§) is self-adjoint.

Notice that the symbolic symmetrizer S(u, &) can be singular in . This requires to apply
the regularization procedure discussed previously in paragraph Homogeneous symbols.
We have the following well-posedness result (see [55]).

Theorem 2.4.1. Let s > % + 1, and consider the Cauchy problem associated with a
Laz-symmetrizable system (2.1.2), and initial data uy € H*(R?). Then, there evists a
time T > 0 such that this problem has a unique solution u € C([0,T], H*(R%)).

Construction of symbolic symmetrizers However, it is not so simple to find a
symmetrizer in practice. Here we describe a standard way to construct a
Lax-symmetrizer for a system that satisfies the assumptions below. The procedure
presented here comes from some ideas in [31] and [55]. In [34], the author shows an
energy method which is similar to the one presented here, but there are some
differences which require a different approach. In fact, [31] is the study of a particular
form of singular perturbation approximations, a sort of paradifferential version of the
singular approximation by Kleinerman and Majda in [17], and some points of that
theory are really based on the particular structure of those systems. On the other
hand, in [55] energy estimates are obtained by assuming the existence of a symmetrizer
as in Definition 2.4.1. What it is worth pointing out is that the general ideas of the
symmetrization technique presented here are well-known, but, to the author’s
knowledge, they are not collected and written in this form in the literature, though
they are really useful for a lot of applications.

Here we consider the most general case of a hyperbolic quasilinear system of the first
order

dyu+ B(u,D)u = G(u), (2.4.16)

where B(u, D) is “almost” a paradifferential operator of the first order, with matrix-
valued symbol of degree 1 in &, given by B(u,¢) € MMV and u(t,x) belonging to
a subdomain of RV, with (t,z) € R x R?. The word almost refers to the fact that,
since B(u, ) depends on the spatial variable 2 through u(t, x), we need to process the
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regularization procedure described in section Paradifferential operators in order to apply
the theory developed before. System (2.4.16) also covers the case of B(u,§) = iA(u,¢§),
where A(u, &) is the symbol in (2.4.15), associated with a classical quasilinear hyperbolic
system as in (2.1.2). However, we will discuss this and another important case at the
end of this section. Let us list here the assumptions that we require on system (2.4.16).

e The matrix-valued symbol B(u, &) € MY*V in (2.4.16) is diagonalizable with
purely imaginary eigenvalues, namely

B(u,&) = V(u,8)iD(u, &)V (u,8),

where V' (u,§) is the matrix with the eigenvectors on the columns, while iD(u,§)
is the diagonal matrix of the eigenvalues;

e the smoothed version, through an admissible cut-off function as in Proposition
2.3.4, of the matrix-valued symbol iD(u, ) + (iD(u,&))*, where (iD(u,§))* is the
adjoint in the sense of matrices, is a bounded symbol belonging to (S°(R%))V*N
for ¢ € RY — {0};

o V(u,¢) and V—1(u,€), which is the inverse in the sense of matrices, are bounded
matrix-valued symbols for & € R? — {0}.

The standard symmetrization procedure takes inspiration from the following formal
observation. Let S(u, &) := (V~1(u, &))*V~1(u, &), where the adjoint and the inversion
are intended to be in the sense of matrices. Symbolically and formally, setting (-, -)o be
the standard L? product, for u € RY we write

(S(w,&)B(u,&)u,u)o = (V"'(,€))"V""(u,6)B(u,§)u,u)g
= (V7" (w,&)B(u,u, V= (u,&)u)o
= (V7w )V (u,)iD(w, )V~ (u, u, V= (u,&)u)
= (iD(w, )V (u, §)u, V= (u,E)u)g
= (iD(u,&)w,w)o,
where w = V~!(u,&)u. This formal calculation shows that S(u,¢) is “almost” a

symbolic symmetrizer for the system, in the sense that it symmetrizes the
matrix-valued symbol A(u,§) in the sense of matrices, but we still have to deal with
the following two problems:

1. the singularity of S(u,&) in £ = 0;

2. the positivity of the paradifferential operator associated with the symbol S(u,¢)
with respect to the scalar product of H?®. Indeed, according to the
Garding inequality in (2.2.5), this does not follow immediately from the
positivity, in the sense of matrices, of the matrix-valued symbol S(u, &), which is
guaranteed by the definition of S itself.

Remark 2.4.1. We point out that one could have to deal with the singularity in & =0
also in the case of a symbolic symmetrizer. In fact, S(u,&) in Definition 2.4.1 is a
matriz-valued symbol homogeneous of degree zero and, as we have seen, homogeneous
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symbols can have a singularity in & = 0. In paragraph Homogeneous symbols, we
mentioned a standard regularization procedure near to & = 0 that allows to solve this
problem. Moreover, also the Garding inequality has to be handled here. In the case of
matriz-valued symbols, these kinds of processes are not so standard. In the following,
we will deal with this problem for systems satisfying the assumption above. For a
general symmetrizable system in the sense of Definition 2.4.1, this part is presented in
details in [55].

Taking inspiration from [55], we define the following matrix-valued symbol:
W (u,€) := (1—0x())V 1 (u,8), (2.4.17)

where

O\()Id = 6(A""¢)1d
for any fixed positive parameter A and for any 6(¢) € C°(R?), such that

0=1 forl¢ <1,
0<6<1 forl<[¢] <2,
0=0 forl¢ > 2.

We define the symbol:
S(u,&) = W (w, W (u,€) + 63 ()14, (2.4.18)

where W* is the adjoint in the sense of matrices. Since we are working in the Sobolev
spaces and matrix (2.4.18) depends on x through u, we need to apply the regularization
technique described in paragraph Paradifferential operators in order to use symbolic
calculus tools. This leads to the following paradifferential symmetrizer:

Y = (Tw)*Tw + 03(D)1d, (2.4.19)
where (Ty)* is the adjoint operator. By definition, ¥ is self-adjoint, and
(Zu,w)o = || Twullg + [10A(D)ul3,

for any u € L?(R%). This norm is equivalent to the L?-norm, as it is proved in the
following Lemma.

Lemma 2.4.2. There exist constant values ¢, ¢ such that, for every u € L?(R?), we have
cllullf < (Zu, u)o < ¢f|ulj.
Proof. Since ¥ in (2.4.19) is an operator of order 0, the right side inequality follows
directly from paradifferential properties (see [55]). We focus on the left one.
Let Wy := (1 —60(€))V—1(u, &) and Wo := (1 — 0(€))V (u, ). By construction,
WoWi = (1 - 6(¢))*Id.
Notice that, for A > 2,
(1= 0x(£)(A = 0(8)) = (1 = 0r(8))-
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Definition (2.4.17) yields

(1—0())(1 - 0:(€)V 1 (u, &)

=1 -0V (w, &) =W,

and
WaW = (1 —0(£))(1 — 0x(§))Id = (1 — 0(£))Id.
From the composition theorem in Section 2, we have
Tw,Tw = (Id+ R)(1 — 6x(Dy)),
where R is a remainder of order less than or equal to -1. In particular,

(1 = Ox(Dz))ullo < c(Wa)||Twullo + c(R)[[(1 = Ox(Dz))ul g1,
for every u € L?(R?). Now, recalling that A(¢) = (1 — A(f))%, where A(§) is the symbol
of the Laplace operator,
I(1 = Ox(D2))ul[ -1 = [|(1 = 6:(€)) A~ (€)allo- (2.4.20)

From the definition of 0 (&), we also have (1 — 0,(£))A(E)™! = 1=0()) < 1 and,

(L+Ig)2 = N
from (2.4.20),

(1 = Ox(Dz))ull g1 < %H(l — 0x(Dz))ullo-

This gives

I~ OxD)uly < (W) [Twulo + "0 1~ 3D,

then we can choose the parameter A > 2 big enough such that CTR) < 1. This way,
(1 = 0x(Dz))ullo < c(Wa)||Twullo.
Squaring, we have
lull§ < (W) Twull§ + |6xul3.

O

Now, we are ready to get energy estimates in the Sobolev spaces H*(R9), s > %l +1. We
apply the operator A*(D), whose symbol is A*(€) = (1 4 |£]?)%/? and we take the time
derivative:

%(EASu, A’u)g = (O XA%u, A®u)y + 2Re(XA°0pu, A®u).
The first term of the right hand side,
X = (To,w) Tw + (Tw) To,w
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is an operator of order 0, depending on d;u = —B(u, D)u+ G(u). Thus,
|(8:5Aw, Au)o| < c(|0uloo) [ull? < e(uloo, [0z, ulo0) [ullZ < e(lfulls)]ull,

where inequalities above follow from Lemma 2.4.2 and the Sobolev embedding theorem.
Besides,

(XA%0pu, A®u)g = —(EASTB(u’g)u, A’u)g + (EASTg(u),Asu)O +Q,
where
Q = (N*[Taug) — Blu, D)u, Au)o — (A [Ty — G(w)], A*u)p.

From Section 2,

@ < c(llulls)[lulls

and, from the composition theorem in Section 2,
|(EA TG ), Au)o| < c(flulls)[[ulls.
It remains to deal with

Re(ZASTB(u{)u, Asu)o = Re(ZTB(u7§)A8u, Asu)o
+ Re(S[A*, Tu,g)lu, A°u)o.

The composition theorem in Section 2 states that the commutator symbol

A%, Tpuel = 3 AN (E)DIB(u, &) — 9 B(u,§)DIA™ ()

la[>0

= > FN(E)DgB(u, &) — 98 B(u, &) Dy A*(€),

o >1
due to the fact that A*(§) = A®(€)Id is diagonal, and so the term of degree 0
A*(€)B(u,§) — B(u, §)A(E) = 0.

This means that operator [A®, T’ B(u@] has order s, i.e., by the Sobolev embedding theo-
rem,

|Re(S[A%, Tp(uglu, Au)o| < c(|[ulls)[[ul.

Finally, we have to deal with
Re(ZTB(u@ASu, Asu)o.

From the adjoint and composition theorems in Section 2, and by definition (2.4.18), the
matrix-valued symbol of degree 1 in the expansion of YT}y is given by

(V7 w,6) V7w, 6)(1 = 01(€))*B(u, €) + 01(£)* B(u, €).

By construction, as mentioned before,
B(u,€) = V(u,8)iD(u,§)V " (u,§).
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We define
N = (V"' (1,9)*iD(u, V" (u, &) (1 — 0,(€))>

This way,
Re((V™H(w, ) V7 Hw, §)B(u,€)(1 - 6,(€))*) = N + N* =0, (2.4.21)

where, again, the adjoint is intended to be in the sense of matrices. From the adjoint and
the composition theorems in Section 2, the symbol associated with the paradifferential
operator Re(ZTiB(u@) has order less than or equal to 0 with respect to &, thanks to the
vanishing term of degree 1 in ¢ in (2.4.21) in the asymptotic expansion related to the
composition. Thus,

[Re(ST (A%, A*w)] < e [ull.) ]l

Moreover,
|Re(i0\(D)B(u, §)A%u, A%u)| < [|0x(D)B(u, §)A%uljo|[A%ulo
< V1+4X2(|0,(D)B(u, )A*  ulfo][A*ullo
< e(|ulls)lul-
Putting them all together,
|Re(XTp(ue) A%, A*u)o| < c([ulls)llull?,

and so p
%(EASu,ASu) < c(||u|]5)HuH§ (2.4.22)

Energy estimate (2.4.22) implies, through a standard argument, for instance see [57],
local existence and uniqueness of the smooth solution to the Cauchy problem related to
system (2.4.16). Precisely, we state as follows.

Theorem 2.4.2. Let s > 2 + 1. There exists a unique solution u € C([0,T], H*(R?)),
T > 0, with initial data ug € H*(R?), to system

Ou+ B(u,D)u= G(u),
satisfying the following assumptions:

e the matriz-valued symbol of the first order B(u, &) € MN*N is diagonalizable with
purely imaginary eigenvalues, namely

B(u,€) = V(u,)iD(u, )V~ (u,€);

e the smoothed version of iD(w,§) + (1D(u,&))* is a bounded symbol belonging to
(SOR))NN for € € R — {0};

o V(u,&) and V=1 (u, &) are bounded matriz-valued symbols for &€ € R? — {0}.

Though the assumptions listed above are more restrictive than symmetrizability in Def-
inition 2.4.1, they provide a standard procedure to construct an explicit symbolic sym-
metrizer, also in the case of a quasilinear first order system in (2.1.2). Thus, it is worth
mentioning the following result.
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Corollary 2.4.1. Let s > % + 1. There exists a unique solution u € C([0,T], H*(R?)),
T > 0, to system

d
Oru+ Y Aj(u)dyu= G(u),
j=1

with initial data ug € H*(R?), if the matriz-valued symbol
d
A(w§) = &4;(w)
j=1

satisfies the assumptions of Theorem 2.4.2.

We end this section with an important observation. Theorem 2.4.2 applies also when
B(u,§) = B1(u,£)Ba(u,§), i.e. the first order operator is given by the composition of
two or an arbitrary number of operators. In this case, in order to apply the construction
before, the assumptions in Theorem 2.4.2 have to be satisfied by the matrix-valued
product symbol By (u,§)Bs(u, ), which is the highest degree term in £ in the asymptotic
sum related to the composition operator. For our purpose, it is interesting to consider
the projected system:

d
ou+P Z Aj(u)0;,u=PG(u),
j=1

where P is any projector onto the space of u satisfying some properties. We ask for P
to be an operator of degree less than or equal to 0 in &.

For instance, in the following we will deal with the Leray projector, namely the projector
onto the space of the divergence free vector field. The Leray projector is homogeneous of
degree 0 in &, then it also requires the regularization procedure for homogeneous symbols
near £ = (, see Section 2. The following result will be useful in sections 6 and 7.

Corollary 2.4.2. Let s > g + 1, and let P be the Leray projector, i.e. the projector
onto the space of the divergence free vector field. There exists a unique solution u €
C (0,7, H*(RY)), T > 0, to system

d
Ou+ P Aj(u)d;u=PG(w),
j=1

with initial data uy € H*(RY), if the matriz-valued symbol

d
P(&A(u,&) =P(€) > &A;(u)
j=1

satisfies the assumptions of Theorem 2.4.2.
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Chapter 3

The role of the dissipative
mechanism

According to the general theory on system of balance laws, see [28], system
d
O+ Aj(0)d,;u = G(u), (3.0.1)
j=1

with initial data u(0,z) = ug(z), where (t,2) € RT x RY and u € RY, has a unique
local smooth solution if the initial data are smooth enough. In the general case, also for
smooth initial data, classical solutions may break down in finite time. Nevertheless, in
some cases, dissipative properties of the source term G(u) can prevent the formation of
singularities, at least for initial data small enough, in the sense of the norm of the Sobolev
spaces. A typical example is the Euler equations with damping, see [10, (1] for the one
dimensional case, and [71] for the three dimensional one. It is worth recalling that a very
useful ingredient in the framework of dissipative hyperbolic systems is represented by
the mathematical entropy associated to the system, whose definition in given in [39], and
the related entropy dissipation condition. We refer to [39, 15] for a detailed discussion.
Here we do not explore this theory, since in the following we do not have an explicit
entropy function for the systems that we are going to study. On the other hand, we will
consider the more general class of symmetrizable hyperbolic systems, and the dissipative
properties in the following will refer to these kinds of structures.

Assumption 3.0.1. Let (3.0.1) be a symmetrizable system with symmetrizer Ag(u),
i.e., according to Chapter 2, Ag(w) is symmetric and positive definite, and

d
Ap(w)du+ > Aj(w)d,, u= G(uw) (3.0.2)
j=1

with Aj(u) = (Aj(uw)T for j = 1,---,d, where Aj(u) = Ag(u)A;(u), and G(u) =
Ap(u)G(u).

The first very strong condition which prevents shock singularities is called totally dissi-
pative property.

Definition 3.0.1. System (3.0.1) is said to be totally dissipative if there exists an N x N
matriz D(u) such that:
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CHAPTER 3. THE ROLE OF THE DISSIPATIVE MECHANISM

e D(u) is strictly negative definite;
e G(u) = D(u)u.

With some modifications due to the particular context, this is essentially the dissipative
property satisfied by the one-dimensional hyperbolic system in Chapter 5. However, this
strong dissipative condition is verified just by very few physical systems. Another more
reasonable property is the partially dissipative condition.

Definition 3.0.2. System (3.0.1) is said to be partially dissipative if

Glu) = < (J((L) > ’

where 0 € RN g(u) € RY2, with Ny + Ny = N, and

== % b )

where 3(B(u) + B(u)T) has Ny strictly negative eigenvalues.

However, partial dissipation is not enough to prevent the formation of singularities, see
[39] for a discussion on partially dissipative hyperbolic systems. We need to impose
another supplementary condition, which comes from the approach by Shizuta and
Kawashima, see [16, 70]. Although there are many equivalent formulations, the
so-called Shizuta-Kawashima condition for system (3.0.1) reads:

d
ker G'(m) N {eigenspaces of ZAj(ﬁ)fj} = {0},

Jj=1

for every ¢ € R — {0}, and every 1 belonging to a subdomain of R, with G(i) = 0.
This condition, which is satisfied by many physical systems, allows to prove a global
existence result for smooth solutions, for initial data that are small perturbations of the
equilibrium point, i.e. @ such that G(u) = 0, see [39] for the one dimensional case, and
[78] for the general multidimensional one.

Assuming that @ = 0 is an equilibrium point with G(0) = 0, let us consider the linearized
version of system (3.0.1) with source G(u) = (0 ¢(u))7, i.e.

d
Opa+ > Ao, u = Bu, (3.0.3)
j=1

where A; = A(0), and B = G'(0). In this context, we introduce the definition of
Conservative-Dissipative (C-D) form for a hyperbolic system.

Definition 3.0.3. Let us assume that system (5.0.3) is symmetric, i.e. Aj = A; for

j=1,---,d. It is said to be in conservative-dissipative (C-D) form if there exists a
strictly negative definite No X No matriz D such that
0 0
s=(18). 504
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This definition implies that dissipation, represented by D, only acts on the last No
components of u. We denote by uj, the so-called conservative variable, the first Ny
components of u, and by us, the dissipative variable, the last Ny components. Thanks
to the (C-D) structure, the dissipation acts on the dissipative variable ug, and then it
propagates somehow to the conservative one. Indeed, very sharp energy estimates can
be obtained by using the (C-D) form, see [15]. Thus, the (C-D) form results to be really
important to highlight the dissipative nature of a hyperbolic system. In particular, the
(C-D) form will be useful in Chapter 10.

The (C-D) form allows to establish an equivalent formulation of the (SK) condition, see

[15]-

Theorem 3.0.1. Under condition (C-D), the Shizuta-Kawashima assumption (SK) is
equivalent to the following:

o there exists a matriv K = K (&) € RNM*N2 sych that, for every € € R — {0},
K(&)Ay is a skew-symmetric matriz and

1

§(K(§)A(5)Ao + A(€) A KT (€)) — - (BAg + AgB")

1
2
18 strictly positive definite;

e if \(2) is an eigenvalue of E(z) = B — iA(z), then Re(\(i§)) < O for every & €
Rd - {0}7

e there exists ¢ > 0 such that

P
T+ [¢P?

Re(A(i€)) < —

for every &€ € R — {0}.
Consider a constant right symmetrizer for system (3.0.3).
Definition 3.0.4. A right symmetrizer for system (3.0.3) is a positive definite
symmetric matriz Ag such that, if w= Agw in (5.0.3), it holds
d ~ ~
Ao@t’w + Z Ajc‘?xjw = B’w7
j=1

where flj = AjAg for j=1,---,d are symmetric, and B = BA,.

It is possible to define a standard change of variables to put a right symmetrizable system
as in (3.0.3) in (C-D) form. This method is presented in [15]. To this end, a preliminary
step is to find a right symmetrizer Ag, which highlights the dissipative properties of a
right symmetrizable system as

. 0 0
dru+ Y Aoy u= D Dy )™
j=1
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Precisely, we look for a right symmetrizer Ay such that, by changing variable u = Agw,
the previous system reads

Lo 0 0
AgOrw + E Aj = Bw = < )w,
= 0 D

with flj = fle, where flj = A;A, B = BAy, and D is strictly negative definite. This
property will be essential in Chapter 10. Notice that, in Definition 3.0.3, Ay is replaced
by the identity matrix. This means that the symmetrized system before is not exactly in
(C-D) form. However, there exists a change of variables, described in [15], starting from
a system as the one before, to put it in the standard (C-D) form. This procedure will
be discussed in Chapter 9, where the (C-D) form will wear a crucial role. Let us point
out the role of right symmetrizers in the context of partially dissipative mechanisms of
systems of high dimensions. This is clear once we applied the right product BAg, where

_ 0 0 _ [ a1 a2
o8 4) (3 1)

is a general symmetrizer, with a; € MM XN gy € MN1*N2 p ¢ MN2*N2| Thanks to
the right product, the first /N7 lines of the resulting matrix are vanishing too, i.e.

0 0
sa=( 5 5 )

where Dl, D, depend on aq, as, b1, b, and so we can find aq, as, b1, bs such that

(5 5)=(0p)

with D negative definite. Notice that the vanishing Ny lines cannot be obtained by a
left product, namely a classical left symmetrizer. At least for systems of a huge amount
of equations, right rather than left symmetrizers provide a simple way to highlight the
conservative-dissipative properties of systems.
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Models in mixture theory
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Chapter 4

A multiphase model for the
growth of biofilms

Models arising from mizture theory, see [(5], have been introduced in their general
formulation in Section 1, and they are used in many fields, as tumor growth and
vasculogenesis in [3], biological tissues and porous media in [32]. In particular, among
several applications, we refer to the model proposed in [27], which describes biological
structures called biofilms, namely complex gel-like aggregations of microorganisms like
bacteria, algae, protozoa and fungi, embedded in a self-produced polymeric matrix
called EPS. This model has been derived by applying the theory of mixture models in
Section 1 to four different phases: bacteria, dead bacteria, extracellular polymeric
matrix, and the liquid phase, with respective volume fractions B, D, E, L. Here, all the
phases were assumed to have the same constant density pp = pp = pgp = pr = 1.
Recalling that, from mixture theory, there is no stress in the momentum equation for
the liquid phase besides the hydrostatic pressure, an additional physical assumption
has been performed on the excess stress tensor for the solid phases in (1.0.8), i.e.

Y ¢T, =3I,

¢#L
where Y is a monotone decreasing scalar function depending on the solid phases B +
D+FE=1-1L,i.e.

Y=—1-1L1L), (4.0.1)

where v is an experimental constant value. This model satisfies the following equations:

OB+ V - (Bvg) =T'p,

oD+ V - (D’Us) =TIp,

OE+V - (Evg)=Tpg,

0L +V - (Lvp) =Ty, (4.0.2)
(1 — L)vs) + V- (1 - LYvs ®vs) + V(1 — L) + (1 — L)VP

= (M —T')vr, — Mus,

O (Lvp) + V- (Lvp @ vp) + LVP = —(M —T'p)vp + Mg,

together with the saturation condition

B+D+E+L=1, (4.0.3)
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and the conservation of the total mass
I'p+Tg+Tp+Tr =0, (4.0.4)

where vy, 'y are respectively the velocities and the source terms for ¢ = B,D,E, L,
and VP is the incompressible pressure. The mass constraint in (4.0.4) states that the
mixture is closed, namely there is no net production of mass for the mixture. According
to [27], the reaction terms are given by:

Ty = kgBL — kpB,
Tp = akpB — kyD,
Ty = kpBL — €E.

The birth of new cells depends on the quantity of liquid available in the neighborhood of
the point, that is why the birth term in I'g is a product between the volume fraction B of
active cells and the volume fraction L of liquid. This way, the mass production term I'p
is the difference between a birth term and a death term, where the second is proportional
to the fraction B of bacteria, with rate kp. The death term in the expression of I'p
gives rise to a creation term for the mass exchange rate of the dead cells I'p, with a
proportional coefficient «, since a part of the active cells goes into liquid when the cell
dies. In I'p, we also find a natural decay of dead cells with a constant decay rate ky.
The EPS is produced by active cells in presence of liquid, and then the production term
will be proportional to BL, where kg is the growth rate of EPS. There is also a natural
decay of EPS with rate e. Finally, we choose I'f, in order to enforce condition (4.0.4). See
again [27] for more details. Actually, system (4.0.2) is part of a general class of problems
arising from mixture theory, see [65, 19, 20, 31], which have been introduced in Section
1 and present the coehexistence of the hydrostatic pressure and a compressible pressure
term. For instance, consider a simplified version of the model in [27], composed of just
two constituents, a solid phase B, which stands for “bacteria”, but it can represents a
general solid component, and a liquid phase L:

OB+ V- (Bvg) =Tp,

oL+ V- (LUL) =TIy,

Oy(Bvg) + V- (Bvs ®vg) +yVB + BVP = (M —T')v, — Mug,
O(Lvp) +V - (Lvp, @ vp) + LVP = —(M —TI'p)vr, + Mug,
B+L=1,

I'p+TIL =0,

(4.0.5)

where vg, vy, are the velocities of the solid and the liquid phase respectively, and ~, M
are experimental constants. In (4.0.5), the momentum equations for the solid and the
liquid phases are different: in the first one, YV B is the excess stress tensor, while, as
explained in Section 1 and in [32, 3], there is no excess stress tensor for the liquid part.
Summing the first and the second equation, using the two last conditions in (4.0.5), and
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setting L = 1 — B, yields:

0B+ V - (Bug) = T'p,

B M+T —
6tvs+vS-Vvs+LZ + VP = (M + B)B(UL US),
M(ve — v (4.0.6)
oy, +vg, - Vo, + VP = ((13_B)L>,
V- (Bvg + (1 = B)ur) =0,
where the last equation,
V- (Bvs+ (1 —B)vy) =0, (4.0.7)

namely the divergence free condition of the averaged velocity of the mixture, represents
incompressibility of the mixture as a whole. Let us point out that the equation for the
solid phase velocity vg presents a pressure term composed of two parts, an incompressible
pressure, VP, and the compressible one, % = vVlog(B). Actually, system (4.0.6) is
just the two-phase case of the multiphase model in (4.0.2), where the three “solid” species
are lumped together.

In the following, first we provide a complete analytical study of the model in (4.0.2)
in one space dimension, with a proof of global existence and uniqueness of smooth
solutions for initial data that are small perturbation of the unique non-trivial equilibrium
point, and an investigation on the long time behavior of these solutions. As a matter of
facts, the analytical study of model (4.0.2) in more than one space dimension is much
more difficult, also at the level of existence and uniqueness of local smooth solutions.
A detailed analysis on these difficulties will be presented in Section 6, where we also
consider a simplified version of the two-phase model (4.0.5) in the general d-dimensional
case in space. Indeed, in Section 6 we aim to understand the right method to study
the original model (4.0.2) or, without loss of generality, the two-phase system (4.0.5),
by studying the well-posedness of a density dependent fluid of the incompressible Euler
equations type, which also presents an additional compressible pressure, in the spirit of
% in (4.0.6). Finally, in Section 7, we apply, with some technical modifications, the
first method of Section 6, which makes use of paradifferential techniques, and so we are
able to get the well-posedness of system (4.0.6) in two dimensions in space. In the end,
the arguments will be briefly generalized to the case of the multiphase model in (4.0.2).
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Chapter 5

A multiphase model in one space
dimension

Here we provide a first analytical study in one space dimension of the multiphase
model (4.0.2), originally introduced in the general d-dimensional case in Chapter 4.
This chapter is based on [12]. The one dimensional system reads:

OB + 0,(Bvg) =I'p,

OFE 4 0,(Evg) =T'g,

D + 0,(Dvg) =TI'p,

oL + 0 (Lvy) =Ty, (5.0.1)
Oh((1 — Lyvs) + u((1 — LYv2) = —(1 = L), P — 7,(1 — L)

+ (M —T'p)vy — Mug;

Or(Lvr) + 0y (Lv?) = —LO,P — (M —T)vy, + Mog,

where the reaction terms are

I'p =kpBL —kpB,

FE = k‘EBL — 6E,

FD = OszB — kND,

'y, = —(FB +T'g + FD)7
and I'y, follows from the total mass constraint (4.0.4).
The equations of system (5.0.1) can be written in a more simplified form. First, thanks
to the saturation condition (4.0.3),

L=1—(B+D+E),

(5.0.2)

and so the equation for the liquid volume fraction L is no more necessary. Furthermore,
summing the equations for B, F, D, L in (5.0.1) and using again the volume constraint
(4.0.3), we get an incompressibility condition on the averaged velocity, which is the
following:

0.((1 = L)vg + Lvg) = 0. (5.0.3)

Moreover, the one dimensional space setting, together with equation (5.0.3), allows us

to solve for vy, namely
L-1

L

vg. (5.0.4)

vy, =

51
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Now, summing the fifth and the sixth equation of system (5.0.1) and using equality
(5.0.4), we can finally solve for 9, P, i.e.

0:P = —30;(1— L) — 0, (T%) (5.0.5)

Setting v := wg, further simplifications and the previous results lead to write system
(5.0.1) in the following form:

8153 + 81(3’0) = FBa

O E + 0y(FEv) =T'g,

D + 9.(Dv) =T'p, (5.0.6)
(3L —2)v? Ip-M

8tv+8x 72[/ —I—’y(L—i—log(l L)) = 7L(1_L)'U—Fm

while the velocity for the liquid phase vy, and the pressure term P are given by (5.0.4) and
(5.0.5) respectively. As we will see in details in Section 5.1, system (5.0.6) is hyperbolic
symmetrizable, and so, at least for results concerning the local existence and uniqueness
of smooth solutions, the standard theory, see Section 2, applies. On the other hand, here
we aim to provide a complete analytical study of this model in one space dimension,
which also encloses an investigation on the long time behavior of the solution to the
Cauchy problem. To this end, according to their physical meanings, in Section 5.2 we
establish some reasonable conditions on the parameters of the model, which provide
a dissipation property for the system. In Section 5.3, the dissipative property of the
source allows us to prove that the solutions to the Cauchy problem for initial data
that are small perturbation of the equilibrium point are actually global in time, and
they decay exponentially to the equilibrium itself. The main tool here was the use of the
Nishida functional, see [61]. Let us point out that the reformulation (5.0.6) of the original
system in (5.0.1), where the incompressible pressure no more appears, is strictly related
to the one dimensional nature of the problem. Actually, in more space dimensions that
simplification no more occurs, and, as we will see in the next two chapters, the analytical
study of the multiphase model results to be much more difficult, also at the level of the
local in time existence of smooth solutions.

5.1 Hyperbolicity and symmetrizability

Let us set
u=(B,E,D,v),

and let us rewrite system (5.0.6) in compact form
opu+ A(u)0zu = G(u), (5.1.7)

with

, (5.1.8)

|
o
=

S < oo
SO E W
<

I O o
I oS O

(3L




5.2. DISSIPATION PROPERTY

where )
yL v
_=_— = 5.1.9
=g (5.1.9)
and
It easy to see that a Friedrich symmetrizer for system (5.1.7) is given by
n 0 0 O
0o 51 0 o0
A = E 5.1.11
O(U) 0 0 % 0 ) ( )
0 O 0 B
namely system (5.1.7) is symmetrizable hyperbolic in the following domain
W = {u = (B,E,D,v) € [0,1P xR :n> O}
(5.1.12)
1/213/2 1/213/2
B B 3 .0 g
= {u =(B,E,D,v) € [0,1]° xR : 7(1 T <v< 7(1 L)1/2}7

where L = 1 — (B + E + D). This yields the following symmetrized compact form of
system (5.1.7):
Ap(u)0ru+ A1(u)0zu = AoG(u), (5.1.13)

where Aj(u) = ApA(u), and Ap(u),G(u) are given by (5.1.11) and (5.1.10)
respectively. Now, the standard theory on symmetrizable hyperbolic systems, see
Section 2, guarantees the existence and uniqueness of local smooth solutions for the
Cauchy problem associated to problem (5.1.7)-(5.1.8)-(5.1.10).

5.2 Dissipation property

Here we want to show that, under some reasonable assumptions on the physical
parameters, system (5.0.6) is totally dissipative, according to Definition 3.0.1. In the
following, we adapt the definition of totally dissipative hyperbolic system to the case of
symmetrizable systems.

Definition 5.2.1 ((D)-Condition). Consider a general one-dimensional n x n
hyperbolic ~ symmetrizable system in the compact formulation (5.1.7), where
u € Q C R" Q is a conver open subset of the domain of symmetrizability W, and
A(u), G(u) are smooth enough. Assume that 2 contains a unique equilibrium point w
for (5.1.7), such that G(u) = 0. Then, system (5.1.7) is totally dissipative in Q if there
exists a matric D = D(u,u) € M™ " such that, for every u € Q:

e G(u) = D(u,u)(u— u);
o AgD(u,w) is strictly negative definite.
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Let us check the dissipation property of system (5.0.6). First of all, we determine the
expression of the point where the source term vanishes, i.e. the equilibrium point a.

Setting
_ kp akp  kpkg
B=|1—-—= 14+ —=
< kB>/< + kn + ekp >’
then
_ 1 1
@ kEkD kEk’D
— E = k kB - k:D k
u=| - |[=B| 2B |= ek | (5.2.14)
D =B\ ah | =g By | o
v kn kn
0 0

Since the volume fractions B, E, D, L take positive values, from (5.2.14) we have to
assume
kg > kp. (5.2.15)

Let us point out that inequality (5.1.12), which describes the region of hyperbolic
symmetrizability of system (5.0.6), is satisfied if u is close enough to the equilibrium
point u. For this reason, in the following we will take the initial datum ug in a convex
and compact neighborhood of the equilibrium point 6. To this end, we set

0= B’r(ﬁ)v

for a fixed r > 0. According to (D)-Condition, we consider G(u) in (5.1.10) and we
write

with
—Bkp —Bkg —-Bkg 0
D, &) = kp(L—B) = _Brp o
’ akD 0 —kN 0
0 0 0 L, =M

In order to prove that system in (5.1.13)- (5.1.11)-(5.1.8)- (5.1.10) satisfies
(D)-Condition in 2 = B, (1), we show the strict negativity of matrix AgD(u,u) by

using the Routh-Hurwitz conditions on M, see[H8]. From (5.2.14),
__kpy
(kBEk'D) kO 0 0
ckpy
Ao(ﬁ) = 0 kg(ks—kp) kO'y 0 )
N
0 0 alhip—fp) ©
0 0 0 B
and _ _
—Bkp_ —Bkp  —Bkgp 0
o kE(L*B) *6*Bk§E *B/{?E 0
D(u’u = Oék‘D 0 —k‘N 0
k2 M
0 0 0 ~ s
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Thus,
(AgD) + (AgD)T (@, 1) = 0%
2 ’ kg — kp

—Bkgkp ¥8(e(L - B) - kpB] *Plky — Bkp] 0

ke (e(L - B) — kpB =l e —ckpB 0
ki — B gl - 0

“ K2 MB
0 0 0 _’Yk’DﬁﬂB—k’D)

Consider the 3 x 3 matrix which contains the main diagonal of the original 4 x 4 matrix.
Its characteristic polynomial is

P(A) = A% 4+ a1 A% + agh + a3, (5.2.16)

where the coefficients a; (i = 1,2, 3) are real. We establish the conditions on the a;, such
that the zeros of P(A) have ReA < 0. The necessary and sufficient conditions for this are

the Routh-Hurwitz conditions [58]. For the cubic equation in (5.2.16), they are given by
the following inequalities:

ay > 0;
[RH] | a3 > 0; (5.2.17)
aias —az > 0.
In our case, the coefficients of (5.2.16) are the following:

( _ 2y, _ 2
alszBkD-l-s B +€kBB+7N;
kg «

823k%kD z’kaBk]QV BkBka)]QV BkBkD(€BkB+5kD+kaN+€2)
az = + + +
kg « « 2
2kpkd  BAE (kL +¢€2) k(K3 +€2)
+ - - ;
akg 2 4

€QB]€ZB]€%)]§N €QB/€2B/€D]€]2V EBkBka]QV(BkB +€+]€D)
az — +
2]€E OékE 2c
n EBk‘Bk‘%kN(s + Bk‘B) B é‘B/{B/{D(EBkBkN + €B/€B/€D + kpk?v)
4 4
| Ekpkb(k + BE) K2R + 2B + BAkAkD)
\ 4k7E 4o .

(5.2.18)

Now, we can state our result.

Proposition 5.2.1. Assume that (5.2.15) holds. Then, if [RH] condition is verified
for ay,az,as in (5.2.18), system (5.0.6) satisfies (D)-Condition, and so it is totally
dissipative in a neighborhood of its equilibrium point.

Now, the first condition of (5.2.17) is always satisfied, since a; in (5.2.17) is positive. In

particular, the last two conditions of (5.2.17) hold for ¢, o, kp, kp, kg, kn in the following
table:
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Table 5.1: A list of (dimensional) parameters.

Param. Value Unit of meas. Indications
kp 8-107F 1/sec Bact. growth rate
kg 3-107° 1/sec EPS growth rate
kp 2-1077 1/sec Bact. death rate
kn 1-10°° 1/sec Dead cells consumption
€ 1.25-10~7 1/sec EPS death rate
0.25 dimensionless | coeff. liquid dead-cells
This is a list of parameters in [27], with kg = 3 - 107°.

More generally, if we take a real parameter a, we can restrict our attention to the class
of coefficients such that

£=1.25-10""~10"", ky = 10ae, ,kp = 100ac, kp = 2ae, kp = 80ac.

By this reduction, the third condition of (5.2.17) gives a second degree polynomial
inequality that can be easily solved, and it holds true for a in a precise interval of the
real line. Moreover, it can be seen that the second condition in (5.2.17) is also verified
in the same interval.

5.3 Global existence of smooth solutions for small initial
data and asymptotic behavior

Now, we prove that the solution to the Cauchy problem associated to (5.0.6) with initial
datum in a small neighborhood of the equilibrium point is actually global in time. To
this end, we take inspiration from the proof of global existence of smooth solutions for
partially dissipative hyperbolic systems with a convex entropy in [39]. However, we point
out that in [39] the authors make use of a convex dissipative mathematical entropy and
the so called Shizuta-Kawashima condition, see [16]. On the contrary, in our proof we do
not use any of these last two properties, since the totally dissipative structure of system
(5.0.1), (D)-Condition, allows us to get the energy estimates which provide the global
existence result by means of the Nishida functional, see [(1]. Besides, we are able to
prove that the global solution decays exponentially in time to the unique equilibrium
point of system (5.0.6).

Let us state now our main result.

Theorem 5.3.1. Consider system (5.0.6) and its unique equilibrium point w in (5.2.14),
and assume that (5.2.15) holds. If this system satisfies (D)-Condition, there exists a
positive constant § < r such that, if ||ug — ul|2 < J, then there is a unique global solution
w with initial datum ug, which verifies

u—u e C([0,+00), H*(R)) N C'([0, +00), H'(R)),

and

+oo
sup o<i<-too |[u(t) — l3 +/0 lu(r) = alf3 dr < C(8)[|uo — @2,
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where C(0) is a positive constant. Moreover, the global solution u decays exponentially
in time to the equilibrium point u, i.e.

|u(t) — ul| g2ry < Cre ~||ug — @l 2wy, t>0, (5.3.19)
where Cy, B are positive constants.

According to (D)-Condition, we consider a neighborhood €2 = B, (@) of the equilibrium
point u. Let us introduce the following translation:

w:i=u-—u.
Then, system (5.1.13) reads
Ap(w +1)0w + A1 (w + 1)0,w = AgG(w + u). (5.3.20)

In order to prove that the solution to the Cauchy problem associated to (5.0.6) is global
in time, we follow the approach proposed in [01], see also [16] and [39], and we introduce
the functional

t
NE(t) = sup o<r<e |lw(7)|I} +/0 lw(r)|I} dr, (5.3.21)
for [ =0,1,2.

Proposition 5.3.1. Let T > 0, and assume that there exists a local smooth solution w
to the Cauchy problem associated to system (5.0.6) in [0,T]. Then, there exists € > 0
and C > 0 such that, if No(T') < e,

NZ(T) < C(N3(0) + N3(T)). (5.3.22)

The existence and uniqueness of a local smooth solution to system (5.0.6) with initial
datum ug € H?(R) is guaranteed by the theory on quasilinear symmetrizable hyperbolic
systems, see Section 2. Besides, the first part of Theorem 5.3.1 follows directly from
Proposition 5.3.1, see [39], [61], so providing, for a constant value ¢, the uniform estimate

No(T) < eN2(0). (5.3.23)
In order to prove Proposition 5.3.1 above, we need the following two lemmas.

Lemma 5.3.1. If No(T) <e <

Qe

, where o is the Sobolev embedding constant, then
NG(T) < C1(N3(0) + N3(T)). (5.3.24)

Usually, to state an estimate as (5.3.24), a function of convex entropy is used, but here,
in our proof of Lemma 5.3.1, we do not use anything but the dissipative property of
system (5.0.6).

Proof. Using (D)-Condition and (5.3.20), let us consider system (5.0.6) in the following
symmetric form:

Ap(w +0)oyw + A1 (w + 1)0,w = Ag(w + 1) D(w + u, u)w.
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In the previous equation, the new reaction term is

Dy(w,u) := Ap(w+u)D(w + u,u).

Therefore, we have

Ao(w +u)ow + Ay (w + 0)0,w = Di(w,u)w. (5.3.25)

We have the following identities:

(Ag(w + 8)yw, w) = é&t(Ao(w + i)W, w) — %(@Ao(w +a)w, W) (5.3.26)
(A1 (w + 8)Daw, W) = %(%(Al(w + @)w, W) — %(axAl(w Faw,w).  (5.3.27)

We consider (5.3.25) and take the inner product with w, which yields

(Ao(w +1)ow, w) + (A1 (W + 1), w,w) = (Di(w,a)w, w). (5.3.28)

Using the identities (5.3.26) and (5.3.27) in (5.3.28), we obtain

SO Ao(w + 0w, w) + Z0,(Ar(w + m)w, w)

_ %(&Ao(w +i)w, w) + %(6IA1(W +)w, w) + (Di(w, B)w, w).

Therefore, if we integrate equality (5.3.28) over R x [0, 7], we have

5 [ (Aol (T) + @pw(T).w(T) de = 5 [ (Aa(w(0) + @)ww(0). w(0) do

T
= / dt / ( BatAO(W +u) + %8IA1(W +u) + Di(w, ﬁ)] W,W) dr =: 1.
0 R

To estimate I, we use (5.3.25) in the following form:

ow = —A(w +0)0,w + D(w,u)w.
O Ap(w + 1) = Ay(w + 1)dyw,

O Ap(w + 1) = Ay(w + 0)(—A(w + )0, w + D(w,a)w).

Then, we have

T
1_—/ dt /;((AE)A(w+u)8mw,w),w) do
0 R

T
—i—/ dt / %((Ai(w%—ﬁ)ﬁmw,w),w) dx
0 R]

T T
1
+/ dt /Dl(w,ﬁ) dx—l—/ dt /2(A6D(w,ﬁ)v_v-ij) dzx.
0 R 0 R
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Then

T
% /R (Ao(w(T) + @)w(T), w(T)) dz — /O dt /R (Di(w, ) dz

T
_ ;A(Ao(w(0)+u)w(0),w(0)) dx +/0 dt /R;((All(w—i-u)azw,w),w) dx

T 1, ) T 1, )
—I-/O dt /R2((AOD(W,H)W,W),W)—/O dt /R2((A0A(W+u)81w),w,w) dx.

(5.3.29)
From (D)-Condition, D; is negative definite and since Ay, A}, AyD, AjA are bounded
in a neighborhood of the equilibrium point @, we have

T
C
ST +er [ w0l a

CQ 2 CS T 2 C4 T 2
§\|W(0)|0—|—/ dt /|8IWHW’ dﬂc+/ dt /axWHW| dx
2 2 Jo R 2 Jo R
C5 T 2
+/ dt /|w\|w\ da
2 Jo R

T T

c2 C6 cs

< —||w(0)|[§+5 sup !(%w(t)\oo/ dt ||wl|[5+~ sup ’W(t)’oo/ dt ||wl3. (5.3.30)
2 2 tefo,1) 0 2 tejo,1) 0

The embedding of H! in L>°, where « is the Sobolev embedding constant, yields

(Wloo < aflwl[gr = a(|lwllo + [|8zwlo)-

Thus, from the definition of the functional Na(¢) in (5.3.21), we have
|0:W]oo < a([|0zW]lo + [|0zaWll0) < Na(T),

and
(Wloo < a([[wlo +[|0zwllo) < No(T).

The last term in (5.3.30) is estimated by
c c c
ZN2(0) + 2N3(T) + 2 N3 (T).
2 2 2

So, using (5.3.30), we have

T
HMﬂ%+A\W®%ﬁ§QM@m+@@»

Let us now estimate the first and second order derivatives.
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Lemma 5.3.2. If No(T) <e < g, then, forl=1,2,

T
sup o<e<r |lw(t)]|7 +/0 lw(t)[[7 dt < C(N3(0) + N3(T)).

Proof. Apply the first space derivative to system (5.3.20) and take the inner product
with 0, w, which provides

Oz (Ao(w +0)Ow + A1 (W + 1)0, W) - 0w = [03(AoD)w + (Ap D)0y w] - Oyw. (5.3.31)

We have the following identities:

1
0 (Ap(w +0)Oyw) - O, w = iat((Ao(w +0)0, W) - O, W) (04 AgOr W) - O W

1
2
+ (0, AgOW) - Op W

1 1
0 (A1 (W +0)0, W) - Oy W = §8m((A1(w +0)0;w) - O, W) + 5(8mA18mw) - OpW.
If we integrate equality (5.3.31) over R and use the previous identities, the term
Oz ((A1(W + )0, W) - Oy W)

vanishes, and then we have

1d

—— [ (Ao(w+ 1), w) - Oy w dx — /((AOD)&CW) - Oy W dx
2dt Jr

R

= / {;@Aoaxw — O, ApOrw — ;8IA18IW} -0, W+ (0:(ApD)w) - O, w dz. (5.3.32)
R

To estimate the right-end side of (5.3.32), we use (5.3.20) in the following form:
ow = —Ad,w + Dw.
Then
0 Ag = AYoyw = A((— A0, w + Dw).
Thus, equality (5.3.32) is

1d

—— [ (Ao(w+ )0, w) - Oy w dx — /((AQD)@xW) - Oy W dx
2dt Jr

R

1 1 1
= / —5((A6A8mw, 0 W), 0, W) + §(A{)OIWA8$w, 0 W) + i(A{)Dwamw, 0, W) dx
R

—%((AOA’axw, Duw), Dy w) + / (Ao D' (Dyw)w, Dyw) da. (5.3.33)
R
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Using (5.3.33), we have
T
19sw(T)|[ + /O 8w (t)|13 dt

T
§01(5)<\8xw(0)]\%+/ /]8$w|2\6$w] dmdt)
0 R

T
SQ(&)(H@CW(O)II%H sup [w(t)|oo + sup |axw(t)|oo)/0 10w ()I[5 dt)‘ (5.3.34)

t€[0,T)] t€[0,T)]

In the same way, we perform the second space derivative of (5.3.25) and take the inner
product with 0,,w, which provides

Oz (AgOyW + A10,W) - OpaW = O3z (AgDW) - Oy W. (5.3.35)
We have the following identities:

Oz (AgOrW) -+ Ope W

+2(03 A0004W) + OpgW + (Opz AgOW) - Oy W (5.3.36)

1
= L0 (A1) - Do) + g(amAlamm W+ (Dpp A1 Oy W) - Dagw. (5.3.37)

If we integrate (5.3.35) over R and we use the previous identities (5.3.36)-(5.3.37), the
term

vanishes.

This way, we have

1d

—— [ (Ag0pzW) - Oy W dzx — /(AoDé)mw, OpaW) dx
2dt Jp

R

= / {;@Aoamw — 20, A00p W — 8MA08,5W} - OpsW dx
R

- / {Z’azAlamw + amAlaxW}  Oae W + (Ora (A0 D)W, Dx W) + (A0 D) 0x W, Dy ) da
R
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= 1 A AOW, Oy W —1—1 A\ Dw, 0paw) + (A0, WA O, w, 0w
. 5“0 5“0 0

+1A’ 0y WA, wW — 2(AL0,wD 0, w, W) — 2A0,0,wDO,wW — A[Or.WwDwW
9 0 0 0 0

— (A A" 0, w - O, W, 0, W) — (AgA'Opew, 0. W) + (AYD' Opaw, w)}  OpeW d.

Then,
T
9mew(T)|2 + / Brew (D)2 dt

T
sc2<e>{uamw<o>u8+ / /[ (0w + 22w 9]+ ] + 10, dwdt}
o Jjo,1

T

§C2(5){H8MW(O)H3+( sup |W|e + sup |8xW’00)/ (H@xw(t)H%—l—Hamw(t)H(Q)) dt}
te[0,7] te[0,7 0

(5.3.38)

O]

Now, Lemma 5.3.1 and Lemma 5.3.2 prove inequality (5.3.22). Then, Proposition 5.3.1
follows immediately.
It remains to study the asymptotic behavior of the solution. Let us set

E(r) = 5wl (5.3.39)

Taking the time derivative of (5.3.29) and using the embedding of H?(R) in L>(R), we
have

1d

2dt
Taking the time derivative of (5.3.34), we obtain, in the same way, the estimate on the
first derivative of w,

w15+ erllw®IIF < eal[w(®)]l2llw(®)][5. (5.3.40)

1d

2dt
Finally, from the time derivative of (5.3.38) and using Morrey’s Theorem, we have the
second order estimate

10:w(t)][3 + e3l|0aw(t)] 3 < calw(b)][2]|0w(D)][3. (5.3.41)

Ld
2dt
Summing (5.3.40), (5.3.41) and (5.3.42), from (5.3.39) we have

102w (t)[[5 + 5|0 W[ < col W(t)][2]|Daaw (2[5 (5.3.42)

OE + ukE < vE3/2, (5.3.43)
where p =c1 + c3+c5 and v = co + ¢4 + c5-
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Now, we take the initial datum small enough such that

for some 0 < v < min{u,v}. Thus,
VE®? < ~E,
at least for a small interval of time and, by using (5.3.43),
OHE < (v — pE,

while (5.3.19) follows directly from the Gronwall inequality, taking 8 = u — 7.
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Chapter 6

A density dependent
compressible-incompressible Euler
model in several space dimensions

Here, we consider a fluid described by the following equations in R :

Op+ V- (pv) =0,

oww+v-Vu+ f(p,v)Vp+ VP =0, (6.0.1)
V-v=0,
with initial data
p(0,z) = po(z), v(0,z) = vo(x) such that V-vg(z) =0, (6.0.2)
where f(p,v) is a scalar function of (p,v) € R¥*!. This section is based on [14]. System

(6.0.1) describes the motion of a nonhomogeneous, also called density-dependent, fluid.
The nonnegative scalar function p is the density of the fluid, v € R? its velocity, and P
is the incompressible hydrostatic pressure generated by the divergence free constraint.
The term f(p,v)Vp is a slight generalization of a compressible pressure. This system
is intended as a toy model for a general class of problems presented in (4.0.5). More
generally, many problems characterized by the interaction between compressible and
incompressible pressure terms, where the compressible part can be generalized replacing
~log(B) in (4.0.5) with a function ¢(B) only depending on the solid phase B, arise from
mixture theory and are similar to system (4.0.5), as, for instance, models of biofilms
[27] in (4.0.2), tumor growth [3] and organic tissues and vasculogenesis [32]. A complete
analytical study of the one dimensional model in (4.0.5) is given in [12]. As a matter
of facts, in more space dimensions, model (4.0.5) presents several analytical difficulties,
which we are trying to understand by studying a simplified version. In order to do this,
the first idea would be to consider a model where the solid phase B and the liquid L
have the same transport velocity v = vg = vy, whose equation contains a compressible
pressure term. These assumptions give the following model:

Op+ V- (pv) =0,
v +v-Vuo+Vo(p)+ VP =0, (6.0.3)
V.-v=0,
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where p is the density of the fluid and ¢(p) a general compressible pressure. It can be
checked that the techniques developed in this paper in the following continue to work on
it, but there is also a more trivial way to proceed. Namely, by defining a new pressure
Q = P + ¢(p), model (6.0.3) can be reduced to

Op+ V- (pv) =0,
ow+v-Vuo+VQ =0,
V-v=0,
P=Q - ),

(6.0.4)

which is just the homogeneous incompressible Euler equations plus a transport
equation for the density variable and can be solved separately, see [19]. So, since there
is a too simple way to solve (6.0.4), we are going to study (6.0.1), which is a
mathematical generalization of model (6.0.3), endowed with most of the analytical
difficulties of (4.0.5). Let us compare system (6.0.1) with the density-dependent
incompressible Euler equations

atp+v : (p’U) = 07

v +v-Vou+ % =0, (6.0.5)
V-v=0,
which have been studied by many authors, see for instance J. E. Marsden [53], H. Beirdo
da Veiga [7], A. Valli [76] & R. Danchin [29]. Let us remark that, in [76], Valli and

Zajaczkowski have studied model (6.0.5) by using an approximating system where the
divergence of the velocity field vanishes in a similar way with respect to to the Chorin-
Temam projection method in [75]. Although model (6.0.1) looks quite similar to (6.0.5),
most of the ideas used to solve it do not apply to our system. In fact, consider the
elliptic equation for the pressure term

d
AP+ V- (f(p,0)Vp)) == > 00,0;0;0i,

ij=1

which is obtained by applying the divergence free operator to the velocity equation in
(6.0.1). By contrast with what happens for system (6.0.5), the pressure term P in (6.0.1)
does not gain one more space derivative of regularity with respect to the other unknowns
p, v, and we are not able to get energy estimates. Besides, even the vorticity method from
[7] does not seem to work for (6.0.1) and (4.0.5), so we have to proceed in a different way.
Here, we establish the well-posedness of system (6.0.1), using an approximation based
on the projection onto the space of the divergence free velocity field and paradifferential
calculus. Besides, we show the convergence of a new singular perturbation approximation
that can be considered as a continuous version of the projection method in [75], which
turns out to work also on the homogeneous incompressible Euler equations. We point
out that our proof of convergence of the second approximation can be adapted with
slight modifications to prove the convergence of the classical fractional step of Chorin-
Temam projection method [75], so providing a constructive approximation to system
(6.0.1). To have a complete view, we briefly show that also the more classical artificial
compressibility method in [75] works on system (6.0.1). In Remarks 6.1.2, 6.2.3 and 6.3.3,
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we see that these three kinds of approximations do not work on the density dependent
Euler equations (6.0.5), showing, this way, the deep analytical dissimilarity among these
two models.

First of all, we notice that, by using the divergence free condition V - v = 0, the mass
balance equation of (6.0.1) yields

Op+v-Vp=0,
and system (6.0.1) reads:

Op+v-Vp=0,
o +v-Vu+ f(p,v)Vp+ VP =0, (6.0.6)
V-v=0.

Now, let u = (p,v) and Fp = (0, VP). System (6.0.6) can be written in the following
compact formulation:

d
O+ Yy Ay(w)dsu+ Fp =0, 60
V.-v=0,
with initial data (6.0.2)
u(0,2) = uo(z) = (po(), vo(x)), (6.0.8)
where, in the two dimensional case
(%] 0 0 (%) 0 0
Aif(u)=1 f(u) v1 0 |, As(u)= 0 v 0 |, (6.0.9)
0 0 un fla) 0 v
and, in the general d-dimensional case, for j =1, - ,d,
vj 0 o --- 0
51jf(u) Uj 0 0
Aj(u) = 52jf(u) 0 Vj 0 (6.0.10)
“ e DY “ e ’l}] “ e
5djf(u) 0 0 ce Uy

Remark 6.0.1. As we will see later, in order to apply the techniques in the last two
sections, we need to stay far away from the vacuum, i.e. p(t,x) # O for every time t
and x € R%. This way, p cannot belong to L*(R?), while the translated variable p — p,
with p an arbitrary positive constant, does. For this reason, choosing a constant value
p, in the following we are going to use the variable p — p to get a translated version
of system (6.0.7). The analytical motivations of the translation are discussed at the
beginning of Section 6.2, anyway in Section 6.1 we can also admit p = 0. We notice
that the non-vanishing density variable is a condition also required by the general system
(4.0.5), where the density p is replaced with the volume fraction of the solid phase S and
the compressible pressure is %.
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Taking into account Remark 6.0.1, first of all we make a slight modification of system
(6.0.7), defining

pi=p—p, u:= (p,0), and u=(p,0)=u—u=(p—p,v),
with p > 0. By this change of variable, the Cauchy problem (6.0.7)-(6.0.8) reads:

V-v=0, o
with initial data
u(0,z) = ap(z) = (po — p, vo), (6.0.12)

where pg,vo are defined in (6.0.2). Now, we provide the definition of classical local
solutions to system (6.0.1), with initial data (6.0.2).

Definition 6.0.1. Let m > [d/2] + 1 be fized, m € N. The term (p,v, P), with p > 0,
is a classical solution to the Cauchy problem (6.0.6) - (6.0.2) if, fized a constant value
p > 0, there exists T > 0 such that @ = (p — p,v) belongs to C([0,T], H™(R?)) N
CY([0,T), H"Y(R9)), VP belongs to C([0,T], H" Y(R?)), and (@, P) solve

Qi+ 301 Aj(+ )y, u+ (0, VP) =0,
V-v=0,

with initial data in (6.0.12) belonging to H™(RY).

In the next three sections, we will prove the existence and uniqueness of the solution to
(6.0.6)-(6.0.2), according to Definition 6.0.1, by using three different techniques.

6.1 Well-posedness via the Leray projector

This section is devoted to the proof of existence and uniqueness of the local solution
to (6.0.1)-(6.0.2), by using the so called Leray projector and related paradifferential
calculus. Following [9], first of all we approximate the translated version (6.0.11) of
system (6.0.7) by a standard regularization, using mollifiers J., which we define here.

Definition 6.1.1. Let ®(z) € C(RY) be any positive, radial function such that
Jga® dz = 1. Fiz e > 0, and let j. = E%Cb(ac/e). The mollification J.w of functions
w € L*(RY) is defined by

e

Jew(z) = (Jo *x w)(x) = zsld/Rd @(x — y)w(y) dy. (6.1.13)

Now, we regularize (6.0.11) using mollifiers, and we get the following approximating
system:

O + 0| Je A (J(8 + )0y, Jo&E + (0, VPF) =0, (6.1.14)
V-0 =0, o
with initial data
a5 (z) = to(z) = (po(x) — p, vo(x)) (6.1.15)
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in (6.0.12). Here, the idea is to eliminate the pressure term VP¢ in (6.1.14), by applying
the projector operator onto the space of the divergence free vectors, which is known
as the Leray projector, to the equation for the velocity v® in (6.1.14). Precisely, since
system (6.1.14) is written in terms of the unknown u® = (p° — p,v°), and we will work
in the framework of the Sobolev spaces, we are looking for an operator P that projects
any vector a° = (p° — p,v°) € H*(R?) onto the space

V= {(p—p,v) € H*(RY) :V-v=0}. (6.1.16)

It results that P is a generalization of the Leray projector, i.e.

P= < (1) I(P)) ) , (6.1.17)

where 0 is the d-dimensional null vector and P is the standard Leray projector, whose
symbol is given by

&g
€12

P(§) = (Pij(§))ij=1,-,a, where Py;(£) = di;(§) (6.1.18)

defined in [1]. Now, we want to apply the operator P in (6.1.17) to the approximating
system (6.1.14)-(6.1.15). Notice that, since V - v* = 0 in (6.1.14), then u® € V* by
definition (6.1.16), i.e.

Pu® = (p° — p,0°) = o°.
Then, applying P to (6.1.14)-(6.1.15), we get

d
00" + > P(JA;(Jo(8 + 1))dy, Jo0t°) = 0, (6.1.19)
j=1

with the same initial data in (6.1.15). Notice also that now the divergence free condition
V -v® = 0 in (6.1.14) is implicitly contained in (6.1.19), which can be treated as an
hyperbolic system of the first order. We prove the following theorem.

Theorem 6.1.1. (Local existence of the approximating solution to the first type
approzimation) Let ug as in (6.1.15) be belonging to V* defined in (6.1.16), with
s >d/2+ 1. Then, for every e > 0, there exists a time T, independent of €, such that
system (6.1.19) has a unique solution % = (p° — p,v®) € C1([0,T],V*).

Proof. First of all, we show that existence and uniqueness follow from the Picard theorem
(see [9]). Then, we prove that the time of local existence T. can be bounded from below
by a time T' > 0, which is independent of £. System (6.1.19) reduces to an ordinary
differential equation:

du° = FE (), 0 |i—o = 05(x),
where
d ~
FE(@f) = = Y P(JAj(J(8° + )0y, J.1). (6.1.20)
j=1
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Notice that J.0® and J.(0°+u) are C* functions and, from [3, 55], P is associated to an
analytic pseudodifferential operator of order 0, modulo an infinitely smooth remainder,
then

F*:V° = V3,

In order to apply the Picard theorem, we have to prove that F(a®) in (6.1.20) is Lipschitz
continuous. To do this, we take two vectors i1, io. In the following, we omit the index &
in the unknown functions, where there is no ambiguity. Let cg be the Sobolev embedding
constant. Then

d
HFa(ﬁl) — FE(ﬁQ)HO < Z HPJEAJ‘(JS(fll + ﬁ))amj Jug — PJsAj(J€<ﬁ2 + ﬁ))azj Jaﬁ2H0
j=1

d
< D AP IA;(J= (01 + @) — PIA;(J: (82 + )]0, Jeu g

+ [|[PJA;j(J- (B2 + 1))y, J- (i1 — 02)[|o}

d [y
= ; { P /0 J(JEAJ(TJE(ITH +u)+ (1 —7r)J:(az + 1)) dr] O, J-y 0
+ (| Je (02 + 1)|o0)||0z; Je (01 — ﬁz)HO}
d ~ 1
= Z { P /0 (JoAj(rde(y +a) + (1 —r)J: (02 + ﬁ)))/dT] Je(; — ng) 870_7. Jeuy

0

+ c(|J= (a2 + W) |oo)[|0r; Je (01 — ﬁ2)|!o}

c(|Je(Q1,2 + )00, |0, Jet1 oo ) (|| Je (01 — T2)[|o + |[Or; Je (T — 12)|[0) }

QM&

<c IJa(Uu + )00 |Je (02 + W)foo, [V et |oo) [ e (01 — 02)[[1

< c(es, [[t]]s, [[Qz]]s, p)|[01 — @21,

where the last inequality follows from Moser estimates and properties of mollifiers.
Taking the a (Ja| < s) derivative, we have

[[D(F* (1) = F*(u2))[lo

|ID*(PJ-A;(J (@1 + 1))y, Jeity — PJ.A;j(J- (T2 + @)y, J-1ia) [0

M&

<.
Il
—

d
Z{HPDQ[(J Aj(Je(t + 1)) = JA; (e (02 + 1)) 0z, Jotu]lo
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+HPDa(JeAj(JE(ﬁZ + ﬁ))aﬂchE(ﬁl - ﬁ2))”0}
d

< sy AP (J-Aj(J(f + 0) — J-Aj(J- (G2 + 0)))|lo]0r; J- 01 |oo
j=1

""P[JsAj(JE(ﬁl + ﬁ)) - JaAj<J6(ﬁ2 + ﬁ))”OOHDsamj JaﬁlHO

HIPD*(J-A;(Je (G2 + 1))lo|0z, Je (@1 — G2)|oc

HPJA;(J: (2 + 1)) [oo] [ DD, Jo (@1 — 2) |0}

d 1
- d B _ B 3 B
=cg Z { PD? / %(JaAj(rJe(ul +u)+ (1 —r)J-(ag+1))) dr] |02, J01 o0
j=1 0 0
- 14
HP [ AT @)+ (1= ) (e + @) dr| (D5, T
0
+H|[PD*(J-Aj(Je (2 + 1)) [0]0r, J= (@1 = Ta)[ oo
H[PJA; (Je (8 + @) |oo| | DOy Je (1 — ﬁz)llo}
d ~ 1
—esY { pPD* / dr(Jo Ay (rJ. (81 + @) + (1 — 1) J (G + @) Je (81 — ﬁQ)]
j=1 0 0
‘axjjaﬁlyoo
N 1
+ P/ dr (T Ay (r (0 +8) + (1 — 1) (i1 + 1)) (i) — )
0
HDSGIJ-JEﬁlH()
H[PD?(JeAj(Je(z + 1)) o]0z, J= (@1 — B2)[oo
+HPJA; (J (g + W) oo [ D30, I (1 — ﬁ2)\|0}
< c(es, || fms |[02]lm, o, e[ D* (@1 = 12)|lo
= c(es, [[i]lms |[82llm, 2 e )| [81 — Ta2l]s, (6.1.21)

where, once again, the last inequality follows from Moser estimates and properties of
mollifiers, as we can see in the following remark.
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Remark 6.1.1. Define G(up) := PJ.[A;(J-(u + @) — Aj(@)]. Then, G(0) = 0. Ap-
plying Theorem C. 12 in [8] to G(%2), we have

|1 PD*(J-A; (Je (2 + w))llo = [|PD*(JeA;j (Je(@z + ) — J-Aj(w)) + PD*(J-A;(w)]lo

= [|P[D*(J-A;(J= (2 + ) — JeAj(@)][o < e(|2loo)l|2]]s < eles||ta]]s)]|@]ls-

The last inequality (6.1.21) implies that, for fixed e, F* is locally Lipschitz continuous
on any open set

UM = {&° e V. ||af||, < M}

By using the Picard theorem, there exists the unique solution @® € C*([0,7%), UM) for
any T, > 0.

Now, we show that the time of existence T; is bounded from below by a strictly positive
time 7' that is independent of €. Let P be the analytic - modulo an infinitely smooth
remainder, see [3, 55, 74] - pseudodifferential operator defined in (6.1.17), and, according
to the notations in [55], let T;4 be the paradifferential operator so defined

d
Tia = ZTAjaxj, (6.1.22)

where Ta; = Ta,(j.(a°+u)) 18 the paradifferential operator related to the symbol
A;(Jo(0® + 1)), for j =1,--- ,d, according to Section 2. There is also another way to
define T4, i.e. we consider the symbolic matrix A({,u) := Z;l:l Aj(u)g;

> vié 0 0 e 0
fwe X vig 0 e 0
= rfwe 0 Shvg 0 : (6.1.23)
Z;l:ﬂ’jfj .
f(u)éa 0 0 SERD DS

and we indicate with T;4 the paradifferential operator associated to the regularized
version of the symbol ¢A(&,u), evaluated in J.(0° + u), with A(£,u) in (6.1.23). Now,
we write (6.1.19) as

d
O + PILT S = —| S P(LA;(JL(& + 0)0,, Joi) — PLT Lo | (6.1.24)
=1

Let A =(1— A)%, where A is the Laplace operator. From (6.1.24), we have

1d

50 0|2 = (A*0,0°, A0y = —Re(APJ.Tj4J.0°, A0y + Q, (6.1.25)

with

d
Q= Z ASP TA (Je(@®+u)) — Aj(‘]é(ﬁs + ﬁ))]axj 'JEU-E)?ASﬁE)O'
7j=1
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Lemma 7.2.3 in [55] states that

d
Z Ta,y (g +ay) — Aj (Je(0° + )]0, Jou®[|s < e[ [0°][s, p)]J-0][s,

then, we have the following estimate:

QI < e(llwe[[s)[[a°]f2.
It remains to discuss the first term of the right hand side of (6.1.25), which is
Re(A*PJ. T4 J.0°, ATF ).

We need the following Lemma.
Lemma 6.1.1. The operator A*P, with P in (6.1.17), commutes with the diagonal

matrix with mollifiers J. entries.

Proof. The symbols associated to ASP and J. are both Fourier multipliers, which com-
mute (see [55]). O

Now, by using Lemma 6.1.1, we have
(ASPJ.TjaJ.0%, AS0®)g = (ASPTj4J.0°, ASJ.0%)g
= (PTjAN°J.0°, ASJ.0%)o + ([A°, PTa]J.0°, A% J.0f).

Since the symbol of A® is A%({)Id, where Id is the d + 1 dimensional identity matrix,
the commutation rule (see [55], [34], [8], [74]) implies that [A®, PT;4] is an operator of
order less than or equal to s, i.e.

([A®, PTia)J-0%, A°J:0%)o < [|[A®, PTia) Jou®lol|A° 0o < e(|[a]])] 0% 2.

It remains to deal with Re(f)ﬂAASJEfg‘E,ASJeﬁE)O. From Proposition 1.10 in [34], the
symbol associated to the composition PT;4 is made by a sum, in the o multi-index, of
terms

PO (E)DE(IAY(E, T (0 + ),

where 13¢(£) and A?(€,J.(0° + 1)) are the regularized versions of the symbols P(¢),
A(E, J-(0° + 1)), through the standard Littlewood-Paley decomposition, see Section 2,
and D, = %&%. Apart from |a| = 0, the others are terms of order less than or equal to
0, namely the symbol related to the operator PT;4 can be written as

PY(€)iA?(€, J.(& + ) + Ra, (6.1.26)

where R, is a remainder of order less than or equal to 0. Now, taking a generic vector
u = (p,v), from (6.1.17), (6.0.9), and (6.0.10) we have

v1&1 + v2éo 2 0 0
A&, u) = 0 |g|2 (v1&1 + v2do) §2 F (v1€1 + v262) ,
0 —SB (06 +026) (il + vad)
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in the two dimensional case, while, in the general d-dimensional case, we have

1 0 0 0 0
& RSt _&é&s _ &y
O 1= —er i el
PA(¢ u) = Zngj o s _en |8 e |- (6127)
i=1 He He €2 €
0 &b L& _&&% . &
e He €2 €2

Since PA(£,u) in (6.1.27) is a symmetric symbolic matrix, it follows that
Re(iPA(&u)) = 0.
Then, by using (6.1.26), we have
Re(PT, N 1o, A° i) < ([ |o, )12 (6.1.28)

Putting it all together in (6.1.25), we get

d ~€ ~€ =\ [[5E
SN < e[l p)1ae] - (6.1.29)

Let T, be the maximum time of existence of the solution to system (6.1.19)-(6.1.15).
We want to show that there exists a time 7" > 0, which is independent of ¢, such that
T < 1T for every € > 0. From the statement of Theorem 6.1.1, there exists a constant
M such that ||G5]|s < M. Fixed a constant value M > M, let T§ < T. be a positive
time such that the smooth solution u® verifies

sup o<r<1e |[G°(7)[|s < M. (6.1.30)
By (6.1.29), we get

for t € [0,T§]. Let T, with 0 < T < T}, be such that

[[0°(8)]s < [ag][se " (6.1.31)

MeC(Maﬁ)T S M'
This yields .
log(M4
< OQN(M_) : (6.1.32)
(M, p)
Since M, M, p are independent of the parameter e, estimate (6.1.32) implies that T is
log(4L
independent of € and 0° is uniformly bounded provided that T' < ?}qéM )) O
c(M,p

We also need a uniform bound for the time derivatives 0,u°(t), which is easily obtained
from (6.1.19) and (6.1.30). Thus, we have

1040 (8)||s—1 < ¢(M,M,p)  for te[0,T). (6.1.33)
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6.1.1 Convergence to the compressible-incompressible model
- I method

This section is devoted to the proof of the following theorem:

Theorem 6.1.2. Let w4y = (po — p,vo) be the translated initial data in (6.0.12), g
belonging to H™(RY), with m > [d/2] + 1 integer. There is a positive time T, such that
there exists the unique u € C([0,T], H™(RY)) N C([0,T], H™ 1 (RY)) and a function
P such that VP € C([0,T], H" (R%)) which solve (6.0.11). The solution (@, P) to
(6.0.11) is the limit of the sequence of the solutions to the approximating system (6.1.1/)
with initial data (6.1.15).

Proof. Let us consider the uniform bounds that we have just proved in (6.1.30) and
(6.1.33):
sup o<t<7|[0%[|m < M, (6.1.34)

and
sup o<t<r||00%||m—1 < Mo, (6.1.35)

for fixed constant values M7y, Ms. Now, we need the following Lemma.

Lemma 6.1.2. The sequence of the solutions to the approxzimating system (6.1.19)-
(6.1.15) is a Cauchy sequence in C(]0,T], L*(R%)).

Proof. For ,¢' > 0, let @, @ two solutions to (6.1.19)-(6.1.15). We have

1d, .
5/~ 8
d ~
) (P (LA (T (B + 1)y, Joi® — Jor Aj(Jor (8 + )0y, Joi ), 6 — 0 )g
j=1

ld ~<€ uc ~E | = ~E] ~€E ~E
Sy H0+Z{ [(Je = Jer) A (Je (07 + 1))y, Jo], 0 — 0% o

+H(P[Jor (A (J-(8 4+ 1)) —
+(P[Jo (A (Jo( + 1)) —

Here,
11| < e(My) max{e, €'}& — & |o,

where the last inequality follows from the Sobolev embedding theorem and from (6.1.34).
For I3, I, we get a similar estimate, while

|| < e(M)][o° — a3
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In order to estimate I5, we use the paradifferential techniques, as done before to get the
energy estimates. Then, by using (6.1.22), we write

Is = Re(PJoT, ) oy g Je (T —0°), 8 — 8 )

/ ’

+ )0y, Jer (@5 — 6], 65 — 0 )o = I + IL.

d
Jj=

(P[Jor (A5 (Jr(0°

+u)) - TA]-(JE/(ﬁE,—i-ﬁ))

(6.1.36)
The first term of (6.1.36) can be estimated through the same argument that leads to
(6.1.28). This way
5] < e(My)][a° — a3,

Now, applying Lemma 7.1.5 in [55] and using again (6.1.34), we get
d
1D (A (@ +0) =Ty () e )0, Jer (@ = 8o < e(Ma)][0° — @ lo.
j=1

Thus, the symmetric property of P, the divergence free condition of a°, 0, and the
Cauchy-Schwarz inequality imply that

15| < e(M)||a° — |13

Putting it all together, we have
—[[0° =00 < e(Mi)(max{e, &'} + |8 — & ||o),

and so, since 6°(0,z) = @° (0,2) in (6.1.15), by the Gronwall inequality

sup |[a° —a®||o < (M, T) max{e,£'}.
t€[0,7]

Lemma 6.1.2 implies that there exists a* € C(]0,T], L?(R%)) such that
@ — a* in C([0,T], L*(R%)) ase — 0.

Furthermore, by using (6.1.34) together with the interpolation lemma in Sobolev spaces,
see [9], for m' < m we get

@ —a* in C([0,T], H™ (RY)) as e — 0. (6.1.37)

Next, from (6.1.34), @° is uniformly bounded in L?([0,T], H™(R?)), so there exists a
subsequence such that

@ —a* in L%([0,T], H™(R?)).
Besides, for fixed t € [0, 7], G°(¢) is uniformly bounded in H™(R?), so 0*(¢) is bounded
in H™(R?) and this fact, together with @* € L2([0,T], H™(R%)), implies that G* €
Le([0, T], H™(R®)).
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Now, let ¢ € C°((0,T)) and ¢ = (p,v) so that v € VO = {v € L?>(R?) | V - v = 0} with
compact support. The weak formulation of system (6.1.19) is

/w 0dt+2/w J(PJ A (J(5 + 0))0,, JoGE, d)o dE = 0. (6.1.38)

Passing to the limit in (6.1.38) and using (6.1.37), we get

0 —! (£) (0, ¢)o dt + Z/Ozp(t)(PA](u* + 1)y, 8%, ¢)o dt =0,
j=1
i.e.
d
Ot + > P(A;(8* +1)0,, ") =0 (6.1.39)

in the sense of distributions, and so @* € Lip([0,T], H™1(R%)). Moreover, from (6.1.39)
and the Helmholtz-Hodge decomposition theorem, there exists

VP* e L®([0,T), H" ' (RY),
such that

<t Z Aj( = (0, —VP*). (6.1.40)

Next, by using (6.1.35) and passing to a subsequence, we have g,u° —* gu* in
L>([0,T], H™1(R%)). Besides, (6.1.34) and (6.1.35) yield

sup o<t<r ||VP||m=-1 < c(My, My),

and then
VPe —~*VP* in L°°([0,T], H™ 1(RY)).
Now, we want to show that @* € C([0,T], H™(R%)) Since w* € C([0,T], H™ (R%)), then

a* e C([0,T], H™ (R)), i.e., for all € > 0, for all ¢/ € H~™ (R%), there exists § > 0 such
that, for |h| < 9,

(@ (¢ + ) = (1), )| < -

Moreover, the density of H -m' c g™ (m’ < m) implies that, for all £ > 0 and for all
¢ € H-™(R?), there exists ¢’ € H- (RY) such that

6= llom < o

where M is the uniform bound in (6.1.34). Putting it all together, we get

(@ (¢ + h) = 0*(£), @) —m.ml

< |(ﬁ*(t + h) - ﬁ*(t)7 d) - ¢,)*m,m| + |(ﬁ*(t =+ h) - ﬁ*(t)7 ¢,)7m’,m’|
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< 2Myl¢p = || + 1@ (E + 1) = 0 (t), &) | < &,
namely G* belongs to C([0,T], H"(R?)). Putting it all together, we have

a* e L((0,T], H™(RY) N Lip([0, T], H™ 1 (R?)) N Cu ([0, T], H™(R?)),

and
VP* € L=([0,T], H™ *(R%) N Cy([0, T], H™(RY)).

The additional regularity @ € C([0, 7], H™(R?))NC* ([0, T], H™(R?)) can be achieved
in a standard way, following [9]. We sketch the proof. First, it is sufficient to prove
that a* € C([0, T], H™(R?)), since the regularity C'([0,T], H™~*(R%)) follows directly
from (6.1.40). Moreover, we only need to prove the continuity of a* in the strong norm
|| - ||m at the time ¢ = 0, in fact the same argument can be adapted to any other time
T,0 < T < T. Furthermore, since system (6.1.40) is time reversible, it is sufficient to
prove just the right continuity at time ¢ = 0 in the strong norm || - ||;,,. From (6.1.34),
passing to a subsequence, we have

limsup ||[@®||, > [|0*||m.
e—0

Moreover, from (6.1.31),
10 < PG |-
This implies

sup 18|l — 1185/l < MO [@G ]l — 185 -
0<t<T
Last estimates give
lim sup [[0*||m < [[8o]m-
t—0+

Now, since @* € C,, ([0, T], H™(R?)),

lim inf [|@*||;m > [|[o]|m.
t—0+

In particular,

. % s
T (150 = [l
Then, the strong right continuity at ¢ = 0 is proved. O

Remark 6.1.2. This kind of approzimation does not work on system (6.0.5), since %

1s not a gradient and it cannot be eliminated by applying the projector operator to the
system.

6.1.2 TUniqueness

We end this section with the proof of uniqueness of the solution to the Cauchy problem
(6.0.11)-(6.0.12).

Theorem 6.1.3. There is a unique solution @ to problem (6.0.11)-(6.0.12) in the space
L>=([0, T}, Lip(R) N L*(R)).
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Proof. According to Definition 6.0.1, let ti;, s and Py, P, be two solutions to system
(6.0.11), with initial data (6.0.12). We have

d
(i — W) + Y {Aj(g + )0y, (T — W) + (A; (2 + 1) — A;(@1 + 1))y, 0 }
j=1
+(0, VP, — VP;) = 0. (6.1.41)

Applying the operator P to (6.1.41), we get

uy — u1 U.2 +u Oz (~2 — ﬁl) + (Aj(flz +l_1) — Aj(fll + ﬁ))axjfll} = 0.

HM&

As done before, we write the paradifferential version of the previous equation

Oyt — 1) + PTia (e i) (B2 — T1) + P(Tiace aora) — Tia(e,an+a)) 01

2
P 1A(€,02+1) Z A] up + u ](ﬁ2 - ﬁl)
J=1

d
+P[Tia¢ i) — Tia(e,ai+a) — Z(Aj(ﬁ2 +1) — Aj(a; + )0y, |uy.
j=1

We set w := iz — 0; and take the scalar product with w. From [55] and (6.1.22) we
have

|(P(Tiace.000) — Tiace,m )81, G2 — 1)l

d
Z TA (112+11 TAj(ﬁ1+ﬁ))8:L‘jﬁ17 ﬁ? - ﬁl)o‘
7j=1

d
FH| Zaap ) (DyAX (g + 1) — DAY (T + 0))]F(0y,11)}, iz — 1y )0
7j=1
< o |Vi]oo) |2 — |3,
where F is the Fourier transform, and f’XA;C , 7 =1,---.d are the regularized versions of

f’,Aj, through the standard Littlewood-Paley decomposition, see Section 2. Thus, we

obtain

d - - - -
%HW% < e[t ]oo, [B2]00, | VL] oc, [ VE2]oc ) [ W[5,

i.e. w=0, since 0;(0,z) = 02(0,2) = 0y = (po(x) — p,vo(x)) in (6.0.12). O
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6.2 The continuous projection approximation

First of all, we want to point out that, although it involves again the use of the Leray
projector, the idea inside this other kind of approximation is quite different from that
discussed before. Roughly speaking, the main feature is that we will use the projector
operator as a singular source term. The divergence of the velocity field vanishes as long
as the parameter € goes to zero and this is the reason why this approximation can be
viewed as a continuous version of the Chorin-Temam projection method. Moreover, the
proof below can be adapted with slight modifications to the classical discrete version of
the projection method, providing a constructive solution to system (6.0.1). Now, let us
go back to the original system (6.0.1). Unlike (6.0.9), (6.0.10), we consider the compact
formulation of system (6.0.1), where the mass balance equation is

Op+ V- (pv) = 0.

This way, we need to redefine the matrices A;,j =1,---,d in (6.0.7). Namely, now we
have
vp p O vo 0 »p
Aif(u)=1| f(u) v1 0 |, As(u)= 0 wva O (6.2.42)
0 0 v flu) 0 v
in the two dimensional case, and, in the general d-dimensional case
v; d1jp O25p -+ daip
51jf(ll) U5 0 cee 0
Aj(u) = (52jf(u) 0 Uj tee 0 (6.2.43)
DY DY DY /l}j .«
dgjf(u) 0 0 - v
for j =1,---,d. First, let us neglect for a while the incompressible pressure term Fp. It

is easy to check that (6.0.7) with A; in (6.2.43) is a Friedrichs symmetrizable hyperbolic
system, whose classical symmetrizer is the diagonal (d + 1) x (d + 1) matrix

Ap(u) = diag (f(pu)’ 1,1,---, 1) , (6.2.44)

and _
T8 5y f () Saif(u) oo Ogif(u)
ojf(a) v o - 0
AOA]' = (5j2f(ll) 0 (] s 0 )
... DR .. ’l)j ..
diaf(u) 0 0 e v;
forj=1,---d.

Remark 6.2.1. We point out that, for Ag(u) to be a classical symmetrizer, we need
p, f(u) > 0. The second one will be an assumption, as we are going to precise in the
following, while here we discuss the first one. Taking into account the density equation
in (6.0.6), it can be seen that, if the initial datum po in (6.0.2) does not vanish for
all z € R?, then, under some standard assumptions of reqularity, p(t,z) cannot vanish
too, as we will see a posteriori. However, we are going to translate again the density
variable, as done in the previous section, but here, unlike Section 6.1, see Remark 6.0.1,
we assume p > 0.

80



6.2. THE CONTINUOUS PROJECTION APPROXIMATION

Applying the symmetrizer Ag(u) to the compact system (6.0.7), with A;,j =1,--- ,d
in (6.2.42), (6.2.43), we get the symmetric formulation

d
Ap(u)dru+ Y AgA; ()0, u+ Ag(u)Fp = 0.
j=1
We want to focus on the fact that

Ao(w)Fp = diag (f(p“) 1,1, ,1) -(0,VP) = (0,VP) = Fp, (6.2.45)

namely the Ag-scalar product preserves the gradient function VP and this is the
reason why, in the following, we will be able perform classical energy estimates, despite
the presence of the gradient of the incompressible pressure or, equivalently, the Leray
projector. Thus, (6.2.45) yields

d
Ao(u)atll + Z A()Aj(u)alel + FP = 0.
j=1

To get uniform energy estimates, f(u) has to satisfy some properties, then here we
provide the definition of admissible scalar functions f(u).
Definition 6.2.1. The scalar function f(w) in (6.0.7) is an admissible function if

o f(u) is strictly positive;

o V,f(u) = a(p, |v|)v, where o is a positive and continuous scalar function, only
depending on the density p and the norm |v| of the velocity field.

An example of an admissible function is given by

flu)=f+B(p,v°), f+B(po,vy) >0,

where f is a constant value and V,B(p,v?) = 20,28(p, v*)v, with 0,26(p,v?) > 0.

Following [9] and [75], we look for a suitable approximation to system (6.0.1), which is:
d
Ag(Jou®) Ot + ) T AgAj(Jeu)dy, Jou® + (0, VPF) =0,
j=1

where u® = (p°,0%), A;,7 = 1,---,d in (6.2.42), (6.2.43), Ap in (6.2.44), and v° is no
more divergence free. We choose the approximating sequence V P so that, for each fixed
g, VP¢ is proportional to the gradient part of v*. Namely, using the Helmholtz-Hodge
decomposition theorem, we can set

v® = Pv® 4+ eV Pe.

This way, [P
—Pv

€

VP© =
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Then, the approximating system becomes

d

I—-P)o®
Ap(Jeu®) 0" + ) T Ag A (Jeu®)dy, Jou® = — (0, (g)“), (6.2.46)
j=1
with initial data
pi(z) = po(0,2),  v5(0,2) = vo(z) + evf(2), (6.2.47)

with po,vo in (6.0.2) and v} (x) € H™(RY).

Remark 6.2.2. Similarly to the incompressible limit of the Euler equations in [52], [17],
the 7slightly compressible” form of the initial data in (6.1.15) guarantees the uniform
bound of the time derivative of v¢ in the L?>-norm, as we will see later.

According to Remark 6.2.1, as done in (6.0.11), we translate the approximating system
(6.2.46) and the related initial data (6.2.47). Setting u® = (p%,0°) = (p° — p,v%), we get

(I—-P)o®

d
Ag(Jo(B8 +0))00 + Y J.AgA;j(Je(6F + 1)), o = —(0, -

J=1

), (6.2.48)

with
ug = (95, 75) = (o — P v5)5 (6.2.49)
and p§, v§ in (6.2.47). We prove the following theorem.

Theorem 6.2.1. (Local existence of approzimating solutions for the second approxima-
tion) Let @5 = (5, 95) € H™(RY) as in (6.2.49) and m € N, with m > [d/2] + 1. Then,
for any € > 0, there exists a time T, independent of €, such that system (6.2.48) has a
unique solution U = (p°,7°) € C1([0,T], H™(RY)).

Proof. Once applied the Picard theorem in [9], we get uniform energy estimates to
start the compactness tools. Comparing to Section 6.1 , here we just have to consider
FE (@) = (0, =B Then

1>
. . I—P)(v1 — 02)||m 1, . 1 .
15 () — 5 () = (0, 15Oy < 0 Ly ) < Hyjay —

Putting it all together, we get
1F(@) — F2(2)lm < (|0, [[2]lm, 7, eH)[[@1 — B2 |-
Thus, for fixed e, F* is locally Lipschitz continuous on any open set

UM = {a° ¢ H™(R?) : ||@||,n < M}.

From the Picard theorem, there exists the unique solution @° € C*([0, %), UM), for any
T. > 0. Now, we need a uniform bound on @° in the higher H™-norm. From (6.2.48),
we have

d (I - P)o*
Ot = — Y AG T AgAj(Jo(UF + )0y, Jo0° — (0, >
j=1
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Taking the a-derivative for |a| < m, we get

d (I — P)D%*
0D + > Ay I Ao A (J(dF + )0y, DT + (o, 6) = F,, (6.2.50)
j=1

where

d
= [D*(AG T Ao Ay (T (€ + 1)), ) — Ay ' T Ag Ay (Je (0 + 1)) Dy, D 1.
j=1
Multiplying (6.2.50) by D*a® through the Ap inner product (Ao, -)o, where Ay is the
symmetrizer in (6.2.44), we obtain

1 d 11 ]' « «
5 g7 Ao(Je(8° + ) D07, D*J-a%)o + —((I— P) D7, D)o

(8tAo(Ja( ° 4+ 1)) DY J.4°, D J.&) 8z, (Ao A;j (Jo(0° + @) D J.0°, D J.af)g

HM&

+(Ap(Je(@® +n))F,, D*G%)o.
This implies that

1
5 3 (A0(Jo(8° + ) DL, DJ4)o + (I~ B)D™F, D*v)o

< ([0 |oo, [V oo, p)IIDVEE[G + (10 oo) | Fallo] DT o,

where we are able to control 1(0;Ag(J-(0° + @) D*J.u°, D*J.0)y thanks to the prop-
erties of f(u) in Definition 6.2.1. Now,

[ Fallo

d
> [D*(AG T Ao Ay (T (0° + 1) 0y, Jo0) — AF T Ao A (J-(UF + @)Dy, D* T ]
=1

0
d
Z A J AOA (u€ ﬁ))‘ooHDm_laijeﬁaHO
+|D™(Ag T A A (0F + 1))]]0]0x, JeT| oo }
and then, using Remark 6.1.1,
< (|00, [ VT oo, p)] | D™ EE 5.
Thus, we have
1 d ~E& = « ~& (0% ~ & 1 o, £ o, €
§§(AD(J5(U +u))D*J.a%, D¥J.a%)y + g((H—IF’)D v°, D) (6.2.51)
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< e([6°|oo, [V |oo, 2) | D™ 0I5

Notice that the Helmholtz-Hodge decomposition theorem provides a positive sign for the
source term in the left hand side of (6.2.51), i.e

1 1 1
g((]I — P)DY®, D*®)g = g((]I — P)D%*, D*((I — P)v® + Pv®))g = EH(H — P)of||3.
Summing up to |a| < m, we have

d ~c — a « ~& [
yr > (Ap(Je(B + 1)) D J&, D* 1 )g < |6 oo, | V|00, p)| |0

laj<m

Il
m*

Since Ay is positive definite and using the properties of mollifiers, last estimate yields
d o2 ~e SEl N |eE (2
10l < (@ oo, [V |oo, )10 I (6.2.52)
As seen in the previous section, estimate (6.2.52) gives
@ (#)|lm < M fort e [0,T]. (6.2.53)
O

To obtain a uniform bound for the time derivatives d;u°

the time derivative of equation (6.2.48) and let

in the low norm L?, we take

w® = 8tf15 = (8tp5, 8t1]€).

Then, we have

oW +ZA L Ao Ay (J-(0F + 1)) 0y, Jow* +Z At Ap A (J-(0F + 1)) Jowe Oy, Jo i
Jj=1 J=1

o (o, (I - P)aﬂ)5> |

Taking the (Ag-,-)o inner product with w®, we get

1 e e I—P)o,vel|?
d
1 ~& — / £ £ 1 — / ~& £ £
= (Ao(e (0 )Y Jew? - W, w)o+ 3 3 (Ao, (Jo(8° + 1)) Dy, JeB° - Jows, Jow?)o
7j=1
d
+ 3 (Ao(Ag A (T (8 + 1)) Jew® Oy, Jo0E, W ).
7=1
We obtain

= (Ao(Je(8° +1))w, w)o < e(|6°|oo, [V |oo, 2)|[WF 3.
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From (6.2.53), we have

%(Ao(efa(ﬁe +1))we, w)o < M||weI[G,
ie.
W (@)I13 < [[w*(0)l[ge™",
and
100 (1)][5 < 113ea®(0)|[5e™".

Then, 9;G° is uniformly bounded in L2(R?) for each ¢ € [0, T, provided that ||w*®(0)||2 =
|00 (0)||2 is uniformly bounded in e. This is guaranteed by the structural conditions
on the initial data in (6.2.47). In fact, from (6.2.48), we have

E~E d -1 ~g — ~ (H — ]P))US
07 (0) = — Y Ay T Ag A (Je(§ + )0y, Jo1§ — | 0, —

j=1
By using (6.2.47),
v§(x) = wvo(@) + evg (2),

with V - vg(z) = 0, namely Pvg = vy and (I — P)ug = 0, and so

d
0 (0) = — Y Ay T Ao Ay (Je (G + 1))y, Jott — (I — P ().
j=1

Thus, since 9;4°(0) in uniformly bounded in H™(R%), we have
|10ra° (#)]]o < M.

Similarly, we get
10407 () [[n—1 < M. (6.2.54)

6.2.1 Convergence to the compressible-incompressible system
- IT method

We prove the following theorem.

Theorem 6.2.2. Let uy = (po,09) be the translated initial data in (6.0.12),
@y € H™(RY) with m > [d/2] + 1. There is a positive time T, such that there exists the
unique @ € C([0,T], H™(R?)) N C*([0,T], H™ 1 (RY)) and an incompressible pressure P
such that VP € C([0,T], H" Y(R?)) which solve (6.0.11). The solution (i, P) to
(6.0.11) is the limit of the sequence of the solutions to the approximating system
(6.2.48) with initial data (6.2.49).

Proof. The first part is completely analogous to Section 3. We start from some facts:

W — 0" as e —» 0 in C([0,T], H™ (RY) with m/ < m,
a° — a* as ¢ — 0 in L2([0, 7], H™(R?),
u* e L([0,T), H™(RY)) N C([0, 7], Hy' (RY).

o
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From (6.2.48), (6.2.53) and (6.2.54), we have

1
sup o<t<r _||(T=P)v°|lm—1 < M,

ie. [|[(I—P)f[m_1 — 0 as e — 0 and, since v° — &* in C([0,T], H™ (R%)), then
Po* = 0%, namely
V-5* =0.

Next, let 1p € C2°((0,7T)) and ¢ = (p,v) so that v € VO = {v € L2(RY) | V-v = 0} with
compact support. Writing a weak formulation of system (6.2.48), we have

T d ,T
/0 )@, D)o dt+ Y /O D) (Ag T Ao A (J. (G + )y, JTE, §)o dt
=1

:_/Tw(t) (a[_P)“E,v) dt.
0 € 0

Since (I — P)v® is a gradient for every e, the right hand side of last equality vanishes,
then

T
| v dt+z / () (AT T A Ay (J. (5 + @)y, Jo5, 0)o dt =
0

(6.2.55)
As done before, passing to the limit in (6.2.55), we obtain

T d T
|- e+ [ o+ won o de=o
0 e

This yields 9;a° —* 9;a* in L>([0,T], H™ 1 (R%)) and equation (6.1.39), i.e

d
Ot 4> P(A;(* + 1)0,,0%) = 0.
=1

This way, we get the additional regularity a* € Lip([0, T], H™!(R%)) and the existence
of VP* € L>([0,T], H™ ' (R%)) such that

d
Ot + > Aj(0* 4 10)0,, 0" = (0, —VP).

Thus, a* € L>®([0, T], H™(R?)) N Lip([0, T], H™ 1 (R%)) N C ([0, T], H™(RY)) is a weak
solution to (6.0.11)-(6.0.12). The last part of the proof of Section 6.1 yields a* belonging
to C([0,T], H™(R%)) n C([0, T], H™ *(R?)) and P* € C([0,T], H™(R?)). O

Remark 6.2.3. This approrimation for the density-dependent incompressible Fuler
equations (6.0.5) in the two-dimensional case is:

v 0 0 vz 00 (I —P)v°
o + J; 0 v O Oy et + Je 0 5 0 Oy Jew + | 0, — =0
0 0 o 0 0 =P
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where u* = (p*,v%). The scalar product of the a-derivative of the singular term against
the a-derivative of the velocity field has no more a positive definite sign, then this method
does not work in a simple way on (6.0.5).

6.3 The artificial compressibility method

Following [75], we consider another kind of approximation of system (6.0.1), based on
a family of perturbed system, which, in order to approximate the divergence constraint
V - v =0, contains the following artificial equation for the pressure term P€:

e20,PF +V -0v° = 0.

We consider the artificial state equation

P* = Py +¢eP*,

where P% is constant. Without loss of generality, we take Py = 1. Setting u® :=
(p%, P%,v%), the approximating system reads:

Opp® + V- (pv°) = 0,
O PF + Y =0, (6.3.56)
Dpv® + 0 - VO£ + f(p%,0%)Vp© + = =0,
with the following initial data as in (6.2.47):
p5(x) = po(0,2),  v5(0,z) = vo(z) + evd(x), (6.3.57)
where pg, vg are the initial data (6.0.2) of the original problem (6.0.1).

Remark 6.3.1. Although it is needed, we do not make explicitly the translation of
(6.3.56) to simplify the notation.

Again, we can write system (6.3.56) in the compact form:

d
O + ) Aj(u)d,;uf =0, (6.3.58)
j=1
with initial data 3
ug = (pg, B, v5), (6.3.59)

where the function ]55 is arbitrarily chosen, provided that poa € H™(R?), and Pg, Vg in
(6.3.57). The matrices A;(u®) have the following structural form:

. A9
Aj(uf) = Aj(u) + —
for j=1,---,d. In the two dimensional case, we have
vy 0 p~ O 0 0 0O
. A9 0 0 0 00 %0
€y — 5 1 €
A=A 2= 1 e 000 0 | Tlo 00|
0 0 0 9 0 0 0O
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vs 0 0 p° 00 00
. A 0 0 0 0 0001
€) = € 2 €
Ax(w) = Ap(u) + = 0 0w o |Tloooo
f(® 0 0 w5 01 o0o0
and, in the general d-case, for j =1,--- ,d,
- AY
Ay(00) = Ayfu) 2
V5 0 d15p° d2;p° ddjp°
0 0 0 : 0
51jf(u5) 0 'U? 0 0
= (ngf( 5) 0 0 ’UJE» s 0
. A
J
dgif(u®) 0 0 5
0 0
0 = 0 0 0
+ o 2 o .. 0
b

3

System (6.3.58) is Friedrichs-symmetrizable by the (d + 2) x (d + 2) - symmetrizer

Ap(u®) = diag (JCE::), 1,1, 1) .

Remark 6.3.2. We point out that here we need just the first assumption of Definition
6.2.1 on f(u).

Now, looking at the matrices A; for j = 1,---,d, we notice that they satisfy the
structural conditions required by Majda and Klainerman in [52] and [17] to prove the
convergence of the compressible Euler equations to the incompressible ones. Moreover,
the initial data (6.3.59) associated to system (6.3.58) are consistent with respect to the
hypothesis of ’slightly compressible initial data’ in [52]. Then, the proof in [52] can be
adapted to this context, providing us a result of existence and uniqueness of the
solution to (6.0.1)-(6.0.2) in the Sobolev spaces, as in the previous sections.

Remark 6.3.3. Applying the artificial compressibility method to system (6.0.5), we
obtain an approrimation system whose matrices and the related Friedrichs symmetrizer
do not satisfy the assumptions stated in [52]. For instance, in the two-dimensional case,
setting uf = (p, P, v%), we have the system

i 0 0 O v 0 0 O
0o 0 1 0 o o o 1
£ £ € € £ __
o u + 0 5;5 Ui 0 Opu® + 0 0 US 0 Oyu” =0,
0 0 0 o 0 = 0
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where the singular parts of the matrices above are not constant.
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Chapter 7

A multiphase model in two space
dimensions

Although mixture models are largely diffused, up to now the analytical theory has
been mainly developed in one space dimension, see for instance [38], [72], [79], and [11],
while some results about linear stability and numerical approximations were considered
in [35]. Moreover, a complete analytical study of the one dimensional biofilms model
(4.0.2) and the related two phases system (4.0.6), with the proof of the global existence
and uniqueness of the smooth solution and the analysis of its asymptotic behavior for
initial data, that are small perturbations of the equilibrium point, were given in
Section 5, which is based on [12]. Let us recall that, in the one dimensional case, the
incompressibility condition (1.0.5) allows us to solve for the incompressible pressure
VP in (5.0.1), obtaining (5.0.5) and (5.0.4). Besides, the remaining system (5.0.6) is
symmetrizable hyperbolic (see [52], [3] [71]), and so the standard theory applies. On
the other hand, in several space dimensions there is not a simple way to deal with the
term VP, since the incompressibility inequality is given by (4.0.7). In order to work
using a divergence free formulation, we define

w = Bvg + (1 — B)vp,

and we could try to apply classical methods used for incompressible fluids, see [75], [52],
[76], and [9], which are essentially based on the projection of the velocity field onto the
space of the divergence free vectors.

However, in our case, even in the divergence free variables, there are some difficulties.
The first one is given by the interaction between the Friedrichs symmetrizer of the
hyperbolic part of system (4.0.6) and the gradient of the incompressible pressure term.
Actually, the scalar product induced by the classical symmetrizer does not preserve
the orthogonality of the gradient of the incompressible pressure with respect to the
divergence free average velocity. This happens since the symmetrizer and the pressure
part of the system do not commute and, moreover, their commutator is still a first order
operator, see Section 7.2 below. Therefore, we cannot get rid of the incompressible
pressure, unlike in the case of the incompressible Euler equations, see for instance [19].
Furthermore, it is not obvious how to get useful energy estimates in Sobolev spaces
for system (4.0.6), since our hydrostatic pressure does not possess enough regularity in
space. In fact, looking at the elliptic equation for the pressure P, which is obtained
applying the divergence operator to the momentum equations in system (4.0.6), we have
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d d
AP = =% Oywidpw; —V-V-(B(l-B)z®z) —7AB, (7.0.1)
j=1 i=1

where z := vg — vp. Let us compare (7.0.1) with the elliptic equation for the pressure

P¥ of the incompressible Euler equations with velocity v, see [19], namely
d d
APP = =3 "0, 070,07, (7.0.2)
j=1i=1

Starting from velocity fields w, z in (7.0.1) and v in (7.0.2) with the same H® regularity
for some s > [d/2] + 1, our pressure P in (7.0.1) is only in H*®, while P¥ in (7.0.2) is in
H**!. So, because of this lack of regularity, which is due not only to the inertial term
V- (B(1 - B)z ® z), but also to the compressible pressure term 7V B, we are unable to
close the energy estimates for system (4.0.6).

For all these reasons, the different approaches used for incompressible fluids do not work
for (4.0.6). For instance, even if the numerical simulations in [27], which use the Chorin-
Temam projection method [75], seem to yield some reliable results, we do not know how
to prove any rigorous convergence result for this approximation scheme in this case. In
fact, while the L?-norm of the projected solution is estimated step by step by the L2-
norm of the non-projected vector, thanks to the Hodge decomposition theorem [75], this
property no more holds for the scalar product induced by the symmetrizer and so we are
unable to control the energy estimates. This structural difficulty is also the reason why
the singular perturbation approximation in [15], which can be viewed as a continuous
version of the projection method, does not work for system (4.0.6). Also, we are not able
to prove the convergence of the approximation used by Valli & Zajazckowski in [70]
to solve the incompressible Euler equations, since, again, we cannot get the necessary
energy estimates from the elliptic equation (7.0.1). For completeness, we notice that
the same holds for the artificial compressibility method of Temam in [75], since there is
no classical symmetrizer for the related approximating compressible system and the Lax
symmetrizer that we have found does not satisfy the assumptions required in studying
singular perturbations approximations, as in [34].

In spite of these negative remarks, in the following we prove the convergence of one
approximation to system (4.0.6), made by the composition of some smoothing operators
and the Leray projector, see [9] and [I15] for different applications of this technique.
This section is based on [13]. Here, the main idea is as follows. First, we apply the
projector onto the space of the vectors such that the averaged velocity w is divergence
free. Then, we consider the paradifferential operator associated to the projected system
(4.0.6), we notice that its highest order part is a strongly hyperbolic operator of the first
order, and therefore it is possible to construct a Lax symmetrizer for it (see Section 2).
The construction of this symmetrizer is essentially based on the techniques explained in
Section 2, developed in [55], which are combined to some ideas in [31]. We point out
that, the main point here is to symmetrize the whole projected operator, rather than just
use the symmetrizer of the hyperbolic part of (4.0.6). Using paradifferential calculus, we
are able to establish some uniform energy estimates and the convergence of this method
to (4.0.6), as well as in the case of the more general model (4.0.2), both in two space
dimensions.
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In the following, we discuss the general setting and the main properties of the two phases
system (4.0.6) in two space dimensions. Section 7.2 is devoted to the well-posedness of
our approximation, using an approach based on paradifferential calculus, and a proof
of its convergence. Section 7.3 is dedicated to the explanation of the failure of some
more classical approaches to first order models of incompressible fluids with respect to
the paradifferential one. In Section 7.4, we show how to apply the arguments of Section
7.2 to the more general system (4.0.2), always in two space dimensions. Finally, in
Section 7.5 we discuss the difficulties we have found to extend these results to the three
dimensional case.

7.1 Basic formulation

Let u = (B, vg,vr). System (4.0.6) can be written in the following compact form:

{ Ora + Z;l:l Aj(w)dyu+ Fp = G(u), (7.1.3)

V- (Bus + (1 - B)ur) =0,

where the term Fp is given by the gradient of the hydrostatic incompressible pressure

Fp = (0,VP,VP), (7.1.4)

and the source term has the following expression

G(u) = (FB7P’US7F’UL)7 (715)
where
Tp = B(kp(l = B) = kp), Ty, = @tezes) p, - Msow), (7.1.6)

and kp,kp, M are experimental constants. The initial data related to (7.1.3) are the
following:

u(0,z) = ug(z) = (Bo(x),vs,(x),vr,(z)) such that V- (Byvs, + (1 — By)vr,) = 0.
(7.1.7)
Although most of the calculations in this first section hold in the general d-dimensional
case, we limit our consideration only to the two dimensional case. In one space dimension,
in fact, system (7.1.3) is a particular version of that already discussed in [12], while
in three space dimensions there are some structural problems that lead to technical
difficulties, as we will see in Section 6. Setting d = 2, system (7.1.3) reads

{ Opu+ Ay(a)dru+ Az(n)dyu + Fp = G(u), (7.1.8)

V- (Bvs+ (1 - B)vg) =0,
with F}, in (7.1.4), G(u) in (7.1.5) and the initial data ug in (7.1.7). The flux matrices
are:

v, B 0 0 0 v, 0 B 0 0
1 g, 0 0 0 ws, O 0 0
Ai(u) = 0 0 wg 0 O , A(w)=| £ 0 ws, 0 O
0 0 0 wy O 0 0 0 w, 0O
0 0 0 0 w 0 0 0 0 v
(7.1.9)
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Assumption. From (7.1.9), (7.1.5) and (7.1.6) the terms B and (1 — B) cannot vanish.
Then, we take 0 < B < 1.

Remark 7.1.1. The assumption above is quite natural, in fact, from the mass balance
equation for B in (4.0.6), if the initial data By (and 1—By) in (7.1.7) does not vanish for
all z € RY, then, under some standard assumptions of reqularity, B(t,z) (and 1—B(t,x))
cannot vanish too. However, this will be proved a posteriori.

In the following, we prove that, fizing a constant value B and taking By such that
By — B € H*(R?), with s > [d/2] + 1 = 2,  then
(B — B,vg) € C([0,T], H*(R?)) n C1([0, T], H*~*(R?)).

As discussed in Remark 7.1.1, system (7.1.8) is singular in B = 0, then the unknown B
cannot belong to L?(R?). In order to work in the natural setting of the Sobolev spaces,
we make a slight modification. From the form of the source term G in (7.1.5)—(7.1.6),
the admissible equilibrium point of system (4.0.6) is the following:

kp

a=(B,vg,v;) = (1 — —
kg

,0,), (7.1.10)

where v is a two dimensional constant vector arbitrarily chosen. Taking v = 0, we have

u=(B,0,0). (7.1.11)

In this section, to simplify the presentation, we define the translated system, which will
be considered in Section 3. Let

o= (B,ig,01) :=u—,

with @ in (7.1.11). Then, we will study the following system:

O+ Y74 Aj(TL+ 00y i+ Fp = G(i + 1), (71.12)
V- ((B+ B)os+ (1—(B+B))vg) =0,
with initial data
ﬁ(O,x) =1y = ug — U, (7.1.13)

and ug in (7.1.7). We provide now the definition of classical local solutions to (4.0.6).

Definition 7.1.1. Let s > 2 be fized. The function &= (B, g, ¥1) is a classical solution
to system (7.1.3), if w € C([0,T], H*(R?)) N CL([0,T], H*~Y(R?)) for any time T > 0,
and @ solves system (7.1.12) in the classical sense, with initial data @y € H*(R?) in
(7.1.13), where P is a function such that VP € C([0,T], H*~1(R?)).

In the remainder of this section, we take into account the translation, but we just omit
the tilde to simplify the notations. Now, in order to deal with the divergence free vector
field, we change variables. Define

w := Bvg + (1 — B)vg, z:=vg— vy, (7.1.14)
and let ¢(u) be the diffeomorphism so defined
v = (B,w,z) = ¢(u) = (B, Bvs + (1 — B)vg,vs — vr.). (7.1.15)
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System (7.1.8), can be written in the following compact form:
2 3 [ A .
OV + 37521 Aj(V) 0y, v + Fp = G(V); (7.1.16)
V-w=0,

with initial data
(7.1.17)

v(0,z) = vo(x) = (Bo(x),wo(x), z0(x)) such that V -wy=0,

where

Aj(v) = (§ 49707 (), for j=12,  Gv)=(¢G¢ (o (V)),

and )
Fp=(0,VP,O0).
Explicitly,
w1 + z1(1 — 2B) B 0 B(1 - B) 0
) y+23(1-2B) wi+Bz 0 2Bz(1-B) 0
Al(V) = 2’12’2(1 — QB) BZQ w1 BZQ(l — B) le(l — B) s
% - 22 21 0 wi;+2(1-2B) 0
—Z1%22 0 Z1 0 w1 + 21(1 — QB)
wo + 22(1 —2B) 0 B 0 B(1 - B)
B 2122(1—23) w9 BZl BZ2(1 —B) BZl(l —B)
Ay(v)=| ~y+22(1-2B) 0 wy+ Bz 0 2Bz (1 — B) :
—Z2129 29 0 wo + 22(1 — ZB) 0
L —23 0 29 0 wy + 22(1 — 2B)
while
~ —2(M +T'p(1-B))
= (T
with I'p in (7.1.6). Let us define the generalized projector operator:
1 00
P&:=10 P 0 ], (7.1.18)
0 01

where P is the standard Leray projector, namely the projector onto the divergence free
vector valued functions. If we apply the operator P to system (7.1.16), with the aim of

eliminating VP, we get
(7.1.19)

since PFp = (0,PVP,0) = 0 by definition, and
Pv = (B,Pw,z) = (B,w, z),

by the divergence free condition V - w = 0.
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7.1.1 A new formulation

Taking inspiration from our preliminary work [I5], we aim to propose a different
symmetrization strategy for our problem, to be able to estimate correctly the pressure
term. We apply first the operator P to system (7.1.16). Notice that the initial datum
does not change by projection, since the initial average velocity wgy is already a
divergence free vector and then, applying P to (7.1.17), we have

Pvo(z) = (Bo(z), Pwo(x), 20(x)) = (Bo(x), wo(x), 20(x))-

Moreover, PFp = (0,PVP,0) = 0, and the divergence free constraint V-w = 0 in (7.1.16)
is implicitly contained in system (7.1.19). We consider the paradifferential version of
system (7.1.19):

d
OV + PT3)V = PTop) + > _[PTa () = PA;(V)]0e,v = [PTg,) = PG(V)], (7.1.20)
j=1
where, from [55],
2
Tiiew) = 2 Tiy0a,v (7.1.21)

J=1

is the paradifferential operator associated to the z-dependent matrix symbol

AG,v) =Y igA;(v) =) it Aj(v(t,x)), (7.1.22)

j=1 j=1

and similarly for G(v) and T (y)- As we will see in details in the next section, in (7.1.20)
there is only one operator of order 1, which is PT, Aev): We want now to show that
we can apply Theorem 2.4.2 and the corollary above to this operator. From Section 2,
the symbol associated to the composition is made by the sum over the multi-index a of
terms of type

OFPDIA(E,v),

where D, = %633. The expansion above implies that there is only one term of degree 1
in &, which is given for |a| = 0, namely P(£)A(&, v). Thus, the symbol of PT, j¢.v) can
be written as

P(£)iA(E,v) + R(£,v)

(w4 (1-2B)z)-§ B&  Bé B(1 - B)& B(1 - B)&

§&(1-2B)m Sopa —Eap3 B(1—-B)&opa —B(1-B)&us
GE GEATE Gk Gk

=i —&(1-2B)m —Sipe S —B1=B)¢1pa B(-B)&ius
GE LA GE GE
Bo_z(z€)  2€ 0 (wt(1-2B))-¢ 0

22— 29(2 - €) 0 2 & 0 (w+ (1 —2B)z)-¢
+R(E,V), (7.1.23)
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where R(&,v) is a remainder of order less than or equal to 0, and

(

p = (z - §)(€21 — &122),

p2 = (w-&§)&2 + B&1(&221 — 122),
p3 = (w - €)1 + Béa(Eaz1 — &122),
pa = 22(63 — €2) + 221616,

ps = z1(6 — €3) + 2226160

The eigenvalues of PA(£, v) are the following:

A1 =0, /\QZ(IU—BZ)-§7 )\3:(11)+(1—B)z)-§,

Mjs = (w+(1—2B)z)-€+/(1-B (7.1.24)

Its eigenvectors are the columns of V (£, v)

Bl¢|(w—Bz)-¢ 0 0 —BlélvVI-B Bléely1-B
Aq VAz VAy
p1 (1-B)2  —B&  B&(&122—821)V1-B  —B&(&122—§21)V1-B
[€]A1 €] €] |€lvVA2 €]V A2
= D2 —(1-B)t1  B&  —B&i(S1z2—&21)V1-B  B&i(§122—6221)V1-B
[€]A1 €] €] |€lvVA2 €]y A2
& =& =& & &
€] €] €] € €]
&2 & & 13 [$]
€| €] €] €l €]

(7.1.25)
where p; = p1(&,v),p2 = p2(&,v) are polynomial functions of degree 3 in £ depending
on v, and

A= (1= B)(z- € =P + (w-€)(2- ), Ap=1l¢)*~B(z-€)*  (7.1.26)

Its inverse matrix V—1(&, v)

—&A —6A
0 €lds €i0s 0 0
1206221 &2 =& —B¢& B&
€] €] | \ €] €]

—&1z2 4822 =2 —(1-B)¢&s (1-B)&

= €] I€] IE\ €] €] , (7.1.27)
/Ay &1q1 Soq & &2
2BEEIVI=B  2/¢|As4/(1-B)Az  2[¢|Asy/(1-B)Ay 2/¢] 2[¢]
VA, 1492 £2q2 & &
2B|¢[v/(1—B)  2|¢|As\/(1—B)As  2|¢|As+/(1—B)As 2[¢] 2[¢]

where ¢1 = ¢1(§, V), g2 = q2(§, v) are polynomial functions of degree 3 in & and
Agi= (1-3B(1— B))(2- )% + (w- )2 —4(1 - B2 +2(1— 2B)(w-€)(=-€). (7.128)
Proposition 7.1.1. Under the following assumptions
A1 #0, Ay>0 and As3#0 for £+#(0,0),
the first order operator of system (7.1.20) is strongly hyperbolic.

Proof. Considering the symbolic matrix (7.1.23) and the related eigenvalues in (7.1.24)
and eigenvectors in (7.1.25), it follows by the definition of strong hyperbolicity, see
[55]. O
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Proposition 7.1.2. Under the following conditions

(27> (1- B2+ (w-2),

2 2
v >v(1 = B)[z2 +y(w-z) + Z2 + =,
v > Blz[?,
2y > B|z?,

2v(1 — B) > (1 —3B(1 — B))|z|? +2(1 —2B)(w - 2) + |wl|?,
v2(1 = B)? > v(1 — B)((1 = 3B(1 — B))|z|? + |w|? + 2(1 — 2B)(w - 2))
(3B(1 — B) — 1)z + 2w121(1 — 2B) + w?)((1 — 3B(1 — B))z2
+2waz9(1 — 2B) + w3) + ((1 — 3B(1 — B))2129

[ +(1 —2B) (w122 + waz1) + wiws)?,

the value £ = (0,0) is a strict mazimum, minimum and mazimum point for Ay, Ay and
Az respectively and Aqle,—¢,—0 = Dale;—go—0 = A3le,=¢,—0 = 0. Therefore, Proposition
7.1.1 is verified.

Proposition 7.1.3. For any v = (B,w, z) in a small neighborhood of the equilibrium
point v = ¢(w), with ¢ in (7.1.15) and w in (7.1.11), the first order operator of system
(7.1.20) is strongly hyperbolic.

Proof. Tt follows directly from Proposition 7.1.2 and Proposition 7.1.1. O

As we pointed out in the Introduction, the main problem with our original system
(7.1.16) is that it is difficult to give for it a direct energy estimate, since, as we will see in
Section 4 in details, the pressure term is not well behaved against both the symmetrizers
of the first order hyperbolic part, the classical one and the Laz one, that work only on
the hyperbolic part of system (7.1.16), disregarding the pressure. However, we just
proved that system (7.1.19) is strongly hyperbolic near the equilibrium point v = ¢(u),
in (7.1.11), and so we can construct an appropriate symmetrizer for this system, which
in this case is forced to be a paradifferential operator. Our construction in the following
is essentially based on the techniques developed in [55], which are combined to the ideas
in [34] and adapted to our specific operator.

7.2 Main result

In this section we prove a local existence result in the Sobolev spaces for the Cauchy
problem associated to (7.1.20). To the best of our knowledge, such a result is not
explicitly stated in all the relevant works about paradifferential calculus. For instance,
in the lecture notes [55], only linear and quasi-linear equations of differential operators
are considered, while in [34] the discussion is extended to evolution equations of
pseudodifferential operators, but the proof makes use of some particular structural
characteristics that our system does not satisfy. Therefore, we give our proof of
existence and uniqueness of the solution to the Cauchy problem associated to the
translated version of (7.1.20). We state here our main result. Since we will work in
Sobolev spaces, we define

Ve = {v=(B,w,z2) € H RV -w=0}.
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Theorem 7.2.1. Let vy := vy — v, with vy in (7.1.17), v = ¢(u) in (7.1.11), and
vg € VP with s > 2. There is a positive time T, such that there exists the unique
v € C([0,T],V)NCL([0,T),V*~1) and a function P such that VP € C([0,T], H*~(R?))
which solve ~ ~ ~
O+ 35 Aj((9+ )0y, 0+ Fp = G((v + v)),
V-w=0.

The solution (v, P) to (7.2.29) is the limit of the sequence of the solutions to the
approzimating system (7.2.30) below, with initial data (7.2.31).

(7.2.29)

The proof follows by combining in a classical ways, see for instance [9], Theorem 7.2.2
and 7.2.4 below. First, following [9], we write our approximation to system (7.2.29) via
a regularization of the operator and the Picard iterations. Namely, let J. be a standard
mollifier, then solve

OV + 301 JeAj(J(¥F +9))0s, JV° + Fp = J.G(J(V + 7)), (7.2.30
V- if =0,
where Ff, = (0,VP=,0), the initial data are
ve(0,z) = v§(z) = (B§, w5, 25) = Vo := vo — V, (7.2.31)

and v as in Theorem 7.2.1. We apply now P to (7.2.30) to get the projected version

2
O+ PILA(J(V + V)0, J-V = PLG(J(¥° + V), (7.2.32)
7=1
with initial data in (7.2.31).

Theorem 7.2.2. (Local existence of the approzimating solution) Let ¥ = (BS, 05, 35) €
VS in (7.2.31), with s > 2. Then, for every e > 0, there ezists a time T, independent of
g, such that system (7.2.32) has a unique solution ¥ = (B®,w*°, 2°) € C1([0,T],V?®).

Proof. First, we show that existence and uniqueness follow from the Picard theorem (see
[9]). System (7.2.32) can be reduced to an ordinary differential equation

V" = F=(v7), v(0,2) = vi(),
where
2 ~ ~
FE() = =Y PIA(J(VE + V)0, JV° + PJG(J(V +9)) =: F{ (V) + F5(¥°).
j=1
(7.2.33)
Notice that J.v® and J-(v° 4+ v) are C* functions and, from [55], P is associated to an

analytic pseudo-differential operator of order 0, modulo an infinitely smooth remainder,
so that

Fe:Ve = Ve,
In order to apply the Picard theorem, we have to prove that F'(v®) in (7.2.33) is Lipschitz
continuous. To do this, we take two vectors vi,ve in V*. In the following, we omit the
index € in the unknown functions, where there is no ambiguity. We state the following
theorem proved in [3].
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Theorem 7.2.3. If F € C*®°(R), F(0) =0, and s > &, then there ezists a continuous
function C : [0,00) — [0,00) such that, for all u € H*(R?),

[E ()]s < Cllulloo)[lells-

It is straightforward here to prove that
I1F5 (91) = Fi (%2)|ls < eles, |[Vills, [[92]]s, B, e [191 = ¥2s, (7.2.34)

where cg is the Sobolev embedding constant and the last inequality follows from Moser
estimates and properties of mollifiers. Similarly, we have

155 (V1) = F5 (V2)lls < cles, [[Flls, [¥2lls; B)[V1 = V2ls. (7.2.35)

From (7.2.34) and (7.2.35) we have that, for fixed e, F¢ is locally Lipschitz continuous
on any open set
UM = (35 e Vo . ||¥°|]s < M}.

Then, the Picard theorem provides a unique solution v¢ € C*([0,7%), UM) for any 7. > 0.
Now, we want to show that the time of existence 7. is bounded from below by any
strictly positive time T that is independent of ¢.

According to (7.1.20), from (7.2.32) we have

O +PIT, i s o1 eV Z PUT (.5 49y — Ai(Je (V0 +9))]0y, Jv°

+PLT5 s ~PJ.[Ty — G(J.(¥ +¥))]. (7.2.36)

VEtV)) G(J-(v*+9))

From Lemma 2.4.1 in Section 2, properties of mollifiers and the Leray projector, we get

[PIAITE (o oe-sey) — A (e(5 +9)))0s, I3} s < (|19, B) |9l and
(7.2.37)
IPIAT g, (5 0y) — GO+ 95 < ell[¥°]1s, B)II¥7]]..

Then, we can focus on the paradifferential part of (7.2.36), which is

VE+V) G(Je (¥ +v9))"

From (7.1.23), we know that the symbolic matrix associated to the composition
PT e s v o)
can be written as
P()iA(g, J-(v* + ) + R,

where P(£)A(€, J.(V¢ 4 ¥)) is the symbolic part of degree 1, while R is a remainder of
order less than or equal to 0. Now, by construction

P(A=VDV, (7.2.38)
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with D the diagonal matrix of the eigenvalues of PA in (7.1.24), namely
(V' vTiPA= (v 1)*DV !
is symmetric. This way, we set
W (& J(¥¢ +¥)) == (1= 02 ())VTHE J(V° +9)), (7.2.39)
with V=€, J.(¥¢ +¥)) in (7.1.27). Now, following Métivier in [55], we define
Ox(&)Id = (N1 1d, (7.2.40)

for any fixed parameter A and for any 0(¢) € C2°(R?) such that 0 < 0 < 1 for 1 < |¢] < 2,
6 =1 for || <1 and 0 =0 for || > 2. We define the regularized symmetrizer

Y = (Tw)*Tw + 03(D,)Id, (7.2.41)

where (Tyy)* is the adjoint of the paradifferential operator Ty associated to (7.2.39).
Thus, by construction, 3 in (7.2.41) is symmetric. Moreover,

(Su, u)o = |[Tiwul3 +16x(Da)ull3, (7.2.42)

for every u € L?(R?). In order to get energy estimates, an important element is the
equivalence of (7.2.42) with respect to the L?-norm, i.e.

dulff < (Su,u)o < el[ulff,

for some ¢,c. This is proved in Lemma 2.4.2, which is an adapted version of Lemma
7.1.6 in [55], where we replace the square root of a more general Laz-symmetrizer with
V~—1in (7.1.27).

Now, we are ready to get energy estimates. Applying A® and the symmetrizer (7.2.41)
to (7.2.36), we have

d
T(BATE A )y = (QBAT, AT ) + 2SN 0, AT, (7.2.43)

The operator of the first term of the right-hand side,
% = (To,w) Tw + (Tw) To,w,
has order 0 and depends on 9;v®, i.e.
|(B:ZA, A%V )o| < e(|0:vF o) [[F717 < e(|9%oos 100, V7 o0 9912 < e(19°]15) 199112,

where the inequalities follow from (7.2.36) and the Sobolev embedding theorem. The
last term of (7.2.43) yields

(BAOT, A)g = —Re(SAPLT, gic ) or oy Jo¥5 A0
HEAPIT (g, 9219y AV )o + @

where
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2
Q Z(ASPJ&-[ ( (VE-"-V)) - AJ(JE(VE + \_f))]az] JSVE, AS{}E)O
j=1

—(A*P [T, — G(J(VE +¥))], A%¥),.

G(Je(ve+v))
From (7.2.37),
Q[ < c(IF¥[[)Iv7 s

and, from the composition theorem in Section 2,

[(ZAP T (ve+\7)):AS‘~’€)0’ (hainlivairs

It remains to deal with

Re(SA*P LT, 4 ) IVE Ao = Re(BIAPT, ¢ ) (e 4y Je¥, A )0

& J(VEHV

= Re(SAPT, j¢ 5 (g 4oy eV ATV )0 + Re([3, NPT, ¢ ) ge o)) Je¥, A0

= Re(ZPITLA(SJ (V +V))A8J€{/8,ASJ‘5‘~,£) +R€([E J] ZA(EJ (V +V))A8JE‘~/87AS{/8)O

+R€( [A Pj—;A(E J (V +v))]J€{,€,ASJ€{/8)O. (7.2.44)
In the last term of the expression above, from Section 2, the symbol of the commutator
[A%, PT. ] is given by

AT (VS +9))

QA S o 8D A feY Bp.,; AN QA S
> |0eN° DD 9 PiDJA) — 0¢( > 0 PiDJA)DIA® |,
la[>0 181>0 181>0

where ZIB\ZO OgPinfl is the symbol of the composition PT} ;. Since A*(£) only depends
on the parameter &, the sum can be written as

AN oPiDIA) — (> 9fPiDEA)AT + Y oA DS 9/ PiD}A).
18120 18120 [a]>0 18120
Now, since A* = (1 + |£[?)21d, then

AN 9PiDEA) — (Y 9/PiDIA)A* =,
[8]>0 18]>0

namely the commutator [A®, PT; ; A(J. (% +V))] has order less than or equal to s, and

(S PT, ey ey 195 A9 )0] < (1971119712

In a similar way, the commutator of the middle term of (7.2.44) has the following
expansion:
£, )] =%J. — .5+ Y DgJ.DIY
|a|>0
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and, since J. = j.(£)Id, it results that ¥.J. — J.X = 0. Then, the commutator [%, J.]
has order less than or equal to —1 and, since PT, A, has order 1, from the
composition theorem in Section 2 we have

(Ve+9))

(2 TP T, e g, (24 AV ATV )0 < (19| 19912

It remains to consider the last first of (7.2.44). From (7.2.41), ¥ = (Tw)*Tw + 03(D,),
and, from Section 2 and the definition of the symbolic matrix W in (7.2.39), the symbol
of degree 1 in the expansion of EPTA@ J. (75 49)) is given by

(VI VTIPIA(E Jo (3 +9))(1 = 05(8) + R (OPIA(S, J (v + 7).
By construction, from (7.1.25) and (7.1.27), we have

PiA(¢, J.(V° +¥)) = ViDV L (&, J.(¥ + ),

where D(&, J-(v° + v)) is the diagonal matrix (7.2.38) of the real terms (7.1.24), and
(VY VIPIAE, J(3° 4 9)(1 = 0x(6))? = (V1) "DV (& J(3° + ¥))(1 = 1(6))*.

We define

N = (V" H*DV (€ J.(3° + 9))(1 — 01(£))*
Then .

Re(i(VIY'VTIPA(E, J.(3° +¥)(1 — 0,(€))*) = N+ N* = 0.

The second addend of the symbolic symmetrizer (7.2.41) gives

| Re(i63 (D2 )PA(E, J(V 4+ V) A5, A99)o| < [|07(D2) PAE, J-(¥°+9)) A%V o] A5V fo.
From (7.2.40), we get

10A(D2)PA(E, Jo(¥° + 9) AV [Jo < V1 +4X2||05 (Do) PA(E, J(¥° + V) AV | g

<BAPA(E, J-(¥° + VDAV |51 < c(|I9°|1)[[9°]]s.

This way,

|Re(XPT, 4 NPASY WA NIl I®] el

(Je(vE+v))
and, putting it all together, we have

d

dt
Let T, be the maximum time of existence of the solution to system (7.2.30). We want
to show that there exists a time 7' > 0, which is independent of €, such that T" < T,
for every € > 0. From Theorem 7.2.2, there exists a constant M such that ||af||s < M.
Fixed a constant value M > M, let T5 < T be a positive time such that the smooth
solution v verifies

—(BASVE, AV < (| [¥°]]) |95 )2 (7.2.45)

sup o<r<ts ||[V°(7)[]s < M.
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From (7.2.45), we get i

19°(1)]]s < [[95]]se“*
for t € [0,7§]. Let T, with 0 < T' < T}, be such that

M eC(M )T < M.
This holds if .
o))
— (M)
Since M, M are independent of the parameter e, estimate (7.2.46) implies that the time

T is independent of € and (v°).>¢ is uniformly bounded provided that inequality (7.2.46)
holds. O

(7.2.46)

7.2.1 Uniqueness

We can establish a uniqueness result in space larger than one where we are going to
prove the existence of the solutions.

Theorem 7.2.4. There is a unique solution v to problem (7.2.29) in the space
Lip([0,T], Lip(R*)|V - w = 0) N L>([0, 7], V?).

Proof. According to Definition 7.1.1, let V1, Vo be two solutions to system (7.1.1), with
the respective pressure terms P;, P and the same initial data v;(0,z) = v2(0,x) = vo.
From (7.1.19), we have

2
S(Vo + V)0 (V2 = 1) + ) B(Va +V)PTy (5, )0s, (V2 = V1)
j=1

2
+E(V2 +9) Y [PA;(V2 + V) - PTy (a0, (V2 = V1)
j=1

= N(Vo + V)G (Vo + V) — 2(¥1 + V)G (V1 + V)

2
HEEL+9) = S(@2 + V)01 + )[BT+ 9)PT; o) — S(V2+9)PTy

02+v)]8ﬂﬁj‘71
j=1
2 ~
+ Z V1 + V (Vl + V) Z({’Q + \_’)PA]‘ ({’2 + V)]axjffl
7j=1
2
+Y [EF2+V)PTS g,00) = S(F1 + 9Py o )10, 91
J=1
As done before, this provides the following estimate:
d < - < < 112
dt (Evl Vo2,V]l — Vg)o S CHVI — VQHO, (7.2.47)
namely v; = vy = 0, since (V1 — v2)(0,z) = v1(0,2) — v2(0,2) = 0, where the constant
value ¢ in (7.2.47) only depends on |V|so, |0:V]co and |VV|so. O
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7.3 Some failed attempts

Let us consider system (7.1.8) in the old variables u. Looking at (7.1.9), it is easy to find
a diagonal matrix that symmetrizes the first order part A;(u)0d;u, A2(u)dyu of system
(7.1.8). The Friedrichs (or classical) symmetrizer is

So(u) = diag(v/B, B, B,(1 — B),(1 - B)). (7.3.48)

The existence of this symmetrizer for Aj(u), Az(u) implies that, disregarding the
pressure term, system (7.1.8) is hyperbolic. Nevertheless, that classical symmetrizer is
not useful to close some energy estimates, since we have to deal also with the
incompressible pressure term Fp = (0, VP, VP). In fact, in the Sobolev spaces H*(R?)
with s > 2, when we take the s-derivative of system (7.1.8) and multiply by V*®u in
order to get energy estimates, the right-hand side of the equation contains the
following scalar product in L?(R?):

(Sﬂ(u)vsFP; VSU)O = ((07 Bvs+lp7 (1 - B)vs+1p)7 (B;B7 vs,US’ VSUL))O
= (BV*T P, Viug)o + (1 — B)V* T P, Vour)o.

Unfortunately, taking u € H®(R?), the pressure term P has not enough regularity, as
shown by the elliptic equation (7.0.1), and then we are unable to close our estimates.
Besides, the symmetrizer (7.3.48) depends on the variable u, whose components do
not depend explicitly on the average velocity Bvs + (1 — B)vr, which is, instead, the
divergence free vector field associated to (7.1.8). Then, we can try to use the new
variables in (7.1.14), i.e.

w:= Bvg+ (1 — B)vg, z:=wvg— v,

so setting v = (B,w,z). As we noticed in Section 2, passing to the new variable v,
the fourth equation of (4.0.6) yields V - w = 0, which is exactly the incompressibility
condition for the mixture as a whole. Moreover, the equation for the average velocity w,
which is

Ow+w-Vw+V-(B(1-B)z2®2)+yVB+ VP =0,

contains the gradient of the incompressible pressure VP alone, without multiplication
by any phase volume fraction, while the equation for the relative velocity z,
VB M+Tg(l—-B
Oz+w-Vz+z-Vw+z-V((1 - B)z) —Bz-Vz%—% = _A ;_(13_(3) )),
is free from the incompressible pressure. In the new variables v, we get the compact
system (7.1.16), that can be written as

2
O+ T eV = Taeny + Tidieny — O Ai V)0, Iv + [G(v) = T,
j=1

with T} 3¢ ) In (7.1.21). The symbolic matrix A(&,v) in (7.1.22) has the following
eigenvalues:

A1 =Xy = (w— Bz)-¢,

Ay = (w+(1=B)z)-& (7.3.49)
A= (w+(1-B)z) & -l

As = (w+ (11— B)z)- &+ 7l
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They are real, then, as long as we neglect the incompressible pressure Fp, the remaining
system in (7.1.16) is hyperbolic, as the symmetrizable system (7.1.8) in the old variable
u. Moreover, the eigenvectors of (7.1.22) are the columns of

0 0 0 —% B
v NG
—(1-B) 0 —B&  B(&i—zi1lEl)  B(yéitzAlél)

€] 5 7€l B vI€l

1 0 —& & &

|§\ \gl ISE\

& & &

0 1 5§ g g

while its inverse matrix is

21 -1 0 B 0

29 0 —1 0 B
_1 §oz1—8122 =& & —(1-B)s (1-B)&

U (&u) = ] I ] § : (7.3.51)

_VEEBEE &6 & (1-BE (1-B)&

2B¢| 25l 2[¢] 2[¢]| 2[¢]
VYEI=B(z€) & &  (1-B)&  (1-B)&

2B[¢| 215l 2[¢] 2(¢] 2¢]

Since (7.3.50) and (7.3.51) are bounded for each ¢ € R? — {0}, the regularized the

symbolic matrix

S(&v) == (U1 = 6x()* U (& v)(1 = 0r()) + 63(¢)1d (7.3.52)

can be associated to a Laz symbolic symmetrizer T, as done before in Section 3.
Therefore, the hyperbolic part of (7.1.16) is symmetrizable. Unfortunately, again, the
mere existence of a symmetrizer is not enough to get energy estimates for system
(7.1.16), since we have to deal with the incompressible pressure term and then, by
definition, with the projector operator in (7.1.18). As a matter of fact, the interaction
between the symbolic symmetrizer T and the gradient of the pressure term VP gives
structural problems. The operators Tz and the projector P in (7.1.18) do not commute
and their commutator does not improve on the order of the original symbols. By
construction, S symmetrizes A(&,v) in (7.1.22), then we write (7.1.19) as

2 2
Ov+ Y Aj(v)0e,v + > [A), POy v = PG(v)
j=1 Jj=1

and we apply T to its paradifferential formulation. Unfortunately, from (7.1.18),
(7.1.22) and (7.1.21), the first term of the symbolic commutator in Z?Zl[flj,P]&Ejv
contains the following term of degree 1 in &:

A& V)P(E) —P(OA(E,v),

then the commutator between A(&,v) and P is still a symbol of degree 1, and it is not
symmetrized by S. On the other hand, if at first we symmetrize the system by using the
paradifferential operator T, the pressure gives the term Tng, which is still an operator
of the first order. After that, when we project the equation by applying P to it, the
latter term reads ) 3

PT3Fp = [Tg,P|Fp,
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whose symbol contains the smoothed version of the following term of degree 1 in &:

SP(07 ZEIP? ZEQPa 07 0)
= (P(2-€)(2€2 + 3€2),0,0, P&, (2BE2 + 3BE — £2), P&(2BE? + 3BE2 — €2
= 2|£’2( (z- ) (28 + 3£3),0,0, P&1(2BET + 3BE; — &3), P&2(2B&7 + 3B&; — &3)),
which is still a first order operator, then neither we are able to get energy estimates
because of the lack of regularity of P, as discussed before and shown in (7.0.1), nor to
get rid of the pressure term P by using the projector operator P.
To be complete, we point out that system (7.1.8) in the new variable v = (B, w, z) has
also a classical symmetrizer (see Section 2), given by

L+122 - -2 0 0
-2 1 0 0 0
Ao(V) = ) 0 1 0 0 5 (7353)
0 0 0 B1-B) 0
0 0 0 0 B(1 - B)

which is strictly positive for z small enough and under some assumptions on B,
discussed in Remark 7.1.1, then its positivity is verified in a small neighbourhood of
the admissible equilibrium point (7.1.11) in the variables v in (7.1.15). Anyway, again,
the classical symmetrizer (7.3.53) is not compatible with the projector operator
(7.1.18), in the sense that the scalar product induced by the classical symmetrizer does
not preserve the orthogonality between the gradient of the incompressible pressure VP
and the divergence free average velocity w, i.e.

(Ag(V)Fp,v)g # 0, while (Fp,v)y= (VP ,w) =0,

and the resulting incompatibility can be seen by arguing as for the Lax symmetrizer T'g.

7.4 The original biofilms system: a multi-solid-phases
model

We consider system (4.0.2), which can be written as

8tB +V. (Bvs) == FB = k:BBL — kDB,
8tD + V- (Dvs) = FD = OéBkD — kND,
OE + V- (EUS) =I'g:=BLkgp —¢F,

s +vs - Vs + TP + VP =T, = Wt ipainuzvs) - (7.4 54)

dr + v - Vo + VP =Ty, 1= {18550,
V-(B+D+ E)vs+(1—(B+ D+ E))vg) =0,

B+D+E+L=1,

where kg, kp, kg, kn, o, € are experimental constants. Now, Pfl(ﬁ, Jz(Vv® + v)) has the
following eigenvalues:

A1 =0,

Ao = (w— Bz) -,

)\3:)\42)\5:(104-(1—3)2)'5,

Xor = (w+ (1=B=v)-£+/(1-v)(E[2 —v(z-€)?).
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Besides, the eigenvectors are the columns of V (¢, Jo(VF + V))

Bl§|As  —Bl¢§|Ag

q

0 s o i s
q21 . 4 - 4
{r = N
q31 4 - 4
o a%& o (L bhs n
q41 —V)G2 —VG2 —G2A5 2825
e @ 90 T EA A | (7.4.56)
g51 —(1=v)& 0 0 iZ3n [STAYS —£1As5
AT T € Rs TR
&1 =& 0 0 =& & &
3 E S 5
S2 S1 S1 S2 S2
] ] 00 @ ]

where
qi1 = q11(£7 JE‘}sa ‘7)’ 421 = q21 (57 JE‘}s’ ‘7)’ 431 = g31 (57 JE‘}&’ ‘7)’ qd41 = q41 (57 ngs’ ‘7)’

a51 = g51(&, Je v, V)
are polynomial functions of degree 3 in the £ variable, Ay in (7.1.26), and
vi=B+D+E,
Ag:=9[¢P = (B+ D+ E)(2- €)%
Ay = /(1 —v)Ag,
As = (§122 — &a21)V Ay,

while VL&, J. (Vv + ¥))

—&1 —&2
0 O mim i Y 0
& =& —&av &iv
€] €] I€] I€]
=D B+E =D 0 0 0 0
—-F —F B+D
- 0 % ? (Pk OOK
—& 1 —(1—=v)&2 —V)G1
0 0 0 €] ] 5 €l
Al Val ai & &2 £ &2
wvl—rv 2wVi—v 2wv/I—v  2/E(1—v) 2[¢l(1-v) 2(¢] 2[¢]
7 Al VAl & &2 gl &2
wvl—rv  2wVI—v  2w/I—v  2/E(1—v) 2[¢l(1-v) 2(¢] 2(¢]

Since V and V~! are bounded for each ¢ € R? — {0}, we can apply the arguments
developed for system (4.0.6) to the complete case (7.4.54).

7.5 An open problem: the three dimensional two phases
model

The three dimensional case contains structural difficulties that we are not able to solve.
In three space dimensions, if we project the main operator we obtain

PA(@ V)= P(f)(Al(V)fl + 1212(V)52 + zzl:s(V)fg), (7.5.57)
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with the following eigenvalues:

A =0,
Ao =A3=(w— Bz)-¢,
A =X = (w+(1-B)2)-¢, (7.5.58)

Aes7=(w+ (1 -2B)z)- £+ /(1 - B)As,

where Ay = v[€|? — B(2-€)2. To simplify the discussion, the matrix with the eigenvectors
on the columns, V(§,v), has been calculated in the equilibrium point (7.1.10) v =
(B,w,z) = (B,0,0), with B=1— %' We have

1
VeV =g
0 0 0 0 0 ByEE|E -ByEE
—(1-B)& &1 -B) &(1-B) —-B&% —Bé 0 0
—(1-B)& —(1-B)& 0 B&G 0 0 0
—(1-B)&s 0 ~-(1-B)y 0  B& 0 0
&1 —&2 —&3 —& =& &1 &1
&2 &1 0 &1 0 &2 &2
&3 0 &1 0 &1 &3 &3
(7.5.59)
For & =0, we get
0 0 0 0 0 ByEE[El —By/ R
0 (1-B) (1-B)§s —B& —B& 0 0
~(1-B)& 0 0 0 0 0 0
—(1- B)& 0 0 0 0 0 0
0 —&2 —&3 & =& 0 0
&2 0 0 0 0 &2 &2
&3 0 0 0 0 €3 €3
(7.5.60)

The second and the third columns of (7.5.60), namely the eigenvectors of the second and
the third coincident eigenvalues in (7.5.58), degenerate in the same vector when &; = 0.
This happens also to the fourth and the fifth columns of (7.5.60), i.e. the fourth and the
fifth coincident eigenvalues in (7.5.58). For this reason, in the three dimensional case
the symbol PA(£,v) in (7.5.57) loses the property of strong symmetrizability and related
microlocal symmetrizability, according to the definitions given in [55].
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Chapter 8

Introduction to the BGK models

This chapter is devoted to the presentation of the BGK models, which are a class of
kinetic approximations to hyperbolic and parabolic systems. The present introduction
is based on [16, 59]. These BGK models were introduced by Bhatnagar, Gross and Krook
as a modified version of the Boltzmann equation, characterized by a simplification of the
collision operator. Later, these models have been generalized in order to approximate
different systems. Originally, they presented continuous velocities, see [(4], but there
exists also a subclass of discrete velocities BGK models. Here we will focus on discrete
velocities BGK approximations. The main advantage of this approach is to deal with
semilinear systems, in the spirit of the relaxation approximation, see [59, 22, 36]. Let us
define the general framework of these systems.

Consider a general system of conservation laws,

d
Opa+ > 0y, Fj(u) =0, (8.0.1)

J=1

where (t,z) € R x R?, u(t, z) belongs to a convex subset U € RY, and Fj,j=1,---d
are given smooth functions. We assume that there exists an entropy for system (8.0.1),
i.e. a function 1 : U — R such that there exist function g; : U — R satisfying

vllgj = (F]/)TVUnv ] = 17' o 7d'

Notice that to guarantee the existence of an entropy, we need to prove the previous
condition, namely the differential form (Vyn)F] has to be exact. This is true if 7" F7 is
symmetric. Moreover, if the entropy 7 is strictly convex, n” defines a scalar product on
the Sobolev spaces which symmetrizes system (8.0.1) in the classical sense, see Chapter
2. Then, let & be a non-empty set of convex entropies for (8.0.1). Assume also that & is
separable. A BGK model reads as follows

1
where € > 0 is the parameter of the singular approximation, L > d and, fori =1,--- , L,
fitt,x) = (fL - ) :RxRE - RY,

)‘i:O‘ila"' 7)‘;1)’
Mi(u) = (M}, -, MN) : RY - RV,

1
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Here we set
L
u= E Jis
i=1

while M;(u) are the so-called Mawzellian functions. In order to have the consistency
of the BGK approximation with respect to the limit system (8.0.1), we have to assume
some compatibility conditions,

L
> Mi(u) =u, (8.0.3)
=1

L
D AiMi(w) = Fj(w),  j=1,---,d. (8.0.4)
=1

Remark 8.0.1. We point out that BGK models have been used also to approrimate
parabolic systems. In this case, in order to get the second order derivative in the limit,
additional compatibility conditions on the Mazwellian functions are needed. We remind
to [2, 17] for a detailed discussion.

An important feature of these approximation is the existence, under some reasonable
conditions, of a kinetic entropy. Set D; := {M;(u) : u € U}.

Definition 8.0.1. A kinetic entropy for system (8.0.2) is a convex function H(f) =
ZZ‘L:1 H;(f:), with H; : D; — R, such that

o H(M(u)) =n(u) for every u € U;

o H(M(us)) < H(f), where uy := SE fiel, fie D

This property provides an energy inequality which gives robustness for the scheme.
Indeed, it is easy to see that, multiplying the BGK system (8.0.2) by V H;(f;), we

obtain . .
OH(f)+ ) 0n (Z )‘ini(fi)> <0.
j=1 i=1

In order to state the existence result for kinetic entropies due to Bouchut, see [10], we
need to introduce some preliminary notions. Let us define the space of Maxwellians

Me={M:U—-RN|vpeeg, Vi: (M)Tn" is symmetric everywhere in U},

1

and the convex cone of nondecreasing Maxwellians
M ={M:U— RN |vpeeg vi: (M))Tn" >0 everywhere in U}.
We also introduce the notion of microscopic entropy, i.e.
L L
H(u) =Y Hi(u) =Y Hi(M(u)).
i=1 i=1
Thus, the first condition in Definition 8.0.1 can be written as
H(u) = n(u).
As mentioned before, here we present a characterization of kinetic entropies proved in

[16].
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Theorem 8.0.1. Let U be an open set of RN, and M € C1(U). We assume that:
e forn in a dense subset of &, " > 0 and Vun(U) is convex;

o fori=1,---,L, M; is a C' diffeomorphism from U onto the convex open subset
D; defined above.

Then, the existence of convex functions (H)pee satisfying Definition 8.0.1 and such that
H(u) defined above is C*(U) is equivalent to

M e M.
Moreover, if this holds, then
Vu e U,Vi: VoH; = (M)TVun.

In order to use in practice the previous result, we present an important characterization
of the space of the positive Maxwellians M% , see [10].

Proposition 8.0.1. Consider and open subset U € RN. Assume & contains at least
a strictly convex entropy no, and M € M belongs to CY(U). Then, for all u € U,
and i = 1,---,L, the Jacobian matriz M] is diagonalizable (and thus has only real
eigenvalues). Moreover, M € M if and only if

VueU,Vi=1,---,L: o(M])C[0,00),
where o is the spectrum.

The BGK models come from the ideas of kinetic approximations for compressible
flows. They are inspired by the hydrodynamic limits of the Boltzmann equation: see
[0, 6, 24] for the limit to the compressible Euler equations, and see [30, 33] for the
incompressible Navier-Stokes equations. In this regard, one of the main directions has
been the approximation of hyperbolic systems with continuous or discrete velocities
BGK models, as in [21, 43, 59, 16, 64]. Similar results have been obtained for
convection-diffusion systems under the diffusive scaling [50, 17, 48 2]. In the
framework of the BGK approximations, one of the first important contributions was
given in computational physics by the so- called Lattice-Boltzmann methods, see for
instance [73, ].  Under some assumptions on the physical parameters, LBMs
approximate the incompressible Navier-Stokes equations by scalar velocities models of
kinetic equations, and a rigorous mathematical result on the validity of these kinds of
approximations was proved in [44]. Other partially hyperbolic approximations of the
Navier-Stokes equations were developed in [22, 63, 37, 36]. The vector BGK systems
studied here are a combination of the ideas of discrete velocities BGK approximations
and LBMs. They are called vector BGK models since, unlike the LBMs [73, 77], they
associate every scalar velocity with one vector of unknowns. As we metioned before,
another fruitful property of vector BGK models is their natural compatibility with a
mathematical entropy, [16], which provides a nice analytical structure and stability
properties.

In the context of semilinear relaxation approximations, in Chapter 9 we consider a
singular parabolic scaling to the Jin-Xin approximation for conservation laws, see [13].
In the one dimensional case, this system can be written as a very simple BGK model.
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Thus, we study its smooth solutions, and, by using an approach based on the Green
function associated with the system, in the spirit of the work in [15], we also
investigate their asymptotic behavior in the singular perturbation limit. This work can
be seen as an introduction to a more complex problem, which is studied in Chapter 10.
The work of the Chapter 10 takes its roots in [23, 18], where vector BGK
approximations for the incompressible Navier-Stokes equations were introduced. We
prove a rigorous local in time convergence result for the smooth solutions to the vector
BGK system to the smooth solutions to the Navier-Stokes equations. A further
investigation would be to try to apply the study of the Green function of the scaled
Jin-Xin system in Chapter 9 to the vector BGK model in Chapter 10, in order to
extend the local in time result for smooth solutions.
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Chapter 9

The Jin-Xin model under the
diffusion scaling: uniform
asymptotic and convergence
estimates

We consider the following scaled version of the Jin-Xin approximation for systems of
conservation laws in [13]:

9.0.1
20 + N20,u = f(u) — v, ( )

{&u + 0zv =0,
where A > 0 is a positive constant, u,v depend on (¢,7) € RT x R and take values in R,
while f(u) : R — R is a Lipschitz function such that f(0) = 0, and f’(0) = a, with a a
constant value. The diffusion limit of this system for ¢ — 0 has been studied in [12, 17],
where the convergence to the following equations is proved:

0 O,v =0
e =2 (9.0.2)
v = f(u) — \*0zu.
From [59, 17], it is well-known that system (9.0.1) can be written in BGK formulation,
[16], by means of the linear change of variables:
g 5] )\ € 5
u=fi+f3, U:g(f1 = f3)- (9.0.3)

Precisely, the BGK form of (9.0.1) reads:

A
Ofi +—-0: /T =
atff - gaxfée =

1 5
%wmw—ﬁh (9.0.4)
6—2(M2(U) - f25)7

where the so-called Maxwellians are:

(9.0.5)
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According to the theory on diffusive limits of the Boltzmann equation and related BGK
models, see [33, (7], we take some fluctuations of the Maxwellian functions as initial
data for the Cauchy problem associated with system (9.0.1). Namely, given a function
uo(z), depending on the spatial variable, we assume

(’LL(O,l’),U(O,:L’)) = (Uo,Uo) = (’L_Lo, f(a0) - >‘28:EEO)’ (9'0'6)

indeed perturbations of the Maxwellians, as it is clear by expressing the initial data
(9.0.6) through the change of variables (9.0.3), i.e.

(F£(0,2). F5(0,2)) = <M1 (f0) ~ S 0o, Maliio) + ;au> (907

e
where the fluctuations are given by igaxﬂo.

System (9.0.1) is the parabolic scaled version of the hyperbolic relaxation approximation
for systems of conservation laws, the Jin-Xin system, introduced in [43] in 1995. This
model has been studied in [60, 26, 43], and the hyperbolic relaxation limit has been
investigated. A complete review on hyperbolic conservation laws with relaxation, and
a focus on the Jin-Xin system is presented in [54]. By means of the Chapman-Enskog
expansion, local attractivity of diffusion waves for the Jin-Xin model was established in
[26]. In [51], the authors showed that, under some assumptions on the initial data and
the function f(u), the first component of system (9.0.1) with e = 1 decays asymptotically
towards the fundamental solution to the Burgers equation, for the case of f(u) = au?/2.
Besides, [62] is a complete study of the long time behavior of this model for a more
general class of functions f(u) = |u|9"'u, with ¢ > 2. The method developed in [(2] can
be also extended to the multidimensional case in space, and provides sharp decay rates.
Here we study the parabolic scaled version of the system studied in [62], i.e. (9.0.1),
and we consider a more general function f(u) = au + h(u), where a is a constant, and
h(u) is a quadratic function. We point out that only the case a = 0 has been handled
in [62], and in many previous works as well. In accordance with the theory presented in
[15] on partially dissipative hyperbolic systems, we are able to cover also the case a # 0.
Furthermore, besides the aymptotic behavior of the solutions, here we are interested in
studying the diffusion limit, for vanishing e, of the Jin-Xin system, which is the main
improvement of the present chapter with respect to the results achieved in [15]. Indeed,
because of the presence of the singular parameter, we cannot approximate the analysis
of the Green function of the linearized problems, as the authors did in [15], and explicit
calculations in that context are needed.

The diffusive Jin-Xin system has been already investigated in the following works below.
In [12], initial data around a traveling wave were considered, while in [17] the authors
write system (9.0.1) in terms of a BGK model, and the diffusion limit is studied by using
monotonicity properties of the solution. In all these cases, u, v are scalar functions. For
simplicity, here we also take scalar unknowns u,v. However, our approach, which takes
its roots in [15], can be generalized to the case of vectorial functions u,v € RY. As
mentioned before, the novelty of the present chapter consists in dealing with the singular
approximation and, in the meanwhile, with the large time asymptotic of system (9.0.1),
which behaves like the limit parabolic equation (9.0.2), without using monotonicity
arguments. We obtain, indeed, sharp decay estimates in time to the solution to system
(9.0.1) in the Sobolev spaces, which are uniform with respect to the singular parameter.
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This provides the convergence to the limit nonlinear parabolic equation (9.0.2) both
asymptotically in time, and in the vanishing e-limit. To this end, we perform an crucial
change of variables that highlights the dissipative property of the Jin-Xin system, and
provides a faster decay of the dissipative variable with respect to the conservative one,
which allows to close the estimates. Next, a deep investigation on the Green function of
the linearized system (9.0.1) and the related spectral analysis is provided, since explicit
expressions are needed in order to deal with the singular parameter €. The dissipative
property of the diffusive Jin-Xin system, together with the uniform decay estimates
discussed above, and the Green function analysis combined with the Duhamel formula
provide our main result. Consider the following equation

Oywy + a0ywy + Oph(wy) — )\Zamwp =0, (9.0.8)

and the definition below, where || - ||, stands for the H™(R) Sobolev norm and H°(R) =
L2(R),
Epy = max{|[uo|| 1 + €llvo — avol| 1, [[uollm + €llvo — auo|lm}-

Our main result is stated here.

Theorem 9.0.1. Let wy, be the solution to the nonlinear equation (9.0.8) with sufficiently
smooth initial data
wp(0) = u(0) = up,

where ug in (9.0.6) is the initial datum for the Jin-Xin system (9.0.1). For any p €
[0,1/2), if E1 is sufficiently small with respect to (1/2 — u), then we have the following
decay estimate:

102 () — wp(6) o < Cemin{1, =/ H=8/2) By, (9.0.9)

with C = C(E|g|4) for o large enough.

Once we identified the right scaled variable to study system (9.0.1), (u,£?v), which are

expressed at the beginning of Section 9.1, and we found the strategy, discussed in Section
9.1 and 9.2, to achieve the so-called conservative-dissipative (C-D) form in [15] for our
model, our approach essentially relies on the method developed in [15], with substantial
differences listed here.

e We need an explicit Green function analysis of the linearized system rather than
expansions and approximations, in order to deal with the singular parameter e.
The analysis performed in first part of Section 9.3 is as precise as it is possible.

e Some estimates in [15] rely on the use of the Shizuta-Kawashima (SK) condition,
introduced in Chapter 3, and recalled here. Consider a linear first order system
in compact form: dyu + Ad,u = Gu. Passing to the Fourier transform, define
E(i€) = G —iA¢. The (SK) condition states that, if A(z) is an eigenvalue of E(z),
then Re(\(i§)) < —c%, for some constant ¢ > 0 and for every £ € R — {0}.
As it can be seen in (9.3.57), these eigenvalues for the compact linearized system
in (C-D) form (9.2.22) of system (9.0.1) have different weights in e. Thus, we
cannot simply apply the (SK) condition to estimate the remainders in paragraph
Remainders in between as the authors did in [15], since the weights in € are essential
to deal with the singular nonlinear term in the Duhamel formula (9.4.66). Again,
a further analysis is needed.
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e Differently from [15], we are not assuming to have a global in time solution,
uniformly bounded in ¢, for our singular system. The uniform global existence
follows implicitly from the uniform asymptotic estimates in our calculations.

e The coupling between the convergence to the limit equation (9.0.2) for vanishing
¢ and for large time in the last section is the main novelty of the present chapter,
and new ideas are needed to get this result.

This chapter is based on [10].

9.1 General setting

First of all, we write system (9.0.1) in the following form:
2
5‘tu + ax(i U) = 0,
€ 2, (9.1.10)
01 (e%0) + N20,u = f(u) — =

The unknown variable is u = (u, €%v), in the spirit of the scaled variables introduced in

[11], which are the right scaling to get the conservative-dissipative form discussed below.
Here we write f(u) = au + h(u), where a = f/(0), and system (9.1.10) reads

0y (%0
Otu + ( D) ) = 0,
€ ) (9.1.11)
9 9 e
O(e7v) + A 0yu = au + h(u) — -
Equations (9.1.11) can be written in compact form:
opu+ Adyu = —Bu + N(u), (9.1.12)
where
0o L1 0 0 0
A= 2 |, -B= 1], Na-= : 9.1.13
I — =4y ) 19

In particular, —Bu is the linear part of the source term, while N(u) is the remaining
nonlinear one, which only depends on the first component of u = (u,e?v). Now, we
look for a right constant symmetrizer ¥ for system (9.1.12), which also highlights the

dissipative properties of the linear source term. Thus, we find

1 ag?
Y = < 0e? 222 ) ) (9.1.14)
Taking w such that
ul? — agv
A2 _ g2e2
u:<2;>:EWZ<(§W)1>,WhereW:<wl>: ,
g (Xw)2 wa v — au
A2 — g2e2
(9.1.15)
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system (9.1.12) reads
YOw + A10,w = —Biw + N((Xw);), (9.1.16)

where
a A2 0 0

N((Sw)y) = < " 0 > (9.1.17)

w1 + (1822112)

By using the Cauchy inequality we get the following lemma.

Lemma 9.1.1. The symmetrizer X is definite positive. Precisely
1
Sllwlli +e%lw2 (N —20%%) < (Sw, w)o < [lwn[§(1+ae%) + [[wa[[§(a+A*)e?. (9.1.18)

Notice that from the theory on hyperbolic systems, [52], the Cauchy problem for (9.1.16)
with initial data wo in H™(R), m > 2, has a unique local smooth solution w* for each
fixed ¢ > 0. We denote by T° the maximum time of existence of this local solution
and, hereafter, we consider the time interval [0, T*], with T* € [0,7¢) for every €. In
the following, we study the Green function of system (9.1.16), and we establish some
uniform energy estimates and decay rates of the smooth solution to system (9.1.16).

9.1.1 The conservative-dissipative form

In this section, we introduce a linear change of variable, so providing a particular
structure for our system, the so-called conservative-dissipative form (C-D) defined in
[15]. The (C-D) form allows to identify a conservative variable and a dissipative one for
system (9.0.1), such that in the following a crucial faster decay of the dissipative
variable is observed. Thanks to this change of variables, we are able indeed to handle
the case @ # 0 in (9.1.11). Hereafter, (-,-) denotes the standard scalar product in
L*(R), and || - ||, is the H™(R)-norm, for m € N, where H°(R) = L%(R).

Proposition 9.1.1. Given the right symmetrizer ¥ in (9.1.14) for system (9.1.12),
denoting by

1 0 U
w= Mu= Cae 1 u e(v — au) , (9.1.19)
VA2 —a2e2 eV/A2 — a2e? A2 — a2e?
system (9.1.12) can be written in (C-D) form defined in [15], i.e.
Oy + Ad,w = —Bw + N (i), (9.1.20)
where
T 4222
a VA? —ae? 0 0 0
- 5 . .
S Rl T B
- —a 2 evVA2 — a2e2
(9.1.21)
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9.2 The Green function of the linear partially dissipative
system

We consider the linear part of the (C-D) system (9.1.20)-(9.1.21) without the tilde for
simplicity,
ow + A0, w = —Bw. (9.2.22)

We want to apply the approach developed in [15], to study the singular approximation
system above. The main difficulty here is to deal with the singular perturbation param-
eter €. We consider the Green kernel I'(¢, z) of (9.2.22), which satisfies

o' + Ao, I' = — BT, (9.2.93)
I'0,z) = 6(x)1. o
Taking the Fourier transform I, we get
d 7 e VT
LT = (=B —i£A)T
ail = iEAL, (9.2.24)
ro,¢) =1.
Consider the entire function
2V A2 — a2e?
—az - 5
E(z)=—-B—-zA= . (9.2.25)
2V A2 — a2e? 1
- az — —
€ €
Formally, the solution to (9.2.24) is given by
D(t,6) = " =3 (=B —igA)". (9.2.26)
n=0

Since E(z) in (9.2.25) is symmetric, if z is not exceptional we can write

E(2) = M(2)P1(2) + Aa(2) P2(2),
where \1(z), A\2(z) are the eigenvalues of E(z), and Pj(z), P2(z) the related eigenprojec-
tions, given by

1 1 )

Pi(z) = 5 (BG) - e de, j=1.2

T Jle=2 ()<<t

Following [15], we study the low frequencies (case z = 0) and the high frequencies (case

z = o0) separately.

Case z =0 The total projector for the eigenvalues near to 0 is
1

P(z) = —— (E(z) — &)t de. (9.2.27)
271 |€]<<1
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Besides, it has the following expansion, see [15],

=P+ ) 2"P"(2), (9.2.28)

n>1

where Py is the eigenprojection for E(0) — &I = —B — &1, i.e.

1 1 ) (10 neoN
s I R ( I ) P 7{ £) de,
(9.2.29)
with R(™ the n-th term in the expansion of the resolvent (9.2.30). Here Qo is the
projection onto the null space of the source term, while we denote by Q_ = I — Qg

the complementing projection, and by L_, Ly and R_, Ry the related left and right
eigenprojectors, see [15, 15], i.e.

L_.=RT'=(01), Lo=Rj=(10),

Q-=R_L_, Qo = RoLo.
On the other hand, from [15],
(e.¢]
R(&,2) = (B(2) —¢) ' = (-B—2A—¢) ' = (=B =&)Y (Az(-B—¢D)7)"
n=0
=(-B—€)'+ > (-B-&) T (A(-B - ¢
n>1
= Ro(&) + > _R™M(¢)
n>1
ie.
R™ = ;"(—B — )Y (A(-=B — ¢I)™ )™ (9.2.30)
Since a neighborhood of z = 0 is considered, at this point the authors in [15] take the

first two terms of the asymptotic expansion of the total projector (9.2.28), so obtaining
an expression with a remainder O(z%). We cannot approximate the projector in the
same way, since we need to check the singular terms in . Thus, we perform an explicit
spectral analysis for the Green function of our problem. First of all,

a eV A2 — a2e?
: T
A(-B—¢N)7 ' = : (9.2.31)
A2 — 22 ag?
B g€ 1+ e2¢

which is diagonalizable, i.e.
A(-B—-¢n) ' =vDVv,

where D is the diagonal matrix with entries given by the eigenvalues, and V' is the matrix
with the eigenvectors on the columns. Explicitly, setting

O:=a? + 4e2X\2¢% + 4)\%¢, (9.2.32)

123
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we have

ela+vVO+2ae%)  e(a— VO+2ae%)
D= diag{ ot */i) } vo | 20+2O)VA—a?? 2(1+e2%)VAE - a%e?

Y

(1 + %)
1 1
(9.2.33)
(14 2)VA2 —a2e2  —a+ V0O — 2ae%¢

v/ 2¢v/0

vl= . (9.2.34)
(1+52§)m a+vVO+ 2ae%¢
- ev/O 2v/0
This way, denoting by
a—+ \/ﬁ a— \/i

o 2 . 2 _ e V=
Or=a=VB+20% 02 =at VB4 205 =~ o b= 5T gy

with O in (9.2.32), from (9.2.30) we have
RW = 2"(~B — &) (A(~B — €)™\ = 2"(—B — 1)~ (VD"V )

0148 — 09 AT N —a’e?
2\/E§ € ‘:’ (Al AZ)
:Zn
)\2—61262 62
e | A AD o 0y AT — AT
0 ( 1 2) 2(1+82£)\/ﬁ( 2029 1 1)

The matrix above is completely bounded in ¢, and so we can approximate the expression
of the total projector (9.2.28) up to the second order. To this end, we consider the
previous expression of R for n = 0,1, 2, we apply the integral formula (9.2.29) and we
obtain

1+ 0(z%) —e2V/ A2 — a2e2 + 0(2?)
P() = . (9.2.35)
—e2V A2 —a2e2 +e0(2?) e222(\% — a%e?) + £20(2%)

Now, we consider the left L(z) and the right R(z) eigenprojectors of P(z), i.e.

P(z) = R(2)L(z), L(2)R(z)=1
L(z2)P(z) = L(z), P(z)R(z) = R(z).

We can limit ourselves to the second order approximation, according to (9.2.35). Then,

we consider
1 —e2V/ % — g2e?
P(z) = : (9.2.36)
—ezV A2 — q2e2 £222(\? — a%e?)

and, by applying the conditions above, we obtain
~ 1
_ _ 2 _ 2.2 =
L(z) = ( 1 —ezv 2 —a’e ), R(2) < ESRYSv e > ,
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where

 P(x) = R()L), L(z)R(z) = 1+ £%0(?) (9.2.37)

P(2)R(z) = R(2) + 20(z?),  L(2)P(2)
and so
P(z) = P(2) + O(2?), R(z) = R(z) + O(z%), L(z) = L(z) + O(2?).

Let us point out that further expansions of L(z), R(z) are not singular in € too, since
the weights in ¢ of these vectors come from (9.2.35). Precisely, one can see that L(z)
depends on ¢ as follows:

L()=(1  O())=[R()T"

Now, by using the left and the right operators, we decompose E(z) in the following way,
see [15],
E(z) = R(2)F(2)L(2) + R—(2)F_(2)L_(z), (9.2.38)

where L_(z), R_(z) are left and right eigenprojectors of P_(z) = I — P(z), while

We use the approximations of L(z), R(z) above, and so
F(2) = (L(2)+0(z}))(~B—A2)(R(2)+0(2%)) = —az+ (X2 —a2c2) 22+ 0(2?%). (9.2.39)

We study F_(z). Matrix (9.2.35) and the definition above imply that

O(2?) 2eV/ A2 — a2e? 4+ e0(2?)
P_(2) = ( ) , (9.2.40)
zeV/ A2 — a2e2 + e0(2?) 1+¢e20(2?)

and, approximating again,

L (2)=L_(2)+0(z* = ( 2eVX2—a22 1 )+0(z,

R_(z) = R_(2) + O(z?) = ( Y A21_ a%e? ) +0(2%).
Thus,
Fo(2)= L (2)(—B — A2)R_(2) + O(s?) = —EiQ +az+ 0(2). (9.2.41)

This yields the proposition below.

Proposition 9.2.1. We have the following decomposition near z = 0:
E(z) = F(2)P(z) + E_(2), (9.2.42)

with F(z) in (9.2.39), P(z) in (9.2.35), E_(z) = R_(2)F_(2)L_(z), and F_(z) in
(9.2.41).
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Case z = 0o We consider E(z) = —B — Az = 2(—B/z — A) = zE1(1/z) and, setting
z=14& and ( = 1/z = —in, with {,n € R, we have F1({) = —A — (B

2 _ 0222 2 _ 222
5 5
A2 — a2e? ¢ A2 — 22 in
€ 5 € 5

Since Fj(¢) is symmetric, we determine the eigenvalues and the right eigenprojectors,

—A— (B =" (OR1(ORT(C) + M (O RO RT (<),

such that, for j = 1,2, R;‘F(C JR;(¢) = I. The following expression for the eigenvalues of
E1(in) is provided

1 4e2)\2 + 4ane2i — n?
Ah(=) = o5 + vie e
and it is simple to prove that both the corresponding eigenvalues of E(z), which can
be obtained multiplying )xiEl(z) and )\2}31 (z) above by z = i§ = i/n, have a strictly
negative real part in the high frequencies regime (|¢| = |n| << 1) and in the vanishing
e limit. Moreover, setting 12 = /8e2A% 4 2¢% — 8ae?( £ (—2¢\/p + 4ae?\ /), where
p = 4e2X\? + (2 — 4ae?(, the normalized right eigenprojectors are given by:

[ (202 Q)+ Vi [ (20?0~ i
Ri(Q) = 5 , Ra(Q) = 5
! 2eV/ A2 — a?e? 2 2eV/ A% — a?e?
The eigenprojectors are bounded in €, even for { near zero. Thus, we can approximate
the total projector of F1(¢) = —A — (B in a more convenient way, i.e. we decompose
A= MR R + X\oRyRT,
where \; = A/e, A2 = —\/e, and the corresponding eigenprojectors
A2 —a%e? A2 — a%e?
1 (A — ae) 1 V(A +ae)
R =— , Ro = —
SRVEYY SRVOYY
VA —ae VA+ae

Now, by considering the total projector for the family of eigenvalues going to A\; = £\ /e
as ( ~ 0, we obtain the following approximations:

Fi;(¢) = =M\I+(R] (-B)R; + O(¢%). (9.2.43)
Explicitly,
A (A—ag) 9 A (M ag)( 9
P = -2 - L2880, Fa©=2-IE v o@). (9.24)
Since E(z) = zFE1(1/z), we multiply F(¢) = F1(1/z) by z and, for |z| — +o0,
A A —ae A A+ ae
)\1(2) = —EZ - W + O(]./Z), AQ(Z) = gZ - W + O(l/Z), (9245)
while the projectors are
Pi(2) = RjR] +0O(1/z), j=1,2. (9.2.46)
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Remark 9.2.1. Notice that the term O(1/z) in (9.2.45) could be singular in . However,
from the previous discussion, the eigenvalues of E(z) have a strictly negative real part.
This implies that the coefficients of the even powers of z in (9.2.45) have a negative sign,
while the others are imaginary terms. Thus, e’2(2) are bounded in e.

Proposition 9.2.2. We have the following decomposition near z = oo:
E(z) = M(2)P1(2) + Aa2(2)P2(2), (9.2.47)
with A\ (2), A2(2) in (9.2.45), and P1(z),P2(z) in (9.2.46).

9.3 Green function estimates
Green function estimates near z =0 We associate to (9.2.39) the parabolic equa-
tion

Ow + ad,w = ()\2 — (1252)83;9&11).

We can write the explicit solution

1 r — at)?
g(t,z) = SN exp{ - 4(§\Q—a2)52)t} (9.3.48)

This means that, for some c1,co > 0,

g(t,z)] < TLe—@=at’/et (1 ) e RT xR, Ve > 0. (9.3.49)
Vit
Now, recalling Proposition 9.2.1 and considering the approximation 15(2) in (9.2.36) of
the total projector P(z) in (9.2.35),
eP@t = 5(2)P(2) + R_(2)e™'L_(2) + Ry (¢, 2),

where §(2) = —az — (A2 —2a?)2?, and Ry (t,z) is a remainder term, we take the inverse
of the Fourier transform of

K(2) = §(2)P(2), (9.3.50)

which yields the expression of the first part of the Green function near z =0, i.e.

g(t.2) e (dg;w)
Rt = . (9.351)

dg<t7 .%') 2 2 d2g(t7 l.)
eV 2 — a2e2 (dx ) e2(\? — a%e?) —

Here, K (t,€) is the approximation of I'(¢, &) in (9.2.26) for |¢| &~ 0. Thus, for £ € [—46, d]
with § > 0 sufficiently small, we consider the following remainder term

1 [0 , 3 A
Rl(t, $) — / (eE(Zf)t _ eK(t,f)t)ezggc d{
—0

27
IR )
— % ) elﬁ(x_at)‘@()\2_(1252)?5(60({375)P(Zf) — P(Zg)) d§ (9352)
1 o .
+ o R_(@é‘)e -ty (Z{)ez{x de.
mJ=s
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We need an estimate for the remainder above. First of all, from (9.2.41) and (9.2.40),

0
! / P (i)l 1/ Hait+0E)t ite ge

)
o | RO g ae) < |5 [

27 -6

S Ce_t/EQ

for some constant C. Following [15],

e r-ie (8, S8 )

for a constant p > 0. This way,

_ —(z—at)?/(ct O(1)(1+ t)fl O(e)(1 + t)73/2
Ry(t,x) = e~ (@=al?/( )<O(E)(1+t)—3/2 LN >

Green function estimates near z = oo We associate to (9.2.45) the following
equations:
A A —ae A A+ ae
atw + gaxw = —Wu}, 8t'u) — gax'u) = —W’LU

We can write explicitly the solutions
gi(t,x) = 6(z — At/e)e” AR gy (1 1) = 6z + At /e)e” MHat/ (AT,

Thus, ,
lg(t, )| < Co(x + Atfe)e™ ", j=1,2.

We determine the Fourier transform of the Green function for |z| going to infinity,

K¢, €) :exp{ 4% _ W}Tl( )+exp{ Af W}%(m). (9.3.53)

This way, from Proposition 9.2.2, the remainder term here is

Ry(t,z) = = (ePOO 5K (t,€))e* d¢,  and (9.3.54)
21 Jigl=n

1 . )
|Ry| < S / ei(z=At/e)=(A=ae)t/(20e%) | (LOMH/ (E)+OM/E D, (¢) — P, (00)) dE
T|Jlgl=n
+ QL / ez tAt/e)=(Ntae)t/(22e%) . (O EOFOMHE P, (j¢) — Py(00)) dE|.
T|Jlgl=n

Following [15] and thanks to Remark 9.2.1,

(AL 2)

|Ry(t,2)| < Ce™ /e < Qe

dg

+/>Nedf

=N €
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Remainders in between Until now, we studied the Green function of the linearized
diffusive Jin-Xin system for z ~ 0, which yields the parabolic kernel K in (9.3.50), and
for z &~ 0o, so obtaining X in (9.3.53). In these two cases, we also provided estimates for

the remainder terms:

e Ry in (9.3.52) for the parabolic kernel K for |¢| < §, with ¢ sufficiently small;

e Ry in (9.3.54) for the transport kernel X for |{| > N, with N big enough.

It remains to estimate the last remainder terms, namely the parabolic kernel K for
|€] > 0, t > 1, the transport kernel X for |£| < N, and the kernel E(z) for 6 < [£] < N.

Parabolic kernel K(t¢,z) for |{| >, 6 << 1 Let us define

Ry(tr) = — [ K(t,6)¢ de.

21 Jie>s

Thus, from (9.3.50), for ¢ > 1,

|Rs(t,x)] < C

/ git(a=at) (~(P=a22)E pie) e
[€]>0

CeHC 1 0(1)  O()
=TV (o<s> o<52>>'

Transport kernel for |{| < N Set

Rilt,z) = — / K(t,€)c" d,
21 Jig|<n

and, from (9.3.53),

N
|Ry(t,z)| < Ce_()\+‘a|6)t/(2/\§2)z ‘/ ei&(z:ﬁ:)\t/e)dg
—-N

1
<C —ct/a2 . N — L
= e T e

Kernel E(z) for § < (| < N Finally, we set

Rs(t, x) POt eitt e

27 Js<ieien

The eigenvalues of E(i§) = —i{A — B are expressed here:

1 —9ai )\2 2
M2 =55 ( — 1+ V1 42(iag + W)) BTN (—agazfi)k%%'

By using the Taylor expansion for € ~ 0,

aif + A2¢2 1

A = — —_ — —
LT T 2(aic + 222 P

g2’
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Explicitly, denoting by

A =1 —4e26(N2€6 +ia), Oy =—1+ A+ 2iate®, Oy =1+ A — 2iale?,

one can find that et

g2t eMt i&-:\/m(e/\lt — 2t
—— U+ —0 —
2/ 2/ A
_ikeVN2 —aPe(eM! — M) eAltD1 N ﬁDz
A 2\ 2/

where [ = —1 + A = —2e26(\%¢ +ia) + O(e?) = O(e?), Oy =1+ A =0(1),
and, in terms of the singular parameter ¢, this yields
O(1)(eMt 4 ety O(e)(eM! — )
SEGE _ '
O(e)(eMt — eMt)  eMtO(e2) 4+ O(1)et2t

Putting the calculations above all together and integrating in space with respect to the
Fourier variable for 6 < || < N, we get

O(1)e~t/¢ O(e)e /¢
|R5(t,z)| < C . (9.3.58)
O(e)e™t/C  O(e2)e /0 + O(1)e /<
From (9.3.52), (9.3.54), (9.3.55), (9.3.56), (9.3.58), we denote the remainder by
R(t) = Ri(t) + Ra(t) + R3(t) + Ru(t) + Rs(t). (9.3.59)

The estimates above provide the following lemma.

Lemma 9.3.1. Let I'(¢,x) be the Green function of the linear system (9.2.22). We have
the following decomposition:

I'(t,z) = K(t,z) + X(t,z) + R(t, z),

with K(t,z),X(t,z), R(t,z) in (9.8.51), (9.3.53) and (9.5.59) respectively. Moreover,
for some constant ¢, C,

—(z—at)?/(ct 0(1)(1+t)_1 0(5)(1+t)_3/2 .
¢ K (o) < et )(0(5)(1+t)3/2 O(?)(1+1t) 72 )

o |K(t,z)| < Ce /e’

—(z—at)?/(ct Oo()(1 til O()(1 t73/2
IR(t)] < e~(@=at)*/(et) ( i 25 ++t))_3/2 o((a)2()(1++>t)—2 >

O(e)
0(1) 0(8) e—ct e—ct/s2
(00 o e
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Decay estimates Let us consider the solution to the Cauchy problem associated with
the linear system (9.2.22) and initial data wy,

Ww(t,€) = D(t,€)wo(€) = e €).
By using the decomposition provided by Lemma 9.3.1, we get the following theorem.
Theorem 9.3.1. Consider the linear system in (9.2.22), i.e.
Oyw + Ad,w = —Bw,

and let Qo = RoLg and Q_ = R_L_ as before, i.e. the eigenprojectors onto the null
space and the negative definite part of —B respectively. Then, for any function wy € L'N
L%(R,R), the solution w(t) = ['(t)wy to the related Cauchy problem can be decomposed
as

w(t) =T(t)wy = K(t)wo + K(t)wo + R(t)wo.

Moreover, for any index 3, the following estimates hold:

| LoD K (#)wnllo < C min{1, ¢4~ 8/2y | Loyl s

9.3.60

+ Cemin{1, =542 L_wp),. (9.3.60)

|IL_DP K (t)wo|lo < Cemin{1, ¢34 18/2}|| Lowy|| 1.1 9.3.61)
+ Ce?min{1, =>4~V | L_ || 11, -

I DPK () wollo < Ce /= | DP wol|o, (9.3.62)

ILoDP R(t)wollo < C'min{1, ¢ /4=1P/2Y | Loa|| 12
+ Cemin{1, ¢34~ IB1/2Y| L _wo| 1 (9.3.63)
+ Ce™|Low|| 1 + Cee || L_w| 1 + Ce™/= ||| 1,

IL- D R(t)wolo < Cemin{1, =¥~} || Low||
+ Ce®min{1, =>4 PV2Y || L_awg)| 1 (9.3.64)

+ Cee™ || Loun | 1 + Cee || L_w| 1 + Ce™/ || 1.
Proof. From Lemma 9.3.1, for some constants ¢, C' > 0, and for an index (3, it holds
IDPK (t)wollo < Ce™/<* || DPwylo. (9.3.65)
On the other hand, the hyperbolic kernel (9.3.50) can be estimated as
[LoK (tywol < Ce ¥ (| Lowo| +el¢]| Lo,

—_— _ 2 R N
LK (t)wo| < Ce S (e|é]|Lowol + [€[?| L—Wol).
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This yields

|LoK (t)woll% < C / h / e~ 2P (| Lovien (€)]2 + e2|¢ 2 Lo (€)|?) dC e
0 S0

< Cmin{1,t'/2}|| Lowo| %, + C” min{1,t 3/} L_oll2,
< Cmin{1, ¢~ 2} Lowo |21 + Ce® min{1,t3/2}|| L_wol[2:,

and

|L_K (w3 < C / h / 21 (2] 2| Lowo (€)]2 + £ [€2|L_wo(€)[2) dCde
0 SO

< Ce?min{1,t732}||Lowo |2, + Ce* min{1,t7/?}|| L_wol/%,.
Besides, for every 3 we multiply by ¢28 the integrand and we get

ILoDP K (t)wollo < Cmin{1, ¢4~} Lowo|| 1
+ Cemin{1, ¢34 B2V L _wy|| 11,

|IL_DPK (t)wollo < Cemin{1,t=3/4=18V/2}|| Lowg|| 1.
+ Ce?min{1, =541V || L_wo)| 1.

The estimates for R(t) are obtained in a similar way. O

9.4 Decay estimates and convergence

Consider the local solution w to the Cauchy problem associated with (9.1.20), where we
drop the tilde, and initial data wg. The solution to the nonlinear problem (9.1.20) can
be expressed by using the Duhamel formula

t
w(t) =T (t)wo + /0 I'(t —s)(N(wi(s)) — DN(0)wi(s)) ds
; 0 (9.4.66)
— T(t)wo + / Fi—s)|  hun(s) |ds telo17).
0 VA2 —a%e?

From (9.2.29) and the formulas below, we recall that w; = Low = (1 — L_)w is the
conservative variable, while wo = L_w is the dissipative one. We remind the Green

132



9.4. DECAY ESTIMATES AND CONVERGENCE

function decomposition given by Lemma 9.3.1. For the S-derivative,

DPw(t) = DPK (t)w(0) + X (t) D w(0) + R(t) D w(0)

t/2 0
+ DPK(t—s)R_L_ h(wi(s)) ds
0 eV A2 — a2e?

t 0
+ K(ts)RDBL< h(wi(s)) )ds

t/2
/ e/ 2 — a2e2

t 0
—i—/o fK(ts)DB( h(wi(s)) ) ds

eV A2 — a2¢?

t/2 0
+ DPR(t — s)R_L_ ( h(w1(s)) ) ds

0
VA2 — a%e?

t 0
+/ R(t—s)R_DPL_ ( h(wi(s)) ) ds
t/2 eVAZ — a2e?

= DPK(t)w(0) + K (t)D w(0) + R(t) D w(0)
w1

)
V20 DOKL(t—s) ) hlwi(s))

(Dot ) war
(K- ) p ko)

+/t/2<K22<t—8> )D v’

t 0
+/0 K(ts)Dﬁ( h(w1(s)) ) ds

EVIA2 — q2e?
N /W < DPRy5(t — s) > h(w:(s)) "
0 DP Ry (t — s) eV A2 — q2e2

+/t/t2 < Ria(t — s) >Dﬁ h(wi(s)) o

RQQ(t — S) evVA2 — a2e2

Notice that, from (9.3.51), K12, K29 are of order € and £? respectively, and the same
holds for

Ris = O(e)(1 + t)"3/2e~@=at/ct 4 O(g)e™ + O(1)e /<",

Ros = 0(62)(1 + t)—Qe—(ac—at)z/ct + 0(62)€_Ct + 0(1)6_Ct/a2.

From the assumptions above, f(u) = f(w1) = aw; + h(w1), where h(wy) = wih(wy) for
some function h(wy). Thus, by using the estimates of Theorem 9.3.1, and recalling that
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|-l = || - [ gm(wy, for m =0,1,2, (H” = L?), we have, for j = 1,2,
W ()l < Cmin{1, ¢4} [[wol[ 1 + Ce™/= |[woln

t ~ ~
+ C/ min{1, (t — s)~3/4}(wih(wi)|| g1 + wh(wi)]|m) ds
0
t ~
e / == 2 (1) | s
0
t] 2 ~
€ [ eI () s
0

For m big enough,
IW(®)[lm < Cmin{1, =4} wo| 1 + Ce = [wo|lm

t
+ / min{1, (t — 8)_3/4}C(|w1|00)“w1”3nd5
0
t
+/eﬂF%mM@meﬂs
0

t
1
+/ e 0 (junoo) o [ ds.
0

U
w1

From (9.1.19), we recall that w = , and so, for m = 2,

e(v — au)

wWo _—
N2 _ 222

lu(®)ll2 + eello(t) — au(t)ll2 < Cmin{L, e~ *}(Juoll 1 + eellvo — auo| 1)

_ 2
+ e (Jlug||2 + cellvo — auo2)

t
+Anmgﬁ—gWﬂaw@w%w
t
+/awﬂmw@mﬁ@
0
tl 9
+/65Wﬂkaw@mﬁm
0

Let us denote by
B = max{|[uo|| 1 + €llvo — auol| 1, [uollm + €llvo — auollm}, (9.4.67)
where, according to (9.0.6), vo = f(ug) — A20,ug, and

Mo(t) = Oililzt{max{l, T (lu(r)l2 + ello(r) — au(r)]2)}- (9.4.68)

The first term of the right hand side of the estimate above gives
Cmin{1, =Y ([luol| 1 + cellvo — auol| 1) + Ce™ (Jugll2 + cellvo — auo|2)

< Cmin{l,t" 4} Ey.
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Besides,
CJuloo)[[ull3 < C(|ufoo) min{1, 5™ /2}(Mo(s))*.
Thus,

()2 + ello(t) — au(t)l|l2 < Cmin{1,t""/*}E;

t
+ (My(t))? / e ¢(|ufoo) min{1, s~/%} ds
0
t
+ (My(t))? / ée%(t*s)/ﬁcqmo@)min{1,5*1/2}ds
0

t
+ (Mo(t))Q/ (|t oo) min{1, (£ — ) ™*/*} min{1, s/2} ds.
0
From the Sobolev embedding theorem,

c([u()]oo) < e([Ju(s)]l2) < Cmin{1, s /*}Mo(s) < CM(s).
This way,

ut)||2 + el|v(t) — au(t)]]s < Cmin{l,¢ "/} E,

t
+C(M0(t))3/ e =) min{1, s~} ds
0

t
+ C(My(t))? / 1e_c(t_s)/€2 min{1, s /?} ds
t
+C(Mo())® | min{1, (t — s)~3*}Y min{1, s~/?} ds.
Notice that

t t/e?
é / eclt=s)/e? min{1, s~} ds = et/ / e min{1,e\/7}dr
0 0
2

t/e
< Eect/z—:Q/ T dr
0

_ E[l _ e—ct/ez]

< Ce.

By using this inequality in the estimate above,

u(t)|l2 + eljo(t) — au(t)||ls < Cmin{1,t V4 E,
t

+C(M0(t))3/ et min{1, s/} ds
0

+ 8C(M0(t))3
+ C(My(t))? /t min{1, (t — s)~*/*} min{1, s~/?} ds.
0

By applying usual lemmas on integration, as Lemma 5.2 in [15], we get the following
inequality

Mo(t) < C(Es + (Mo(t))?).
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Then, if E5 is small enough,

My(t) < CEs,
ie.
lu(t)]|2 + el|lv(t) — au(t)]|2 < Cmin{l, t_1/4}E2. (9.4.69)
By arguing as before and following [15], we have the proposition below.

Proposition 9.4.1. The following estimates hold, with C' a constant independent of ¢,

ID%w(t)]lo < Cmin{1,t /4B B g, (9.4.70)
| DPws(t)]lo < Cmin{l, ¢34 A2} B o, (9.4.71)
|DP8yw(t)||o < Cmin{l,t =34 1AV2 g5 5o, (9.4.72)
IDPDpws(t)lo < Cmin{1,t=>/* Iy By o). (9-4.73)

Remark 9.4.1. Notice that the estimates for the partial derivative in time of the solution
(9.4.72), (9.4.73) are uniform in e thanks to the particular form of the initial data
(9.0.7). In fact, these estimates can be obtained by applying again the Duhamel formula
as before and, similarly to (9.4.69), we get a bound for || DP0yw(t)||o which depends on
| DBy wl|i—o|. This norm is not singular in € thanks to the particular form of the initial
data, as it is shown below. The initial data satisfy (9.0.6), i.e.

vo = f(ug) — A20,up = aug + h(up) — A2, up.

In terms of the (C-D)-variable w,

U = wi,
N2 — a222
V=aw] + ———wa,
€
this gives the following relation:
2 _ 22
iwg = h(w?) — \29,u" (9.4.74)

3

_ 0 0
0w |t=0 = —ad,w] — iﬁxw%
A2 — q2g2 A2

_ 0 0 0

Oqwali—0 = —————— 0w} + alzwy + ———==00w]
) € EVA? — a’e
a‘e
— T 5l + aduud.
2 _ g2e2

In terms of the original variable,

dywli=0 = —x f (10) 4+ N*Byalio,
g (0uf (0) = Nt

8tw2|t=0 = 2
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Convergence in the diffusion limit and asymptotic behavior We perform the
one dimensional Chapman-Enskog expansion. Recalling that

wp = u, w2 = Uq,

where u is the conservative variable and ug4 is the dissipative one, system (9.1.20) is

()= ()= (ot )

h(w1)

. . w2
th A 9.1.21 d =+ ——
wi in ( ) and g(u) = + AT

. We consider the following nonlinear

parabolic equation
Opu + adyu + Oph(u) — (A2 — a?e?)0pu = 0,5,

where

S =eV A —a?e?{Oug — adyug}. (9.4.75)

The homogeneous equation is
dywy + adywy + Oph(wy) — (A — ae?) 0w, = 0, (9.4.76)

and associated Green function is provided here

Lp(t) = Kui(t) + X(t) + R(2),

with K1p in (9.3.51). We take the difference between the conservative variable u = w;
and w,

t/2 ~
DP(u(t) — wy(t)) = /0 DPD(K11(t — ) + R(t — ) (h(wp(s)) — h(u(s))) ds
+ " DPD(Kyi(t — s) + R(t — 5))S(s) ds
0
+ o D(K11(t — s) + R(t — ) DP (h(wy(s)) — h(u(s)) + 5(s)) ds

+ / K(t — s)DPD(h(wy(s)) — h(u(s)) + S(s)) ds.
0

(9.4.77)
By using (9.4.70), (9.4.71), (9.4.73), we have
ID?S|lo < Cemin{1,t=5/4=F/2} g, ;.
Let us define, for u € [0,1/2),
mo(t) = sup {max{1, 74} u(r) - wy(r)o}. (9.4.78)

T7€[0,]
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For 5 =0,
t
lu(t) = wy()]lo < CElmo(t)/ min{1, (¢ — )34} min{1, s~/2#} ds
0
t
+ C€E3/ min{1, (t — s)">/*} min{1,s™ '} ds
0

t
+ C(E1my(t) + cEy) / e min{1, s/} ds
0
< Cmin{l,s Y4 Y (Eimo(t) + eE1 + By + (1/2 — p) "' Ermo(t)),

i.e., if E7 is small enough,
mo(t) S C€E4. (9479)

Similarly, it can be proved by induction that if, for v < 3, defining

mpg(t) = Sél[lgvﬂ{max{l,Tl/4+“+6/2}IIDB(U(T) — wp(7))llo}, (9.4.80)

and assuming m.(t) < C(u)eEy 44, then
1D8 (h(u(s)) — Al (s)))llo < Cmin{1, e~V 4=32Y(C(u) By s1 Ep s + Fyma(t)).
Using this inequality, (9.4.75) and (9.4.79) in (9.4.77), finally we get
ma(t) < Clu)ePia,

which ends the proof of Theorem 9.0.1.
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Chapter 10

A BGK model for hydrodynamic
equations

We want to study the convergence of a singular perturbation approximation to the
Cauchy problem for the incompressible Navier-Stokes equations on the d dimensional
torus T¢:

NS (10.0.1)
V.-u'” =0,
with (t,2) € [0, 4+00) x T?, and initial data
uV%(0, ) = ug(x), V-uy=0. (10.0.2)

Here u™® and VPNS are respectively the velocity field and the gradient of the pressure
term, and v > 0 is the viscosity coefficient. This chapter is based on [11].

We consider a semilinear hyperbolic approximation, called vector BGK model, [23, 18],
to the incompressible Navier-Stokes equations (10.0.1). The general form of this
approximation is as follows:

A

1
Ofi + 7 Vulf = —5 (M7 ep™ut) = ). (10.0.3)

TE?

with initial data

f7(0,2) = Mf(p,epug) = M; (p,epug) + eg(Vug), ug in (10.0.2), I=1,---,L

(10.0.4)
where f;7 and M; take values in R with the Maxwellian functions My Lipschitz
continuous, A\; = (N1, -+, Ajq) are constant velocities, and L > d 4+ 1. The ]\_Jf are the

perturbed Maxwellian functions, which will be expressed later, where g is the first order
correction of the Maxwellians in the Chapman-Enskog expansion. Moreover, p > 0 is
a given constant value, and € and 7 are positive parameters. Denoting by flj, M5, for
j=0,---,d, the d + 1 components of f;, M for eachl=1,---,L, let us set

L L
p= fislt,a) and ¢ =epus =) fi5(t ). (10.0.5)
=1 =1
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CHAPTER 10. A BGK MODEL FOR HYDRODYNAMIC EQUATIONS

In [23, 18], the convergence of the solutions to the vector BGK model introduced above
to the solutions to the incompressible Navier-Stokes equations is studied numerically.
More precisely, assuming that, in a suitable functional space,

E_p ~
pgp%ﬂ

S —p, u —1u, and

under some consistency conditions of the BGK approximation with respect to the Navier-
Stokes equations, see [23], it can be shown that the couple (1, ]5) is a solution to the
incompressible Navier-Stokes equations. The aim of this chapter is to provide a rigorous
proof of this convergence in the Sobolev spaces.

We focus on the two dimensional case in space. Following [23], let us set d = 2, L = 5,
and

5
w® = (%, @) = (0,45, 45) = (%, ep°uf,epu3) = Y f§ € RY. (10.0.6)
=1

Fix A,7 > 0 and let € > 0 be a small parameter, which is going to zero in the singular
perturbation limit. Thus, we get a five velocities model (15 scalar equations):

[ Ouff +20.f5 = -5
Ouf5 + 20,5 = =
Of5 = 20:f5 = 7
atfzf - %auff = #

O fs = Lo (Ms(w®) — f5).

=

(10.0.7)

W

(L}

S— N N
|

b Ry Sy B

Here the Maxwellian functions M; € R3 have the following expressions:

Aq(w® Ao (wE
M 3(w) = aw® £ 12(:}), Ms 4(w) = aw® £ 22(10 ), Ms(w®) = (1 — 4a)w®,
(10.0.8)
where
, ai g%s
Aw) = | G Pe) |, As(wf) = (P%? : (10.0.9)
95795 q5
. e+ P(f)
P(o) = i — 1, (10.0.10)
and ,
= 9o 10.0.11
“T oy (10.0.11)

where v is the viscosity coefficient in (10.0.1). In the following, our main goal is to
obtain uniform energy estimates for the solutions to the vector BGK model (10.0.7)
in the Sobolev spaces and to get the convergence by compactness. In [23, 18], an L?
estimate was obtained by using the entropy function associated with the vector BGK
model, whose existence is proved in [16]. However, there is no explicit expression for the
kinetic entropy, so we do not know the weights, with respect to the singular parameter,
of the terms of the classical symmetrizer derived by the entropy, see [39] for the one
dimensional case and [15, 44] for the general case. For this reason, the existence of an
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entropy is not enough to control the higher order estimates. Moreover, our pressure
term is given by (10.0.10) and it is linear with respect to p°, so the estimates in [23, 18]
no more hold. To solve this problem, we use a constant right symmetrizer, whose
entries are weighted in terms of the singular parameter in a suitable way. Besides, the
symmetrization obtained by the right multiplication provides the conservative-dissipative
form introduced in Chapter 3. The dissipative property of the symmetrized system holds
under the following hypothesis.

Assumption 10.0.1 (Dissipation condition). We assume the following structural con-
dition:

0< <1
@<

Finally, we point out that Assumption 10.0.1 is a necessary condition, also in the case
of nonlinear pressure terms, for the existence of a kinetic entropy for the approximating
system, see [10].

10.1 General framework

Let us set
U® = (ff, f5. [5. [1. f5) € R¥P,

and let us write the compact formulation of equations (10.0.7)-(10.0.4), which reads

U + MU + M0, U* = — (M(U®) — U?), (10.1.12)

1
Te2
with initial data

Us = f7(0,2) = M; (p,epug) = M[ (p,epug) +9(Vug), 1=1,---,5, (10.1.13)

where M are the perturbed Maxwellian functions, with Mf the Maxwellians in (10.0.8),
and

—aATOwy
—aATOywo
g(Vug) = aATOzwo . wo = (p,epug), (10.1.14)
aATOywo
0
Al 0 0 0 0 00 0 0 0
0 0 0 00 0 2Id 0 0 0
A= 0 0 -2Id 0 0 |, Ap,=[0 0 0 O o0 [,
00 0 00 0 0 0 —2Id 0
0 0 0 00 00 0 0 0
Id is the 3 x 3 identity matrix, and
M(U?) = (M7 (w®), My (w®), Mz (w®), Mi(w®), M5 (w®)). (10.1.15)
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10.1.1 Conservative variables

We define the following change of variables:

wE =30 ff, mE=2(f5 - f5), € =2(f5-1f), K=fi+f5 =[5+

(10.1.16)
This way, the vector BGK model (10.0.7) reads:
( (9th+8 m® + 0y&°F = 0;
O + 25 9,k° = ;2(1“1(;”6) —mf),
,\2 _ 1 (Ax(wf)
0" + 250,h° = —( W) ¢, (10.1.17)

Otk + 635771 e (2aw8 - k€)7
Oth® + 0,6° = L(2aw — he).

\

We make a slight modification of system (10.1.17). Set w = (p,0,0) and
w = w® —w = (w] — p,ws,ws), k°F =k —2aw, h**=h*—2aw. (10.1.18)

In the following, we are going to work with the modified variables. System (10.1.17)
reads:

( atw€*+a me + 9y€° = 0;
oms + 6 kE* — %gw me),
&+ %5 ayha* = Tig(u ¢, (10.1.19)
OkE* 4+ 0m = 752 (2aw — k&%),
athe* +8y§€ — i( _ hs*)'
Notice from (10.0.9) that
qi w3
A e\ __ (q‘f)2 € — o (wS*)2 4 wWE* o £x _
)= | B | [ L ur | - a0,
qlqg ws*ws*
p* wit+p
and, similarly,
: ws*
€ ~E wE*wE*
Ag(w*) = , % = :ji*_f’ﬁ — A2(ws* —i—’lf)).
rp-p) \ G5+t

Hereafter, we will omit the apexes € x for w®*, k**, h®*, and the apex € for m®, £°, when
there is no ambiguity.
Let us define the 15 x 15 matrix

Id Id Id Id Id
eAld 0 —eAld 0 0
C = 0 eXd 0 —eXd 0 |, (10.1.20)
e2ld 0 e2Id 0 0
0 ¢e%Id 0 e2Id 0
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and set
W = (w,e2m, e2¢,&%k,2h) :== CU — (w,0,0,0,0). (10.1.21)
Thus, we can write the translated system (10.1.19) in the compact form
1 -
OW + B10, W + Bo0yW = ?(M(W) - W), (10.1.22)
T

with initial conditions

Wy =CUy — (@,0,0,0,0), (10.1.23)
where U is given by (10.1.13),
Bl e CAlC_l, B2 = CA2C_1,

0 %Id 0 0 0 00 %Id 0 0
0 0 0% 0 00 0 00
Bi=|0 0 00 0|, B=|00 0 0 % |, (10.1.24)
0 Id 0 0 0 00 0 0 0
0 0 0 0 0 00 Id 0 0
and )
M(W)=CM(C™'W)=CM(U).
Here,
0 0
Al(w-‘r’w)_i w2
3 g2 1 2 2
€ w1-2|—ﬁ+w1 _EETm
As(wtw) €2 Wwows
- e T = wit+p
Q(M(W)—W)Z; , =7 s )
2qw — &E 1 s _ g%
g2 € w21 o 22
2p wliﬁ+w12
20w — =5 2aw—2—2k
2aw—5€—2h
0
0
0 0 0 0 0 . w3
O 1 0 g w1+p
if1o00] %4 0 0 0 wauy
wi+p
= 8 8 (1) W_|_1
_T 1 1Id T 0
1o o0o0 0 —-= 0 0 sy
1 w1+p
1 00 1 1 )
2ald 0 0 —%Id 0 ,
15 1 “’3
2ald 0 0 0 *Eﬁld wi+p
0
0
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= —LW + N(w + @), (10.1.25)

where —L is the linear part of the source term of (10.1.22), while N is the remaining
nonlinear one. Thus, we can rewrite system (10.1.22) as follows:

QW + B9, W + Bod,W = —LW + N(w + ). (10.1.26)

10.2 The weighted constant right symmetrizer and the
conservative-dissipative form

According to the theory of semilinear hyperbolic systems, see for instance [52, 8], we need
a symmetric formulation of system (10.1.26) in order to get energy estimates. However,
we are dealing with a singular perturbation system, so any symmetrizer for system
(10.1.26) is not enough. In other words, we look for a symmetrizer which provides a
suitable dissipative structure for system (10.1.26). In this context, notice that the first
equation of system (10.1.26) reads

0w + O;m + 0y€ = 0,

i.e. the first term of the source vanishes, and w is a conservative variable. We want to
take advantage of this conservative property, in order to simplify the algebraic
structure of the linear part of the source term. To this end, rather than a classical
Friedrichs left symmetrizer, see again [52, 8], we look for a right symmetrizer for
(10.1.26), which allows to get the conservative-dissipative form introduced in Chapter
3. More precisely, the right multiplication easily provides the conservative structure in
[15], while the dissipation is proved a posteriori. Besides, the symmetrizer ¥ presents
constant e-weighted entries and this allows us to control the nonlinear part N of the
source term (10.1.25) of system (10.1.26). To be complete, we point out that the
inverse matrix ¥ ~! is a left symmetrizer for system (10.1.26), according to Chapter 2.
However, the product —X~71'L is a full matrix, so the symmetrized version of system
(10.1.26), obtained by the left multiplication by ¥~!, does mnot provide the
conservative-dissipative form in Chapter 3.

Let us explicitly write the symmetrizer

Id €01 €09 2ae2Id 2ae?Id
o1 222ae21d 0 30y 0
Y= D) 0 2\%2ae?ld 0 oy |, (10.2.27)
2ae21d 30y 0 2aeId 0
2ae%1d 0 309 0 2aet1d
where
010 0 01
cr=| 100 | and oo={ 0 0 0 |. (10.2.28)
0 00 1 00

It is easy to check that X is a constant right symmetrizer for system (10.1.26) since,
taking B, Bo and L in (10.1.24) and (10.1.25) respectively,

BiX =%BI, ByY=3%BI,
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0 0 0 0 0
1 0 —2X%ald+ a% 01079 (2a — 1)eo 2ae01
=—10 0109 —2X2ald + o2 2ae09 (2a — 1)eoy
o 2a-1eo 2ae09 2a(2a — 1)e21d 4a’e%1d
0 2ae0, (2a — 1)eos 4ae%Id 2a(2a — 1)e21d
(10.2.29)
Now, we define the following change of variables:
W =W = %(w,e%m, 26,62k, £2h), (10.2.30)
with W in (10.1.21). System (10.1.26) reads:
YOW + B1X0,W + BoXd,W = —LEW + N((SW); + w), (10.2.31)

where (XW); is the first component of the unknown vector WW. Now, we want to show
that ¥ in (10.2.27) is strictly positive definite. Thus,

(SW, W)o = |[@]13 + 2X2ac(||m[|3 + [I€]13) + 2ac®(||E[3 + ||RI[3) + 2(e* o1, @)o
+ 2(%09€, )0 + dag* (k + b, w)o + 267 (a1k, 100 + 267 (02h, €)o

= (@[5 + 2X%ac® (|lml[ + I1€113) + 2ae>(|[kI[3 + [1AI[5) + [ + L2+ Is + I + L.

Taking two positive constants d, 4 and by using the Cauchy inequality, we have:

oo

~ 2 ~
I = 26%((sig, @1 )o + (1, Ba)o] > — 08| |mg[2 — 120 _ 5c6))77, |2 — 22llo,

N N 3 o ) -
Iy = 2¢3[(&3,w1)0 + (€1, W3)0) > —0€%||&3][F — 7”105“0 — 69]|&1]15 — ng’HO;
o o ) - i . -
I3 = dae*[(k, @)o + (h,w)o] > —2apl[w|[§ — 22=[|k[[5 — 2aul|@]|§ — 2= ||A|[5;
~ ~ ~ ~ 8 ~ - 8 ~ -
Iy = 26"[(kg, m1)o + (k1,72)0] > =5 ||kallf — 6€®|[ma|[§ — S l1k1llG — 0¢8]|mall3;

Is = 267[(hs, €1)o + (71, E)0] = — 5 ||hs]12 — 6e8(|E1 ]2 — & {1l — 6€]|E5] 13-
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Thus, putting them all together,

o ) 2
(SW, W)o > ||n |5 [1 — 5 dan

. 1
+||w2||3[1—5—4au

. 1
+ ] [1—5—4au]

+e’llmillg[2A%a — 20] + €°||ms[§[2A\%a — 2] + £°||ms|[5[2\%a]

+ 15 11312A% — 28] + £%I€5115[2M%a] + €%]|53[22%a — 20)]

~ 2a 1 ~ 20 1 ~ 2a
8 2 8 2 8 2
+ k 20 — — — = | + k 20— — — = | + k 20 — —
€ H IHO_a 5_ 5” 2”0[a 5 € H 3”0[(1 ]
~ [ 2a 1_ ~ 2a ~ 20 1
8 2 8 2 8 2
+ h 20— — — = | + h 20 — — | + h 20 — — — —|.
€ H 1”0 i a 5_ € H 2”0[ a € H 3”0[ a 5]

Now, we can prove the following lemma.

Lemma 10.2.1. If Assumption 10.0.1 is satisfied and X is big enough, then 3 is strictly
positive definite.

Proof. From (10.2.32), we take

l<p< ﬁ;
2 1.
6 > max{ -, m}, (10.2.33)

)\>\/§.

Notice that we can choose the constant velocity A\ as big as we need, therefore the third
inequality is automatically verified. ]
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Now, we consider the linear part —L3 of the source term of (10.2.31). Thus,

T(—LEW, W)o = —2X\%ae* (||| [5 + [1€][5) + 2a(2a — D) (|[R([5 + [12[3)
+ e |[5 + *[mal[§ + 161115 + £*1€3]15 + 2¢* (01028, M)o
+2(2a — 1)e°(o1k, )0 + 4aeg® (o1 h, m)o + 4ae® (o2k, €)o
+2(2a — 1)e°(o2h, £)o + 8a2e5(h, k)o
= (=2Xa+ De*(Jinl[§ + [Imall§ + [1E115 + 1145]13)
— 2X%ae*(||ms|lp + 1121)

+2a(2a — DES([|[§ + [|RI13) + J1 + J2 + Js + Ju + J5 + Jg.
Now, taking a positive constant w and by using the Cauchy inequality, we have

Ji = 24 (&, ma)o < ' (|I&[F + [Imell3);

J2 = (da — 2)e%[(ka, M1 )o + (k1. 2)o] < (1 - 2a){26(||152||3 + I 13)

+64W(||m1!|3+||m2|!3)};
51(7 o~ 7~ 56~24~256~24~2
J3 = 4ae”[(ha,m1)o + (h1,mM2)0] < 2a ;||h2||0+5 w||m1\|0+;|yh1||0+5 wl|mel[g ¢
51(T.. & 7. 7 €0 o E 2 L Eo i 2 L A E 2
Jy = 4ae”[(k3,&1)o0 + (F1,€3)0] < 2a ;I|k3llo+€wll&ll!o+;||k1|!o+€wll&sllo ;
517 & i T 4, 112
Js = 2(2a — 1)e”[(h3,&1)0 + (h1,83)0] < (1 — 2a) ;||h3||o + & wl|&1][5
el 5 2 4 & 112
+;|Ih1||o+€WII£3Ho ;
Jo = 8a%<8 (R, k)o < a8 {|[RI[3 + [1RI[3).

Putting them all together, we have

T(—=LEW, W) < et|jmy||2[-2X%a + 1 4 w] + &*||ma| [2[—2X%a + 2 + w] — 2X2ac?| |3 |2
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2a(4a—1)+—

+et||& B[22 2a+1+w]—2M%aet | &[5+ €] 1§ [—2M2a+2+w] +°|Fa |3

(1 —2a)

[l 2 [2a(4a—1>+

+66||l;:3|](2) [2@(4&— 1+ —

. 1
+&%|hq |2 [2a(4a— 1)+;

~ 2a
+2°|hal|3 [2a(4a —D+—

+ &9 hg| |2 [2a(4a — 1)+ (1;20‘)] . (10.2.34)

This way, we obtain the following Lemma.

Lemma 10.2.2. If Assumption 10.0.1 is satisfied and X\ is big enough, then the
symmetrized linear part of the source term —LY given by (10.2.29) is negative definite.

Proof. We need w and A satisfying:

1.
W > 3ai—da)’

2+w
A> /5

(10.2.35)

Recalling (10.2.33), we assume

4a 1-— 4a +1
A . 10.2.
> max {\/7 4@2 = } ( 36)

Then, we take w > which ends the proof. O

1
2a(1—4a)’

10.3 Energy estimates

Here we provide e-weighted energy estimates for the solution W¢ to (10.1.26). Let us
introduce T¢ the maximal time of existence of the unique solution W¢ for fixed ¢ to
system (10.2.31), see [52]. In the following, we consider the time interval [0, 7], with
T € [0,7¢). Our setting is represented by the Sobolev spaces H*(T?), with s > 3.

10.3.1 Zero order estimate

We assume the following condition.

Assumption 10.3.1. Let A satisfies (10.2.36) and

S+ oo 4a)

A > 1a

(10.3.37)

Lemma 10.3.1. If Assumptions 10.0.1 and 10.3.1 are satisfied, then the following zero
order energy estimate holds:

[@(D)II + S UADIE + 1EDIE) + e ([RTIIF + 1A(T)I[)
T ~ ~ ~
+/0 ' (lmIIE + IE@IE) + e (R@IIT + [1A@)15) dt < c=®([uollf + || Vuol5)
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T - ~ ~
"‘C(HUHLOO([O,T}XW))/O 1@ (®)[5 + (Mm@ + IEDIF) + PRI +11R@)IIE) dt
(10.3.38)

Proof. We consider the symmetrized compact system (10.2.31) and we multiply 144
through the L?-scalar product. Thus, we have:

%%(EW W)o+ (LW, W)o = (N((SW): + @), W)o.

Integrating in time, we get:

SEWDT N+ [0, W0 di < ST 0), W)
T -
+/0 (N((SW(t))1 + @), W(t))o| dt. (10.3.39)
Consider (10.2.32) and let us introduce the following positive constants:
Iy :=1-dap—3, As:=2Na-04) Ox:=2a(1-1)— ;. (10.3.40)

Similarly, from (10.2.34), we define:
Ay :=2(Ma—1) —w, Ory:=2a(l—4a)— 1. (10.3.41)
Thus, from (10.3.39), we get:

sl (T)|1§ + *As(li(T)I[§ + 1EDIE) + *Os(IR(D)I + (D))

2 (T - . .
42 / ALt + [[EDIZ) + 90 s (1) 2 + [[AM12) dt

T

T
< (SWo, Wo)o + 2/ (N (W ()1 + @), W (1))o| dt. (10.3.42)
0
Notice that, from (10.2.30),
(SWo, Wo)o = (B2 Wo, £ Wo)o = (7' Wo, Wo)o,

where Wy = W(0,z) = (w(0,x),e*m(0,2),%€(0,x),%k(0,z),e%h(0,2)), and, from
(10.1.16), (10.1.18) and the initial conditions (10.0.4),

w(0,x) = wo —w = (0, epugy, €pups);
m(0,z) = %(flo f30) Ax( wo) — 2a\210,wy
= (puor,epuo® — 2618/78 Uo1, EPUO Uo2 — 2a€P0zUp2);
£(0,2) = 2(fag — fao) = 2220 _ 24)2r9) ywo.
= (puoz, £puoUoz — 2005,03 o1, £pie” — 2a8pdyuns);
k(0,2) = f19 + f30 — 20w = 2awy — 2aw = 2a(0, epugy, €puos);
h(0,z) = fag + fag — 20w = 2awy — 2aw = 2a(0, epugy, £pugs).
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Besides, the explicit expression of the constant symmetric matrix X! is given by

-1 -1
1—4a Id 0 0 52(11—4a) 1d e2(1—4a) 1d
0 & 0 Bl el !
-1
M = _f) 10 ]{2 0 EQT:%szjUQ s
52(1—14a)1d S(1-4x2q2) 71 10 1H3 -z 1d
€?(1—4a) 1d 0 e3(1—4X%a?) o2 e4(1—4a) 1d Hy
(10.3.43)
where
2 2
@) 0 0 D2e7=T) 0 0
= 0 sy 0 | Ha= 0 NP 0 ;
1 0 2a
0 0 I32acZ e2(42%2a2-1)
40202 -2)2%a+1
54(4ag1)(4)\2(111271) - 0 , 0
_ 42202 —2)2a+1 .
Hs = 0 54(4af1)(4x2z2—1) 0 ’
0 0 2a—1
2ac%(4a—1)
4X%a%-2)2%a+1
54(4af1)(4)\2((112—1) ) 0 . 0
Hy = 0 ae1(1a=1) 0
0 0 4A2a2—2A2a+1

et(4a—1)(4X%2a%—1)
It is easy to check that

_ ~ 2ap%ct
(S Wo, Wo)o = 722 uo3 + —L

gz 1 It — 2032001 |3 + [luo3 — 20X°9yu02[§)
_254

p
+ m(llumuoz — 2aM\?0pups | + [|uoruos — 2aX?yuor ||3)
< c*(luoll + [[Vuol|3),

and so, from (10.3.42) we get the following inequality:

Pyl [@(T)]3 + S AT + ETR) + L0s(ET)E + 1T)|2)
+2/T A s (IR + [EDIR) + Ors(FDE + [1D]2) dt
7 ), © crEiimitio 0) LY 0 0 (10.3.44)

T
< c*(Jluoll§ + [[Vuoll) + 2/0 (N((EW (1)1 + w), W (t))ol dt.

It remains to deal with the last term of (10.3.44). Recall that w = (p — p, epu1, epus).
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From (10.1.25),

0
Uw2
U1ws

NS + @) = N(w + @) = ~ . (10.3.45)

U2W3
U2ws3

Thus,

- 1 i ) i )
(N(w+w), W)y = ;{(u1w2, e2ma)o + (urws, £21m3)0 + (uawa, €2€2)0 + (usws, €2€3)0}

1 B B - -
< 5{\|u1w2“3+€4llm2“3+\|U1w3\\c2>+€4!\m3H3+\!u2w2\|3+€4H§2H(2>+|!u2w3\|3+€4!\§3\|§}

4
e 5 ~
< c([fulloo) wllf + 5 (Ill[§ + 11€][5)-

By definition (10.2.30), explicitly we have:
w= (SW®), = b + 301 + 2096 + 2ae* (k + h), (10.3.46)

and so,

~ ~ ~ ~ 4 ~
(N (w+w), W)o| < C(\IUHm){H@H%%G(!|m|\3+|Ié\|§)+€8(|!k\I3+Hh|!3)}+;7(|Iﬁ1\|3+!|£|\3)-

Putting them all together, (10.3.44) yields:
s |[@(T)[[§ + S As([m(T)|IF + 1K) + eSOs([K(TD)IIF + [1R(T)IIF)

2 (T . - .
+2 [ e Arn(llm(o)]+ IEOIF) + O (F0)]E +1h)]B) d

T4 B
Sc&Q(HUoII%HWUoH%H/O —(llm@)[6 + [1€®)116) dt

T ~ ~ ~
+C(|u||L°°([O,T]><']1'2))/O @05 + (Mm@ + IEDIIF) + k@I + 1RMIIE) dt.
(10.3.47)
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This gives:
Pslla(T)|[5 + e As([[m(T)|[F + 1EDIIF) + 20 (|IK(D)|[5 + [[A(T)]13)
-

T . ~ ~
+1/0 ' (2ALs = D(|lm®)I5 + [1EOIIE) + 2e°O s (kB + [[h(H)][5) dt

< e (Jluoll§ + [[Vuollf)

T ~ ~ ~
"‘C(HUHL"O([O,T]XTQ))/O oI + < (Im@IE + €O + (KOG + 1R®115) dt,

(10.3.48)
where, by definition (10.3.41), 2As — 1 = 4\%a — 4 — 2w is positive thanks to condition
(10.3.37). This gives estimate (10.3.38). O

10.3.2 Higher order estimates

Lemma 10.3.2. If Assumptions 10.0.1 and 10.3.1 are satisfied, then the following H?®
energy estimate holds:

[@(D)|I3 + e (ADIE + [1EDIZ) + e [RT)IIZ + A(T)I[2)

T ~ ~ ~
+/0 ' (lm@)IZ + NE@IIZ) + (RO + [ROIIZ) dt < ce*(|luol[Z + |[Vuol[2)
T - ~ ~
+C(HUHL;>°H;)/O [o@)I1Z + IRz + [IEDOIZ) + > [R@Z + 1R®1]2) dt,

where, hereafter,

L HS := L°°([0,T), H*(T?)), forscR.

Proof. We take the |a|-derivative, 0 < |a| < s, of the semilinear system given by
(10.1.26). As done previously, we get:

Ts||DY®(T)|[3 + e As (|| D (D)3 + || D*E(T)|I3) + 2O (|| D*K(T)|[§ + || D*R(T)][3)
2 [T . ~ 3
+T/O e'Ars(I[D*m@)|[G + [ DE®)]F) + £°Ors(||ID* k)]G + [|DA()][3) dt
T
< ce?(|[D%ugl |5 + 11D ugl[§) + 2/0 |D*(N((SW(t))1 + ), D*W (t))o| dt.
(10.3.49)
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Now, from (10.3.45),

- 1
(DN (w + ), D*W)o| < —{|(D*(urw2), D*ma)o| + |D* (urws), D1z )o|
+ [(D*(ugws), D¥%E2)o| + | D (ugws), D¥e2€3)0|}
1
< ;{H(D‘”(mwz)llﬁ + || D* (urw3)|[3

+ [[D* (uzw2)[[§ + || D% (uzws)|[3
+et([[Dml§ + [1D€l[5)}

4
e B ~
< e([ful[)llwlls + S-(mlls + JIE]15)-
By using (10.3.46) we have:

(DN (w+@), D*W)ol < e([fulls)([I@]]2 + *(|Iml[2 + [I€]12) + (1IKIIZ + 1A]2))

et e Fl12
+o-(mls + ell)-
Thus, from (10.3.49),

Pall@(T)|12 + *As(li(T)I[Z + [1E(T)I12) + *Os (kD)2 + |IM(T)[[2)

2 T, - 2 (2 6 AL 712
+ /O e 2ALs — D([[m@I5 + [IE@II5) + 2”0 ([[k@)]]5 + [IA@)][5) dt

< cg?(||uo[Z + [[Vuol[2)
T
+C(|IUI|L;>OH;)/O o2 + ([l + €D + X (IR @I + [1h@)]12) dt.
O

Remark 10.3.1. In the case s > 3 is not an integer, by using the pseudodifferential
operator \*(€) = (1 4 |£[2)*/? in the Fourier space, we get the same estimates in a
standard way.

Now, we need a bound in the H*-norm for the original variable w = (p— p, epu), which is
the first component of the unknown vector W in (10.1.21). By using estimate (10.3.49)
and definition (10.2.30), we can prove the following proposition.

Proposition 10.3.1. If Assumptions 10.0.1 and 10.5.1 are satisfied, then the following
estimate holds:

e (8)]2+8(|[7(0) | 2+ [EOND)+3 (R @) 2+ RE)]12) < e (||uo| 24|V g |[2)e Mot

and

() ~ A2 .
PR (012 < ellluol 2+ [ Vgl D)7,

(10.3.50)
forte[0,7°).
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Proof. The Gronwall inequality applied to (10.3.49) yields:

Tslla()|[Z + e As(lm®)][2 + [IEDOIZ) + e*0x (k@) + lIRM))

(10.3.51)
< ce?(|[ug||? + || Vg |2)e M=)t
Recalling (10.3.46),
W=w—eSoym — 53025 — 2a54(l:: + ib)
Thus,
@12 = [[w]|2 + ®(|[mall2 + [|mal + |IE]12 + [1&]12) + 4a®%||k + A||2
— 253(w, o1m)s — 253(w, 025)5 — 4a54(w, k+ B)s + 256(01771, 025)5
+ dag” (o1, k + h)s + 4ag” (026, k + h)s (10.3.52)

= [[wll2 + 8 ([[n]|3 + 172l + 12113 + [15]13) + 0%k + hl]3
+Y1+ Yo+ Y3+ Y, + Y5+ Vs

Now, taking two positive constants 7, ( and using the Cauchy inequality, from (10.3.52)
we have:

[lws |13 [lwall3

V) = =28 (w, oym)s > — — e0nlmal|2 — — &%l |2;

[lws][3

2
w1 ~ ~
toenll oz — Ialls — oo

Yy = —2e3(w, 098)s > —
Ys = —dazt(w, k + h)s > ‘?a|w|§ — 2a¢e | + Bl

Yi = 265(ima, &3)s > —<8(|[75 2 + 165 12):

Ys = 4ag”[(1h, ki 4 h1)s + (g, kg + 52)3] > —2agn||ms||2 — 2(17768"7“1 + iLle

2ae8

n
THE T4 T F oI T 6*22“58~~2
Ys = dac’[(&3, k1 + h1)s + (&1, k3 + ha)s] > —2ae"n||&3]]5 — THkl + i

— 2ag%n| | |2 — IR

~ 2ae8 - ~
— 2ae%||& ]2 - TW% + hal|2.

The left hand side of (10.3.51) and the previous calculations yield the following inequal-
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ity:

- - ~ ~ ~ 2 2a
Ts|l@]? + e As(llmll + [1€]13) + e*Os(|k]3 + [|h]1?) > T's [1 e C] [Jwr |2

1  2a - -
+Is|1— 0 ] (w2l + llws|[2) + 05 (I[k][Z + [|R]12)

¢

+ ([l +11GI)[As + sl —n — 2an)] + °(|[mz| [} + [113) [As + Ps(—n — 2an)]

5 ~ ~ ~ 4a
+&0(|[mal|2 + ||&]12) As + %]k + hal|2Ts [402 — 2a( — 77]

= = = = 2a
+ &% (|[k2 + hal|? + [|ks + hal|?) [4a2 —2a¢ — ?7] .
(10.3.53)

Fixed 8 > 1, the Cauchy inequality yields ||k + A[|2 > (1 — %)HINCHE + (1 — B)||A||?, then
the last term of (10.3.53) is bounded from below by the following expression:

4da

([[kr]2 + [1[2)|©5 + (1 = 1/8)s !4a2 —2a( — 77”

- - - - 2a
+e8(| ka2 + ||ks||2 + [|hal|? + ||Rs]|2) @z+(1—5)r2[4a2—2ag—n”. (10.3.54)

Thus, in order to get estimate (10.3.50), we require:

( 2 4a .
1-2_ds 5y,

As — nI‘g(l + 2&) > 0;

Ox + (1 -1/8)Is [4@2 — 2a( — 4;] > 0; (10.3.55)

Os + (1 - B)I's [4(12 — 2a( — 4;] > 0.

Recalling definition (10.3.40), Ay, = 2(A\%a — §), and so the second inequality is satisfied
for A big enough. Precisely, we take A as in Assumption 10.3.1 and

N> \/54_17F2(1+2a).
a 2a

Moreover, the first condition of (10.3.55) is verified if

">z 3640/ ¢>4dal (10.3.56)
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Since Oy, and I's are positive, taking 1 — 3 < 0, i.e. 8 > 1, the last inequality is verified
if
4
2a(+£—4a2>0.
n

From (10.3.56),

4 4 4
2a§+£—4a2>8a2+£—4a2:4a2+£ > 0,
n n n
then the last inequality in (10.3.55) holds under (10.3.56). Now, the third condition in
(10.3.55) is satisfied if
Oy

< Saln(l —1/B)

+2(a—1/n).

1
Thus, if | > — |, we can take

Oy
2aT(1— 1/8)’

with 7 and ¢ satisfying (10.3.56). In particular, we show that there exists § > 1 such
that:
Ox

“S 3aly(1-1/p)

From (10.3.40), I'y = 1 — 4ap — % and, from Lemma 10.2.1, 0 < I'sy, < 1. Thus, in order
to verify (10.3.58), we require:

da < (< (10.3.57)

4 ie. 8a’T'x(l-1/8) < Ox. (10.3.58)

8a*(1—1/p) < Ox,

8a?

which is automatically verified if 8a? < ©sy,. Otherwise, it yields 8 < 32 — 6.
a® — Yy

Finally, since 8 > 1, we need

8a?

1< ———,
8a? — Oy,

ie. Ox >0,

which is already satisfied thanks to Lemma 10.2.1.
This way, from (10.3.54), (10.3.51) and (10.3.55), we get some positive constants
I‘lz, Alz, @12 such that

Pollw(®)][2 + CAL(Im@)12 + 1E@)2) + 205 ([k@)I1Z + [|A®)][2)

< e(|[ugl[? + || Vug|2)ecIMlezema)t, (10.3.59)
and, in particular,

w(®)]2 < ce?(||ug|2 + ||Vug||2)ecIMlzpena)t,

l.e.

[lo(t) — pl3

o0 S t
o ) < ellfuoll2 + Vo [2)e M2 (10.3.60)

O]
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Thus, we are able to prove that the time T° of existence of the solutions to the vector
BGK scheme is bounded form below by a positive time T, which is independent of ¢.

Proposition 10.3.2. There exist eg and T fixed such that T* < T¢ for all e < eg. This
also yields, for e < eq, the uniform bounds:

Ju(t)||s < M, tel0,T], (10.3.61)
lo(t) = plls <eM, e |lp(t)lls < pIT?| +eM, te[0,T7, (10.3.62)

and
lpu(t)||s < M(p|T?| +eM), te[0,T*]. (10.3.63)

Proof. Let ug € H*"(T?) and, from (10.0.4), recall that pp = p. Then, there exists a
positive constant My such that ||ugl||s+1 < Mo, and

llpouo|[s+1 = plluolls+1 < pMo =: Mo. (10.3.64)

Let M > Mj be any fixed constant, and

[lo(t) — pll2

T¢ = sup {t € 0,77 a3 < M2, Ve < e } (10.3.65)

Notice that, from (10.3.65),
lp = plloe < esllp = plls < csMe, t € [0,Tg],
where cg is the Sobolev embedding constant, i.e.
p—csMe <p<p+csMe, tel0,T5].

Taking e¢ such that p — cgMeg > g, ie. p>2csMeg, we have

p>L telo1E) (10.3.66)

N

Now, since s > 3 = % + 2,
[lulls < [lpulls][1/plls-

Moreover,
2, lells
1plls <c| — + —F= | <c1+cealplls
/0l ( ~ ) ol
From (10.3.65),
llolls < e(IT?|p + Me),

SO
[11/plls < c1 + caMe,

and
llulls < cM(c1 + caMe).
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From (10.3.60),

A 2
w +[lpu(t)][2 < eMgeciertedot ¢ [0, 75).

We take T™ < T§ such that

CMOQQC(M(CI +eaMeo))T* M2

— )
i.e.

1

T*
c(M(c1 + caMey))

IN

log(M?/(cM2)) Ve < «. (10.3.67)
This way,
[lu(®)||s < eM(c1 +caMe), te€[0,T*] and ||pulls <M Ve <e. (10.3.68)

O]

10.3.3 Time derivative estimate

In order to use the compactness tools, we need a uniform bound for the time derivative
of the unknown vector field.

Proposition 10.3.3. If Assumptions 10.0.1 and 10.3.1 hold, for My in (10.3.64) and
M in (10.5.61), we have:

[18ewl[2-y + (1Bl 13-y + 10eE]12_1) + e* (106l I3_y + [|10eh[3_y)

(10.3.69)
< ee(||uol|s+1)e“ M < e2¢(Mo, M) in [0, T,
with T* in (10.5.67). This also yields the uniform bound:
(p—pIl2 :
9o = Pls=t 4 13y oI,y < eflfuolloss) < M? im 0,74, (10.3.70)

Proof. Let us take the time derivative of system (10.2.31). Defining V = §,We, from
(10.1.25) we get:

XV + A0,V + AX0,V = —LYV + N ((EW);1 + @) = —LEV + N (w + o),
(10.3.71)
where

0
0
2u10ywe — eu%(?twl
U Opws + U1 Opws — euquo Oy
BN (w + w) = — 0 . (10.3.72)
U Opws + U1 Opws — euqguoOpwn
2uo0yws — 6u%8tw1
0
0

\]
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Taking the scalar product with V, we have:

1i(sz, V)o+ (LXV,V)o < [(8:N (w + @), V)ol- (10.3.73)

Here,
_ O 1 2 2 ~
|(ON(w + w), V)| = ;\(Qulﬁtwg — eujOyw, °0yma)o

+(U23tw2 + u10yws — euqusdpwy, 528157713 + 628,552)0

4
~ 6 _ ~
+(2u20ws — euzdyw, €20:€3)0] < c(|[ul]oo)|10pw][F + ;(H@tm\lg +[106€[5).

Similarly to (10.3.48), we get:
Ls[|8@|[f + S As(|0eml[§ + [[18:€]15) + O (|0ik|IG + [|0ehl[5)

1 (T ) ) . .
+7_/ 2ALs — D) (|10l + 110:£]15) + 2e°O s (]|0:kI[§ + [|0¢h[5) dt
0

< c£?]|0pwli=o|[3

T
+ellull e o,71x12)) /0 10v1[§ + £°(|0vml[5 + [|0:€115) + €*(|[0:klIF + ||0ehl[5) dt.

Now, from the first equation given by (10.1.19),
atw|t:0 = _axm|t=0 - 3yf’t=07

where, from (10.1.16), (10.0.4), and (10.0.9),

A (w uo1
mli—o = 1(wo) —2a\3 10wy = p eups — 2ar%ed,ug; ,
U Uy — 20N> 0, Ugo
Ao (w Uup2
€li=0 = M — 2a)\278yw0 =p| euoiuos — 2a)\2758yu01

eup3 — 2aX*70yupo
By definition of w in (10.0.6), dyw|i=o = (O¢p|t=0,0(pu)|t=0). This implies that
pli=o = —p(V - o) = 0,
since ug is divergence free. This way,

2 2 B 9
atu|t:0 -9, ( Uo7 2a\ Taacu01 ) . ay < Up1UQ2 2a\ Tayll,()l > ‘

o U0z — 2aX2T0,ugs U3 — 2a/\278yu02
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Thus,
s||0:d|I3 + €5 Ax (110l 13 + [[10:£113) + 2O (1|0:k| I3 + [19:hl13)

1 (T . - -
+T/ 2ALs — 1) (|0 + 110:£]15) + 2e°0 s (||0:k|[§ + [|0¢R[5) dt
0

< ce®([Juol I3 + [1Vuo| [ + 1V ?uol[5)

T ~ ~ ~
M)/0 100 ][5 + €°(l|0eml[§ + 10:€][5) + 5 (|0eklIG + 1|0ehl|F) dt

where the last inequality follows form the Sobolev embedding theorem and from
(10.3.61).

Similarly, taking the |a|-derivative, for || < s —1, of (10.3.71) and multiplying by D*V
through the scalar product, we get:

1d -
fﬁ(ED"‘V, DC’V)O + (LEDO‘V DV V)o < (DYOyN(w + w), D*V)g,
where

1
|(Da6tN(w ) DV ) | - |(Da(2u18tw2 — su%&gwl), 526tD0‘m2)0
—|—(Da (uQﬁtwg + Ulatwg — EU1UQatUJ1), 823tDa’I’7L3 + 62615Da§2)0

+(Da(2u28tw3 — Eugatwl), 528tDa£3)0]
< (| |ulfs—1)||Bsw| |3 1+ (||3tm|| 10112 )

< e(M)||0w][3-y + (H@tmll 1+ OEIE),
where the last inequality follows from (10.3.61). Finally, we obtain:
Ts||8swl|3-y + S As(10umll3_y + 10€][2-1) + * O (10l 13-y + 110hl13_1)

1 [T ~ - . B
+/ ALy — De*(|0gml|2_) + |0:]12-1) + O (||0:k| 2, + [|0:hl[2_,) dt
0

T

< ce®([[uol[Z-y + [[VuollZ-y +[[V?uol[T1)

/ 100l 13-4 + (110|314 10EI2-1) + 210k 2y + [10ehl[3_y) dt
(10.3.74)

Lemma 10.3.3. If Assumption 10.0.1 and 10.3.1 hold, then there exists a positive
constant ¢ such that:

[18ewl3-y < e(10e][2_y + (1Bl 2y + [18:E113_1) + * 11Okl 13y + 118:RII3_1))-
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Proof. The proof of Proposition 10.3.1 can be adapted here with slight modifications. [

We end the proof by applying the Gronwall inequality to (10.3.74) and using Lemma
10.3.3. O

10.4 Convergence to the Navier-Stokes equations

Now we state our main result.

Theorem 10.4.1. Let s > 3. If Assumptions 10.0.1 and 10.3.1 hold, there exists
a subsequence W& = (w®*,e?m?, e2€%, k%, e2he*), with w* = (p° — p,ep°u’) and
p > 0, of the solutions to the vector BGK model (10.1.22) with initial data (10.1.23)
and uy € HTL(T?) in (10.0.2), such that

(0, u*) = (p,u™®) in C([0,T7], H*'(T?)),

with T* in (10.53.67), s—1 < s < s, and where ulVS is the unique solution to the Navier-
Stokes equations in (10.0.1), with initial data uy above and PN the incompressible
pressure. Moreover,

.

v(p - p) ok VPNS in L?OH;;_E}

€
Proof. First of all, consider the previous bounds in (10.3.61), (10.3.62), (10.3.63) and
(10.3.70):

£ _ = o £ _ = _
sup |1p° — plls < M, 10:(p° = P)lls—1 < M, (10.4.75)
te[0,7+] € te[0,7%] €
sup |[[p"ul[s <N, sup [[0i(p"u%)|[s—1 < MV, (10.4.76)
t€[0,7+] te[0,7%]

where M, My, N, Ny are positive constants. The Lions-Aubin Lemma in [9] implies that,
fors—1< s <s,
p° — p strongly in C([0,T*], H¥(T?)),

and there exists m* such that
m® = p°u® — m* strongly in C([0,T*], H¥(T?)).
mE
Notice also that u® = —, where
p
1/p° — 1/p strongly in C([0,T*], H*'(T?)),
since we can take p such that p° > £ as in (10.3.66). Then

u = — — — =:u* strongly in C([0,T*], H*'(T?)).
pF

Now, consider system (10.1.19) in the following formulation:
Orwe +8 m® 4 0y¢° = 0;
edym® + (9 Kkt = (7Al(w +0) _ me )

(

6 &€
Eat£5+ 8 he = (“12(1‘677““ g)’ . (10.4.77)
e0k® + e@xm = w,

eOth® + €0y&° = Qaw=h?)

TE
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From (10.4.77) and 2a\?>7 = v as in (10.0.11), it follows that

g8 = 220 g wE 4 2N (Dbt + 0,y €°) — 27O,

{ma — A(witw) VO we + 52)\27'2(8“]{38 + &lmma) — €2Tatm€;
€

Substituting the expansions above in the first equation of (10.4.77), we get the following

equation:

0z A1 (w® + W) N Oy Az(w® + w)
€ €

— vAw®

atws +

= 270, m + 5278ty§€ — &20272(O4gk® + Opyam® + Oryyh® + Oyyy&®).

We recall that W& = XIW¢ by definition (10.2.30), with W¢, W< in (10.1.21) and (10.2.30)
respectively. This yields:

we = W + e30ymf + 530255 + 2aetke + 2a€4iL€;

e2ms = eoqy® + 2a\2etms + 550112:5;

£26° = e09t° + 2aN2e4EE + Paahs; (10.4.78)
£2kf = 2ae2u° + 501 + 2ae0ke;

\52h5 = 2a20° 4 P09 + 2ae0he.

From (10.3.69), (10.3.50)-(10.3.68) and (10.4.78) it follows that, for a fixed constant
value ¢ > 0,

then

7—52”87%7”‘S + 8ty§€ - )\27—(atmck7‘s + 8xxacm6 + 6tyyh‘s + 8yyy€€)|‘373 = 0(52)5
= 0(e%). (10.4.79)

| 5—3
The last two equations and the previous bounds (10.4.75) and (10.4.76) yield:

and, in particular,

- O A1 (w® + W) n 81,142(12;5 + w)

— vAw*

8tw

V(o —p
Au(pu) + V- (o @ u) + Y =P A ()

= = 0(e), (10.4.80)

s—3

e =
IV(p QP)HS_;», <
€
i.e. there exists VP* € L{°H273 such that
V(p® —p)
)

)

—~*VP* in L{HSS.

Moreover, since p° — p and u® — u* in C([0,7*], H*'(T?)), from ||0;(p*u®)||s—1 < Ny
as in (10.4.76), it follows also that

d(p°u®) —* poyu* in LCHS™3,
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while
V- (puf @u’) =* pV - (u* @ u*) in L°HS 3.

Thus, from (10.4.80) we have the weak* convergence in LY HS ™3 i.e.

e = P*
6t(p8u€)+v-(p£ua®u£)+v(p82p)—I/A(paua) —* ﬁ(@tu*+v-(u*®u*)+vp —uAu*).

On the other hand, the first equation of (10.4.79) yields

0e(p® = p) + V- (p7u) = vA(p* — p) = O(?). (10.4.81)
Notice that [|0:(p° — p)||s—1 = O(e) and ||A(p® — p)||s—2 = O(e) thanks to (10.4.75),
while p° — p and u® — u* in C([0,T*], H*'(T?)). This way, from (10.4.81) we finally

recover the divergence free condition

V- -u =0.
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