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Kurzfassung

Modellierung und Energieabschatzungen
fur viskose kompressible Korteweg-Gleichungen

Viskose kompressible Korteweg-Gleichungen sind durch das System

Op + div(pv) =0,
O (pv) + div(pv @ v) = =Vp(p) + 2div(u(p)D(v)) + V(A(p)div v) + div K,

gegeben, wobei v die Geschwindigkeit, p die Dichte, p(p) der Druck und u(p), A(p)
die Zahigkeitskoeffizienten sind. Der Tensor D(v) entspricht dem symmetrischen
Anteil des Geschwindigkeitsgradienten und der Tensor K ist der Korteweg Tensor,

K = a|Vp|l*I + Vp® Vp —yApl — 6V?p,

mit Konstanten «, 3,7,d. Die Navier-Stokes Gleichungen sind Erhaltungsgleichun-
gen fiir die Masse, den Impuls und die Energie eines Systems. Wir zeigen, dass
sie auch im hydrodynamischen Limes aus kinetischen Systemen, wie dem Boltz-
mann BGK Model, folgen. Der Korteweg Tensor modelliert die Wirkung von Kap-
illarkréaften. Er folgt aus der Van der Waal’schen Auffassung der Kapillaritdt und
wird von thermodynamischen konstitutiven Gleichungen abgeleitet.

Wir zeigen, dass es, wenn die Zéhigkeitskoeffizienten die Relation

Ap) = 2(pr' (p) — 1(p))

erfiillen, eine zur klassischen Energieabschétzung zusétzliche Entropieabschitzung
gibt, aus der a priori Beschrinkungen fiir eine effektive Geschwindigkeit, die von
dem Gradienten der Dichte abhéngt, folgen:

d
5 | P+ Ve < C.
Q

Diese zusatzliche Regularitat der Dichte erlaubt es uns auch degenerierte Modelle
mit Vakuum-Anfangsbedingungen zu behandeln. So kann die Stabilitdt von einigen
Korteweg-Gleichungen, wie etwa Flach-Wasser Gleichungen und Quanten Navier-
Stokes Gleichungen, gezeigt werden. Aber die so genannte BD Entropie Abschéatzung
kann auch auf Systeme ohne Kapillaritdtsterm angewendet werden. Die Stabilitat
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von barotropischen kompressiblen Navier-Stokes Gleichungen mit einem gegebenen
Druck p(p) = p?, v > 1, wird in zwei und drei Dimensionen gezeigt.



Introduction

A diffusive capillary model of Korteweg type is given by the balance equations for a
fluid with velocity v, density p, Lamé coefficients u(p) and A(p), and pressure p(p),

Op + div(pv) =0, (0.1)
O (pv) + div(pv @ v) = =Vp(p) + 2div(u(p)D(v)) + V(A(p)div v) + div K, (0.2)
p(x,0)=po >0,  pv(z,0)=my.

where D(v) is the symmetric part of the density gradient and K is the Korteweg
tensor,

K = a|Vp|l* I + Vp® Vp —yApl — 6V?p,

with some constants «, 3,7,9. Applying Van der Waals’ model of capillarity, [32],
and considering all possible interactions in an infinitesimal volume, Korteweg pos-
tulated this capillary tensor in 1901, [23].

Korteweg systems can be used to describe oceanic and atmospheric flow, water waves
in rivers and avalanches, but they are also applied in quantum hydrodynamics in
order to describe flow in a superconductor. This wide range of applications made it
important to study the existence of solutions for these systems. We will discuss the
stability of weak solutions, which results from a priori bounds given by an additional
energy estimate, if the viscosity coefficients p(p) and A(p) fulfill the relation

Ap) = 2(pr' (p) — p(p))- (0.4)

In the first chapter, we will motivate the Navier-Stokes equations and formally de-
rive them from a kinetic model, the Boltzmann BGK model, [29]. Afterwards, we
will shortly discuss Van der Waals’ model of capillarity and derive a general form of
the Cauchy stress tensor from thermodynamic constitutive equations, in which the
Korteweg tensor is included. For that purpose, we will follow the derivation given
by Heida and Malek, [19].

The second chapter is dedicated to energy estimates and the stability of weak solu-
tions of viscous compressible Korteweg systems. In the first section we discuss the
derivation of a new entropy estimate, the BD entropy estimate, which was introduced
by Didier Bresch and Benoit Desjardins in their paper Quelques modéles diffusifs de
type Korteweg, [8]. In order to derive this estimate, we assume to have smooth solu-
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tions (p,v) of system (0.1)-(0.3), with smooth Lamé coefficients u(p), A(p) satisfying
(0.4). By multiplying the momentum balance equation (0.2) by v and integrating
over ) we obtain the classical energy estimate for this system. Proceeding similarly
with a mass balance equation (0.1) for a regular enough function ¢(p) gives an addi-
tional energy estimate on an auxiliary velocity v+ V¢(p), the BD entropy estimate.
In the following, we assume that the two physical energy identities, the classical and
the BD entropy estimate, are satisfied by a sequence of approximate weak solutions
(P, Un)nen of system (0.1)-(0.2) with initial conditions

Pn(a},o) - /08 >0, ann(%o) = mg

Note that we will introduce different notions of weak solutions depending on the
special cases of Korteweg systems which we will discuss. Then the two energy
estimates yield a priori bounds on (py,, v )nen, which enable us to prove the stability
of weak solutions (p,v) of system (0.1)-(0.3), i.e. we prove (pn,v,) — (p,v) strongly
in the space of distributions. Especially, the bound on the effective velocity resulting
from the BD entropy estimate,

d
- | plv+Vo(p)* < o0,
Q

helps to control weak solutions close to vacuum and allows us to deal with vacuum
initial conditions. We will discuss the energy estimates and the a priori bounds on
the weak solutions arising thereof for a Korteweg system with viscosity coefficients
w(p) = p,A(p) = 0, Korteweg tensor kpVAp, where x is the capillary coefficient,
and a rather general pressure term, [10].

Afterwards, we will look at a special case of the former system, with a quadratic
pressure term p?/2, the shallow water equations. We use the a priori bounds on the
sequence of approximate weak solutions to prove the stability of weak solutions, [7].
Finally, we will consider a different Korteweg tensor than the one treated in the
former two cases, K = u(p)V2¢(p), where u(p) and A(p) also satisfy a different
relation than (0.4), namely,

Ap) = pi'(p) — 1(p)-

These systems cover the quantum Navier-Stokes equations. We rewrite the balance
equations entirely in terms of the new effective velocity v + Vo (p) and derive a BD
entropy estimate for the rewritten system in which the capillary terms are elimi-
nated, [22].



In chapter three, we use the energy estimates derived in chapter two and the a priori
bounds on the weak solutions arising thereof to show the stability of weak solutions
of the barotropic Navier-Stokes equations with a power pressure law p(p) = p7, for
~v > 1 and without capillary terms, in dimension two and three, [27]. This shows
that the BD entropy estimate is also useful when treating models without Korteweg
terms.
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1. Modeling of Navier-Stokes
equations of Korteweg type

In this chapter, we recall the basic physical properties which lead to the Navier-
Stokes equations with capillary terms. We motivate the Navier-Stokes equations
by rewriting the balance equations for a fluid and formally derive them from a
Boltzmann-BGK model. Additionally, the capillary terms will be physically moti-
vated in terms of diffusive interfaces and mathematically deduced from balance laws
for the entropy and the entropy production.

1.1. Balance equations

In this section, we want to motivate the Navier-Stokes equations by formally rewrit-
ing the balance equations for the mass, momentum and energy of a fluid.

Let Q C R? be the domain occupied by a continuous body at time ¢t = 0. A motion
of the body is a smooth map &,

d:Qx[0,7] - RY, T >0,
D = (X, 1),

where ®; := ®(-,t) is invertible for each fixed time ¢ € [0, 7] and
B(X,0) = X.

The domain occupied by the body at time ¢ is €; := {®(X,¢)|X € Q}. The inverse
map of ®(X) is Uy(z) = ¥(z,1):

\Ift(',t) : Qt — Q.

We will further assume that ® € C%(R? x [0,T];RY) is bijective. The coordinates
X € Q and x € € represent the Lagrangian and Fulerian coordinates, respectively.
The Lagrangian (material) description of a fluid is given when an observer is follow-
ing a fluid parcel as it moves through space and time. We can always determine the
flow properties of this parcel, like the velocity, in the Lagrangian description. The
Eulerian description focuses on specific locations in space through which the fluid
flows as time passes.

13



1. Modeling of Navier-Stokes equations of Korteweg type

The velocity V' in the Lagrangian description is given by:
V(X,t) = 0,2(X,t).

In the Eulerian description, we have to use the inverse map ¥, to obtain the initial
location X of the particle that is situated at € £; . Then we calculate the velocity
at time ¢ of this particle in the Lagrangian description. This gives the velocity in
Eulerian coordinates:

U(l’,t) :8t<I>(X,t)\\I,t(x). (1.1)

Consider a scalar function f(x,t) defined in Eulerian coordinates. We denote by f
the material time derivative of f, i.e. the time derivative at fixed X,

d
kS d
f(.%,t) = %f(q)(Xv t)at) = atf($7t)|1’:‘1>(X,t) + Zatq)(Xa t)|X:\I!t(a:) : 8xif($at)|x:<l>(X,t)
=1
d

= 0uf(w,t) + Y _vil,t) - O, f (3, 1). (1.2)

i=1

Similarly, for a vector valued function f, the material time derivative is given by:

Fla,t) = Of(x,t) + (Vf(z,1))o(z,1). (1.3)

The traction, i.e. the force per unit area, is dependent upon the surface unit normal
vector n, t(x,t,n). With given density p(z,t) € C1(R? x RT;R) and force per unit
mass f(z,t), the total force F(z,t) acting on a subset B; C ) is given by

F(xz,t) = f(z,t)p(z,t) dz +/ t(z,t,n) ds.
Bz 0By
The linear momentum, L(z,t), given by
Lat) = [ oletp(a.t) da,
By

only changes if there is a force acting onto the set By, according to Newton’s first
law. Therefore, its total time derivative must be equal to the total force acting on

14



1.1. Balance equations

d

— [ v(z,t)p(z,t) doe = flz, t)p(z,t) dz —l—/ t(z,t,n) ds. (1.4)
dt Jp, B OB

In three dimensions, we can define the angular momentum as:

Az, t) = jt/B x X v(z,t)p(z,t) de.

According to the same principle,

4
dt g,

x X v(x,t)p(z,t) de = /

x X f(z,t)p(x,t) dz +/ x X t(x,t) ds. (1.5)
By

0By

The Cauchy-Euler stress principle states that upon any surface that divides the body,
the action of one part of the body on the other part is equivalent to the system of
distributed forces. It couples on the surface dividing the body and is represented
by the Cauchy-Euler stress vector, i.e. the traction ¢ = t(x,t,n), which depends
continuously on the surface unit normal vector n. Cauchy’s Stress Theorem, [20],
states that there exists a Cartesian tensor T'(x,t) of order two, called the Cauchy
stress tensor, such that t(x,t,n) can be expressed as

t="Tn. (1.6)

We will use this representation of the stress vector and the following theorems in
order to rewrite the balance equations.

Theorem 1.1 (Reynold’s Transport Theorem for scalar functions, [12]).

Let the motion ® : R x RT — R? be bijective, ® € C*(R? x RT;R?) and v be a
continuously differentiable scalar valued function v(z,t) € C1(R? x RT;R), then

d
— | v(z,t) de= | Ow(x,t)+div(rv)(z,t) de,
dt By B,

with the velocity v defined in (1.1).
Theorem 1.2 (Reynold’s Transport Theorem for vector valued functions, [12]).

Let the motion ® : RY x RT — R? be bijective, ® € C?*(R? x RT:R?Y) and v a
continuously differentiable vector valued function v(x,t) € C1(R? x RT;R?), then

15



1. Modeling of Navier-Stokes equations of Korteweg type
d .
— | v(z,t) de = O (x,t) + div(r ® v)(x,t) dz,
dt B By

with the velocity v defined in (1.1).

Applying Reynold’s Theorem (Theorem 1.2) to the vector valued function p(z, t)v(x, t)
and applying Cauchy’s Stress Theorem (equation (1.6)) to the traction vector ¢(x, t, n),
we can rewrite the balance equations (1.4) and (1.5) as:

O(pv)(z,t) + div(pv @ v)(z,t) — p(x,t) f(z,t) do = / T(x,t)n ds (1.7)
By 0By
/ x X (Oc(pv)(z,t) + div(pv @ v)(z,t) — p(x,t) f(x,t)) do = / x X T(x,t)n ds.
By 0By

Using Gauss’ Theorem (Theorem A.22) and the Localization Theorem (Theorem
A.24) on the linear momentum balance equation (1.7) gives

O(pv)(z,t) + div(pv @ v)(z,t) = p(x,t) f(z,t) + div T'(x, t), (1.8)

where the divergence of a Matrix is defined row-wise. In three dimensions, it follows
from the angular momentum balance equation that 7" is symmetric, i.e. 77 = T. In
order to see this, we use Gauss’ Theorem on T'(x,t) and consider the i*" component,
i € {1,2,3}, of the angular momentum balance equation (1.5):

<jt /th x v(z,t)p(x,t) dx)i = </Bt z X f(xz,t)p(x,t) de + /Bt div(z x T(x,t)) dq;> -

)

We use index notation and Einstein’s summing (Definition A.26) convention to
rewrite the i** component of the angular momentum balance equation as

d
/ €ijkioR(z, t)p(z,t) dx:/ €k fr(x, t)p(x,t) d:z—i—/ Or,y (€ijixjThe(, 1)) da,
dt Bt Bt Bt

with 4,7, k, ¢ € {1,2,3} and the Epsilon tensor e (Definition A.25). Partially differ-
entiating the last term gives

16



1.1. Balance equations

/B €ijkTj (jt(vk(x,t)p(m,t)) - fk(:c,t)p(a:,t) - 8szk€(xvt))> dz

+/ €ijkdjeTre(,t)) de =0,
By

with the Kronecker Delta symbol,

1 ifi=j
Oij = U
0 ifi#j.

The first integral is equal to zero, by the linear momentum balance equation, where
we didn’t apply Reynold’s Transport Theorem,

%v(m,t)p(a:,t) = p(z,t) f(z,t) + div T'(z,1).
Thus,
/ €k Tke(w,t) dv = 0.
By
We use the Localization Theorem (Theorem A.24) to obtain

ngTM(Z’, t) = 0.

If T is not identiqually equal to zero, this equality implies that two indices of the
Epsilon tensor must be equal, see Definition A.25. This proves that Ty, = Ty, i.e.
T is symmetric.

Therefore, we will assume that the Cauchy stress tensor T is symmetric in every
dimension.

The mass balance equation

can be equally written as

17



1. Modeling of Navier-Stokes equations of Korteweg type

Op(x,t) + div(p(x, t)v(z,t)) =0, (1.9)

through Reynold’s Transport Theorem (Theorem 1.1) applied to the scalar function
p(x,t) and the Localization Theorem (Theorem A.24).

The total energy F(x,t) of a system is the sum of the potential energy e(z,t) and
the kinetic energy %‘UP, E=e+ %|v|2. The energy balance equation is given by

— t)E(xz,t =
i |, e DB do

/ plx,t)f(z,t) - v(z,t) + p(z, )r(z,t) de + / t(z,t,n) - v(z,t) — q(x,t) -n ds,
By 0By

where g(z,t) is the heat flux through the boundary of By and r(x,t) is a specific
energy production, for example radiation. It can be rewritten as

- O(p(x,t)E(x,t)) + div(p(z, t)E(x,t) - v(x,t)) doe =

/ plx,t)f(z,t) - v(z,t) + p(z, t)r(z,t) de + / T(z,t)n-v(z,t) —q(z,t) -n ds,
By OB,

for B € C'(R? x R*;RY), again, by Cauchy’s (equation (1.6)) and Reynold’s Theo-
rem (Theorem 1.2). Together with

T(x,t)n-v(z,t) =T(x,t)v(z,t) - n,
Gauss’ (Theorem A.22) and the Localization Theorem (Theorem A.24), we obtain,

O(p(x,t)E(x,t)) + div(p(x, t)E(z, t) - v(x,t)) (1.10)
= div(T(z, t)v(z,t) — q(z,t)) + p(z, t)r(x, t) + p(z,t) f(z,t) - v(z,1).

Therefore, the balance equations, i.e. the Navier-Stokes equations, are given by:
Op + div(pv) =0,

dr(pv) + div(pv @ v) = div T + pf, TT =T, (1.11)
O (pE) + div(pE - v) = div(Tv — q) + pr + pf - v.

18



1.1. Balance equations

Remark 1.3. Using the mass balance equation (1.9) we can rewrite the momen-
tum and energy balance equations, (1.8) and (1.10), in terms of the material time
derivate:

= =0

O(pv) + div(pv @ v) = p (Opv + p(Vv)v) +v - (Op + div(pv)) .

Inserting this equality into the balance equations (1.8) and (1.10) gives

pv =div T + pf, (1.12)

and equivalently,

pE = div (Tv — q) + pr + pf - v. (1.13)

In the last two sections of this chapter, we want to deduce a general form of the
Cauchy stress tensor T similar to the stress tensor proposed by Korteweg in 1901,
[23], namely,

T =—pl+2uDw)+Adiveo I +a|Vpl> T+ 6Vp@Vp—~yAp I —6V3p, (1.14)

where D(v) is the symmetric part of the velocity gradient, D(v) = Vv + $VoT,

p is the pressure, u and A are the viscosity coefficients, «a, 3,7, are some constants
and [ is the identity matrix. The viscous part of the stress tensor,

TNS = —pI +2uD(v) + X div v I,

characterizes a Navier-Stokes model for compressible fluids without taking capillarity
into account. It can be motivated in the following way, [25]:
We assume that the Cauchy stress tensor is of the form

TNS — —pI—i-T/,

where T is the part of the momentum flux which is not due to direct transfer
with the mass of the moving fluid. Internal friction only takes place if the fluid
particles move with different velocities, thus the tensor must be a function of the
space derivatives of the velocity. Newton has observed that T” is proportional to the
first order derivatives of the velocity. Thus 7" must be a linear function of terms of
the form 0, ;v;. Furthermore, there cannot be any terms independent of 9, ;v;, since

19



1. Modeling of Navier-Stokes equations of Korteweg type

Tl’j must vanish for v = const. If we assume that the fluid is isotropic, the form of
the tensor 7" must be

T;; = p0u;v; + vy, v0j + A0ijOu, Uy,

where we used index notation and Einstein’s summing convention (Definition A.26)
with the Kronecker delta d;; and 4, j, k € {i,..,d}. By symmetry of 7" it follows that
= v. Thus, with D(v) = % (811.113- + axjvi),

T' = 2uD(v) + X div v I,
and

TN = —pI 4+ 2uD(v) + A div v 1.

Example 1.4. For instance, if the fluid is incompressible, div v = 0, the Navier-
Stokes equations read:

op+Vp-v=0
p (0w +div(v ® v)) = —=Vp + pAv.

1.2. Formal derivation of the isothermal compressible
Navier-Stokes equations from a Boltzmann BGK
model

In this section the connection between kinetic gas theory and macroscopic fluid dy-
namics is discussed. In kinetic theory, a monoatomic gas is represented as a cloud
of point-like particles and is fully described by its number density f. The phase
space is the set of (z,v) € R? x R?, where z is the space variable and v the velocity
variable. The infinitesimal volume dx dv centered at (z,v) contains f(¢,z,v) dz dv
particles at time ¢t. The Boltzmann BGK model is a kinetic model which only takes
the global interactions between the particles, which are expected to lead to thermo-
dynamic equilibrium, into account. Despite the fact that binary interactions, which
are treated by the Boltzmann equation, are not considered, this model contains
most of the basic properties of hydrodynamics. The conservation of mass, momen-
tum and energy equations are fulfilled. Given the microscopic density f(z,v,t) the
BGK model is, [29]:

20



1.2. Formal derivation of the Navier-Stokes equations from a BGK model

atf'i‘v’vxf'i‘a'vvf:%(Mf_f)v (1’15)
_ n(tv .%') |U B U(t,$)’2
My(z,v,t) = Wexp (—W), (1.16)

n(x,t) = f(z,v,t) dv,
Rd
nu(a;,t) = / f($,’l},t)”l) d’l}7
R4

(nu® 4 dnT)(z,t) = / f(z,v,t)v]? do,
R4

f(x,v, 0) = f0($7v)'

Here a is a bulk acceleration attributed to some body force, which is independent of
both x and v, M is a Maxwellian with the same moments as f, i.e. the density at
thermodynamic equilibrium, 7" is the temperature of the gas and v is the relaxation
parameter.

Formal procedures to derive hydrodynamic limits of the Boltzmann BGK equation
consist in introducing a small parameter €, the Knudsen number, which represents
the ratio of the mean free path of the particles to some characteristic length of the
flow. The Von Karman identity,

_Ma
"~ Re’

€

with the Mach and Reynolds numbers Ma, Re, holds, [29].
Chapman and Enskog, [13], individually proclaimed an expansion of f in e,

f=fO0pefMp 2@ 4

which is assumed to uniformly converge.
We apply the first order expansion to f and will, at least formally, derive the isother-
mal Navier-Stokes equations.

In the following we will consider a Boltzmann BGK type equation with a bulk
acceleration attributed to some body force, which is produced by a potential ®, e.g.
the electric field produced by an electric potential,

8tf+v-me+V$<I>-va:%(Mf—f). (1.17)
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1. Modeling of Navier-Stokes equations of Korteweg type

We will now assume that v is of order €. Thus, the first order in the Chapman-Enskog
expansion is given by

f=M+vfl, (1.18)

since f(©) is given by the density at equilibrium, f(®) = My, [13]. We define the
function

g:=fM = %(f — My).

Note that the derivation of the hydrodynamic Navier-Stokes equations from the
kinetic BGK model only makes sense if v is of order smaller than one. In cases
where the Knudsen Number is bigger or equal to one, the gas cannot be described
as a fluid. For the sake of simplicity, we set the temperature T" to one. Thus, the
Maxwellian My is given by:

n(t, v—u(t,x 2
My(z,v,t) = (2(7r)d/)2 exp (—|2()’)

We integrate the Boltzmann BGK equation (1.17) over R? and obtain:

0:/ Orf +v-Vf dv
Rd
= On + div(nu). (1.19)

Multiplying the BGK equation by v and integrating gives:

O:/ voif+v@v-Vaf+v@V,f -V, @ dv
Rd

= Oi(nu) + div/ v@uf dv—nV,P. (1.20)
Rd
We apply the Chapman-Enskog expansion (1.18) to v ® v f,

/v@vfdv:/ v®vadv+u/ v®vgdv:nl+nu®u+1//
Rd Rd Rd

v ® vg dv,
R4

and insert this equality into the right-hand side of equation (1.20),
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1.2. Formal derivation of the Navier-Stokes equations from a BGK model

O(nu) + div(nu @ u) + Vyn —nV,® +v div/

v®uvg dv =0. (1.21)
Rd

By explicitly calculating g,

1
g:_;(Mf_f):_8tf_v'vmf_vzq)'vvf
= — QM —v-VoMy — Vo® - VyM; + O(v),

we see that its second moment is given by:

/ v®uvgdv (1.22)
R4

= —6t/ v@v My dv—div/ vV UM dv—Vgc(I%/ VoMs(v®wv) do.
Rd Rd Rd
Furthermore,

—015/ v®v My dv=—0mnl — 0(nu® u)
Rd

(1.19) .. .

="div(nu)l — d(nu) @ u — u ® O(nu) + div(nu)u ® u,

U2D div(n) I + (div(nu @ w) + Van — nVe®) @ u

+u® (div(nu @ u) + Von — nV,®) + div(nu)u @ u + O(v),

—div/ v@v®@vM; dv
]Rd

= —divinu @ u®u) —div(nu)l — Voan @ u—u ® Vyn — 2nD(v).

The third integral in (1.22) gives:

—Vaﬁ-/ VoMp(v®@wv) dv=V,®- MV, (v®wv) dv
Rd R

=n(V 2@ u+u® V).

By summing up these three integrals, we obtain
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1. Modeling of Navier-Stokes equations of Korteweg type

/ v®vg dv = —2nD(u).
R4

And, finally, by inserting this relation into equation (1.21),

Ot (nu)+div(nu ® u) + Ven — nV,® — 2vdiv(nD(u)) = 0.

Together with equation (1.19) we have obtained a compressible Navier-Stokes sys-
tem with pressure p(n) = n and viscosity u(n) = vn.

1.3. Motivation and derivation of the Korteweg tensor

In this section, we will derive a general form of the Korteweg tensor from thermo-
dynamic constitutive equations. Firstly, we will motivate the dependency of the
energy and entropy on the gradient of the density. Furthermore, we will use some
thermodynamic constitutive equations to obtain a general form of the Cauchy tensor
in which the Korteweg tensor is included. Finally, we will discuss some special forms
of the Kortweg tensor, which will be important in the next chapters.

1.3.1. Van der Waals’ concept of capillarity

Van der Waals, [32], developed a model of capillarity in which the internal energy
e and the entropy n of the fluid do not only depend on the local variables, such as
the temperature 1" or the density p, but also on non-local variables, the gradients of
p. He found that the interface between two phases, e.g. liquid and vapor, must be
smooth, that there exists a small transition zone between the two phases with very
steep density gradient. This leads to additional terms in the momentum balance
equation (1.8). It is worth noting that these additional quantities are applied to the
whole three-dimensional domain rather than to the two-dimensional surface only.
In order to take the diffusive interface into account, Van der Waals postulated the
thermodynamical description of a liquid-vapor interface via the free energy

A
F=F0+§|VP|2» (1.23)

where Fp is the volumetric free energy. Jamet, [21], showed that this special form
of the energy leads to an additional term in the momentum balance equation (1.8),

div(A\Vp ® Vp),
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1.3. Motivation and derivation of the Korteweg tensor

which is usually called the Korteweg tensor in literature.

Korteweg derived a more complete model by considering all possible interactions
between the molecules in two neighboured infinitesimal volume elements based on
the diffusive interface model of Van der Waals and postulated the capillarity stress
tensor K:

K = a|Vp2I + BVp @ Vp — yApl — §V?p, (1.24)

with constants «, 3,7, 6.

1.3.2. Derivation of the Korteweg tensor from thermodynamic
constitutive equations

We discuss the derivation of a general form of the Cauchy stress tensor from ther-
modynamic constitutive equations, in which the Korteweg tensor is included. Heida
and Malek, [19], showed that this can be done by maximization of the entropy
which, as motivated above, is assumed to be a function of local variables such as
the internal energy e and the density p, but also of the nonlocal density gradient Vp.

We assume that there exists a specific entropy n(e, p, Vp), which is differentiable
in all variables and increasing with respect to e. Then we can apply the implicit

function theorem, which implies e = e(n, p, Vp), [24].

We would like to obtain an equation for the entropy production £ of the form

£(Jar Aa) =Y JaAa, (1.25)

where J, and A, represent thermodynamic fluxes (such as force per unit area or
heat flux) and affinities (i.e. the velocity or the temperature gradient), respectively.
We assume the constitutive equation

£(Ja, Aa) 20,

then the second law of thermodynamics is automatically fulfilled by the function &.
As motivated for a compressible Navier-Stokes-Fourier fluid by Heida and Malek,
the following particular form of the entropy production is advantageous:

) = Y Il (1.26)

[0}
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1. Modeling of Navier-Stokes equations of Korteweg type

We will note this in the derivation, too. Maximization of this equation, provided
that (1.25) holds, gives

Jo = YaAa, (1.27)

by a maximization method with Lagrange multipliers, [31].

In order to obtain an equation for the entropy production, we start with the material
time derivative of the internal energy (see equation (1.2) and (1.3)):

pe=p One T+ p dpe p+ p Oy,e Vp. (1.28)
Using the mass balance equation (1.9), we calculate

Wz@th+V2p-v
=0Vp+V(Vp-v)—Vuv-Vp
=V(Owp+Vp-v)—Vuv-Vp (1.29)

W T (pdiv v) — Vo - Vp

= —Vpdiv v — pVdiv v — Vv - Vp.
The thermodynamic temperature 6 is defined as

Oe
9—8—77.

We insert the balance equations, written in terms of the material time derivative,
(1.12) and (1.13), and equation (1.29) into the formula for the internal energy (1.28).
Then we obtain an equation for the material time derivative of the entropy 7,

pb1 = pe — p Ope p— p Ovpe Vp
:pE—pv-ﬁ—pﬁpeﬁ—pavpeW
= div(Tv — q) + pr + pfv — pv -0+ p? dpe div v
— p Oype - (—=[Vv]Vp —div v Vp — pVdiv v)

L) vy — div g+ pr+p* dpe div v + p (Oype ® Vp) - Vu

+ (p Ovpe - Vp)div v + p* dy,eVdiv v, (1.30)
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1.3. Motivation and derivation of the Korteweg tensor

which can be rewritten through partial derivation as:

p = (T + p Ovpe ® Vp) : Vo —div (q —p? dy e div v) + pr

1.31
+ (p2 Ope + p Ovpe - Vp —div (p2 dv,e)) div v. (1:31)

We want to reformulate this equation in form of a balance equation for the entropy
5+ div (2 (1.32)
iv—) =2, .
PN 9 )

where h/6 is the entropy flux. We emphasize that we do not a priori assume that
the heat and entropy flux, ¢ and h, have to coincide. In order to obtain an equation
of the form (1.32), we define the derivatoric parts of the tensors 7' and D denoted
as T% and D?, respectively, by

1
m::§trT, Td::T—mI,

1 (1.33)
D*:=D— gouv v,
d
where tr T is the trace of a matrix T, tr T = > T;;. We set
i=1
p= pzapea
4 :
P=p+ gp Ov,e - Vp —div (p28vpe) ,
P =P+ p*Vo- Ov e,
h = q— pQ(dIV U) ane,
, 1
Tds =79 4 P <8V,,e ®Vp— 3 (8vpe -Vp) I) , (1.34)
and after inserting these definitions into (1.31), we obtain,
pb7 = T4 - (Vo)? + (P + m)div v — div h + pr, (1.35)

Division by 6 and partial derivation of (div h)/6 finally gives:
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1. Modeling of Navier-Stokes equations of Korteweg type

o7 + div (Z) = % (Tdis (Vo) + (P +m)div v — (Z) -Vo + pr)
1 A
=3 <Td“ (Vo) 4 (P +m + p*V0 - Oy e)div v — (%) -V + pr)
_ L ais i, b (Y
=3 (T : (Vo) 4+ (P 4+ m)div v (9) Vo + pr) . (1.36)

For the sake of simplicity, we set 7 = 0 in the following. The tensor T%* is traceless,
if it is symmetric (which will be assumed in the following), the entropy balance
equation reads as:

- (h
pn+d1v<0> =

since Vv : S = D(V) : S, for every symmetric tensor S. Therefore, ¢ is given by:

(sz's : DY+ (P 4 m)div v — <%) VO + pr) 7

D=

. _ Vo
§:les:Dd+(P+m)divv—q-7. (1.37)

In the following, we consider a compressible Navier-Stokes-Fourier fluids, which are
Newtonian-like fluids which follow Fourier’s law,

q= _k;Bvea

where kp is the Boltzmann constant. Doing a similar calculation for a compressible
Navier-Stokes-Fourier fluid while assuming that e = e(7, p) classically does not de-
pend on Vp, we obtain the same equation as (1.30) without the last three terms,
which has the exact same structure as equation (1.35). Thus, we obtain the same
equation as (1.37), with p instead of P, T% instead of 7% and h = ¢:

ngd-Dd—l—(p—i-m)divv—q-%e. (1.38)

The constitutive equations for the compressible Navier-Stokes-Fourier fluids are
given by:
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1.3. Motivation and derivation of the Korteweg tensor

2 3\
T = —pl +2uD% + P22 i o 1,
q=—kV0,
r=0.
Therefore, T¢ and m are given by
T¢ = 2uD?,
2 3\
m+pl = %div v,
q=—kV6.

Inserting m and 7% into equation (1.38) gives a relation for € which either depends
entirely on thermodynamic affinities (D?, div v, V@),

21+ 33X
3

€ = 2u|D? + (div v)? + k| V2,

where k := kg /0, or on thermodynamic fluxes,

~ 1
=T+

1
2 2
m + + . 1.
9 ( p) lq| (1.39)

2p+ 3\

Note that the former two equations only makes sense if all coefficients are positive.
The latter form of the energy production is advantageous since it gives a better
insight into the physical circumstances under which a material does not dissipate
any energy, i.e. produces any entropy. It is not dissipating any energy when there
are neither volume chances nor isochoric dissipative processes such as shear nor any
heat flux generation.

Since the equation for the entropy production of the non-classic entropy 7(e, p, Vp),
(1.37) has exactly the same structure as the one for the classical entropy (1.38),
we assume to have an equation with the same structure as equation (1.39) for a
Newtonian-like Navier-Stokes-Fourier fluid with non-classical entropy, too,

1 .
§ — 7|sz3|2 +

_ 1
P)? + Zq? 1.4
o (m+ P) +%!q|, (1.40)

21+ 3X

where u,2p+ 3X and & are positive. By maximizing equation (1.40) while assuming
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1. Modeling of Navier-Stokes equations of Korteweg type

that (1.37) is true, we obtain the following identities,

Tdis — QMDd7
m = Wdiv v— P, (1.41)
q=—kVb,

in accordance with equation (1.27). Here k is given by k := /6.

Finally, he general form of the Cauchy-stress tensor T is given by

T (1.33) (1.34)

. - 1
T+ ml = Td”—p(ﬁvpe®Vp—

3 (Ovpe - Vp) I) +ml

. 1 2 3\
U4 9,0t — ) <6Vp€ ©Vp—g (Ovpe - Vp) I) + %div vlI—pl

4
— gpﬁvpe -Vpl + div (p28Vpe) I—p*V0 - Og,el (1.42)

(135) 2uD + Mdiv v T — pdy,e @ Vp + pdiv (pdy,pe) I — pI — p? (Og,e - VO) 1.

We have derived a general form of the Cauchy stress tensor from thermodynamic
constitutive equations. This formula expresses the constitutive equations character-
izing a class of Navier-Stokes-Fourier-Korteweg fluids.

1.3.2.1. Examples of the Korteweg stress tensor associated with
capillary effects in the isothermal case

The specific form of the stress tensor depends on the specific given

internal energy e. In the following we will consider isothermal processes,

ie. ¢ = VO = 0. We will assume that the internal energy is a sum of the pure
volumetric energy ey = eg(n, p) and the capillary energy e. = e.(p, Vp), in the sense
of equation (1.23). Then the pressure is also a sum of the classical thermodynamic
pressure py and a capillary pressure p., which can be interpreted to be due to
inhomogeneous density fields

€= 60(7]7/0) + ec(pv VP);
D = Dpo + Pc,

where

Po i=p°Ope0,  Pe = p>Opec.
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1.3. Motivation and derivation of the Korteweg tensor

The non-viscous part of the stress tensor 7" in (1.42), denoted T, is given by

T¢ = —pdv,ec @ Vp+ pdiv (pdy,ec) I — pol — p*0ecl
= K —pol, (1.43)

where K is called the capillary stress tensor. We consider a specific class of capillary
energies given by

B 1
24«

1

AV =

A(p) W' (p) |V p[*Fe, (1.44)

€c

for scalar functions ¥(p) and A(p). Some elements of this energy class give rise to
Korteweg tensors which have already been discussed in literature, others have not
been examined yet.

1

Example 1.5. For a = 0,%(p) = p and A(p) = op~ ", with the surface tension

coefficient o, we obtain from equation (1.43):
K=—0Vp®Vp+opApl + %!Vp[QI. (1.45)

The first term is the classical capillary tensor, which is often called the Korteweg
tensor in literature. This model represents the model derived by Korteweg, (1.24),
with « = 0/2,8 = —0,7 = po and 6 = 0.

Using the general identity
div(VU @ VI) = AUV + %V|V\I/|2I, (1.46)
for a smooth function ¥, the divergence of the capillary tensor is given by:
div K = opVAp. (1.47)

This capillary tensor is treated in Section 2.2 and Section 2.3, where we discuss
shallow water equations.
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1. Modeling of Navier-Stokes equations of Korteweg type

1

Example 1.6. For « =0 and A(p) = op™ ", equation (1.43) gives

K =—oV¥(p) @ VU(p) +op div (¥'(p)V¥(p))I - %Cff@p(p‘ll‘l”(p)|2)|Vp|21

1
= oV U(p) © VU(p) + op(¥ ())AV())] + 50V () L. (1.48)
The divergence of this capillary tensor is given by
div K = apV (¥ (p)A¥(p)). (1.49)

The mathematical properties of capillary tensors of this type will be discussed in
Section 2.1.
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2. Introduction of the BD entropy and
stability results for weak solutions of
Korteweg type equations

In this chapter, we will discuss the mathematical properties of viscous fluid equa-
tions with capillary terms of Korteweg type. The structure of this chapter is given
as follows: Firstly, an additional energy estimate, the BD entropy, is introduced for
diffusive capillary models of Korteweg type. Then, a priori bounds on the solutions
of some Korteweg systems, like the viscous shallow water, or Saint-Venant, equa-
tions and the quantum Navier-Stokes equations, which arise from the BD entropy
estimate, are discussed. Finally, we will prove the stability of weak solutions of the
barotropic compressible Navier-Stokes equations using the a priori bounds on the
solutions.

2.1. Derivation of the classical energy estimate and the
BD entropy estimate for smooth solutions of
diffusive capillary models of Korteweg type

In this section, we will recall the derivation of the BD entropy by Bresch and Des-
jardins in [8]. They discovered the entropy estimate in [6], for two-dimensional
Saint-Venant equations, and used it to prove the existence of global weak solutions
of these shallow water systems in [7]. Later, they derived a general form of the BD
entropy in [8].

In the context of chapter one, p is the density, v is the velocity, f is the body force
and p, A are the Lamé coefficients. We will treat stress tensors T', which are depen-
dent on the surface tension coefficient o and on a scalar function ¥(p).

We assume isothermal flow and consider a bounded domain with periodic boundary
conditions, i.e. Q = T for the space dimension d, and set the body force f = 0. A
diffusive capillary model of Korteweg type is given by

Op + div(pv) =0
O(pv) + div(pv ® v) = div T,

where the Cauchy tensor T is given by the sum of the viscous and capillary tensors:
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2. Introduction of the BD entropy and stability results for weak solutions

1
T =2uD(W) + A dive I —pl —aV¥(p) @ VU(p) + ap(¥ (p)AW(p))] + ialvllf(p)\QI.
In the non-conservative form the momentum equation reads
d(pv) + div(pv @ v) = 2div(uD(v)) + V(A div v) — Vp + opV (¥’ (p) AT(p)),

see Example 1.6.

We will prove, under certain compatibility assumptions between the diffusion and
the capillarity, an extra regularity of a velocity which is related to the gradient of
the density. This regularity allows us to control the degeneration of solutions in
areas close to vacuum.

We will assume the following definitions of the Lamé coefficients u(p), A(p),

1(p) = 111 ¥ (p), Ap) = 2p1(p¥'(p) — ¥(p)), (2.3)
with a constant 1 and a scalar valued function
¥(p) = 0.
We define ¢(p) and II(p) such that

pd'(p) = ¥'(p), pIl'(p) — TI(p) = p(p), (2.4)

i.e, for a given constant density p > 0,
p P
o(p) :/ U (s)s7lds and II(p) = p/ p(s)s™2ds. (2.5)
P 3

Remark 2.1. Note that the relation between p(p) and A(p) is of the general form
A(p) = 2(pp/(p) — (p)). This relation is, so far, only a mathematical hypothesis.

Remark 2.2. In particular, we have pIl”(p) = p/(p). Thus, the internal energy is a
convex function of the density in regions with nondecreasing pressure.
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2.1. Derivation of the energy estimates for diffusive capillary models of Korteweg type

Definition 2.3. The matrix inner product is given by
=22 4By,
(2]

for two matrices A and B.

Theorem 2.4.
Under suitable smoothness assumptions on u(p) and \(p), the following two energy
equalities hold for smooth solutions of system (2.1)-(2.2):

(1) Classical energy identity
1d
2dt

d
s 2
+2dt/|wj )| dx+dt

[ ol do-t2 [ WD do 2 [ (¥(p)o = Wp)ldiv of? do

II(p) dz =0 (2.6)

(2) BD entropy identity

1d
s [ ol 2 V0P do 2 [ WIDOI dr+ 2o [ V@AV do
d
9 / 2 41 / \II 2 II
w2 [ HOIVoES ) o+ 55 [ IVUGIE do+ G [ 1) o
:2u1/\ll(p)Vv:VU dx (2.7)
Q

Proof.
(1)

Firstly, we multiply the mass balance equation (2.1) by |v|?/2 and integrate over

2
/ il —Oip + —dlv(pv) dz = 0.
Then we multiply equation (2.1) by —o¥'(p)A¥(p) and integrate over €, again:

| =V ) A¥ ()0 — oW () AT ()div(p0) da =0,

We integrate by parts in the first term
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2. Introduction of the BD entropy and stability results for weak solutions

/ —o¥U'(p)AV(p)dip dz = / —00,¥(p)AV(p) doz = / oV .9, VU dz
Q Q

Q
_ \112
/th\v 2 da,

and multiply the momentum balance equation (2.2) by v to obtain

/Q’U@t(pv) + vdiv(pv ® v) dz
= /Q%div(,uD(v)) +vV(A div v) — vVp 4+ vopV (V' (p)AT(p)) da.

We use the following equalities, which are established by integrating by parts and
using the definitions of u(p), A(p) and II(p), to sum up the former three equations,

—/QUV(/\div v) da = / Adiv of? dz & /(p\I/'(p) —W(p))|div o]? da,
- [ 2udiv(u(p)D() do =2 [ w(p)V0: D) de E 2 [ w(pIDE)P d
Q Q Q

because Vv : D(v) = |D(v)|?, since D(v) is symmetric and Vv : S = D(v) : S for
every symmetric tensor S,

/ vdiv(pv ® v) v(pv)|v|® + pv(Vo - v) dz
Q
[v]?

\\

= d1V (pv) |v\2 div(pv)% dz, (2.8)
d |v|?
/Qv(?t(pv) dz :/ dt ‘2’ + (rﬂtp|v|2 dz,
[ oV ()av i) do = [ apu- VW (p)AU() da.
Q Q

_ / (2.4) "

— [ voVpde=— [ pVp-vdx =" — [ pll'Vp-v dz

Q Q Q

/pVH' UdIL‘—/HdiV(,O v) dz

@b / 'o,p do = —/ (2.9)
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2.1. Derivation of the energy estimates for diffusive capillary models of Korteweg type

and observe that all other terms in the sum cancel and we obtain the classical energy
estimate (2.6).

(2)

The mass balance equation for the function ¢(p) yields:

O (p) +v-Vo(p) + ¢'pdiv v
=¢'Op+v-¢'Vp+ ¢ pdiv v
= ¢'Op+v-¢'Vp—¢'Vp v+ ¢'div(pv)
= ¢' (Opp + div(pv)) = 0.

We differentiate this equation with respect to the spatial variables,

9V é(p) + VVo(p) v+ Vv -Ve(p) + V(¢'pdiv v) =0,

multiply it by pVé(p) and integrate over €. Using the mass balance equation, again,
we obtain:

0= /Qqub NG+ pV-VV¢ v+ pVe-Vu- Ve + pVe - V(d pdiv v) dz

1 1 1
= 5 | AveR as— [ SivePap ar+ [ 5V(V6-90) up s
2dt I 02 02
+/pv¢.w'v¢ da:+/ V- V(¢ pdiv v) dz
Q Q

1d 1 1
= 5 [ovor as— ([ Sverap ar+ [ Jvopaivion) as
2dt J,, 02 2

=0

+ / pVo-Vv-Vo dr + / VU - V(¢ pdiv v) dx
Q Q

1d

=—— [ p|Ve¢]? dzx —l—/ pVo-Vv-Ve¢ dz +/ VU - V(¢ pdiv v) dz.

We integrate by parts in the second term on the right-hand side and use the relation
(2.4), this gives:

VU .Vou - VU
[ #Vote)- To-Vop) do = [ TR a
Q Q P

UVV¥ .-Vou-Vp UVdiv v - VU UVo: VVU
Q P Q P Q P
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2. Introduction of the BD entropy and stability results for weak solutions

Thus, we have:

1 Uvy . . UVdiv v - VU
1d PVo? d:n—i—/ \Y Zv Vp dx—/ Vdiv v -V de
2dt Jo Q p Q p
UV - v
/ vav dz +/ VU (p)- V(¢ pdiv v) dz = 0. (2.10)
Q Q

By multiplying the momentum balance equation by V¥(p)/p, we obtain

Mat(pv) + v\I;(p)div(pv ®v)
- W;(p) 2div(1D(®)) — Yo g(x div v) + L 2P g,
V¥(p)

- eV (W () A% () =0, (211)

and integration by parts, together with the equations (2.3) and (2.8), gives:

V¥(p)

—
/ (Opv+v- Vo) VU + v (Op +div(pv)) dz
Q

VVE VUV
—i—/?lullll(p)D(v):( 0 p) da
Q

2
_/QQIulwu))v((‘lﬂ(p)p—‘l/(p))div U) dl‘+/p/(p)\l’/(p)|vp| dz

p Q P
—i—/ o0 (p)| AT (p)|* dz = 0. (2.12)
Q

When adding equation (2.12) to the 2u; multiple of equation (2.10), we observe
that,

)\ ) LUAVAUZS .
/2mq/(p)p(v); <VV _V ®V”> dm+2m/m’ da
Q

P p? p?

_2H1/ UV : VVVU dz = 0.
Q 4

since both, VVW¥ and V¥ @ Vp = ¥'Vp ® Vp, are symmetric. We recall that
D(v): S = Vv : S for every symmetric tensor S. Thus, the sum is given by:
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2.1. Derivation of the energy estimates for diffusive capillary models of Korteweg type

UVdiv v - VU
/(@v—i—v-Vu)V\llda:—Qul/de
Q Q p

V¥ (p)

55 [ 20Vo o= [ o ST (@ - p)div ) de (23

2 dt o
[Vp|?

+ 2/ /Q V(¥ (p)div v) - V¥ dz + /Qp’(p)\l»"(p) dz + /Q oW (p)| AT (p)|? dz = 0.

We consider all terms containing div v and observe that:

/Q 2M1Wp(”) (~UVdiv v — V(' (p)pdiv v) + V(E(p)div v) + pV(¥ (p)div v)) da

= /Q,ulw(p) (=W Vdiv v — V(¥ (p)div v)p — V¥(p)div v + V¥(p)div v
Q P

+ U(p)Vdiv v + pV (¥ (p)div v)) = 0.

Now we expand the first term in equation (2.13):

/(@U—I—U-VU)V\I/dm:d/U~V\I'dx—/v~8tV\I’dm+/v~Vv-V\I/da:.
0 dt Jo Q Q

By integrating by parts in the last two terms of the former equation and using the
mass balance equation we obtain:

—/ v- 0, V¥ do = —/ Vv -8 Vp do = / U’y - Vdiv(pv) da
Q Q Q

= —/ V' (div v) div(pv) dx
Q
and

/wvwvmm——/mmeUM—/mwuwﬁm.
Q Q Q

By integrating by parts in the term
—/ Uy - Vdiv v do = / V¥ - vdiv v d:L‘+/ T|div v|? du,
Q Q Q

and adding it to
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2. Introduction of the BD entropy and stability results for weak solutions

—/ U (div v) div(pv) dz = —/ W p|div v]? dz — / W'y - Vp div v dz,
Q Q Q
we finally obtain

/ (Opv+v- Vo) VU dz
Q

d
=— [ v- VU de — / (p¥'(p) — U (p))|div v|*> dz — / UV : Vol da.
dt Jo Q Q

After inserting this equation into equation (2.13), it reads:

d/ v- VU dz — / (p¥'(p) — W (p))|div v|* dz —/ UV : Vol dz (2.14)
dt Jo Q Q
d Vpl?
S8 [ oovol art [ HpW )L qt [ ow@lavR ar=o

If we now multiply equation (2.14) by 21 and add it to the classical energy estimate
(2.6) we obtain the additional energy estimate (2.7), since

d d 1d
211 — VU d — | 2up|Vo|? dz + = — 2d
Mldt/ﬂv $+'u1dt/9 pp| Vo 33+2dt/QP’U| T
1d

=_— 2 2 du.
5 Qplv+ mVe|® dx

Remark 2.5. For viscosity terms of the form pVov rather than 2pD(v) we obtain
the same result with [, 4|Vv|? dz instead of [, 2u|D(v)|? dz, as can be easily seen
in the proof.

Remark 2.6. The classical free energy of the system is:
L9 4 2
Eq = A SPlI” +1(p) + SIVE(p)” da.

Thus, the classical energy estimate (2.6) has the form
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2.2. Energy estimates and a priori bounds on weak solutions of Korteweg systems

dE, .
2t [ IDOP ot 2m [ (V)= (o)) fdiv of de =0,
E
ddtd +/ 2u|D(v)|* dz 4+ A|div v|? dz = 0.
Q

Remark 2.7. We can rewrite the diffusion term containing Vv as

/ 2u|D(v)|* dz — 2/ pVo : Vol dz = / 2ulA(v)[? daz,
Q Q Q

where A(v) = %Vu — %V’L)T is the antisymmetric part of the velocity gradient.

In the following sections we will emphasize the importance of the new entropy iden-
tity for Korteweg systems. Assuming that the classical physical energy estimate
must not only hold for smooth solutions, but also for weak solutions of Korteweg
systems, gives a priori regularity estimates on the weak solutions. These are often
not enough to prove the stability of weak solutions for models which include vac-
uum. But assuming that also the BD entropy equality must be satisfied by the weak
solutions gives extra regularity on the density gradient. Therefore, we can prove
stability results for weak solutions of some Korteweg systems with vacuum initial
conditions.

2.2. Energy estimates and a priori bounds on weak so-
lutions of Korteweg systems

In this section, we will discuss the classical and the BD entropy estimate for some Ko-
rteweg systems with viscosity coefficients p(p) = p, A(p) = 0 and a general barotropic
pressure term p(p) which includes the case of a power pressure law but also unsta-
ble spinodal regions in which p(p) may decrease. We will use these physical energy
estimates to derive a priori bounds on weak solutions of these Korteweg systems.

We consider a domain Q = T% for d equal to 2 or 3 with periodic boundary con-
ditions. We assume to have a barotropic pressure law p = p(p) and let x be the
capillary coefficient. We will consider the following viscous compressible Korteweg
system:

Op + div(pv) =0,
O (pv) + div(pv @ v) + Vp = 2div(uD(v)) + V(Adiv v)) + kpVAp + pf,
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2. Introduction of the BD entropy and stability results for weak solutions

with initial conditions
p(0,z) = po > 0, pv(0, ) = povg =: my. (2.15)

In particular, this problem includes vacuum initial conditions, pg = 0. For the sake
of simplicity, we will set f = 0 and drop the factor 2, i.e. we consider the viscosity
coefficients u(p) = %Vp, with ¥ > 0 and A(p) = 0. Then, the mass and momentum
balance equations of the Korteweg system are given by:

Op + div(pv) =0,

¢ (pv) + div(pv ® v) — Vp — vdiv(pD(v)) = kpVAp. (2.16)
We assume that p is in C*(]0, 00)) and satisfies
p(p) =0, p'(p) =0, (2.17)
and
Y(p) < Ap"T(p) for large enough p, (2.18)

where A is a positive constant and, n < co when d =2, n < 4 when d = 3, with

2(p) = /psp’(S)dS-

A

Remark 2.8. In particular, the pressure given in a shallow water system, p?/2,
fulfills the conditions above with n =1 and A > 1, see Section 2.3.

We want to formally derive the form of the energy identities for this special Korteweg
system. We have W(p) = p, then obviously, the requirement (2.4), pd'(p) = ¥'(p),
is fulfilled by ¢(p) = log p. The viscosity coefficients also fulfill the requirement for
the BD entropy estimate (2.3), since p = 1/2 vp and A = 0. We have

plp) = 5 V()

and, thus, the BD entropy estimate (2.7) for system (2.16) is given by
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2.2. Energy estimates and a priori bounds on weak solutions of Korteweg systems

d

1
& [ (Golo o9 tompP @z 1160) + 51962 ) @t v [ yo)IVVG dr 229
Q Q

- V,‘{/ (V2p|* da —I—/ vplA(v)]? dz = 0,
Q )
with A(v) = 3(Vov — Vo) and since

v [ Vblo) - Viogp do = av [ o)V VP
Q Q

The classical energy estimate is given by

d

1
— —plv|? +TI(p) + E|Vp|2 dx + / vp|D(v)|? dz = 0. (2.20)
dt Jo \2 2 o

We define ”weak solutions” for system (2.16) which are not contained in the usual
notion of weak solution, since we will use test functions which depend upon the
solutions. The regularity of p (which will be shown to be in L2(0,T; H%(R2))) allows
us to consider test functions p¢. These are supported on the set of non-vanishing p.

Definition 2.9 (”Weak solutions”). We say (p,v) is a "weak solution” of system
(2.16) on (0,7) x Q if and only if

Vo2 2
/Q(’J [2)0‘ +H(p0)+p0|vg| > dx < 400, (2.21)
1
ZVQ/Q\V\/ﬁOF dz = Q/on\uv logpo\2 dx < 400, (2.22)

and the following three assumptions are satisfied:

p e L*(0,T; HX(Q)),
00 (T2 d

Vv € L=(0,T; (L*(22))),

VPD(v) € L*(0,T; (L)%,

with p > 0 a.e. and
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2. Introduction of the BD entropy and stability results for weak solutions

Op +div(pv) =0 in D'((0,T) x Q), (2.24)
p(0.2) = po  in D'(9), |
and for all ¢ € D([0,7T] x ), such that ¢(T,-) = 0, it holds:

T
/povo - po@(0,-) dx + / / p?v - 0y + pv @ pu : D(¢) da dt
Q 0 Q
T
- / / p*(v- @) div v —vpD(v) : pD(¢) —vpD(v) : ¢ @ Vp + X(p) dive dz dt
0 Q

T
— / / kp?Ap dive — 2kp(¢ - Vp)Ap dz dt = 0.
0 Q

We want to motivate a stability result for these "weak solutions” of the Korteweg
system (2.16).

Theorem 2.10 ([10]). Let d be equal to 2 or 3 and let (pn,vn)nen be sequence
of "weak solutions” of system (2.16) satisfying the entropy inequalities (2.19) and
(2.20) with initial conditions

pn(0,2) = pg >0,  povo(0,x) = pgug =: mg, (2.25)
where pg, vy are such that
pr >0,  pi— poin LYK,  phul — povo in LY(K). (2.26)

Then (pn, vn)neN converges strongly to a weak solution of system (2.16) with initial
conditions (2.15 satisfying (2.19) and (2.20)).

Bresch, Desjardins and Lin, [10], introduced the different notion of weak solutions,
in order to prove the stability of the Korteweg systems. The proof of compactness
failed in regions where the limit density p vanishes. They were only able to show
the weak compactness of /p, vy, which does not imply the compactness of |/ppvn, ®
\/PnVn. This problem is overcome in the next Section, by considering a system with
additional drag terms rqv, for which the energy estimates give extra regularity on
the velocity v, so the term /p,v, is well defined on the vacuum set and converges
strongly. As shown in the last chapter of this thesis, assuming additional relations on
the viscosity coefficients also helps to show the strong compactness of |/p,v,. The
multiplication by p,, provides the strong convergence of the viscosity term ppv, ®
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2.2. Energy estimates and a priori bounds on weak solutions of Korteweg systems

PnUn : D(¢), since Bresch, Desjardins and Lin have proven that the momentum p, v,
converges strongly in L2(0, T; L*(12)).

Remark 2.11. Lions, [26], claimed that the strong convergence of the initial data
(P, pRol) to (po,vo) in L1(£2) is essential to construct a sequence (pp, vn)nen With
the desired properties. The construction of such a sequence is still an open problem
in many cases, [5].

Idea of the proof of Theorem 2.10 'The proof of the stability relies upon the a
prori bounds on the sequence of ”weak solutions” (pn, v )neny Which follow from the
classical (2.20) and the BD entropy identity (2.19).

We have assumed that the sequence of ”weak solutions” (p,,vn)nen satisfies the
energy identities and that the initial classical energy of the system is bounded,

(2.21), therefore, integrating the classical energy equation with respect to the time
yields

1 T
/(pn|vn|2+H(pn)+ﬁ|Vpn|2> dx+/ /upn|D(vn)|2 dz dt
a\2 2 o Ja

1 K
= [ (Gl 4 1) + §1vmP) @<, 2m
Q
for some constant C' > 0. Thus, we have the following bounds on (py, Vs )nen:

IV onll Lo (0,122 )2y <
Venvnll Lo yz2@pe) < €
||\//TnD(Un)||L2(0,T;(L2(Q))dxd) <C.

Proceeding similarly with the BD entropy estimate gives additional bounds on the
”weak solutions”, since we also assumed that the initial BD entropy is bounded, by
(2.21), (2.22) and because

2povoV log po = 2v9Vpo = voy/poV/po € L' (),
by Hélder’s inequality (Theorem A.31):

d

1
= <2pn\vn +vVlog puf* dz +Il(pn) + ;!Vpnl2> dz + 41// P (pn) [Vl dz
QO Q

+ I/H/ IV2p,)? dz +/ vpn| A(v,))? dz < C. (2.28)
Q Q
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2. Introduction of the BD entropy and stability results for weak solutions

Therefore,

HPnHL2(0,T;H2(Q)) <G,
VPl o,ryz2@sy < ©
H\//THVUNHL%U,T;([P(Q))dXd) <C,

The first bound follows from the inequality (2.28) since I(p,) € L>=(0,T; L(Q)),
thus, by assumption (2.18), p,, € L*°(0, T; L?(2)), and also Vp,,, V2p,, € L?(0,T; L*(Q))
by (2.28). The second one is resulting from the inequality (2.28) by

2V/pn = pnVlog py.

The third results from the L2(0,T; L?(2)) bounds on both, the symmetric and the
antisymmetric part of /p,Vuy,.

The additional bounds on Vp,, allow for compactness arguments and, thus, allow to
prove the convergence of the sequence of ”weak solutions” in the desired space, [10].
We will not discuss the proof in more detail, but we will discuss a special case of
these Korteweg systems with a power pressure law and prove the stability of weak
solutions thereof in the next Section. O

2.3. Energy estimates and the stability of weak solutions
to the shallow water equations

Shallow water equations model free surface flow where the vertical scale is much
smaller than the horizontal one. Gravity as well as the Coriolis force and drag terms
coming from friction are taken into account. These models allow to describe water
waves in a river or the ocean, atmospheric flow or avalanches.

The two-dimensional shallow water equations can be formally derived from the
depth-averaged incompressible Navier-Stokes equations, as shown in [5]. Depending
on the chosen bottom boundary conditions, i.e. friction or no-slip boundary condi-
tions, there are mainly two different types of shallow water systems. In this work,
we will focus on the system derived with friction boundary conditions.

Let € be a two-dimensional space domain, a friction shallow water system is given

by
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2.3. Energy estimates and the stability of weak solutions to the shallow water equations

Oth + div(hv) = 0, (2.29)
. Vh 1 fot
8t(h/U) + le(h'U & U) = — hw - % hVAh — hﬁ
2 . 2 .
+ Edw(hD(v)) + EV(hle v) + D, (2.30)
h(z,0) = ho, (hv)(x,0) =mp in Q, (2.31)

where h denotes the height of the free surface, it represents the density in the two-
dimensional case. The velocity v is the vertical average of the horizontal velocity
component of the fluid. The function f depends on the latitude y and v is given
by vt = (—vy,v;) when v = (vg, vy). The term fol describes the Coriolis force. We
denote by D some drag terms which are a result of the friction boundary condition
at the bottom. The functions hg and gy are assumed to satisfy

[mo?
ho

=0a.e. on{zr € Q| ho(x) =0}. (2.32)
The dimensionless numbers Fr, We, Ro and Re denote the

e Froude number: a measure for the ratio of the flow inertia to a gravity field,
defined as F'r = %, where U is the characteristic flow velocity, L the char-
acteristic length and ¢ is gravity. It is a coefficient of the non-dimensional

Navier-Stokes equation alongside with the Reynolds number,

e Weber number: a measure of the importance of the fluid’s inertia to its surface
tension. It is useful in the description of multiphase flow, thin film flow or
bubbles, We = @, where p is the density, o is the surface tension and U
and L are defined as for the Froude number,

e Rossby number: the ratio of flow inertia to Coriolis force. It is used to describe
the Coriolis acceleration arising from planetary rotation and, therefore, models
geophysical phenomena in the oceans or the atmosphere. Ro = f%’ where
f = 2Qsin ¢ is the Coriolis frequency with 2 the angular frequency of the
rotation and ¢ the angular latitude,

— pUL

9

with the density p and the viscosity coefficient y. Flow patterns with similar
Reynolds number behave similarly, low Reynolds number indicates laminar
flow, high Reynolds number turbulent flow,

e Reynolds number: the ratio of momentum forces to viscous forces, Re

respectively, [5].
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2. Introduction of the BD entropy and stability results for weak solutions

Remark 2.12. This system of shallow water equations is energetically consistent,
i.e. the total kinetic energy of the system is conserved. Also the conservation of
the kinetic momentum is fulfilled. It leads to the constraint that the stress tensor
has to be symmetric. Viscous terms of the form hvVov do not conserve the kinetic
momentum, [9].

Remark 2.13. The Euler equations of isentropic gas dynamics with a pressure
law p(p) = p?/2Fr? coincide with the inviscid shallow water system (2.29) - (2.31)
without taking surface and drag terms into account. In two dimensions, the vorticity
is a scalar given by:

w = 0pvy — Oyy.

We will derive an evolution equation for the vorticity which gives a powerful con-
straint in large-scale motions in the atmosphere.

We take the curl of the momentum equation of the Euler equations divided by h
and use the mass balance equation to obtain:

L
curl (ill (@(hv) + div(hv ® v) + hﬁYThQ RACL )> -

Ro
fy)oty _

Ro >_
f(y) vy Oy f(y)

:8tw+v-Vw+wdlvv+§dlvv—i—T:O. (2.33)

= curl (&v +v-Vou+

In order to eliminate the term containing div v, we multiply the mass balance equa-
tion by w + f(y)/Ro and subtract it from equation (2.33) multiplied by h,

h@tu)—i—hU-Vw—&—hwdivv—Fhf]g;) divv—i—hvya;é};(w
SR PP} P
:h<8t <w+f$>+v-V(w+f](i)>) — (aw—f]%))) (Oth +v-Vh) =0,

(2.34)

(o) e () -5

48



2.3. Energy estimates and the stability of weak solutions to the shallow water equations

Therefore, we obtain the following equation for the relative vorticity wr = w +
fy)/Ro:
w w
) (TR) vV (TR) —0. (2.35)

This means that the material time derivative of the potential vorticity wp := wr/h
is zero, i.e. the potential vorticity is conserved along the particle trajectories of the
flow. In particular, if we multiply (2.35) by wr and use the conservation of mass
equation, we get the following conservation equality:

i/gh)”}ff dz = 0.

If h decreases in time, w + f/Ro must decrease also. In particular, if w + f/Ro is
constant initially, then also h must remain constant, too.

Remark 2.14. For the sake of completeness, we will give here the description of
the no-slip shallow-water system.

Let € be a periodic box in the two-dimensional space. We consider a thin-film liquid
down an inclined plane with slope angle . Then the no-slip system is given by:

Oh + div(hv) =0,

6 cos® h?  (2sinf)? 9 1
h div| -h - h’ | —e*— hVAh
Or(hv) + 1V<5 v®v>+v< o e > € e \Y%
1 . 3v
_%<281n0h_h>’
h‘(x70) = ho, (h'l))(.’L',O) = Mo in Qv

where € is the aspect ratio of the domain. The functions mg and hg should fulfill
the conditions (2.32).

In their paper [6], Bresch and Desjardins introduced the BD entropy for the first
time, for a shallow-water system where A(h) = 0 and pu(h = h, in a two-dimensional
bounded domain Q with periodic boundary conditions, i.e. Q = T2,

Oth 4 div(hv) =0, (2.36)
Oh(hv) + div(hv @ v) = — hYb 4 1 hUAR — - 2wdiv(hD(v))
Fr? Ro
+ hf —rov — rihlv|v, (2.37)
h(z,0) = ho, (hv)(z,0) =¢qp in Q, (2.38)
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2. Introduction of the BD entropy and stability results for weak solutions

with drag terms —rguv,79 > 0 in the laminar case and —rih|v|v,7; > 0 in the
turbulent case. In comparison to system (2.29)-(2.30), we have K = 1/We, v = 1/Re
and f = 1. The pressure term h?/2Fr? is a quadratic function of h.

They have shown that the following classical energy inequality can be associated
with system (2.36) - (2.37):

G e 4. ’ 2
— — +h k) 2wh|D(v)[? du dt
/Q<2Fr2+ oy ot [ ] 2D ds

T T
+/ /ro|v|2 dx dt+/ /r1h|v|3 dz dt
0 Q 0 Q

ht [vol> | |Vho|? T
< 0 h d hf-vdxdt. (2.39
_/Q<2F7'2+0 5 + K 5 a:—i—/o/ﬂfv T ( )

It is a special case of the classical energy estimate (2.6). The drag terms multiplied
by v give the additional terms, and v - v vanishes.

Remark 2.15. The conditions of Theorem 2.4 are satisfied by system (2.36) - (2.37),
where ¥(h) = h and p; = 1.

Remark 2.16. Note that the shallow-water system (2.29) - (2.31) does not fulfill
the conditions of Theorem 2.4, since u(h) = h but A(h) # 0. Thus, the general
friction shallow-water equations are not solved yet, except for the one-dimensional
case, [5].

Bresch and Desjardins have proven the following special case of the BD entropy

identity for system (2.36) - (2.37):

a
dt Jq

1 h? K T =
= 20V log h|? ~|Vh|? — 2 2.4
<2h]v+ vV log h|® + 5p2 T 2|Vh] ) dz /0 /Q vVhf dx dt  (2.40)

h|? LVh
+21// v 2’ da + 20° v dac—|—2w€/ |V2h|? dx+21/r1/ lv|v- Vh dz
9] Fr Ro Q Q

d
+ 21/7‘1/ h|v|® dz — 21/7"0/ |v|* dz — 2W0/ logh d$+/ 2vp|A(v)|* dz = 0.
Q Q dt Jo Q

The derivation is exactly the same as the one given in the proof of Theorem 2.4. We
have ¢(p) = log h and after the multiplication by 2vVh/h, the additional terms,

J_ ~
/hv+rov+r1h|v|v—hf dz,
Q Ro
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2.3. Energy estimates and the stability of weak solutions to the shallow water equations

become

LVh h ~
/21/1) v dx+21/r1/ lv|v-Vh d$—2ur0/v-vdx—/21/Vhf dz.
o Ro Q o b Q

Using the mass balance equation, we see that the second last term can be rewritten
as

h 1 1 1
7'0/ v-v— dz = —r0/ AV (=] v dx:ro/ —div(hv) dz = —ro/ —0Oh dx
o h Q h ah ah

d
= -0 dt/QIOgh dz.

Using the energy estimates (2.39) and (2.40), we are able to prove the stability of
weak solutions of shallow water equations with vanishing capillary terms (in the
presence of drag terms) in two dimensions, [7].

Definition 2.17 (Weak solutions). We say (h,v) is a weak solution of system (2.36)
- (2.37) on (0,7) if (2.38) holds in D'(Q2), the energy inequality (2.39) and the
equality (2.40) are satisfied a.e. for nonnegative ¢, system (2.36) - (2.37) holds in
D'((0,T) x Q) and if the following regularity properties are satisfied:

VVh e L®(0,T; (L2(Q)%),  Vhv e L®(0,T; (L*(Q))?),
VhVv € L¥(0,T; (L2(Q)Y),  Vhe L*0,T;(L*(Q))?), 2.41)
Vigw € LA(0,T5 (L)), ry°h'/Pv e L3(0, T3 (L3(@))?), '
VEVZh € L*(0,T; (L*(2))%)

Without loss of generality, we will assume that f = 0 since everything holds also
true for a regular enough f. We take the initial data as

mo?

ho
Vho € (L*(Q))?, —rolog_hy € LY(Q),

ho € L*(Q),  holvo|* = e L'(Q), VkVh € (L*(Q))?,

(2.42)

where mg = 0 on h~1({0}) and log_ g = log min(g, 1).
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2. Introduction of the BD entropy and stability results for weak solutions

Theorem 2.18. Let (hy, vn)nen be a sequence of weak solutions of system (2.36) -
(2.37) with initial data

hn(z,0) = hg, (hnvp)(x,0) = mg,
where h{j,vy are such that
hi — ho in LY(Q),  hZoy — hovo in LY(S), (2.43)

and satisfying (2.32) and (2.42) and let hg,mo also satisfy (2.32) and (2.42) and
assume that either r1 > 0 or K > 0. Then (hp,vn)nen converges strongly to a
weak solution of system (2.36) - (2.37) with initial conditions (2.38). In par-
ticular, hy, converges strongly in L%(0,T;L%*(Q)) and p,v, converges strongly in
LA3(0,T; (L*3(2))?).

Proof. The classical energy estimate (2.39), together with the bounds on the initial
data, yields the following uniform bounds on (A, vy )nen:

Vi

<c, H\/HD(%)

L>(0,T5(L*(2))?)

)

<
L2(0,T5(L2(Q)*)

h
VR hllmorson <€ || <c 244
L (0.74(L2(2))?) Frl| o200 (2.44)
1/3 |]31/3
vrollonllzoryaz@yn < € P n]| sy SO

for some constant C' > 0. The bounds on the initial data (2.42) yield

1 h2 K
—h 20V log hol? 0 4+ Z|Vho|? dz ) <
/9(2 olvo + 2V log hol” + o5 5 + 5[Vl x) =
since, vhovg € L?(Q), ho € L?*(Q) and Vhg € L?(2). But also
ho|V log ho|> = 4|V v/ ho|* € L' (Q), (2.45)

and

2hovg - V1og hg = 2vy - Vhg = vgv/ hoV/ ho € LI(Q),

by Hélder’s inequality (Theorem A.31), since v/hovg and Vv/hg € L%(9).
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2.3. Energy estimates and the stability of weak solutions to the shallow water equations

Since also hg € L?(£2),
—7‘0/ log, ho doz < C,
Q
where log, g = log max(g,1). Additionally,
—rglog_ ho € LY(9),
by assumption on the initial data (2.42). Therefore, also

—T‘Q/ loghg dr < C.
Q

So the BD entropy estimate (2.40) integrated with respect to ¢ yields the additional
a priori bounds (using equality (2.45)):

‘ L2(0,T3(L2(2))?) (2.46)
\/EHVQh”HL%o,T;(L?(Q))‘*) <G H\/»V%

<0,
Lo0(0,T;(L2())2

L2(0,T5(L2(2))4)

The momentum h,,v,, is bounded in L>(0,T; (L'(2))?) by Hélder’s inequality (The-
orem A.31), since both, v/h,v, and h,,, are bounded in L>(0,T;(L?(£2))?). There-
fore, by the mass balance equation (2.36), d;h,, is bounded in L>(0,T; W~11(Q))
(the definition of Sobolev spaces with negative exponents is given in Definition A.10).
Since W1(Q) — L?(Q)(see Definition A.8) by Sobolev’s embedding theorem (Theo-
rem A.9), it follows that W~11(Q) — H~2(Q2) (again by Definition A.10), therefore,
Othy, is bounded in L>°(0,T; H~2(12)). Combined with the uniform L2(0,T; H'(12))
bound on h,, Aubin’s Lemma (Lemma A.12) gives the strong convergence, up to a
subsequence, of h,, to h in L2(0,T; L?(2)), since H' << L? < H~2 see Definition
A.10. In the capillary case, when k # 0, we even have h,, € L>(0,T; H'()) and,
thus, compactness in C([0, T]; L*(9)).

Since v, € L?(0,T;(L?(2))?) is bounded it converges weakly to some
v € L*(0,T;(L?(2))?), up to a subsequence, by Theorem A.15.

In the next step, Bresch and Desjardins, [7], used Fourier projection to cut off high
frequency parts of v/h,v,. They later proposed a simpler proof in [5] using an ad-
ditional estimate on hy|v,|? In(1 + |v,|?), which allows for vanishing drag terms, see
Remark 2.20. We will give a slightly different proof using the same idea with the
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2. Introduction of the BD entropy and stability results for weak solutions

Fourier projector, which was proposed by N. Zamponi:

For any k € N, the k' Fourier projector Py is defined on L?(Q) as follows: if

> cpexp (il - ) denotes the Fourier decomposition of f € L*(Q), then Py f is given

Le7?

by the low frequency part > cpexp (i€ - x). The following classical estimate holds,
le|<k

Cp
1 = Peflliaey < o IVl Vo€ (12, [0 (247)

We introduce g € C*°(R) such that 0 < 5 <1,

Furthermore, we denote B,(-) := 5(-/a), for some positive number a. We have the
following estimate for any «,

H\/Evn - Pk(\/avn)

L2(0,T;(L2(2))?)

< H\/Evn - \/Eﬁoc(h ) n L2(0,T;(L2(Q))2)
|| VnBatha)on = Pely/ B (b
+HPk (Vhovn) = Pe(V/hnBa(h

< C\vanHy (0.T5(L2(2))?)

V(v T Ba(ln

L2(0,T5(L2(2))?)

L2(0,T5(L2(2))?)

k1/3 LQ(O,T;@G/S(Q))‘*) ’
(2.48)
by (2.47) and since
IV Pnvn — B Ba(hp)vn| < Cva vy, (2.49)
1PV Pintn) = Py BB (hn)vn)| < O/ v, (2.50)
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2.3. Energy estimates and the stability of weak solutions to the shallow water equations

by the definition of 8,. In the case when r1 > 0, we have

IV (VB (B on) || 2 0.2 1/5 1)
= ||V 1B () Vo + VBB (B )0 + 2V v/ Bl () | 20 520/ 0)
<H\Fﬂa n)Vnll 20,7, (16/5 (@)

)h2/3+5a 1/3 h1/3vn

L2(0,T5(L8/5(2))1)

< C[Ba(bn)V hnNVvn|| 20,1 (£2(02))8 hi/3u,

H%a h2/3+ﬁ (h, 1/3H

fon L2(0,T5(LS/5())1)

L=((0,T)x9)

since, by the definition of $4(hy) and by (2.46), Bavha Vv, € L%(0,T;(L?(Q))%)
and 28, (hn)h2® + Bahi /3 € L((0,T) x Q), furthermore,

hY/3y,

<ol

|

by the generalized Holder inequality (Remark A.33), thus, since Vv/h,, € L>(0,T; (L?(2))?)
by (2.46),

L2(0,T3(L2(Q))*
H /B h2/3+ﬁ ( 1/3H

L3(0,T5(L3(2))%)

LS(0,T5(L2(Q Loo((0,T)x9)

hi/ 30

<C|

|

Ba(hn) VB Voy,

L2(0,T5(L2(Q))) ‘ "1L3(0,13(L3(92))2)

Hw h2/3+ﬁa( W 1/3‘

Loo(0,T;(L2(Q2 L2 ((0,T)xS)

In the capillary case k > 0, we see that

IV (v BB (B ) v )|l 20, (1875 (02))4)
= ||V hnBa(hn)Vop + V/ by Ba (b)) v + 2v\/7ﬁa n TLUHHLQ(O,T;(L6/5(Q))4)
<NV haBa(hn) Vonl| 120 71645 (02))4)

+ (ﬁ (h ) 2Bh04 2hnvnv\/7

L2(0,T5(LS/5(2)")
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2. Introduction of the BD entropy and stability results for weak solutions

a\l'n n n 2 nwn
—O‘ﬁ (h) Vo V0 L2(0,T3(L2(Q))4) +H fin Loo(0,T5(L5/5(2))1)
Ba
) + g5 ,
Leo((0,T)xQ)

again, since Bo(hn)vVhn Vo, € L2(0,T; (L2())*) by (2.46) and 28/, (hy) + Ba/2hn €
L>((0,T) x Q) by the definition of 3, additionally, with 2h,v,Vv/h, = \/hyv,Vhy,
‘ )V hn Vo,
C H V hn n n '
- ! Lo (0,T5(LS/5())1)
ﬂoz \/ nVup
+CH V o Loo(0,75(L2(R2))2
Ba

(I )+m

L2(0,T3(L2(Q))%)
Ba

o (B )‘i‘ﬁ

)

> ((0,T)x)

gc‘

L2(0,T5(L2(2))%)

HV nllL2 023 )?)

I

Lo ((0,T)x )

again by the generalized Holder inequality (Remark (A.33) and, finally, we use the
Gagliardo-Nirenberg inequality (Theorem A.28) on the norm of Vh, (the precise
derivation was done in Remark A.29),

\/>an —i—CH\/:vn

L2(0,T5(L2(Q Lo (0,T3(L%(2))?)
2/3 1/3
(HVh 172 o HV2h 20,22 +C\|th||L°°<o,T;<L2(m>2>)
' ging) + 2ol ”) -
2hn || Loo ((0,1)x02)

Thus, the left hand side of equation (2.48) is uniformly bounded by Cv/a+Cy-k=1/3,
by the a priori bounds (2.44) and (2.46) in both cases. Therefore, the high frequency
part of /h,v, is arbitrarily small in L?(0,T; (L?(2))?) uniformly in n, for large
enough k.

Since vhnv, € L(0,T; (L?(£2))?) is bounded, we have weak convergence, up to a
subsequence of v/h,v, to some vhv in L2(0,T; L2()) D L>®(0,T; L*(2)), by The-
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2.3. Energy estimates and the stability of weak solutions to the shallow water equations

orem A.15. Let € > 0, we want to prove the strong convergence in L?(0,T; L*(Q2)):

Vhmen = Viollzoazy < [[Vinvn = PeVhmen)|| o (2.51)

+H\/EU—P;€(\/EU)’ +HPk (Vhnvn) — Po(VE )‘

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

Since the high frequency part of v/h,v, is arbitrarily small uniformly in n for some
large enough k, there exists a k = k(e) such that

€

L2(0,T;L2(9)) <3

H\/Evn - Pk(\/avn)

<zt |[Vho- BV

L2(0,T;L2()) 3

We use the definition of Py, to see that

|| Pe(V/huon) = Pe(vho) HiQ(O,T;LQ(Q)) = [| Po(v/hnon — \/EU)HiQ(O,T;LQ(Q))
2

= CZ/ _Z“\ﬁvn \fv de e

¢|<k

—+ 0 (n—00) L2(0,T;L3(Q))

since v/h,v, converges weakly in L2(0,T; L?(Q2)). In other words, we can find an
index n. > 1 such that

HPk (v havn) — Py \Fv)‘

€
L207:02(Q) 3

Therefore, inequality (2.51) yields

IV Bnvn — Vol 202y < € 1> ne,

i.e. the strong convergence of v/h,v, to vVhv in L2(0,T; L2()).

This, combined with the strong convergence of the h,, in L?(0,T; L?(2)), the weak
convergence of v, in L?(0,T;L*(Q)) and the weak convergence, up to a subse-

quence, of hi/2v, in L3(0,T; L3(f2)), enables us to pass to the limit in the terms
P Uy Bntn @ v, B2, movy, and 71 Ay |vs v, by Theorem A.14.

Next we will show the convergence of h, D(vy,) in D'((0,T) x ). We calculate
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2. Introduction of the BD entropy and stability results for weak solutions

hnVvn = V(havn) — 2/ havn VA I,

therefore,

T T T
/ / hnVo,¢ dx dt = —/ / hnvn, Vo do dt —/ / 2v/ hponV/hpo dz dt.
0 Q 0 Q 0 Q

Since v/h,, converges strongly in L*(0,T; L*(Q)) and v/h,v, converges strongly in
L%(0,T; (L*(2))?), hyvy, converges strongly in L*/3(0,T; (L*3(2))?), by Holder’s in-
equality (Theorem A.31). Therefore, the first term on the right-hand side converges
to

T
—/ / hvVe¢ dx dt,
0 Q

The sequence v/, v, converges strongly in L2(0, T; (L*(Q2))?) and V+/h,, is uniformly
bounded and, therefore, converges weakly in L%(0,T; (L?(2))?), up to a subsequence.
Therefore, 2v/hi, v, V/hy, converges weakly to 2v/hvV/h in L?(0,T; L?(Q)), by The-
orem A.14. Thus, the second term is convergent, too. A similar argument holds for
AL

We rewrite the nonlinear term xh, VAh,:

B [Ty
2 2

kh,VAh, = KV < > — kdiv(Vh, ® Vhy).

The strong convergence of Vh,, in L%(0,T; (L%())?) suffices to pass to the limit in
the nonlinear terms. Since 0;h,, € L*(0,T; H=2(Q)), &;Vh,, € L*(0,T; (H3(Q))?)
and also Vh,, € L%(0,T; (H*(9))?) by (2.46). We can apply Aubin’s Lemma (Lemma
A.12) to H' <+ L? < H~3 and obtain the desired strong convergence.

Since Vh,, and h,, converge strongly in L?(0,T; (L*(2))?), the pressure term h,, Vh,,
converges strongly in L'(0,T; L'(2)) by Theorem A.14.

We have shown the strong convergence of (hy, vpn)nen t0 (hn,vy), i.e. the stability
of weak solutions of system (2.36)-(2.37). O
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2.3. Energy estimates and the stability of weak solutions to the shallow water equations

2.3.1. Construction of approximate sequences of weak solutions to
the shallow water equations

It is important to know how to construct such uniformly bounded sequences of so-
lutions with the desired qualities. We will recall the most important steps in the
construction of such a sequence which was shown by Bresch and Desjardins in [9].

We look at a slightly perturbed system which preserves the BD entropy. Three
smoothing terms are added to the right hand side of the momentum equation (2.37).
Two of them are associated with a small parameter ¢ > 0, they mollify the height
function and keep it away from zero (then we have existence of global weak solu-
tions for this mollified system). The third term is a parabolic term in v, scaled by
a positive parameter n > 0. The modified system is globally well posed for fixed €
and 7. By taking n — 0, we have to make sure that the bounds on the approximate
solutions, which are required in order to prove the stability results, are fulfilled uni-
formly in e. Then, using the stability results given in the proof, the global existence
of weak solutions is obtained by taking ¢ — 0.

Let € > 0 be fixed and 1 > 0. We consider the system

Othey + div(heyven) = 0,
| Vi,
Ot (henven) + div(henVen ® Ven) + s + T0Ven + 71 [Ven | Ve — Khen V Ahey,

2Fr?
= div(20hey D(vey)) + €hey VA hey — €Vp(hey) — A0,
h€7l(0’ ) = hO,e,n» Qe:n(o’ ) = q0,e,n>

for some large enough integer s and an additional nondecreasing pressure term p(h),
which we will choose such that h remains spatially regular enough. W.l.o.g. we set
v = 1. The initial conditions satisfy

ho,ems Qo € C(8), ho,e > € >0 a.e. in €.

The classical energy estimate for this system is given by:

d [Vey|® hzn € lo2s+1; |12, K 2
pn Q(hm 5 +2FT2+§\V hen| + 5 [Vhey|” + eheylT(hey) |

+ / (2hen| D (ven)|? + 1| Avey|? + 70|ven|* + r1hen|vey|®) do = 0.
Q

The system also preserves the BD structure (again ¢ = log hy):
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2. Introduction of the BD entropy and stability results for weak solutions

d |Ven + 2V log henP hzn € 1 o2sils |2
dt/g<h“7 2 tapa TV hal

+ g |Vh€n|2 + €heyll(hey) — 279 log hen) dz + / <2hm|A(vm)|2 + 7| Avey?
Q

2|Vhe|? 2
‘ZW”' +e| A% b | + 26 (hey) ‘V\/hm

+ r1h6n|v6n|3> dx = —277/ Ave, - VAlog heyy da — 2/ 71 [Ven|[Ver - Vhey da.
Q Q

+ +/€\Ah5n|2+ro\ven|2

These two energy estimates give regularity on he,; and ve,. As a matter of fact, the
additional pressure may be taken as p(h) = —h~3. Then the internal energy has the
form TI(h) = h=*/4. In that case we can take s > 2 and the energy estimates yield
that the height is bounded and bounded away from zero all the time, [9].

Also, the following estimates hold:

VVh e L=(0,T; (L*2(Q))%),  Vhv e L>®(0,T; (L*(Q))?),
VhVu € L2(0,T; (L2(Q)Y),  Vhe L*0,T;(L*(Q))?),
Vv € 20, T (LA()?),  n/°h'Pv e L3(0,T; (L3 (2))?),
VRV € LAO.T (LX), Vi € LA0.T3 (L)), (252
VeA T h € L2(0,T; L2(Q)), VeV h e L™®(0,T;(L*(Q))?),
% € L®(0,T;L'(Q),  eVh~3/2 e L2(0,T; (L2())%).

For given € and 7 the mollified system has global in time unique solutions since
the height function is bounded away from zero all the time. The construction of
solutions of this system, which satisfy the energy estimates, is done by a Galerkin
method and by applying existence results for ordinary differential equations, see
[26]. Then we let  go to zero while keeping e fixed. The positive lower bounds
on (hep)n>o0 hold uniformly in 7. Furthermore, (ve,),>0 converges strongly to some
limit velocity v in L2((0,T) x ), [9].

Remark 2.19. The drag terms give additional information on (h,v). The laminar
friction term yields the a priori estimate ||v||2( 1,(12())2) < C- It takes care of
possible concentrations on the vacuum set:

<C

m
HUHL2(O,T;(L2(Q))2 H ‘

L2(0,T5(L2(2))?)
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2.4. Energy estimates for Quantum Hydrodynamic models

The turbulent friction term is necessary to prove the stability if the capillary coeffi-
cient kK = 0.

Remark 2.20. With a newer estimate on the boundedness of h|v|?In(1 + |v|?) in
L>=(0,T; L*(9)) given by A. Vasseur and A. Mellet in [27] (see Lemma 3.14), we can
prove the stability of weak solutions without drag terms. The proof follows exactly
the steps given in the proof of Theorem 2.18, but the strong convergence of v/h, vy,
is proven by Lemma 3.18.

Remark 2.21. Note that in dimensions greater than two, building a sequence of
approximate solution with the desired qualities without the presence of drag terms
is still an open problem. If one succeeds to construct such a sequence without drag
terms in dimension three, one will have proven the global existence of weak solution
of the friction shallow water equations without drag terms in dimension three, by
Remark 2.20.

2.4. Energy estimates for Quantum Hydrodynamic
models

Another Korteweg-type equation is given by the Quantum-Navier-Stokes model. We

will rewrite the balance equations entirely in terms of the new effective velocity vari-

able v + Vo(p).

Let Q be the whole space R%. We consider the barotropic Euler equations

Op + div(pv) = 0, (2.53)
O (pv) + div(pv @ v) + Vp = pf + 2div(u(p)D(v)) + V(A(p)div v) + div K, (2.54)
p(.,0) =po, u(.,0)=wup, inQ, (2.55)

where we assume the Korteweg-type stress tensor K to be of the form
K = pu(p)V%0(p) = 1(p)9" (p)|Vp|*+u(p)¢'(p)V2p. This expression is obtained from
the general form of the Korteweg tensor (1.24) by setting o = u(p)¢”(p), 8 =~v=10

and 6 = p(p)d'(p).

As will be proven in the next theorem, rewriting the balance equations entirely in
terms of the new effective velocity variable w = v+ V¢(p) eliminates the third order
capillary terms.

We have to make different assumptions on the relation between p and A than those
we used in Section 2.1.
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2. Introduction of the BD entropy and stability results for weak solutions

Theorem 2.22 (Viscous Euler Formulation, [22]).
Let (p,v) be a smooth solution to the barotropic Euler equations (2.53)-(2.55) and
let

W(p) = plp), i-e. p¢'(p) =1 (p), and  Np) = pp'(p) — p(p)- (2.56)

Then (p, w) with w = v+ V¢(p) is a smooth solution to the viscous Euler system

Op + div(pw) = Ap(p), (2.57)
O(pw) +div(pw @ w) + Vp = pf + A(u(p)w) inQ, t>0, (2.58)
p(.,0) = po, w(.,0) =wup+ Vo(py) in Q. (2.59)

Moreover, if (p,w) is a smooth solution to system (2.57)-(2.59) then (p,v) with
v = w — V(p) solves (2.53)-(2.55). Furthermore, the following energy identity
holds:

jt/g (;’”"'2 +H(P)> dx+/ﬂ(u(P)le2 +¢'(p)p (p)|Vpl*) do = /pr-w dz.

(2.60)

Before we give the proof of Theorem 2.22, we mention the differences of the energy
identity above to the ones derived in the former sections.

Remark 2.23. The relation between p and A differs from the relation given in
Section 2.1,

1(p) = ¥ (p), A =2 (p¥'(p) — ¥(p)). (2.61)

Also the treated capillary stress tensor is a different one.

Remark 2.24. In Theorem 2.22, Jiingel has shown that the BD entropy is a math-
ematical entropy for a class of capillary Navier-Stokes equations, which was not yet
covered in the works of Bresch and Desjardins, since the treated Korteweg tensor is
a different one.

Remark 2.25. The right hand side of the momentum equation written in terms of
v contains third order derivatives of the function ¥(p), while the right hand side of
the momentum equation written in terms of w only contains second order derivatives
of the function p(p) = ¥(p).

Remark 2.26. With the relation between p and A and the capillary tensor given
in Section 2.1, we can rewrite the system (2.1) - (2.2) partially in terms of w.
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2.4. Energy estimates for Quantum Hydrodynamic models

We assume that p1 = 3 in equation (2.61). Therefore, ¥(p) = 2u(p) and
pd(p) = 24 (p), furthermore A = 2(pu/(p) — u(p)). We can rewrite the equations
(2.1) and (2.2) with w := v + V¢ and Remark 2.7 as:

Op + div(pv) =0, (2.62)
i (pw) + div(pv @ w) + Vp(p) = pf + 2div(u(p)A(v)) + pV (' () A¥(p)).

Proof of the assertion made in Remark 2.26. We will first discuss 9;(pV ¢):

iV e(p) = V(¢ (p)0ep) = =V(¢' (p)div(pv)),

thus,

O (pVd(p)) = =Vo(p)div(pv) — pV(¢'(p)div(pv))
= —V(pd'(p)div(pv)) = =V (24 (p)div(pv))
= =2V (pp'(p)div v) — V(24'(p)vdivp)
N— ———
=—V(2vdivu(p))
= =2V (pp/(p)div v) — V(div(2u(p)v)) + V(2u(p)div v)
= —V(div(2u(p)v)) + V(2(u(p) — pi/ (p))div v).

We used p¢/(p) = 24/(p). Additionally,

div(pv ® Vé(p)) = div(pv @ ¢'(p)Vp) = div(pg'(p)v @ Vp)
= div(21/ (p)v ® Vp) = div(v @ 2V u(p))
= V(div(2u(p)v)) — div(2u(p) Vo).

Therefore, we obtain, with A(p) = 2(pi/(p) — 1(p)),

O(pw) + div(pv ® w)
= 0(pv) + 0 (pV(p)) + div(pv ® v) + div(pv ® Vo(p)) =
= —Vp+pf +2div(u(p)D(v)) + V(A(p)div v) + pV(¥'(p) AT (p))
+ V(div(2u(p)v)) — div(2u(p) Vo) = V(div(2u(p)v)) — V(A(p)div v).

Together with
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2. Introduction of the BD entropy and stability results for weak solutions

2div(p(p) D(v))—2div(u(p) Vo)
= div(u(p)(Vo + Vol —2Vo™)) = 2div(u(p)A(v)),

this proofs the assumption. O

Remark 2.27. Note that the capillary tensor cannot be eliminated in this formu-
lation.

Proof of Theorem 2.22. Equation (2.57) follows directly from

Op + div(pw) = Op + div(p(v + V(p))) = Op + le( v) + div(pVe(p))
= div(pd'(p)Vp) = div(i/(p)Vp) = Ap(p).

In order to prove the momentum equation we first give some helpful results:
Similar to the the proof of Remark 2.26, with the different relation u'(p) = pg’(p),
we can show that

A (pVe(p)) = =V (div(u(p)v)) + V((u(p) — pi'(p))div v).

Additionally,

div(pVe(p) ® Vo (p)) = div(Vpa(p) © Vo(p)) = Alu(p)V(p)) — div(ja(p)V26(p)),
div(pV(p) © v+ pv © Vo(p)) = Alu(p)v) — 2div(u(p)D(v)) + Vdiv(u(p)v).

Thus, using the system of equations (2.53)-(2.54) alongside all equations above, we
can show that

O (pw) + div (pw @ w)
= 9(pv) + 0 (pV(p)) + div(pv ® v)
+div(pVe(p) @ Vo(p)) + div(pVe(p) @ v + pv ® V(p)
= (=Vp+ pf + 2div(u(p) D(v)) + V(A(p)div v) + div(uV?¢(p))) — V(div(u(p)v))
+ V((1(p) — prt' (p))div v) + A(u(p)Vé(p)) — div(u(p) V3 (p))
+ A(u(p)v) — 2div(p(p)D(v)) + V(div(p(p)v))
=A(u(p)w) — Vp +pf,

)

since A(p) = (pp'(p) — 1(p)) by definition.
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2.4. Energy estimates for Quantum Hydrodynamic models

Finally, we want to proof the energy equality (2.60). Firstly, we differentiate the
energy with respect to the time ¢,

d P 2 _ Lo !
7 Q<§|wl +H(p)> dx—/528tp2]w| +1'(p)0tp + pOyw - w dz

1
- /Q(?tp2]w|2 + 10 (p)Osp + O (pw)w — dpp|w|* da
1
= / <0t,0 <—2w|2 + H'(p)) + O (pw) - w> dz.
Q

Then we integrate by parts and use the mass balance equation equation (2.57) and
the definition of II, pI1”(p) = p’(p), to obtain the following identities,

1
/ div(pw) = |w|? dz = / div(pw ® w) - w dz,
Q 2 0

similar to equation (2.8). Additionally,

/div(pw)ﬂ' dz = / pw - VII' do = / pw - Vpll” do = / w - Vp(p) dz,
Q Q Q Q

—/Au1]w|2 dx:/w-v 1\w|2 dxz/WVw.wdx
o 2 0 2 0

—/V(uw)-Vw—MVw\Q dx——/A(uw)w dx—/,u|Vw\2 dz,
Q Q Q

/AMH' dz = —/ V- VI dz = —/ W |Vp|? de.
Q Q Q

Using these identities and the balance of mass and momentum equations, (2.57) and
(2.58), the energy estimate reads

G [ G +11) ao= [ (o (~5lu+ 7)) + 0w w) o

. 1 . 1
(011V(pw)2!w|2 — div(pw)II'(p) — Au§\w!2 + Apl' (p) + O (pw) - w) dz

I
S— 55—

(div(pw ® w) - w+ Vp - w — A(pw)w — w|Vwl? — /1" |Vp|? + 0 (pw) - w) dz

(—ulp)|Vw]* = T (p)|Vpl* + pf - w) da.
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2. Introduction of the BD entropy and stability results for weak solutions

By the definitions of u(p) and II(p) we get p/'TI” = p¢'II” = ¢'p’, which proves the
claim. O

2.4.1. The Quantum Navier-Stokes model

A quantum fluid model is given by

Op + div(pv) =0

A (pv) + div(pv ® v) + Vp — 22pV (f}f) — of + 2vdiv(pD(v)). (2.63)

The viscosity is given by p(p) = vp and € > 0 is the scaled Planck constant, [18]. This
system can be obtained from system (2.53)-(2.54) by choosing ¢(p) = (¢2/v)log p.
For v = 0, it is called quantum hydrodynamic model which is employed in semicon-
ductor simulations.

Jungel used the formulation of the Euler equations entirely in terms of w and the
arising energy identity to prove the global existence of weak solutions for the one
dimensional quantum Navier-Stokes model with € = v:

Theorem 2.28 ([22]). Let d=1 and py € WH2(R),vg € L>®(R) such that pg > § > 0

in R. Assume that p(p) = p for p > 0, (p) = p¢'(p), \(p) = pt'(p) — p(p),€ = v,
and f = 0. Then there exists a smooth bounded solution (p,v) to (2.53)-(2.55) sat-

isfying p(x,t) > c(6,t) > 0 for (x,t) € R x [0,00).
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3. Stability of weak solutions
to the barotropic compressible
Navier-Stokes equations

A. Mellet and A. Vasseur showed, in their paper On the barotropic compressible
Navier-Stokes equations, [27], that the entropy discovered by D. Bresch and B. Des-
jardins is not only useful to prove the stability of solutions of Navier-Stokes equations
with Korteweg terms, but it can also be used to prove the stability of weak solutions
of a system that does not contain any capillary terms. We will discuss these stability
results in this chapter.

We assume that Q@ = R? or Q = 79, for d = 2 or d = 3, is a domain with periodic
boundary conditions. We consider the Cauchy problem for the following system of
isentropic compressible Navier-Stokes equations with positive initial conditions:

Op + div(pv) =0 (3.1)
¢ (pv) + div(pv @ v) + Vp? — div(2u(p)D(v)) — V(A(p)div v) = 0 (3.2)
p(0,z) = pg > 0, pv(0, ) = my.

The density p(z,t) and the velocity v(x,t) are both functions of the spatial variables
x and the time ¢. Throughout this chapter we will use the notation p := p(z,t) and
v := v(x,t). The pressure is given by p(p) = p” for any v > 1 and D(v) is the
symmetric part of the velocity gradient D(v) = 1/2(Vv 4+ VoT). The viscosity
coefficients 1(p), A(p) € C?(0,00) are once again assumed to fulfill

Ap) = 2o (p) — 2u(p). (3.4)

Furthermore, we have to make additional assumptions on u(p) and A(p). We assume
that there exists a positive constant v € (0, 1) such that

W(p)>v,  pu(0)>0, (3.5)
(o)l < 4 (0) (36)
vi(p) < 2(p) + dN(p) < (p). (3.7)

If d =3 and v > 3 we need the additional requirement,
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3. Stability of weak solutions to the barotropic compressible Navier-Stokes equations

lim inf #(p)
p—+00 p 7v/3+€

>0, (3.8)

for some € > 0.

Remark 3.1. In particular, u(p) = p and A(p) = 0 satisfy the requirements (3.4) -
(3.7). In the two-dimensional case, for v = 2, we recover the Saint-Venant equations.
Therefore, we can apply the stability results given in this section to the shallow water
system (2.36)-(2.37), see Remark 2.20.

Remark 3.2. The estimates in (3.7) yield |A(p)| < Cyou(p), C, > 0, ¥p > 0.
Together with (3.4) condition (3.7) implies

d—14+v _u(p) d—1+41/v
< < , Vp >0, 3.9
dp w(p) dp (3.9)

thus, for some C > 0,

(3.10)

Cpld=D/dtv/d < () < Cpld=D/dH1/(d) 5> 1
Cp(d—l)/d+1/(du) < ,u(p) < Crp(d—l)/d—‘,-u/al7 p<1

In particular, p(0) = 0.

We treat systems with zero capillarity, i.e. the Korteweg tensor X = 0. The viscosity
coefficients 1u(p), A(p) € C%(0,00) are regular enough to derive the energy estimates
(2.6) and (2.7) for smooth solutions of system (3.1)-(3.2) and they are also assumed
to satisfy the relation for the BD entropy (3.4), with p; = 1/2 in (2.3). Thus the
energy estimates associated with system (3.1)-(3.2), are given by:

1d d

dz +2 D(v)?d Ap)(di de + — Y dz <

531 ot dee2 [ woDe dos [ Ap)iv o dot [ g de <o,
(3.11)

p|v—|—V¢)| dx + V(]ﬁ ) - Vp? dz
2dt

+d/ ! 701:c+/2()|A(v)|2dgc—o (3.12)

i ) 1" 2 =0, :

with A(v) = (Vo — VoT) and since
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If u(p) and A(p) satisfy 2u(p) + dA(p) > 0, and the initial energy is bounded, i.e.,

1 ) 1
2/QpOUO +2ﬁpg dlU < +OO,

1
2/ po|V(po)|* dz < +oo,
Q

integrating the estimate (3.11) with respect to the time yields the following a priori
bounds on smooth solutions (p,v) of system (3.1)-(3.2):

Vpol| Lo 0,1:(L2(0)) < C (3.13)
ol oo 0,107 () < C, (3.14)
1V 1(p) D(v) )l L2(0,1;(22(0))axay < C. (3.15)

The BD entropy estimate (3.12) gives the additional bounds,

VAV O (D) Los (0.7 (22(02))1) < C
Vo - Voo 0)) < C.

Additionally, since p(p) is assumed to be increasing with respect to p and, therefore,
also ¢' = 24/(p)/p > 0,

*H\fv¢ Pl oo (0,T;(L2(Q))4 *H\f‘ﬁ VPHLOO 0,T;5(L2(2))4)

=2[| () VPl Lo 0,722 (02))2) < C,

Hpcb Vp
Lo°(0,T3(L(2)?)

and also

Ve - Vol oz = 16'Vo- Vo llpior.oi@) = 100" (Vo)L o1 )
= /072 (V) 10,1501 (9) = CHIV I (0)P 2V pll 20 7,12 00)0) < C-

So, in particular, we have

1 (9)V Al owgorxz2(00) < C (3.16)
IV )P 20l 20 a2y < C- (3.17)
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3. Stability of weak solutions to the barotropic compressible Navier-Stokes equations

Furthermore,

V1)V ol| 20,712 () axay < C, (3.18)

since we have this estimate on both, the symmetric and the antisymmetric part of
Vo by (3.11) and (3.12).

Finally, if we integrate the mass balance equation (3.1) over 2 and use Reynold’s
Transport Theorem (Theorem 1.2) for smooth solutions of system (3.1)-(3.2),

0= / Op + div(pv) de = — [ pdz,
0 dt Jo
we obtain the natural L' estimate,
ol Lo (0,121 (02)) < Cs (3.19)

if we assume that the density is bounded initially, pg € L°°(0,T; L' (£2)). This L' es-
timate is already covered by the classical energy estimate, since (3.14) automatically
yields (3.19).

Remark 3.3. Under assumption (3.5) the two estimates (3.16) and (3.17) give
additional control on p and p?. This will be enough to prove the stability of weak
solutions.

Remark 3.4. The conditions allow for viscosity coefficients to vanish on the vacuum
set. In fact, we gain some regularity on the density on the vacuum set while we lose
some regularity on the velocity.

One of the key tools of the proof will be the following Lemma.

Lemma 3.5. Assume that (3.7) holds, then smooth solutions of system (3.1)-(3.3)
satisfy the following inequality for any 6 € (0,2):

d [ 1+4]v)?
L e daz:+V/M(/J)(lJrln(lJrIv\Q))ID(’U)\2 dz
dt Q 2 2 Q
-0
col (2T (2 W(/ @it ) @)
< x pl2+ n(l+ v
Q 1(p) @
JrC/u(p)IVvl2 da. (320
Q
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Proof. We mulitply the momentum equation (3.1) by (1 + In(1 + |v|?)) - v,

Ar(pv)(1 4+ In(1 + [v]?)) - v + div(pr ® v)(1 + In(1 + |[v]})) - v
+ Vo (1 +1In(1+ |[v%) - v — div(2u(p)D(v))(1 4+ In(1 + [v]?)) -v  (3.21)
— V(A(p)div v)(1 +In(1 + [v]?)) - v = 0.

Then, we expand the terms J;pv, div(pv ® v) and use the mass balance equation
together with the identities

1+ |v)?

v - (1+In(1 + [v[*)v = ( In(1+ !v|2)> )

1+ |v]?

Vo-(1+In(1+[v*))v=V < In(1+ |v|2)> .

This gives

(Ou(pw) + div(pv © v)) - (1 -+ (1 + [of2) -0 =
pOv - (1 +1In(1 + [v]*)v — div(pv) - v - (1 + In(1 + |v]?))v
+div(pv) - v - (1+1In(1 + [v]*)v + pv - Vo - (1 +1In(1 + |v]*))v

1 2 1 2
= p0; < +2|U| In(1 + \v|2)> +pv-V <+2|U|1n(1 + |v|2)> :

We insert this equality into equation (3.21) and integrate over €. By integrating by
parts in the diffusion terms,

- /QdiV(Q,u(p)D(v)) (1 +In(1+ |vf*) v dz =
2
/QZM(p)(l Fin(1 4+ [o2)D(v) : Vo dx—i—/ﬁ?u(p)HW(Vv o) - (D(v) v) dz,
— /QV()\(p)diV v)(1+1In(1+ |v|?)) -0 do =

/ Ap)(1 + In(1 4 |v]?)(div v)? dz —I—/ A(p)div v (Vo v) v de,
Q

Q 1+ [v]?

we obtain, with D(v) : Vv = |D(v)|?, since D(v) is symmetric,
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3. Stability of weak solutions to the barotropic compressible Navier-Stokes equations

/ PO
Q

+

1 2 1 2
+2’”‘ ln(1+|v|2)> dx+/,ov-v<+2’”’1n(1+|v|2)> dz
Q

2
14 [o?

2
AMp)(1+In(1 + Jv*)(div v)? d= —l—/ A(p)div UW(VU v)-v dw
0] (%

20(p)(1 + In(1 + [oP)| D) de + /Q 20(p) (Vo 0) - (D(v) v) da
+

+ [ (1+In(1 + |[v*)v-Vp? dz =0,

S5 —5— —

We use the general identities,

(div v)? ZZavzavj<ZZ (9507 —|—6v)<d\D( )1?,
condition (3.7) and Remark 3.2 to obtain:

5 +| |2 (1+ v )> dac—i—/(zpu.V(l—'—len(l_i_Mz)) dr (3.22)
)(1+In(1+ [v]%))|D(v)[* dz
< -

/(1+1n(1+]v| ))v-Vp? dw+C/ (p)|Vo|* da.

By multiplying the mass balance equation by HU' In(1 + |v|?) and integrating by
parts, we obtain

1+ [o]? 1+ Jof?
[ m s v ao - [ pow (R o)) do=o.
Q 2 Q 2

Adding this equality to inequality (3.22) gives

d 1+ [o? 2 2 2
a ), P In(1+ |*)dz+v [ plp)(l+1In(l+|v]%))|D(v)|* dz
Q
/(1 Fin(1 + o)) - Voo dx—i—C/ ()| Vol da. (3.23)

We need to bound the right hand side of inequality (3.23). Therefore, we integrate
by parts in the first term on the right hand side and use
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Holder’s inequality (Theorem A.31) in the second step,

(3.24)

/(1 +1In(1 + [v]?))v - Vp? dz
Q

2
< —_— v p’d
< /Ql_i_‘UP(Vvv) vp? dx

/2va7dx
Q

cx( o) (L)

The last term on the right-hand side of this equation can be equally bounded by
Hoélder’s inequality in the first step and by using the general inequality

2 .
+ '/Q(l +1In(1 + |v|7))(div v)p” dz

<

2 : Y dz
+ ’/g}(l%—ln(l—i— [v[*))(div v)p” d

/9(1 +In(1 + [vf*))(div v)p” dz

together with (3.7) and Remark 3.2 in the second step:

‘/Q(l +1n(1 + [v]?))(div v)p? dz

= </§2<1 + (1 + [v]*))u(p) (div v)* dw>1/2 (/Q(l +In(1 + yv\Z))/f(Q;) dx) 2

Z n ’1)2 7}2 x n 1)2 LQ’Y i
SQZka(1+H)M@WX)!d+%LAﬂ+1G+¢\Dmmdk |
3.26

Inserting the inequality (3.26) into inequality (3.24) while using the general inequal-
ity (3.25) for the nonnegative terms,

(o) ()"

we obtain

/(H—ln(l + o)) - VpT da
Q

SC/MMWde
Q

2

2 2 2 L X
/9(1+1n(1+|v| )u(p)|D(v)| dx+0v/ﬂ(2“n(1+|” Ny 4

14

T3
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3. Stability of weak solutions to the barotropic compressible Navier-Stokes equations

By Hélder’s inequality (Theorem A.31), the last term satisfies

2 P%’
24+ 1In(l+ |v —— dx
(2—4)/2

p2-3/2) /70 o
/( p(p) > do </Qp(2+ln(1+yv\2>)2/5 dx) ,

Q

for any ¢ € (0,2), which proves the Lemma. O

Definition 3.6 (Weak solutions). We say that (p,v) is a weak solution of system
(3.1)-(3.3) on [0,T] x Q if

p € L®(0,T; L' () N L7()),

VP € L¥(0,T; H' (),

Vv € L2(0,T; (LA()?),

u(p)D () € L*(0, T3 (W' (@) 4),

Mp)div v € L2(0,T; W, 1 (Q)),

loc

with p > 0 and (p, \/pv) are solving

Oip + div(y/py/pv) = 0

p(0,2) = po(z) in D'((0,T) x Q),

and the equality

T
/mo -¢(0,-) dz +/ / VP(/pv)oid + \/pv @ \/pv : V¢ dx dt
Q 0 Q

T
+/ / pldiveg dx dt — 2u(p)D(v), Vo) — (A(p)div v,dive) = 0,
0 Q

holds for all smooth test functions with compact support ¢ € D((0,7) x ), such
that ¢(T,-) = 0.

Remark 3.7. The diffusion terms make sense when we write them in index notation,
while we use Einstein’s summing convention (Definition A.26), as
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2u(p)D(v), Vo)

/0 /Qﬂi(/?(ﬁvj)amj d dt_/T/(\fpvj)Qu/(p)ai\/ﬁaiqu dz dt

/OT/QM\%) (Vpvi)0jip; dw dt—/ / V)20 (p)05/p0:; dx dt,

and

(A(p)div v, dive)

T T
- /)‘(p)(\/ﬁvz‘)@ij%‘ dz dt—/ /(\/'BUJ)Q)\/(p>8i\/ﬁaj¢i de dt.
@ 0o Ja

0 P

Theorem 3.8. Assume that v > 1 and u(p), \(p) € C%(0,00) satisfy the conditions
(3.4) - (3.7), and (3.8) if v >0 and d = 3.

Let (pn,vn)nen be a sequence of weak solutions of system (3.1)-(3.2) satisfying the
entropy inequalities (3.11) and (3.12) together with the inequality (3.20), with initial
data

pu(,0) = pi(z)  and  pava(w,0) = g (2)0f(x) = mi(a), (3.27)

where py, vy are such that

pr >0, pt— poin LNQ),  phul — povo in L}(Q), (3.28)

and satisfy

n |U(7)l’2 1 ny ny—1 ny|2
Po— T P dr < C, (po) " IVulpg)l” do < C, (3.29)
Q v Q
and
n 1+ ’U(SLP n|2
ph—y In(1+ |vg|*) dxr < C, (3.30)
Q
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3. Stability of weak solutions to the barotropic compressible Navier-Stokes equations

for a constant C' > 0 independent of n. Then, up to a subsequence, (pn,/PnUn)neN
converges strongly to a weak solution of system (3.1)-(3.3), which satisfies (3.11),
(3.12) and (3.20).

In particular, p, converges strongly in C°(0,T; L?O/E(Q)), \/Pnn converges strongly
in L2(0,T; L2 () and the momentum p,v, converges strongly in L'(0,T; L} ()

for any T > 0.

Remark 3.9. For the sake of simplicity we will dismiss the superscripts (L?(£2))¢*?
and (L%(Q))? in the following and will just write L?(Q2) and proceed similarly with
all other spaces.

Remark 3.10. To prove the stability of weak solutions we have to pass to the
limit in the term p,v, ® v, which requires the strong convergence of /p,v,. Thus,
we have to show the compactness of \/ppv, in L*((0,T) x Q). This is achieved
by having a better estimate on p,v2 than the L*(0,T;L'(£2)) bound, namely a
L*>(0,T; Llog L(92)) bound, which will be a result of Lemma 3.5.

Remark 3.11. It is an important open problem to construct a sequence of approx-
imate weak solutions (pn, vn)nen that fulfills all the requirements made in Theorem
3.8 for the barotropic Navier-Stokes equations in 3 dimensions, [5]. Anyone who
succeeds in constructing such a sequence will have proven the global existence of
weak solutions.

Proof of Theorem 3.8. If the initial data (pf,v() satisfies the assumptions (3.28) -
(3.30) we have, in particular,

phe L'NLY,  pp >0 ae.,

polvg|” € LY(Q),

VoV e(es) = 2Vu(pg)/ /e € L (),
vg[?

/pgln(l—i- 2 2) da < C.
Q 2

Since we assumed that the sequence of weak solutions (py,, vy )nen satisfies the energy
inequalities (3.11) and (3.12), we conclude in the exact same fashion as before that

v/ Prvn| Lo (0,7:102(02)) < C, (3.31)
onllLos (0,521 nL () < C, (3.32)
IV (o) Von|| 20,722 ())ixa) < C, (3.33)
1 (pr) V /Pl Lo 0,102 (02)) < C, (3.34)

(3.35)

IV 1 (pn) o2V pull12(0,7512()) < C-
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With hypothesis (3.5) and since

van = Iu/(pn)p('y_Q)/van
= Vi (pn) VY%,

we obtain from the estimates (3.33) - (3.35),

[[v/PnVunlr20,1.120)) < C, (3.36)
IVl o,;120)) < C, (3.37)
HVP%/ZHH(O,T;B(Q)) <C, (3.38)

We will recall here the proof given in [27], which was nicely presented in single steps.

Step 1. Convergence of ,/p,

Lemma 3.12. The following estimates hold true:

VPn € L(0,T; HY()), (3.39)
di/pn € L*(0,T; H1(Q)). (3.40

Thus, \/pn converges, up to a subsequence, almost everywhere and
strongly in L*(0,T; L? (Q)):

loc

VPn =P a.e. and strongly in L},.((0,T) x Q). (3.41)

Additionally, p, converges to p in C°(0,T; L?O/CQ(Q)).

Proof. Estimate (3.32), together with estimate (3.37), yields \/p, € L>=(0,T; H*(9)).
In oder to proof the second estimate, we compute

1 11
6t,0n =—3
VPn 2\/pn

1 1
= —§w/pn div vy, — vy - V/pn = iw/pn div v, — div(y/pnun), (3.42)

1 . 1 . 1
O/ = 5 div(vppn) = —5,//)” div v, — i—vn -Vpn =

using the mass balance equation (3.1). Since \/ppv, € L(0,T;L?*(Q)) by (3.31),
div(y/prvn) € L=(0,T; H-1(Q)) € L*(0,T; H (), by the definition of negative
Sobolev spaces (Definition A.10). Also \/p, Vv, € L(0,T; L*(2)) — L*(0,T; H ()
by (3.36) and by Definition A.10. Thus, it follows from equation (3.42) that
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3. Stability of weak solutions to the barotropic compressible Navier-Stokes equations

di/pn € L*(0,T; H1(Q)).

Since \/pn € L>(0,T; H*(2)) by (3.39), it is certainly bounded in L*(0,T; H'()).
We have the embeddings H'(Q) << L2(Q) — H~1(Q), see Definition A.8, by
Sobolev’s embedding Theorem (Theorem A.9) and by the definition of H ().
Note that, in the case Q = R?, we have these embeddings for every compact K C Q.
Therefore, we can apply Aubin’s Lemma (Lemma A.12) and obtain the strong con-
vergence of \/p,, in L7 ((0,T) x ). By Theorem A.21, we have almost everywhere

loc
convergence Of a subsequence.

Sobolev embedding (Theorem A.9) and (3.39) imply that ,/p,, is bounded in
L>(0,T; L1(Q)) Vg € [2,4+00) ifd =2and V q € [2,6] if d = 3. So, in either case /p,
is bounded in L>(0,T; L%(Q2)) and p,, is bounded in L>(0,T; L3(f2)). Therefore,

Prn = /Py Pavn € L°(0,T; L3/2(Q)), (3.43)
and similarly,
Vpn = 2/paV/pn € L®(0,T; L*/(Q)), (3.44)

by Hélder’s inequality (Theorem A.31), since both, /p,v, and V,/p,, are bounded
in L>®(0,T; L*(Q)) by (3.31) and (3.37). So p, € L>(0,T; H*?(Q)). The mass
balance equation (3.1) gives d;p, € L>®°(0,T;W~13/2(Q)), by estimate (3.43). We
have the embeddings H3/2(Q) << L32(Q) < W~13/2(Q) by Sobolev’s embedding

theorem (again, this is true for every compact K € Q = R%). Thus, Aubin’s Lemma
3/2)

loc

yields the compactness, up to a subsequence, of p,, in C([0,T]; L
O]

Step 2. Convergence of the pressure p,,
Lemma 3.13. The pressure p;, is bounded in

L2/3((0,T) x Q) if d =3,
L'((0,T) xQ), Yre[l,2) ifd=2.

In particular p,, converges strongly to p” in L}OC((O, T) x Q).

Proof. The estimates (3.32) and (3.38) yield p%/2 € L?(0,T; H(2)). Thus, exactly
as in the proof of Lemma 3.12, we have that pZ/Q € L?(0,T; LY(Q)) for all g € [2,00)
when d = 2. Then, again with (3.32), p) € L*(0,T; LP(Q)) N L™ (0, T; L*(£2))

V p € [1,00). Thus, p, is bounded in L"((0,T) x Q) for all r € [1,2), by Lyapunov’s
inequality (Corollary A.32).
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If d = 3 we obtain ,071/2 € L%(0,T; L°(Q)), or equivalently,
pn € LY(0,T; L3(2))NL(0, T; L1 (2)). We can use Lyapunov’s inequality to obtain:

2/5 3/5
’|p;/z|‘L5/3(O,T;L5/3(Q)) < ||’071”L/°°(0,T;L1(Q))||pl||L/1(O,T;L3(Q))' (345)

Hence, p;, is bounded in L%/3((0,T) x ©2). We make use of de la Vallée-Poussin’s The-
orem (Theorem A.18) with G(t) := t°/3 and obtain that p;, is uniformly integrable.
Afterwards we apply Vitali’s Theorem (Theorem A.19) on a bounded subspace of 2
and obtain the strong convergence of p;, in L}, ((0,T) x §2), since we already know
that p;, converges almost everywhere to p?, by Lemma 3.12.

O]

Step 3. Bounds for,/p,v,

Lemma 3.14. Ifd=2 and v > 1 or if d = 3 and either v < 3 or v > 3 and (3.8)
holds, then pp|vy|? In(1 4 |v,|?) is bounded in L>(0,T; L' (12)).

Remark 3.15. Using the bounds of p,|v,|? in L>(0,T; Llog L(2)) we will only
have to prove the convergence almost everywhere to obtain strong convergence of

Py in L ((0,T) x Q).

Proof of Lemma 3.14. By Lemma 3.5, we have, for any ¢ € (0, 2):

d 1 |2
& [ otk oo 101 4 Joal?) de + 2 [ #on)@ + 100 + [0 P)IDG) P da
dt Jg 2 2/,

(2—9)/2

2y—5/2\ 2/(2-9) 5/2
<C / P da (/ p(2 4+ In(1 + [v,[2)¥? dm)
o\ won) Q

+C’/u(pn)|an|2 dz.
Q

Using estimate (3.33), u(pn) > 0, p, € L°°(0,T; L1(2)) and p,v2 € L>®(0,T; L(2))
this inequality gives:

— 2/(2-9)
d [ 1+]vaf > / "
dt/ﬂp S ) de <o | [ (B dz e
(3.46)

It follows from (3.5) that u(p) > vp, thus,
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3. Stability of weak solutions to the barotropic compressible Navier-Stokes equations

d 1+ |, |2 2/(2-6) (2-9)/2
— pnﬁln(l + va)?) dz < C </ (p?ﬂ_l_‘w) da:> +C.
Q

dt Jo 2
(3.47)

By Lemma 3.13, p,, is bounded in L'((0,7) x Q) for every v > 1, in dimension
d = 2, so, in particular, ,07217_1_6/2 is bounded in L'((0,T) x Q) in dimension d = 2.
Furthermore, Lemma 3.13 gives the boundedness of p;r)/ % in L'((0,T) x Q) when
d = 3. Thus, if we require that

5
27—1<§7<:>7<3,

then pgﬂ_l_(s/ ? is bounded in L'((0,T) x Q) also in dimension d = 3. Therefore, we

had to make the requirement v < 3 in the statement of the Lemma. In either case,
the right hand side of inequality (3.47) is bounded for small ¢, thus,

d 1“'|Un|2 2
5 |y ) dr s

in dimension 2 and 3. Which, together with assumption (3.30), gives the bounded-
ness in L°°(0,T; L1(2)).

When d = 3 and v > 3, we need hypothesis (3.8) to show that the right-hand side
of (3.46) is bounded. For large p,, in the limes p,, — oo, we have,

(2—6)/2

- 2/(2—9)
d 1+ |, 2 ) / p o2
o Qp 5 n(l+|v,)*) de <C s dz +C
2y-8/27, 2/(2-9) @-9)/2
<C ( / (%) dx +C
Q p% ¢
_ (2-9)/2
=C (/ (piv_7/3—6—5/2>2/(2 9) dfﬂ) + C
Q
2/(2-5) (2-9)/2
<C (/ (pZ/SV) dx) +C <o,
Q
with € > 0 and § small, by Lemma 3.13. O

80



Step 4. Convergence of the momentum p,v,

Firstly, we will prove the following Lemma, which will be important in the proof of
the compactness of the momentum p,v,.

Lemma 3.16. The functions j(pn)/\/pPn and Xpn)/\/pn are bounded
in L>=(0,T; L5(Q)).

Proof. We only prove the result for u(py)/\/pn, since, with inequality (3.6) and
Remark 3.2,

A(pn)| < Culpn), and  [N(pn)| < Ol (pn)

the proof is similar for A(pn)/+\/pn-

In view of inequality (3.10),

1(pn)
/P

<Cp, <C, ifp, <1,

in either dimension. Thus, it is sufficient to control p(py)/+/pn for large py,.

We split the problem into two steps, in the first step, we will treat the problem in
dimension two, in the second, we will consider it in dimension three.

Step 1. Dimension d = 2
Again, the boundedness of /p, in L®(0,T; H'(£)) implies that p, is bounded in

L*>(0,T; LP(Q2)) for all p € [1,400). With (3.10), we have

1
wpn) ) Cpi if p>1,
vV Pn o Cpg if P <1.

Therefore, also (pn)/\/pn is bounded in L>(0,T; LP(Q2)) for all p € [1, +00).
Step 2. Dimension d = 3

We need to show that p(p,)/\/pn € L>®(0,T; H*(2)). Then Sobolev embedding
(Theorem A.9) implies that u(py,)/\/pn is bounded in L°°(0, T; L9(€2)). Firstly,
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3. Stability of weak solutions to the barotropic compressible Navier-Stokes equations

1(pn) / 1(pn)
\ ( o ) =21 (pn)V/pn — 232 Von. (3.48)

The conditions (3.4) and (3.7) yield

21 (p)p = 2p(p) + Np) > 2u( )§3A( ) > %u(p),
thus,
v (8 )| <eomva+ [
< C | (p)V/p| +Cy 2“2/2% ‘

< C W (p)V/p| + Cy |20 (p)V/p| < Coli (p)V/p| -

Therefore, estimate (3.34) yields:

()

<C. (3.49)

L>2(0,75L2(2))

Again, (3.10) gives

1 1
Cpstss if > 1
w(p) <{ ps T3 if p>1, (3.50)

VP T | Cpats it p<l1.

So there exists a constant s < 1, such that ps 3 < pl/2 € L>(0,T; L*(R)), thus

:u'(pn) ° o) T2
(M) e L0, T; L2(92)). (3.51)

Moreover,

<M\(/ﬁ%)>slv (’%) PRy 'v (u\(/%))

p(pn) °
’v<\/an) Luton) 1 ypm=1| =
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since s — 1 < 0. By inequality (3.5), u(p) > vp, we see that u(p) > /p if and only
if \/p=1>1, therefore, the set {pﬂ% > 1} coincides with the set {pn|pn > 1}.

Thus, (1(pn)/\/Pn)¥1p,>1 is bounded in L>(0,T; H'(Q)) by (3.49) and (3.51).
Sobolev embedding implies that

(o) \ ! co(() T 2
< \/p7 ) ]lpnzl el (O,T,L (Q)),

for all s; € (s,3s). As long as 3s < 1 we can apply the same argument to 3s and
will eventually obtain

(”(””)> 1,51 € L0, T; L(Q)).

Together with (3.49),

/’L(pn) 0 . 1
( N > 1,,>1 € L>(0,T; H (),

and Sobolev embedding gives (u(pn)/\/Pn)1p,>1 € L¥(0,T; L5 (). O

Remark 3.17. In particular, if u(p,) = vpn, Lemma 3.16 follows directly from
Lemma 3.12, since we have u(pn)//Pn = V\/Pn-

We are now able to prove the compactness of the momentum.

Lemma 3.18. Up to a subsequence, the momentum my, = ppv, converges strongly
tom(x,t) in L2(0,T; LY (Q)) for allp € [1,3/2). In particular, up to a subsequence,

loc
my, converges almost everywhere to m.

Remark 3.19. We can already define v(x,t) = m(z,t)/p(z,t) outside the vacuum
set, but we do not yet know if m(x,t) is zero on the vacuum set.

Proof of Lemma 3.18. As shown in Lemma 3.12, \/p,, is bounded in L>(0, T; L5(£2))
in both dimensions. Thus, by Hélder’s Inequality (Theorem A.31),

PnUn = \/Pn/Pnvn € L(0,T; LY(Q)) for all g € [1,3/2], (3.52)

since \/pnvy is bounded in L>(0,T; L?(Q)) by estimate (3.31). We rewrite the it
component of the gradient of p,v, in index notation:
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3. Stability of weak solutions to the barotropic compressible Navier-Stokes equations

ai(pnunj) = pnaivnj + Unjaipn =V PnV pnaivnj + Un; - 2\/ pnai\/ Pn

Using the estimates (3.36), (3.37) and (3.31), the second term is bounded in
L>(0,T; L*(R)), and the first term is bounded in L?(0,T; L4(2)) Vq € [1, 3/2], again
by Holder’s Inequality. Thus, we have

V(pnvn) is bounded in L2(0,T; L'(%)).

In particular, with estimate (3.52),

pnvn is bounded in L0, T; Wh1(Q)).

In order to use Aubin’s Lemma (Lemma A.12), we have to show that

9y (pnvy) is bounded in  L(0,T; W—24/3()).

Then we obtain compactness of the sequence p,v, in L*(0,T; L} (£)) for all

p € [1,3/2), since Wh(Q) << LI(Q), V¥ q € [1,3/2), by Sobolev’s embedding
Theorem (Theorem A.9). If Q is the whole space, the compact embedding holds
true for every compact subset K C Q. But also LI(Q) < W=243(Q) V § € [1, 00),
since Wt2(Q) — W%4/3(Q) by Sobolev’s embedding theorem, see the definition of
Sobolev spaces with negative exponents as spaces of distributional derivatives (Def-

inition A.10).

We will use the momentum equation (3.2). With (3.31) and (3.32) we obtain:

div(y/prvn @ /pavn) € L0, T; W HH(Q)), (3.53)
Vpl € L0, T; W~11(Q)). (3.54)

We have to show that the diffusion terms div(2u(p,)D(vy)) and V(A(pyn)divey,) are
bounded in L>®(0, T; W~2%/3(Q)). Therefore, we rewrite the term
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1(pn) Vo =V (p(pn)vn) — v Vi(pn)

_o(Men) — N Vi)
- N ) =V Vs
=9 (H2 7, ) 2B (o) ¥

and proceed similarly with the terms involving A(p,) and Vuvl. The second term
is bounded in L>(0,T; L'(Q)) due to Lemma 3.14 and estimate (3.34), by Holder’s
inequality (Theorem A.31). The first term is bounded in L>(0, T; W~13/2(Q)) due
to estimate (3.31), Lemma 3.14 and Holder’s inequality.

Thus, both terms contributing to u(p,)Vo, are bounded in L>(0,T; W~14/3(Q)),
since L'(Q) < W~14/3(Q) (because W (Q) < W4/3(Q) by Sobolev’s embedding
theorem) and also W~13/2(Q) < W—14/3(Q) (since W3/2(Q) — WO4/3(Q)). Sim-
ilarly, we conclude that p(pn)D(v,) and A(py,)dive, are bounded in

L0, T; W-14/3(Q)). Since W—11(Q) — W—24/3(Q) (Sobolev’s embedding theo-
rem yields WH(Q) < W%/3(Q)), also the terms (3.53) and (3.54) are bounded in
L>°(0,T; W~24/3(Q)). Therefore, the momentum equation (3.2) gives

Ot(pnvn) € L®(0,T; W=24/3(Q)). Application of Aubin’s Lemma to

WI’I(Q) s I (Q — W_2’4/3(Q) gives the strong convergence of p,v, = my,

loc loc loc

to m in L2(0,T; LY (Q)) ¥p € [1,3/2). In particular, by Theorem A.21, we have a

loc
subsequence which converges a.e. to m.

O

Step 5. Convergence of ,/p,v,

Lemma 3.20. The sequence \/ppvy converges strongly in LY ((0,T) x Q) to m/./p,
which s defined to be zero when m = 0.

In particular, we have m(z,t) = 0 a.e. on {p(x,t) = 0} and there exists a v(x,t)
such that m(x,t) = p(x,t)v(z,t) and

pnUn — pv strongly in L*(0,T; LY (Q)), Vp € [1,3/2),

loc

VP = \/pv  strongly in L7, .((0,T) x ).

Remark 3.21. Note that v is not uniquely defined on the vacuum set.

Proof. Since my,//pn := +/Pnvn is bounded in L% (0,T; L?(2)) uniformly in n by
estimate (3.31), Fatou’s Lemma (Lemma A.23) yields

2
/liminfm" dz < 0.
Q

n—oo pn
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3. Stability of weak solutions to the barotropic compressible Navier-Stokes equations

Thus, m(z,t) = 0 a.e. on {p(z,t) = 0}. This allows us to define the limit velocity
v(z,t) by v(z,t) = m(z,t)/p(z,t) when p(x,t) # 0 and by v(z,t) = 0 when p(z,t) =
0. In particular, we have

m(x,t) = v(z, t)p(x,t),

and

2
/mdx:/p]v|2dx<oo.
Q P Q

By Fatou’s lemma and Lemma 3.14,

/p|v]21n(1—|—|v]2) dx§/liminfpn|vn|21n(1+]vn|2) dz
Q QO n—oo

< liminf/ pulvn > In(1 + |v,|?) da,
Q

n— o0

also plv|?In(1 + |v]?) is in L>(0,T; L1(Q)).
Lemma 3.18 gives the strong convergence of p,v, to m(z,t) in L*(0,T; L} (Q)) for

loc

all p € [1,3/2). It remains to prove the strong convergence of /p,v, to V/pv in
L2 ((0,7) x ).

loc

Since m,, and p, converge almost everywhere, by Lemma 3.18 and Lemma 3.12,
V/PnVn converges almost everywhere to \/pv in {p(z,t) # 0}. In particular,
V/PnVn 1}y, |<ar converges almost everywhere in {p(z,t) # 0} to /pv1,<as, for some
constant M > 0. In {p(x,t) = 0}, we have \/ppvpljy, <y < M\/p, — 0 almost
everywhere.

We have

T T
/0 /Q’\/F"U”_‘/EU‘Q do dt S/O /(Z’Van”nlvn|<M — Vvl <nl® da dt
(3.55)

T T
+2/ /|\ﬁpnvn]l|vn2M2 dz dt+2/ /I\/ﬁvlv|2Ml2 dz dt.
0 Q 0 Q

Since |y/pnvnliv,<m| < /pPuM, where \/p, € L°°(0,T;L*(Q)) is integrable for
every n, we can apply the Dominated Convergence Theorem (Theorem A.20) and
the convergence almost everywhere of \/pnvn 1, |<pr gives:
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T
/ / |\/pnvn]l|vn|§M — \/EUJLMSMF dx dt — 0.
0 JQ

Furthermore, we have

T T
1
NN 2 rdt< ————— 21n(1 + |v,|?) dx dt

and

T 1 T
1 2 drdt < ——— e 2In(1+ |v[*) da dt
L L veetusnl arar < s [ [t o) de ar

which applied to the inequality (3.55) yields:

T
C
lim su Vontn—+/pu|? dzdt < ———— M > 0.
n—>oop/0 /g' o=/l = In(1 + M?)
The strong convergence in L2, ((0,T) x Q) follows by taking M — oc. O

Step 6. Convergence of the diffusion terms

Lemma 3.22. We have

11(pn)Vvn = u(p)Vu in D'((0,T) x Q),
(o)l = u(p) VT in D((0,T) x ),
A pn)div v, — Np)div v in D'((0,T) x Q).

Proof. Let ¢ € D((0,T) x Q) be a test function, then

/OT/QN(Pn)anl/J dx dt = —/OT/QM(Pn)UnV1/1 dx dt_/OT/QVH(Pn)UMb de dt

[ ppn) 4 1 (pn)
= - — nUn dr dt — nT — nUn dr d
/0 /Q o VooV dz dt /0 /QVp o Vprvpty dx dt

As shown in Lemma 3.16, %\/;in) is bounded in L>(0,T; L%(Q2)). Since, by estimate

(3.50), there exists a constant s < 1 such that
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3. Stability of weak solutions to the barotropic compressible Navier-Stokes equations

<N<Pn>

M)SSC“’T"’

% is a continuous function of |/p, and, therefore, converges almost everywhere
n

to X2 which is defined to be zero on the vacuum set. We can apply de la Vallée-

\/7) I
Poussin’s Theorem (Theorem A.18), with G(t) := t3, then the family {|%|2},&N
is uniformly integrable. Thus, Vitali’s Theorem (Theorem A.19) gives the strong
convergence in L? ((0,T) x Q). Also /p,vy, converges strongly in L? ((0,T) x )

by Lemma 3.20. Since the scalar product of two strongly convergent sequences
converges strongly to the product of the limits, the first term converges to

I,

In order to prove the convergence of the second term, we define

“\(/’%) oV dadt.

VF(p,) = Miﬁﬁ—:) Von,

with F' := 1/ (pyn)//Pn = 5+/Pn® (pn), as defined in the equations (2.3) and (2.4).
Then,

1
[ IVE@E o= [ 090 ds <c,
Q Q
by estimate (3.16). Inequality (3.10) yields
1 (pn) < Cp /203,

when p, < 1 in either dimension. Thus, F(p,) < sz/ ®. And for large p, > 1, we
see, exactly as in the proof of Lemma 3.16, that

(F(pn))* < 22,

for some s < 1 and that F(p,) € L>®(0,T;L5(Q)). Also, F(p,) is a continuous
function and, thus, F'(p,) converges almost everywhere to F'(p). We can apply de la
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Vallée-Poussin’s Theorem with G(t) := 3 and Vitali’s Theorem to F(p,) to obtain
the strong converge of F(p,) to F(p) in L ((0,T) x ).

Since, in particular, VF(p,) = 21/ (pn)V+/pn € L*((0,T) x ) by (3.34), it follows
that:

VF(p,) = VF(p) weaklyin L2 _((0,T) x Q).

Since the product of a strongly, \/pnv, converges strongly in L2 ((0,T) x Q) by

loc
Lemma 3.20, and a weakly convergent sequence converges weakly to the product of

the limits, see Theorem A.14,

T ' (pn)
/0 /QVpn . VPnUpy dz dt

is convergent, too. This yields the convergence of p(py) Vo, to u(p)Vo in
D'((0,T) x Q).

A similar argument holds for p(p,) Vol and A(py,)divey, since [A(p,)| < Cu(p,) and
X(pw)] < Ci(pn), by Remark . 0

We have proven the stability of weak solutions for the barotropic compressible
Navier-Stokes equations with a pressure law p(p) = p?,v > 1, in dimension 2 and
3, since we have shown the desired convergence of the sequence of weak solutions

(Pns \//Tnvn)neN to (p, \/ﬁv) O
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A. Appendix

For the convenience of the reader, we recall some definitions and theorems which
are used in this thesis.

Definition A.1. The topological dual space of a Banach space X is defined by
X' :={f:X — R| fis linear and continuous}. We write the duality product

(f,u)x instead of f(u).
The weak topology on X is the initial topology with respect to X'.

Definition A.2. We denote by D(Q) := C§°(2) the space of all functions with
compact support in {2 that have continuous derivatives of all orders and call functions
¢ € D(R) test functions.

Definition A.3. Suppose f € LI (Q), and a = (a1, ...,aq) is a multi-index. We

loc

say g € LI () is the o' weak derivative of f, D*f = g, provided that

loc

/Q D% dx = (1) /Q 66 da,

for all test functions ¢ € D(2).

Definition A.4. The space of distributions is defined as the dual space of D(Q),
which we will denote by D/(€Q). A regular distribution T'() is a distribution which
is generated by a locally integrable function f € L} (). It has a representation

loc
7y(0) = [ F@)ota) do
We denote the distributions by the duality product,

(T, ¢) :==T(9).

The strong convergence in D’'(Q2) is defined as follows: A sequence (T},)nen(:) of
distributions converges to a T' € D'(Q), if for every test function ¢ € D:

lim (T, ¢) = (T’ 6).

n—oo
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A. Appendix

Definition A.5. Let 1 < p < 0o and k be a nonnegative integer. The Sobolev space
WHP(Q) consists of all locally integrable functions f : © — R such that for each
multi-index o = (o, ..., ag), with |a| < k, D f exists in the weak (or distributional)
sense and belongs to LP(€2).

We usually write H¥(Q) for W*2(Q) and H°(Q) = L?(Q).

We define the norm on W*P(Q) as follows:

1/p
(Z fQ‘Daf’p dCC) if 1 <p< oo,
ko == { \aEk

> ess supq |D*f| if p = o0.
lor| <k

The space WHP(Q) is a Banach space for every k € Ng,1 < p < oo and a Hilbert
space for k € Ng,p = 2, [14]. The scalar product is then given by

(u,v)gr = Z (D%u, D%*v) 2.
|| <k

Remark A.6. Actually, the Sobolev spaces contain equivalence classes of functions
which coincide outside of Lebesgue sets of measure zero.

Definition A.7. We define the Sobolev space Wg’p(Q) as the closure of C5°(Q)
with respect to the norm || - |[ykp(q)-

Definition A.8. Let X,Y be Banach spaces, X C Y. We say X is compactly
embedded in Y, provided that

e the embedding is continuous, i.e. ||z|ly < C||z||x Yz € X, and,
e cach bounded sequence in X is precompact in Y.

The notations X — Y and X —< Y stand for continuous and compact embedding,
respectively.

Theorem A.9 (Sobolev embedding theorem, [2]). Let Q C R? be a bounded domain
with 90 € C (it suffices to have a Lipschitz boundary) or the whole space R? and
1<p,qg<oo,k,me Ny withm > k.

The embedding W™P(Q) — WH4(Q) is continuous if

d d
m——2>k——.
p q

The embedding is compact in the case when Q) is not the whole space if the inequality
18 strict.
Both propositions hold also true for W"P(Q) for any bounded domain .
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We want to extend the natural property, that for a function in W*P(Q), k > 1, its
distributional derivative is in W*~1P(Q). Therefore, we define:

Definition A.10. For a function f € W*?(Q), k € Z, we define the space Wk=12(()
as the space consisting of all distributional derivatives of f of order one.

If we regard the space W*P(Q), k € Ny as a closed subspace of the Cartesian product
N

of LP(R2) spaces, i.e. let N = 37| <; 1 and let L (Q) := ] LP(9), with the norm
<lal< i

of v = (v1,...,un) € LY (Q) given by

N 1/p
. (lelvj!\ip> if1<p <o,
LX(Q) = J=

: if p =
lgggvllv]l\m if p = oo,

then W*P(Q) is a closed subspace of L%, [1]. We can generally define the space
Whk=mr(Q) for k,m € Ny, by:

Wk=mp(Q) .= {T € D'(Q) |
T(¢)= > (-1 /QvaDo‘qb dz, ¥ ¢ € D(Q),v € IR},

0<|ar|<m

In particular, the space W~*P(Q) is isometrically isomorphic to the dual space of
Wg’q(Q), k € Ny, 1 < ¢ < oo, where ¢ is the conjugate index of p, % + % =1, [1].
The space W~*P(Q) is a Banach space and the embedding W*P(Q) «— Wk=mP(Q)

1s continuous.

For parabolic differential equations we need to define Sobolev spaces in space and
time.

Definition A.11. Let B be a Banach space and T > 0.

e The space C*([0,T]; B) is the set of all functions u : [0,T] — B, whose first k
derivatives exist and are continuous. The norm is given by:

k
lulleso,ryimy = ) max [[D*u(t)||s.

— 0<t<T
=0
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e The space LP(0,T; B(?)) is the set of all (equivalence classes of) measurable
functions u : (0,7") — B such that:

1/
(T iy at) " < oo, if1<p<oo,

HUHLP(O,T;B(Q)) = ]
esssupgor ||u(t)||p < oo, if p=oc.

These spaces are Banach spaces. If H is a Hilbert space, then L?(0,T; H(f2)) is also
a Hilbert space with respect to the scalar product

T
(u,v) 20,1 H(02)) :/0 (u(t),v(t))n dt,

for u,v € L*(0,T; H(Q)).
Lemma A.12 (Aubin’s Lemma, [4], [30]). Let X, B,Y be Banach spaces with X C
B CY. Let U be a set of functions such that U is bounded in LP(0,T; X (2)) and
0U ={0wu | uwe U} is bounded in L"(0,T;Y(R2)), for 1 < p,r < 400, and

X —>— B, B<=Y.
If p < +o0, then the embedding of U in LP(0,T; B(R2)) is compact. If p = +oo and
r > 1, the embedding of U in C([0,T]; B) is compact.

Definition A.13. Strong convergence of a sequence in a Banach space X, denoted
u, — u, is defined as the convergence in the topology on X. In particular, if the
topology on X is the norm topology, we have

Up = u i ||Juy —ul|x = 0, n — 0.

The weak convergence of a sequence in X is the convergence in the weak topology
on X. We write

u, = u forn — oo.
Equivalently, we can say (up)neny C X converges weakly to u € X, if for all f € X/,
(fyun)xr — (f,u)x, for n — oo.

If H is a Hilbert space, the duality product is the scalar product on H.
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Theorem A.14 ([28]). The product of two strongly convergent sequences converges
strongly to the product of the limits. The product of a weakly and a strongly conver-
gent sequence converges weakly to the product of the limits.

Theorem A.15 ([33]). Every bounded sequence in a Hilbert space contains a weakly
convergent subsequence.

Definition A.16. A sequence of functions f,, converges almost everywhere to a
function f in a measurable space X if f,(z) — f(x) for all x € Y, where Y is a
measurable subspace of X such that A(X \Y) = 0, where X is the Lebesgue measure.

Definition A.17. A collection of random variables {X,}aca is called uniformly

integrable if

lim SUBEHXamIXabM] =0,

M*)Oan

where E(X) is the mean value of X in A,

E(X) = A/ X dA.

Theorem A.18 (De la Vallée-Poussin theorem, [15]). A family of random variables
{Xa}taca is uniformly integrable if and only if there exists some increasing non-
negative function G(t), such that

lim @ = 00,
t—oo ¢

and E[G(|X4])] < C, for some constant C' and for all o € A.
Theorem A.19 (Vitali’s theorem, [16]). Let (X, F,u) be a positive measure space
and {fn}nEN € LP(X) If

(X)) < oo,

{|fn|P tnen is uniformly integrable,
fa(x) = f(x) a.e. as n — 0o, and
|f(z)| < 00 a.e.,

then f € LP(X) and f, converges strongly to f in LP(X).
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Theorem A.20 (Dominated convergence theorem, [17]). Let p € [1,00) and f, be
a sequence of functions in LP(Q). If f,, — f a.e. in Q for some measurable function
f and there exists a nonnegative function g € LP(Q) such that |fn(z)| < g(x) a.e.
in S, then f € LP(Q?) and fp, — f in LP(Q)).

The partial converse is also true:

Theorem A.21 ([11]). Let f, be a sequence of functions in LP(Q2) and f € LP(Q)
such that f, — f in LP(Y). Then there exists a subsequence fy, such that fn, — f
a.e. inQ and |fp,(x)] <g(z)V keN ae inQ with g e LP(Q).

Theorem A.22 (GauB’ Theorem or Divergence Theorem, [3]). Let Q C RY be an
open, bounded set with O € C' and outer normal vector n, which is defined on 5.
Let f € CY(Q;RY) be a vector valued function. Then

/divfdx: f-n ds.
Q onN

Lemma A.23 (Fatou’s Lemma [17]). For every sequence of nonnegative, measurable
functions f, : Q — R it holds:

/liminffn(x) dr < liminf [ f,(x) dz.
Q Q

n—o0 n—oo

Theorem A.24 (Localization theorem). Let f : Q — R be a vector valued function,
which is continuous on the open set Q C R* and let B be an arbitrary subset of €,
then

/f(:c) dr =0, VB CQ,
B

implies that f(x) =0, V x € Q.

Definition A.25. The Levi-Civita symbol, or Epsilon tensor, represents a collection
of numbers. It has indices 1,...,d, for the space dimension d. It is defined by its
antisymmetric properties:

® ci2.4=1,
® €ij.u.v... — — €ijv. ...

The second property yields that the Epsilon tensor is zero if two indices are equal,

€ij.v. v = 0.
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Using the antisymmetric property of the tensor, we can easily rewrite the i com-
ponent of the outer product of two vectors v,u € R? in terms of e,

3 3
U X u E E €ijkVjUL-

=1 k=1

Definition A.26 (Einstein’s summing convention). In any expression in which an
index appears twice in a term, the expression is assumed to be summed over all
possible values of this index.

Example A.27. The i** component of the outer product can be written as
(U X u), = €ijkVj Uk,
by Einstein’s summing convention.

Theorem A.28 (Gagliardo-Nirenberg inequality). Let u belong to LI(RY) and its
derivatives of order m, D™u, belong to L, 1 < q,r < co. The following inequality
holds for the derivatives Diu, 0 < j < m,

|1D7u|| , < CNID™ull g, lull

where

for all a in the interval

J<a<i.
m

For a bounded domain 2 C R? with smooth boundary (i.e. 0Q € C) the result is
true if we add the term C ||u||L4(Q) ,G > 0 to the right-hand side of the inequality.
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A. Appendix

Remark A.29. This remark is used to prove the inequality claimed in the proof of
Theorem 2.18, namely

VAl 20,7230 ))2)
1/3

2
HV hin HLQ(OT (L2(Q))4) +C‘|Vh"HL°°(07T;(L2(Q))2)'

We will apply the Gagliardo-Nirenberg inequality (Theorem A.28) to u(z) = Vh,,.
We have Vh, € L>®(0,T;(L*(R2))?) and V?h,, € L%(0,T;(L%*(Q))*), therefore, the
dimension d = 2, ¢ = 2, r = 2 and m = 1. We want to bound Vh,, thus, we set
7 =0. Then 0 =7 < m = 1. The constant o must be in the interval,

0<a<,

we will take aw = 1/3. Therefore,

yields p = 3. The Gagliardo-Nirenberg inequality reads as
2/3 1/3
thnH(Ld( 2 < HVh || £2 Q)2 ° Hv2h H(éQ(Q) 4t CHVh?”LH(L?(Q))2

The last term is necessary since we have a bounded domain Q C R? (which is as-
sumed to have a smooth boundary), where we chose ¢ = 2.

If we now use the inequality derived above for the hyperbolic Sobolev space L2(0, T; (L3(92))?),
we obtain:

IV Rhall L2 0,123 (Q))2)

ors 1/3
/ ) V2Rl | 2o zzaiyyny + CNIVRRl Lo, z2@)2)

Definition A.30. The indicator function of a subset B of a set X is defined as

15(x) 1 ifze B,
xXr) =
b 0 ifz¢B.
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Theorem A.31 (Hélder’s Inequality, [14]). Assume 1 < p,q < oo and }D + % = 1.

Let u e LP(Q2),v € LI(QY), then

[uv|[Lr@) < llullpe@)llvl]La@)-

Corollary A.32 (Lyapunov’s Inequality, [14]). Assume 1 < s <r <t < oo and

191—9
r s t

Suppose u € L*(Q) N LY(Q). Then u € L™ () and

|| Lr @) < \|U!|9Ls(9)’|u|\lﬁ(09)'

Remark A.33. Holder’s inequality can be generalized for p, ¢, r with

Then it holds for u € LY,v € L" that

1 1 1
vl ooy = uvl gy < Pl o P ) = el za@y 0]l )-
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