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Abstract

The present thesis considers the modelling of gas mixtures via a kinetic description.
Fundamentals about the Boltzmann equation for gas mixtures and the BGK approxi-
mation are presented. Especially, issues in extending these models to gas mixtures
are discussed. A non-reactive two component gas mixture is considered. The two
species mixture is modelled by a system of kinetic BGK equations featuring two inter-
action terms to account for momentum and energy transfer between the two species.
The model presented here contains several models from physicists and engineers as
special cases. Consistency of this model is proven: conservation properties, positivity
of all temperatures and the H-theorem. The form in global equilibrium as Maxwell
distributions is specified. Moreover, the usual macroscopic conservation laws can be
derived.

In the literature, there is another type of BGK model for gas mixtures developed
by Andries, Aoki and Perthame, which contains only one interaction term. In this
thesis, the advantages of these two types of models are discussed and the usefulness
of the model presented here is shown by using this model to determine an unknown
function in the energy exchange of the macroscopic equations for gas mixtures
described in the literature by Dellacherie. In addition, for each of the two models
existence and uniqueness of mild solutions is shown. Moreover, positivity of classical
solutions is proven.

Then, the model presented here is applied to three physical applications: a plasma
consisting of ions and electrons, a gas mixture which deviates from equilibrium and
a gas mixture consisting of polyatomic molecules.

First, the model is extended to a model for charged particles. Then, the equations
of magnetohydrodynamics are derived from this model. Next, we want to apply this
extended model to a mixture of ions and electrons in a special physical constellation
which can be found for example in a Tokamak. The mixture is partly in equilibrium
in some regions, in some regions it deviates from equilibrium. The model presented
in this thesis is taken for this purpose, since it has the advantage to separate the
intra and interspecies interactions. Then, a new model based on a micro-macro
decomposition is proposed in order to capture the physical regime of being partly
in equilibrium, partly not. Theoretical results are presented, convergence rates to
equilibrium in the space-homogeneous case and the Landau damping for mixtures,
in order to compare it with numerical results.

Second, the model presented here is applied to a gas mixture which deviates from
equilibrium such that it is described by Navier-Stokes equations on the macroscopic
level. In this macroscopic description it is expected that four physical coefficients will
show up, characterizing the physical behaviour of the gases, namely the diffusion
coefficient, the viscosity coefficient, the heat conductivity and the thermal diffusion
parameter. A Chapman-Enskog expansion of the model presented here is performed
in order to capture three of these four physical coefficients. In addition, several
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possible extensions to an ellipsoidal statistical model for gas mixtures are proposed in
order to capture the fourth coefficient. Three extensions are proposed: An extension
which is as simple as possible, an intuitive extension copying the one species case
and an extension which takes into account the physical motivation of the physicist
Holway who invented the ellipsoidal statistical model for one species. Consistency of
the extended models like conservation properties, positivity of all temperatures and
the H-theorem are proven. The shape of global Maxwell distributions in equilibrium
are specified.

Third, the model presented here is applied to polyatomic molecules. A multi
component gas mixture with translational and internal energy degrees of freedom
is considered. The two species are allowed to have different degrees of freedom
in internal energy and are modelled by a system of kinetic ellipsoidal statistical
equations. Consistency of this model is shown: conservation properties, positivity of
the temperature, H-theorem and the form of Maxwell distributions in equilibrium.
For numerical purposes the Chu reduction is applied to the developed model for
polyatomic gases to reduce the complexity of the model and an application for a gas
consisting of a mono-atomic and a diatomic gas is given.

Last, the limit from the model presented here to the dissipative Euler equations
for gas mixtures is proven.
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Introduction

In 1872, the physicist Boltzmann developed a partial differential equation which
describes the time evolution of a density distribution of particles in a rarefied mono-
atomic gas of one species. This partial differential equation is called Boltzmann
equation. The physical theory based on this equation is called kinetic theory and
models phenomena in the statistical physics. The kinetic theory was developed
among other physicists by Cercignani, Maxwell, Chapman, Cowling, Esposito and
Pulvirenti, see for example [24, 26, 39]. The properties of the Boltzmann equation
namely conservation properties of mass, momentum and energy were considered
more rigorously for example by Golse [47] or Villani [83]. There are a lot of articles
dealing with the existence of solutions to the Boltzmann equation, see for example
[4, 36, 37, 45].

In 1954, Bathnagar, Gross and Krook [16] proposed a simplified model with the
same main properties as the Boltzmann equation for one species. It is called BGK
model and is less complicated than the full Boltzmann equation. Moreover, it leads
to efficient numerical simulations, see for example [13, 34, 35, 41, 72]. In 1989,
Perthame proved existence of global solutions to the BGK equation for one species in
[69] and in 1993, Perthame and Pulvirenti established the existence and uniqueness
of mild solutions on a bounded domain in space with periodic boundary conditions
in [70].

Several physicists and engineers developed extensions of the BGK model for
one species to a BGK model for gas mixtures, for example Gross and Krook [49],
Hamel [51], Garzo, Santos and Brey [43], Sofonea and Sekerka [79] and Asinari
[6]. All this models have one thing in common. The interactions are described
by a sum of relaxation operators, one for interactions of a species with itself and
one for the interaction of a species with the other one. In 2002, Andries, Aoki
and Perthame proposed a BGK model for gas mixtures [1] with only one relaxation
operator describing all interactions in one relaxation operator. For this model they
proved consistency: conservation properties, positivity of all temperatures and the H-
theorem. Then, this model was used by several applied mathematicians for example
in [22, 48, 18].

There are three main applications where a gas mixture is modelled via a BGK
approach for gas mixtures. One main application is the physical regime of a plasma,
a mixture of ions and electrons. Here, the BGK equation was extended to the Vlasov-
BGK equation which has an additional force term taking into account the magnetic
and the electric fields generated by the charged particles [80]. In [75] the existence of
mild solutions for one species is established using estimates from [82]. Moreover, in
the collision less limit Landau discovered a damping property of the Vlasov equation
called Landau damping [63]. This was made more rigorous by Villani in [84] and
is now often used as a test case in numeric simulations concerning a plasma. One
specific application of a plasma is fusion in a Tokamak. In this case, the plasma is in
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equilibrium near the wall of the chamber of a fusion reactor, in the core plasma it
is not. For this regime, a micro-macro decomposition is used in the literature, see
[12, 28, 30].

Another application is to describe a gas which deviates from equilibrium such
that it is described by the Navier-Stokes equations on the macroscopic level. In this
case, it turns out that the BGK model is not an accurate description. Therefore,
Holway suggested a correction called ellipsoidal statistical model for one species
(ES-BGK model) in [54] in 1966. It is based on a physical theory called persistence
of velocities discovered by Jeans [55] in 1904. In [3], Andries and Perthame proved
that this model satisfies an H-theorem. In [21], Brull showed that this model is linked
to a minimization problem and Yun established existence and uniqueness of mild
solutions in [87].

The last main application is the modelling of polyatomic molecules. A lot of
models are proposed by physicists [76, 68, 54]. Andries, LeTallec, Perlat and Perthame
proved the H-theorem of one suggestion in [54] for one species in [2]. An alternative
model for one species was suggested by Bernard, Iollo and Puppo in [14]. A further
attempt in the area of polyatomic molecules is to take into account chemical reactions,
see for example [18].

Another recent area of research is to prove rigorously limits from kinetic to
macroscopic equations in the case of one species, see [46, 47, 78, 77].

The outline of this thesis is the following. In chapter 1, we introduce all fun-
damental things like the Boltzmann equation, link of the distribution function to
macroscopic quantities and the BGK approximation. In chapter 2, we present a model
for a gas mixture which contains well-known models from physicists and engineers as
special cases and prove consistency of this model, meaning conservation properties,
positivity of all temperatures and the H-theorem. In chapter 3, we illustrate the
usefulness of the model presented in chapter 2 by using it to determine an unknown
function in the energy exchange in a macroscopic model of Dellacherie [32]. In
chapter 4, we prove existence, uniqueness and positivity of mild solutions for the
model presented in chapter 2 and for the other type of model for gas mixtures [1].
In chapter 5, we extend the model presented in chapter 2 to charged particles. In
chapter 6, we use this extended model to model a gas mixture consisting of ions and
electrons. We perform a micro-macro decomposition and establish theoretical esti-
mates such that one can perform a simulation for a plasma and compare it with these
theoretical results. In chapter 7, we extend the model from chapter 2 to an ES-BGK
model for gas mixtures and perform a Chapman-Enskog expansion in order to see
that we can capture the right hydrodynamic regime on the level of the Navier-Stokes
equations. In chapter 8, we extend the model presented in chapter 2 to polyatomic
molecules. In chapter 9, we prove convergence of the model presented in chapter 2
to the incompressible Euler equations for gas mixtures.



Chapter 1

Fundamentals

In this chapter we give a brief introduction into the fundamental differential equation
in the kinetic theory of gases, the Boltzmann equation. Section 1.1 deals with the
mathematical foundation of the Boltzmann equation, the homogeneous transport
equation. In section 1.2 we give an introduction into the basic physical treatment of
a gas, Newton’s laws of motion. In section 1.3 we give a brief introduction into the
Boltzmann equation itself whereas section 1.4 deals with a well-known approximation
of the Boltzmann equation, the BGK equation.

1.1 The transport equation and characteristic curves

In this section we consider the homogeneous transport equation. Literature on the
homogeneous transport equation and characteristic curves can be found for example
in chapter 1.2 of Evans [40] or in chapter 1.3 and 1.4 of John [57]. The homogeneous
transport equation is given by

O from™ 4+ b V" 4V, " =0 in R®xR®xRT,

fhom(ZE,U,O) — fhom,O(l,vv)’ (11)
where b,c : R® x R? x Rf — R? are given functions, b = b(z,v,t), ¢ = c(z,v,1),
the function f7°™ : R? x R® x Rt — R is the unknown, f"°™ = fhom(z 4 t) and
fhom0 . R3 x R? — R the initial value. Here (z,v) € R? x R? denotes a point in the
position-velocity space called phase space and ¢ > 0 denotes the time.

For later purposes, we want to introduce an approach how to construct solutions to
(1.1). The idea is to reduce the problem of finding a solution to a partial differential
equation to a problem of finding a solution to a system of ordinary differential
equations. This approach is described in the following. We can show that any
classical solution to (1.1) is constant along certain curves in the ¢-(x, v)-space. Let
v :[0,1] = R3 x R3 x RT, 5+ v(s) = (v(s), x(s),t(s)) be a smooth parametrisation
of a curve in R? x R3 x R*. Now, consider the function z(s) = " (z(s),v(s), t(s)).
Then the derivative of » with respect to s is given by

L) = T g, proma(s), ws). 1(s)) + T2 g, from (), () 1(s)
ds ds dva(fz) (1.2)
+ 15 vahom(x(s),v(s),t(s)).



1 Fundamentals

Comparing (1.2) with (1.1), we see that f"°™ is constant along the curve parametrized
by ~, if « satisfies the following system of ordinary differential equations

dt(s) _ 1
ds ’
) o). v(s). 1) (-2
dv(s) _
—e = c(z(s),v(s),t(s)).

So we reduced the problem (1.1) to a system of ordinary differential equations by
introducing this specific curve ~.

Definition 1.1.1. The curve v, on which the solution of the partial differential
equation (1.1) is constant, is called a characteristic curve or characteristic line, and
the corresponding ordinary differential equations are called characteristic equations.

If we can solve the characteristic equations, we can solve (1.1) for f*°™ by going
back to the initial data along the characteristic line, which has the same value there,
since we showed that the solution is constant along characteristic lines. We illustrate
this in the following example.

Example 1.1.1. Let b(x,v,t) = v and ¢(x,v,t) = 0 in (1.1). In this case, we can
solve the characteristic equations (1.3) and obtain

t(s) = s+ to, z(s) =vs+ xg, v(s) = vo, (1.9

for some ty > 0, xo,vo € R3. Since our initial data on f"°™ is given at time t = 0,
we choose ¢y = 0. The solution is unique since in this case the right-hand side of
(1.3) is Lipschitz continuous in (x,v) and continuous in the variables (x, v,t). This
guarantees that the solution is unique according to the theorem of Picard-Lindelof,
see for example theorem 16.1 in volume 1 of [33]. Since we know that the solution
of (1.1) is constant along the characteristic lines, we can solve the equation for a
given initial data "™ (x,v,0) = fP™0(x,v). The solution f"*™ is equal to the
function z if we choose s = t, so f"*™(x,v,t) = z(t). The function z is constant
along characteristic lines, therefore z(t) = 2(0) along solutions to (1.4). By the
definition of z, z(0) is nothing else than the function f"°™ evaluated at (z¢, v, 0), so
2(0) = f"™ (x4, v0,0). Now, we can invert the equations (1.4) for (¢, vo) and write
(20, v0) in terms of (z,v). All in all, we obtain

fhom(x’ U,t) _ fhom,O(:L, o vt,v),

which is a solution to the initial value problem (1.1).

1.2 Newton’s fundamental laws of motion

We consider a gas consisting of particles. According to physical axioms, the time
evolution of the individual particles is described by the fundamental laws of Newton.
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1.2 Newton’s fundamental laws of motion

In this section we introduce these two fundamental laws and apply them to a situation
in which the gas particles are modelled as balls and can collide with each other. Note,
that parts of the following are also mentioned in my Bachelor thesis [73].

1.2.1 Newton’s equations and Newton’s third law

We assume that our gas consisting of one species of particles can be modelled as a
collection of N identical particles with masses m interacting via a force. We number
the particles by the index s € {1, ..., N}. The state of each particle is described by
their positions of the centre z, € R?® and their velocities v, € R? at any time ¢t € R
for s =1,..., N. Consider a particle with position 20 € R? and velocity v? € R? at a
time tg € RS’ . Then, it is an axiom of the classical mechanics that the time evolution
of the position z4(t) and the velocity v,(¢) for t > ¢ is given by the following system
of ordinary differential equations called Newton’s equations:

Axiom 1.2.1 (Newton’s equations). Let 2% € R3 and v? € R3 be the position and the
velocity of a particle s € {1,..., N} at a time ¢, € R{. Then the time evolution of
the position z,(t) and the velocity vs(t) of this particle are determined by Newton’s
equations given by

ﬁxs(t) = v,(t),

N
)= Fuintj(@s(t),vs(t), 25 (t),0;(£), 1) + Fer(z(t), vs(t),1), (1.5
j7s
x4(to) = 22, vs(te) = 02,

for all t > to, where z,; Faint (2s(1),05(8), 2 (£),0; (1), 1) + Fuge(ws(t), vs(t), 1)

denotes the force on the particle s and can be split into an external force
Feut(x5(t),v5(t), t) and a force describing the interactions with the other particles

ZFS int,j xs (t)ﬂ‘rj(t)’vj(t)7t)'

J#s

The meaning of the equations is the following. If the particle s has a velocity vs,
the position z; of the particle s will change in time. And if a force is acting on this
particle s, the velocity vs will change in time.

In addition, there is another law of Newton concerning the forces in an interaction
of two particles. It states the following:

Axiom 1.2.2 (Newton’s third law). If a particle exerts a force on another particle,
the other particle always inserts a force on the first particle with the same absolute
value in the opposite direction.



1 Fundamentals

1.2.2 Conservation laws and elastic interactions

From the dynamic of Newton’s laws one can deduce some fundamental physical
properties, the conservation of momentum and energy in interactions. This properties
allow to determine the velocities of two particles after an interaction knowing
the velocities before an interaction in the case of particles interacting via elastic
interactions. We start with the conservation of momentum.

Consequence 1.2.1 (Conservation of momentum). Let m;, mo be the masses, x4 (),
x9(t) the positions and vy (t), v2(t) the velocities determined by Newton’s laws (1.5)
of two particles. Assume that F,,; = 0. Then, under the hypothesis of axiom 1.2.2,
we have

mqv1(t) + mava(t) = const,

for all ¢ € I where I C [tg, o) is an interval where the two particles do not interact
with the other N — 2 particles.

Proof. If F.,; = 0, Newton’s equations are given by

d

my %7}1 (t) = Fiint,2(x1(t), v1(t), 22(t), v2(t), 1), (1.6)
d

mo a’vg (t) = FZ,int,l (.’El (t), U1 (t), i) (t), V2 (t), t) (17)

Under the hypothesis of axiom 1.2.2, we have
Fyint a(w1(t), v1(t), 22(t), v2(t), 1) = —Fa ine 1 (z1(t), v1(t), w2(t), v2(t), 1),

for all ¢t € I. If we then add (1.6) and (1.7) and integrate with respect to ¢, this leads
to

mqvy (t) + maova(t) = const forall ¢el.

Another consequence from Newton’s laws is the conservation of energy.

Consequence 1.2.2 (Conservation of energy). Let mq,mo be the masses, 1 (t), z2(t)
the positions and v; (¢), v2(t) the velocities determined by Newton’s laws (1.5) of two
particles. Assume that F,,; = 0; and that F} ;,,; » depends only on x4 (t) — z2(t), and
assume that there exists a function ®(z) such that F} ;,,; » = —V,®. Then, under the
hypothesis of axiom 1.2.2, we have

1 1
57711‘1)1(t)|2 + §m2|v2(t)|2 + & = const,

for all t € I where I C [to, 00) is an interval where the two particles do not interact
with the other NV — 2 particles.
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Proof. 1f F.;; = 0 and under the assumption that F} ;,,; » depends only on z(t) —
x2(t), Newton’s equations are given by

d

Mo (t) = Fiint2(x1(t) — x2(t)), (1.8)
d

m2£1)2(t) = Fyint,1(w1(t), v1(t), 22(t), va(t),1). (1.9)

Under the hypothesis of axiom 1.2.2, we have
FLint,Q(ﬂjl (t) — T2 (t)) = _F2,int,1($1(t); V1 (t), To (t), V9 (t), t) forall ¢ cl.

We multiply (1.8) by v1(¢), (1.9) by v2(t) and add them. Under the assumption that
F} int,2 can be written as minus a gradient of a potential ®, we obtain

% (;(m1|vl(t)|2 + m2U2(t)|2) = Fiint2(21(t) — 22(1)) - (v1(t) — v2(?))

= Vo ®(z1(t) — 22(t)) - (v1(t) — v2(t))
d

— _£q>(z1(t) —xo(t)) forall tel.

The last equality follows by chain rule and the first equation in Newton’s equations
(1.6). If we integrate the obtained equation with respect to ¢ from ¢, to ¢ we obtain
the result. O

In consequence 1.2.2 we assumed the existence of a scalar potential ® such that
we can write F} ;,; 2 as minus the gradient of the scalar function ®. The physical
meaning of this is the following. Let 7 : [0,1] — I' C R3 be a smooth parametrization
of a curve in R? and F : I' — R3 be a smooth vector field representing the force
exerting on a particle which moves along I". Then the physical work of this particle is
defined by

A Fods = /0 FGOT

One can prove the following lemma.

Lemma 1.2.3. Let 2 C R3 be an open and connected subset and F be a smooth force
field on Q. Then we have: It exists a smooth function ® such that F = —V,® in Q if
and only if F is independent of the path, that means

F-ds:/ F-ds
I, Iy

for all curves I'y, 'y in Q2 which coincide in the start and end points.

The proof is given in theorem 13.50 in volume 1 of [33]. This lemma has the
following physical consequence. The work which is needed to move a particle in this
field F is independent of the path. That means the energy of the particle is conserved
in a closed path, it neither gains nor loses energy there.

We conclude with the last consequence from Newton’s laws which is the conser-
vation of angular momentum.
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Consequence 1.2.4 (Conservation of angular momentum). Let b € R be a fixed
point in space. Let mq, mo be the masses, z1(t), z2(t) the positions and v;(t), va(¢) the
velocities determined by Newton’s laws (1.5) of two particles. Assume that F,; = 0,
F1,int,2 is parallel to x4 (t) — b and F5 ;.1 is parallel to z2(¢) — b. Then, under the
hypothesis of axiom 1.2.2, we have

my(zk(t) —b) x vp(t) =c for k=1,2, andaconstant c€ R,

and for all t € I where I C [tg,00) is an interval where the two particles do not
interact with the other N — 2 particles. Furthermore, the map ¢(b) is continuous in b.

Proof. If we use the product rule for a cross product and Newton’s equations (1.5)
for F,,; = 0, we obtain

L lmia(t) — B) % vg(1)] = mi(aa(t) ) x ot

= (xk(t) = b) X Frint,j (x(t), vn(t), 25 (t), v;(t), t) =0,

for all k,j = 1,2, k # j and for all ¢t € I. The last equality is satisfied since we
assumed that F} ;,,; o is parallel to z; () — b and F int,1 is parallel to zo(t) — b. This
shows the first statement. It remains to prove that the map ¢(b) is continuous in b.
Let by, by € R3 be arbitrary. Then we have

le(by)—c(b2)| = |muy(zk—b1) X v —m(xk —bo) Xvg| = [m(ba—b1) xvr| < m|vg||[ba—b1].
Therefore ¢(b) is Lipschitz continuous in b, especially continuous. O

The physical meaning is the following. In the proof of the next corollary, we will
see that the conservation of angular momentum means that the particles always stay
in the same plane.

In the rest of this section we want to apply the conservation laws to a specific
physical example. We now want to apply the conservation laws in order to determine
the velocities of the particles after the interaction depending on the velocities before
the interaction.

Corollary 1.2.5 (Velocities after an interaction). Let mj, mo be the masses of two
particles. Let vy, vy be two velocities before a collision of the two particles. Assume that
Fewt = 0, Fi jnt,2 depends only on x1(t) — z2(t) and is parallel to z1(t) — z2(t) and
F5 int 1 is parallel to xo(t) — x1(t), and that during the interaction the two particles
do not interact with the other N — 2 particles. We assume that we can write the force
F int,2 as minus a gradient of a scalar potential ® with compact support. Let w be
the unit vector along the line with the minimal distance of the two particles during the
interaction in the direction of particle 2, see figure 1.1. Then under the hypothesis of
axiom 1.2.2, we can derive the following conservation laws during a collision

/ /
miv1 + Mot = M1v] + Mavy,

(1.10)

my v [* + malva|* = ma|vf|* + ma|vh]?,
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and the velocities of the two particles v/, v} after the interaction are given by

2mo
4 = _— - N
v =y m1+m2w[(v1 v2) - W),
2mq
Vy = Vg + wl|(vy —v2) - wi,
2 2 mi + meo [( ! 2) }

provided that the particles change its velocities instantaneously in time into v}, v} during
the interaction at the time t* when the two particles have their minimal distance during

the interaction. Then w can be written as w = M
[z (£7) =2 ()]

Proof. Since Fy ;n: o is parallel to zq (t* — &) — xo(t* —¢) at time t* — € and F} jne 2 iS
parallel to x; (t* + ) — x2(t* + ) at time t* + ¢, we have
my(z1(t* —e) —xa(t* — ) x v1(t* — €) = c(x2(t* — €)),
ma(z1(t* + ) — z2(t* +¢)) x v (t* + &) = c(x2(t* +¢)),
according to consequence 1.2.4 with b = z,(t* — ¢) and b = x5 (t* + ¢), respectively,
where e denotes a positive constant such that [t* — ¢,¢t* + €] C I where I C [tg, o0)
is an interval where the two particles do not interact with the other N — 2 particles
and outside the compact support of ®. Since x1, 2, v;,v] are continuous as classical
solutions and c is continuous in b, we obtain in the limit e — 0
m (w1 (") — 22(t7)) x vi(t") = ma(21(t7) — 22(t7)) x Vi (),
under the assumption that particle 1 changes its velocity v; instantaneously at ¢* into
v}; and v; and v} are assumed to go forwards and backwards, respectively, in time as
there were no interaction at this point. This type of interaction is called localized in
time. This means that v{(t*) — v1(¢*) is parallel to w. Therefore, there exists « € R
such that
v — v = aw,
which is equivalent to
V] = aw + v1. (1.1D
Here, and in the following, we will omit the argument ¢*. Analogously, one obtains
vh = Bw + va, (1.12)
choosing b = 25(t* + ¢) for some 3 € R. From consequence 1.2.1, we get

1
/ / .
miv; + Mavs = miow + myvy + mafw + Mmove = Mmyvy + Mavs.

This leads to o = —23. From conservation of energy (consequence 1.2.1), we
obtain

m
my|vy|? + malvh|? = mi|aw + v1|? + me| — m—law + vo]?
2

2
m

mia® +my|vi)? 4 2miaw - v + ma|va|* + 0?2 —2miaw - vy
mao

m1|v1|2 +m2|v2|2.
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This leads to

aml(a+2w~v1+@a—2w~v2):0.
mao

If @« = 0, we would have v; = v{ and vy = v} and there would be no interaction.
Therefore o # 0 and we have

a+2w-v1+@a—2w-1)2=0.

ma
Thus
2m2 ('U v )
P— —7w . —
my + ma L
and therefore )
R ml . J—
ﬂ— m1+m2w (Ul 1}2).
Inserting this into (1.11) and (1.12), we obtain the expressions for the velocities
after the interaction claimed in corollary 1.2.5. O
particle 1

particle 2

line with minimal
distance during the
collision at time t*

Figure 1.1: Collision of two particles. Particle 2 has the minimal distance to particle 1. The vector w represents the
direction of the line connecting the two positions =1 and x> during they are at the minimal distance.

Remark 1.2.1. Note that the operator T,, : (v1,v2) — (v}, v}) has the following
properties:

i) T, is invertible with T, 0T, = 1gxs,
ii) T,, has unit Jacobian,
iii) We have w- (v —vg) = —w- (V] —vh),
|v1 — va| = |V} — vh), (1.13)
for every vy, vy € R3, w € S2.
These properties can easily be verified and are also mentioned in [25, 24, 83, 1].

The physical meaning of the first part of the remark is the following. The fact
that T, is self-invertible reflects the physical principle that for elastic collisions the
collision is reversible.
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1.3 The Boltzmann equation for gas mixtures

1.3 The Boltzmann equation for gas mixtures

In this section we want to give an overview of the fundamental equation in gas
dynamics, the Boltzmann equation, and its fundamental properties. For one species
of particles, there are a lot of introductory books and lecture notes in the literature
concerning the Boltzmann equation and its fundamental properties, see [25, 24, 39,
46, 47, 81, 83]. Since we attempt to extend the subject to gas mixtures, the following
overview is an extension of the properties of the Boltzmann equation found in the
literature for one species to gas mixtures. For simplicity, we only consider two species.
Furthermore, we assume that we have no chemical reactions and the number of
particles of each species remains constant. Note that parts of the following are also
given in my Master thesis [74].

1.3.1 Fundamental definitions

The most natural way to describe a gas with one species of NV identical particles is
to model the particles as balls interacting via a force. We number the particles by
the index s € {1, ..., N}. The state of each particle is described by their positions of
the centre z, € R3 and velocities v, € R? at any time ¢ € ]R(J{ . We describe the time
evolution of these positions and velocities by Newtons equations (1.5). So knowing
all initial data, we are able to compute the time evolution of this gas. But a gas
consists of a number of interacting particles in the order of 10?3, so one would have to
solve a set of about 10%® coupled equations. This is not possible, among others there
is no computer which has a high enough capacity to solve this. This fact was realized
by Maxwell and Boltzmann. Therefore they started to work with a distribution
function f(x,v,t) where z € R* and v € R? are the phase space variables and ¢t > 0
the time. The meaning of f is as follows: any infinitesimal volume dxzdv centred
at (x,v) contains at time ¢ about f(x,v,t)dzdv particles. So we do not consider the
positions and velocities of each single particle, we only consider the distribution of
the positions and velocities in phase-space. We state this in our first definition.

Definition 1.3.1 (Distribution function). A function f : R®*xR*xR} — R, (z,v,t) —
f(z,v,t) is called a distribution function if and only if f(z, v, t)dzdv is the number of
particles with velocities in (v, v + dv) located in the interval (z, z + dx) at time ¢.

Since we consider a mixture composed of two different species, our kinetic model
has two distribution functions f1(z,v,t) > 0 and fa(z, v,t) > 0, one for each species.
The distribution function gives a detailed picture of the state of the gas, but it is not
measurable in experiments. Measurable in experiments are quantities as the number
density, the mean velocity and the temperature. For any fi, fo : A x R3 x Rf — R,
A C R3 with (1 + |v|?) f1, (1 + |v|?) f2 € LY(dv), f1, f2 > 0, we can relate them to our
distribution functions in terms of microscopic averages of fi, k = 1,2 with respect to
the velocity v illustrated in the following definitions.

11
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From definition 1.3.1 follows that the total number of particles N, in a volume
V C A x R? is given by

Nk:/ fkd’Ude
14

When we integrate only with respect to the velocity, we obtain a density only in
x-space.

Definition 1.3.2 (Number density). Let f1, f> : A x R® x Rf — R, A C R? with
f1, f2 € LY(dv), f1, f2 > 0 be two distribution functions. Then, the function

ng : R3 x RS — R, (z,t) = ng(z,t) = fe(z,v,t)dv,
R3
is called the number density of species k for k = 1, 2.

Definition 1.3.3 (Mean velocity). Let fi,f> : A x R®* x Rf — R, A C R? with
1+ |2 f1, A+ |v|?) f2 € LY(dv), f1, f2 > 0 be two distribution functions. Then, we
define the function

npuy R x RE = R (z,t) = (ngug) (z, ) = fr(z, v, t)vdv.
R3
If ny; > 0, the function wj, = "4 is called the mean velocity of species k for k =1, 2.
The kinetic energy of a particle is given by & |v|?, where m,, denotes the mass

of the particles of species k. By averaging over all microscopic energies we obtain a
macroscopic energy density.

Definition 1.3.4 (Energy density). Let f1, f2 : A x R? x Rf — R, A C R? with
[v]2 f1, [v|%fa € LY (dv), f1, f2 > 0 be two distribution functions. Then, the function

1
EL :R*xRI = R; (2,t) v+ Ey(a,t) = gmk/ fr(z,v,)|v|*dv,
R3

is called the energy density of species k for &k = 1, 2.

We split the energy Ej, into the kinetic energy imyny|ux|> and the remainder
which has the physical meaning of the internal energy. This defines the internal
energy ey = Ey — %mknk|uk|2. One can compute that ¢; can be rearranged to
er = %mk Jgs |v—wug|? frdv. This is true since %|v\2—%|uk|2 = %|v—uk|2—|uk|2—|—v-uk,
and we see that [, |ug|? frdv = Jgs v - ug frdv using the definitions 1.3.2 and 1.3.3.

Therefore ) ) .
/ i\v\szdv—/ §\Uk|2fkdv:/ §\v—uk|2fkdv,
R3 R3 R3

1 1
Ek — fmknk|uk|2 = *mk/ |U — uk|2fkdv.
2 2 RA

which means

So ey, is equal to [5q 2my|v — ug | frdv.

12
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Moreover, we assume that we are in an ideal gas meaning that the gas is imagined
as consisting of moving balls or point particles whose only interactions are perfectly
elastic collisions. Furthermore, the gas is dilute enough such that we have only dual
interactions. In this case, one observes in experiments that the internal energy is
proportional to its temperature. We summarize both facts in the next definition.

Definition 1.3.5 (Internal energy and temperature). Let fi, fo: A x R3 x Rf — R,
A C R? with (1+|v]?) f1, (1+]v|?) f2 € L (dv), f1, f2 > 0 be two distribution functions.
Then, the function

) 1
er : R3 x RS‘ —R; (z,t) = ep(x,t) = Ex(x,t) — kank|uk|2
1
= fmk/ fr(z,v,t)|v— uk(x,t)|2du,
2™k |

is called the internal energy of species k for k£ = 1,2. If we are in an ideal gas and

ny, > 0, the function T}, = %Z—Z is called the temperature of species k for &k = 1, 2.

The integral e;, = %mk fRa fx|v —uy|>dv can be motivated as follows. The integral
has a value different from zero if the distribution of the microscopic velocities has
a deviation from the mean velocity. If the gas has internal energy, the particles can
use this energy to deviate from the macroscopic velocity. So the internal energy is a
measure of the deviation from the mean velocity. If the internal energy of a gas is
high, the deviation is high and the other way round.

There are two more moments which have a meaningful physical interpretation
being the energy flux @, and the pressure tensor P.

Definition 1.3.6 (Energy flux). Let fi, fo : A x R® x Rj — R, A C R3 with
(1 + |v]?) f1, (1 + |v]?) f2 € LY(dv), f1, f2 > 0 be two distribution functions. Then, the
function

1
Qk : Rg X R(J)r — Rg; (l',t) = Qk(xat) = §mk/ fk(‘r7v7t)|v|2vdva
R3

is called the energy flux of species k for k = 1, 2.

Definition 1.3.7 (Pressure tensor). Let f1, f2 : A x R? x Rf — R, A C R? with
(1+|v?) f1, 1+ |[v|*) f2 € L' (dv), f1, f2 > 0 be two distribution functions. Then, the
function

Py : R® x Ry — R**?; (x,t) — P(z,t) = mk/ (v —ur(z,t) @ (v —ur(z, t)) fr(z,v,t)dv,

R3
is called the pressure tensor of species k for k = 1, 2.

The pressure tensor contains the friction of a gas. On particles, which are faster
than the mean velocity ug, acts a force, that decelerate the particles and on particles,
which are slower than the mean velocity, u; acts a force which accelerates the
particles.

13
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1.3.2 The Boltzmann model

Now, we want to describe the time evolution of the distribution functions f; and
f2. Since we have two distribution functions, we expect to need two equations to
describe their time evolution. Furthermore, the particles of one species can interact
with particles of the same species or with particles of the other species. The following
Boltzmann model for two species is also mentioned in [25, 24, 80]. We assume
that we have no external forces and only binary interactions. Then the Boltzmann
equation governs the time evolution of f; and fs. It reads

Oifr +v-Vofi = Qui(fi, f1) + Qu2(f1, f2),

Ocfa +v - Vafo = Qalf, f2) + Qa1(f2, f1), (1.14)
with
Q11 f1,f1 / / B11 \U*U1|, )
f1 x, v ) f1(x, ), t) — fi(x, v, t) f1(z, v1,t))dwdoy,
Q22(f2, f2) = ASLZBQQ v — 1], w)
(f2 z, V' t) fo(w,v],t) — faz,v,t) fo(x, 1, t))dwduy,
Qu2(f1, f2) = / / Bia(|v — v1|,w)
: (fl(l'vv ,t)fQ(xvvlv ) - fl(.’ﬂ,U,t)f2(1'71)1,t))deU1,
and

Q21(f2, f1) = //321 v —v1],w)

. (fg(l‘,’U ) f(x, vl t) — fo(m, v, t) fr(z, v1, ) )dwduy .

The vector w is the unit vector on S? defined in corollary 1.2.5, v} and v’ are
the velocities of two particles after an interaction given by the formula proven in
corollary 1.2.5 with velocities v; and v in the beginning. The non-negative functions
Bji(Jv—v1],w) for j, k = 1,2 are called the collision kernels and contain the properties
of the interaction between the particles of the gas. Precisely it is the norm of the
relative velocity of v and v; times the differential cross section which will be explained
in a moment.

Let us motivate the physical meaning of this equation. First, let us motivate the
transport part on the left-hand side of the Boltzmann equation. For this, neglect for
the moment the interaction between particles. We consider the time evolution of the
individual particles. According to Newton’s equations (1.5), the particles travel at a
constant velocity, along a straight line in the absence of interactions, and therefore
the distribution function is constant along the characteristic lines

dat) o dolt)

a '8 g =0
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The corresponding partial differential equation to this characteristic lines is the
transport equation

Ofr+v-Vafr =0,

see example 1.1.1 in section 1.1. This motivates the left-hand side of the Boltzmann
equations. Next, let us motivate the collision operators on the right-hand side.

The operators Q;, k, j = 1,2 represent the change of the distribution functions
due to interactions of the particles. In interactions the distribution functions change
due to a change of the velocities in an interaction according to the formula proven
in corollary 1.2.5. So @), are operators acting on the velocity variables only. The
operators 11, and Qo2 describe the interactions of particles of a species with itself
whereas Q12 and Q27 describe the interaction of particles of a species with the other
one.

We assume that the particles interact via binary interactions. From the physical
point of view this is true if the gas is dilute enough that the effect of interactions
involving more than two particles can be neglected. This is reflected in the quadratic
structure of the collision term.

We assume that our collisions are elastic which means that the conservation
properties 1.2.1, 1.2.2 and 1.2.4 are satisfied. Therefore we describe the change of
the velocities with the help of the formula given in corollary 1.2.5.

Inside the integrals in ();; we describe the influence of an interaction by the
non-negative collision kernel By;. It is the norm of the relative velocity of v and
v; times the differential cross section. The differential cross section describes the
probability that a collision occurs, see section 1 in [20]. Since the probability that
a particle of species 1 interacts with a particle of species 2 and the probability that
a particle of species 2 interacts with a particle of species 1 is the same, we have the
equality Blg = le.

The operator ), can be split into a gain and a loss term. The loss term counts
all interactions in which a given particle with velocity v will meet another particle
with velocity v;. As a result of such an interactions, this particle will change its
velocity and this will make less particles with velocity v. On the other hand, each
time particles interact with velocities v" and v, the particle with velocity v" will get v
as a new velocity after the collision, and this will make more particles with velocity v:
this is the meaning of the gain term. This is illustrated in figure 1.2.

The appearance of the products fi(z,v,t)f;(x,v1,t) and fi(z,v',t) f;(x,v],t) is
a consequence of the so-called chaos assumption: First of all, we expect that the
probability of a collision depends on a joint distribution function of two particles
f12(z,v,v1,t). Then the chaos assumption is the following. We assume that velocities
of the two particles which are about to collide are uncorrelated. This means that if we
randomly take two particles at position z, which have not collided yet, then the joint
distribution of their velocities will be given by the tensor product fi(x, v, t) fo(x, v1, t).

Last, the fact that the variables ¢, x appear only as parameters reflects the assump-
tion that collisions are localized in space and time.
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SO OO)

t—— collision collision
vl’CDv‘ Vlm v
Gain of velocity v Loss of velocity v

Figure 1.2: Gain and loss of velocity. On the left, two particles with velocities v} and v’ collide at time t* and change
its velocities into v1 and v. On the right, two particles with velocities v and v1 collide at time t* and change its
velocities into v’ and v’l. The right case describes a loss of velocity v, the left one a gain of velocity v.

1.3.3 Fundamental properties of the Boltzmann equation

The Boltzmann equation has two main properties. The first one is the following. In
interactions the number of particles, the total momentum and the total energy are
conserved. The second property is that one can show that the Boltzmann equation
admits an entropy. An entropy is a function which always decreases in time. In this
case it will turn out to correspond to the notion of entropy used in physics. The
proofs for the collision operators Q17 and ()22 describing the interactions of a species
with itself can be found in [46, 47, 83]. In this case we just state the results and show
only the proofs for the collision operators describing the interactions of a species
with the other one. These proofs are extended versions of the proofs for the single
collision operators given in [46, 47, 83].

Conservation properties

We start with the conservation properties namely conservation of the number of
particles, conservation of momentum and conservation of energy in interactions of a
species with itself. This concerns the collision operators Q1; and Q2s.

Theorem 1.3.1 (Conservation properties in interactions of a species with itself).
For all f € L*(dv) with compact support or decaying fast enough at infinity and all
1=1,2,3, k=1,2, we have

[ Quttnav= [ Quis.fde = [ QulfDlePdo =0,

The proof is given in [46, 47, 83] and is a special case of the proof shown next
for the collision operators describing collisions of a species with the other one.
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Theorem 1.3.2 (Conservation properties in interactions of a species with the other
one). For all f1, fo € L®(dv) with compact support or decaying fast enough at infinity,
we have the following conservation properties.

We have conservation of the number of particles in every interaction

/ Q12(f1, f2)dv =/ Q21(f2, f1)dv = 0. (1.15)
R3 R3

We have conservation of total momentum

/ (m1vQ12(f1, f2) + m2vQa1(f2, f1))dv = 0. (1.16)
R3

We have conservation of total energy

/RS (m1|v]*Qi2(f1, f2) + ma|v?Qa1(f2, f1))dv = 0. (1.17)

Proof. Let h and g be arbitrary continuous functions of the velocity v.

First, we consider the term [, h(v)Q12(f1, f2)(v)dv. Then, we will consider the term
Jzs 9(v)Q21(f2, f1)(v)dv. The idea is to rewrite these two expressions in another way
such that we can directly see that the integral is zero if we choose h and g as 1, the
microscopic momentum mv and msv, respectively and the microscopic energies
2mq|v|? and $mo|v|?, respectively. We start with [o, 2(v)Q12(f1, f2)(v)dv. From the
definition of Q12(f1, f2), we see

h(0)Qu2(fu, fo) (v)dv = / L Bia(jv - v1] w)h(v)
R3

R3xR3x 52 M1 (1.18)

[AW") f2(0]) = f1(v) fa(v1)]dwdvdu; .

Now we exchange the notation (v, v’) and (v1, v]) and m4 and my on the right-hand
side, so we get

/ h(0)Qua(f1, f2) (v)dv = / L Bor(v - va] w)h(vn)
R3 R

3xR3x 52 T2 (119)

[f1 () f2(0") = f2(v) f1(v1)]dwdvdovy .

This is possible due to the following reason. We can say that we take a particle with
velocity v and mass m; which interacts with a particle with velocity v; and mass ms.
It is equivalent if we say that we take a particle with velocity v; and mass my which
interacts with a particle with velocity v and mass m;. Now we exchange (v, v1) and
(v',v}) on the right-hand side of (1.18) and (1.19). This is possible since the operator
T,, is self-inverse as stated in remark 1.2.1.

[ n@Qu o= [ B’ = o] (<h()

R3xR3x 52 M1 (1.20)

Lf1(0) f2(v)) = fi(v) fa(v1)]dwdv' duy,

17



1 Fundamentals

/R3 h(v)Qu12(f1, f2)(v)dv = /]RS><R3><52 mLQle(W ~ il @) (=h(v)) (1.21)

(V) fr(vh) = f2(v) fi(v1)]dwdv' dvy.
Using the property (1.13) stated in remark 1.2.1, we obtain

1 /
L no@uth o= [ Bl = olw)(-h) (122)
(A1) f20]) = f1(v) fa(v1)]dwen'dof,
1 /
/]RS h(v)Q12(f1, f2)(v)dv = /R3><]R3XS2 @le(lv — v1],w)(—=h(vy)) (1.23)

1f2(v") fr(v1) = f2(v) fi(v1)]dwdv' dv) .

According to remark 1.2.5, the Jacobian of the transformation T, is 1, so we can
replace dv'dv] by dvdv, and obtain

1 /
/11@3 h(v)Q12(f1, f2)(v)dv = /]1%3><]R3><S2 m—lB12(|v —v1],w)(=h(v")) (1.24)
() fa(01) = fr(v) fa(v1)|dwdvdoy,
1 /
/}R3 h(0)Q12(f1, f2)(v)dv = /R3><]R3><S2 m—2321(|v — v1],w)(=h(vy)) (1.25)

(f2(0) fr(v1) = f2(v) fi(v1)]dwdvdvy
We add (1.18), (1.19), (1.24) and (1.25) and use Bz = Bo;.

/ h(v)Q12(f1, f2)(v)dv
g (1.26)

= 1 [ (00) = B @ualfr, )]+ (Aler) = b)) @ fa: F))o
R3
If we do the same for the integral [ g(v)Q21(f2, f1)dv, we obtain
[ 90)Qar (G £ )
R31 (1.27)
=1 / ([(g(v1) = g(v1))@u2(f1, f2)] + [(9(v) — 9(v"))Q21(f2, f1)])dv.
R3

Again an additional exchange of primed and unprimed variables in the parts with
primed velocities in the arguments of fi, fo in @12, Q21 leads to

[ e @do=3 [ Bu(v-ule)
R3 R3 xR3 x 52 (128)

.[milfl(v)ﬁ(vl)(h(v’) —h(v)) + %fg(v)fl(vl)(h(vi) — h(vy))]dwdvdu; .

18



1.3 The Boltzmann equation for gas mixtures

As a consequence we see that [, h(v)Q12(f1, f2)(v)dv = 0 if h satisfies the equation
h(v) = h(v') and h(vi) = h(v]).

Obviously the function h(v) = 1 is a solution. So we have conservation of the number
of particles of species 1 in interactions with species 2.
We can do the same for [, g(v)Q21(f2, f1)dv and get

[ s0Qae)@do=5 [ Bullo-ulw)
R3 R3 xXRR3 x S2

(1.29)
Lo R0 fi(e)(g(0") = 9(0)) + == 1(0)f20) g(2h) — g(on))dvdordo
If we add (1.28) and (1.29), we see
[ Qa1+ 90@u (o o =5 [ Bl —uilw)
R3 R3 xR3xS52

L 20 fi01) (h(01) = B(wn) + () — 9(0)
o Fi0) faon) (') = h(0) + 9(01) = glon))|dodordos,
(1.30)

and observe that the choice of h(v) = myv or h(v) = mqlv|? and g(v) = mov
or g(v) = ma|v|? leads to conservation of momentum (consequence 1.2.1) and
conservation of energy (consequence 1.2.2). So the properties of conservation of
total momentum and total energy are also satisfied. O

The names conservation of the number of particles, conservation of total momen-
tum and conservation of total energy will be motivated in the following theorem.

Theorem 1.3.3 (Macroscopic equations). If fi, fo € L®(dv) decay fast enough to
zero in the v variable and are a solution to (1.14) in the sense of distributions, they
satisfy the following local macroscopic equations.

Oy + Vg - (nquy)
Oing + Vg - (naug)

=0,

=0,

Op(miniur) + Vg - Pr + V- (minqug @ ug) = /m1Q12(f1, f2)vdv,

Or(manguz) + V- Py + Vi - (manaug @ ug) = /szzl(f% f1)vdo,
O <W;ﬂ1|u1|2 + §H1T1> +Ve Q1= /Q12(f17f2)%|11|2dv7

3
Oy (722”2|u2|2 + 2”2T2> + V- Q2= /QQl(f%fl)%IUFdU'
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1 Fundamentals

Proof. If we integrate the equation (1.14) for species 1 with respect to v and use the
conservation property (1.15) and theorem 1.3.1, we get:

/5‘tf1(x,v,t)dv +/vr ’ (Ufl)d’l} =0.
This is equivalent to
01 + Vg - (muq) =0,

if we use the definitions of the number density and the mean velocity given by the
definitions 1.3.2 and 1.3.3, respectively. We can do the same with the equation for
fo. In this case we get

5‘th + VI . (TLQ’LLQ) =0.

Multiplying the equation (1.14) for species 1 by m;v and integrating it with respect
to the velocity v, leads to

ml/vatfldv+m1/vvm : (Ufl)dvZ/m1Q12(f17f2)UdU-

In the first and in the second term we formally exchange derivative and integration
and obtain

m10¢(niug) + Vg - /mlv Qv fidv.
So the equation is equivalent to
m10¢(niug) + Vg - /mlv ® v fidv = /Q12(f17f2)vdv~

With the definition of the pressure tensor given by definition 1.3.7, the second term
turns into

Ve P14+ V- (m1n1u1 &® ul).

So all in all, we get

Or(minur) + Vo - Py + Vi - (minju; @ uq) = /lelg(fl, f2)vdv.
We can do the same with f> and obtain

Or(manaug) + Vi - Py + Vi - (manaug ® ug) = /m2Q21(f27 fi)vdo.

Multiplying the equation (1.14) for species 1 by “2|v|? and integrating it with respect
to v leads to

%/Watfldw%/wm (vfr)dv = /Qu(fl,fg)%wdv. (1.31)
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1.3 The Boltzmann equation for gas mixtures

In the first two terms we formally exchange derivative and integration to obtain
O (Tf;nluﬂz + ianl) + Vg - /mlv|v\2fldv.
So the equation (1.31) is equivalent to
) (W;nlu12 n 3n1Tl> 4V, /m1v|v\2f1dv - /ng(fl, f2) S oo,
With the definition of the energy flux given by the definition 1.3.6 we get
O <T7;1n1|u1|2 + gmﬂ) +V, Q1= /Q12(f17f2)%|v|2dv~

So all in all, we get the system of partial differential equations from theorem 1.3.3. [

Corollary 1.3.4. If f1, fo € L°°(dv) decay fast enough to zero in the v variable and
are a solution to (1.14) in the sense of distributions, they satisfy the following local
macroscopic conservation laws.

8,5711 —+ Vm . (77,111,1) = O,

Ognz + V- (naug) =0,
Or(manyuy + mangug) + Vg - (Py +P2) + Vi - (minjug ® uy + mangus @ uz) = 0,

m m 3 3
3t(71n1|1t1\2 + 727L2|Uz|2 + §n1T1 + §n2T2) + V.- (Q1+Q2) =0.

Proof. We take the equations from theorem 1.3.3 and add the third and the fourth
one, and the fifth and the sixth one. Then we use the conservation properties (1.16)
and (1.17). O

The system in theorem 1.3.3 describes conservation of the number of particles
and balance laws for the momentum and the energy. The system in corollary 1.3.4
describes conservation of the number of particles, total momentum and total energy.
Note that both systems of macroscopic equations are not closed since we have more
unknowns than equations.

The H-theorem, entropy inequality and equilibrium

Another property of the Boltzmann equation is that it admits an entropy. In order to
prove this we need the following three lemmas.

Lemma 1.3.5. Let ¢ > 0 be a measurable function such that [,,(1+ [v]*)¢(v)dv < oc.

If
P(v)p(v1) = G(v)p(v)), (1.32)

for a.e. (v,v1,w) € R® x R3 x S, then ¢ is a Maxwell distribution.

21



1 Fundamentals

The proof is given in [46, 47] and is a special case of the proof shown next with
two different functions ¢; and ¢s.

Lemma 1.3.6. Let ¢1, ¢3 > 0 be two measurable functions such that [, (1+|v|*)¢1(v)dv
<ooand [o5(1+ |v]*)¢2(v)dv < 0. If

¢1(v)d2(v1) = ¢1(v")Pa(v1), (1.33)

fora.e. (v,v1,w) € R3 x R? x S2, then ¢, and ¢ are Maxwell distributions with equal
mean velocity and temperature.

Before we prove this lemma, let us illustrate the shape of a Maxwell distribution
(see figure 1.3).

Definition 1.3.8 (Maxwell distribution). A Maxwell distribution is a distribution of

the form
v -UP?
M(v) = L S
(v) Cexp( " ,

where C, A € R, U € R3. If C, A and U are functions of x and ¢, M (x,v,t) is called
a local Maxwell distribution.

If the integrals from definition 1.3.2, 1.3.3 and 1.3.4 of the Maxwell distribution
coincide with the integrals from 1.3.2, 1.3.3 and 1.3.4 of the distribution function
itself, we obtain the form

ny v — g |?
My(v) = ——% _exp (-) . (1.34)
\/QWTk/mkS 2Tk/mk

So lemma 1.3.6 tells that if the condition (1.33) for a.e. (v,v;,w) € R? x R? x 52 is
satisfied then ¢, ¢ are of the form

)= e (Y e (o)
27rT/m13 2T /ma \/27TT/m23 2T /mo

with a common value v and T still depending on z and ¢. According to the definitions
1.3.3 and 1.3.4, this has the physical meaning of a common mean velocity and
temperature. First, we will prove lemma 1.3.6, and then we will conclude that the
condition (1.33) characterizes the equilibrium. So finally, we will see that Maxwell
distributions with common velocity and temperature are the expected distributions
in thermodynamic equilibrium.
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1.3 The Boltzmann equation for gas mixtures

My (v)

>

Full width at half maximum

2vIn 7Jz
-

7

Figure 1.3: Maxwell distribution. In this figure you can see a Maxwell distribution of the velocities for fixed x and ¢.
The centre of this distribution is at the mean velocity, meaning v = u(x, t) and the width of the distribution is related
to the temperature T'(z, t).

Mean velocity u v

Proof of lemma 1.3.6. After a translation and a multiplication by a constant, ¢- is
supposed to satisfy

oa(v)dv = 1,/ v (v)dv = 0. (1.35)
R3 R3
Now we take the Fourier transform of

$1(v)p2(v1) = ¢1(v")da(v1),

which leads for almost every w € S? to

S1(6)d2(é1) = / S1(v)ga(vy)e €T M duduy.

R3 JR3
Now we change coordinates by (v, v1) — (v, v]) as in the proof of the conservation
properties 1.15, 1.16 and 1.17. For this, we take the transformation in corollary 1.2.5
and obtain

2my

N N : ; i(=2m2 e ‘wl(v—v1)w
¢1(€)¢2(£1) = / (Zsl(v)¢2(v1)67"£'v77f€1'016 (7n1+7n2£ my+mg El) [( 1) ]d'l}d’lfl.
Rr3 JR3
(1.36)

The change of the coordinates is possible due to remark 1.2.5. Let &, &; be fixed.
Now we differentiate the equality (1.36) with respect to w at any w, orthogonal to
mo& — m1&;. This leads to

0= / / (m2§ — m1§1)¢1 (U)(f)g(vl)@iig.viigl'vl (1} — ’Ul) . w*dvdvl, (137)
R3 JR3

using (m2€ — m1&) - w, = 0 in the exponential function. Since

Ved1(§)da(&1) = /Ra /}R3 &1 (V) o (vy)e” VT (i) duduy

and

Ve, 61()d2(61) =/ b1(v) o (v1)e™ VTRV (o Yduduy,

R3 JR3
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1 Fundamentals

for any w, orthogonal to ms& — m1&; and therefore
(Ve — V&)(;gl (5)52(51) = / $1 (V) o (v1)e VTG (y) — v)duduy,  (1.38)
R3S JR3

for any w, orthogonal to mo&—m1&;. Now, we use Grassmann’s identity (see appendix
A.1) to deduce

wex [(ma —mi&) x (Ve = Ve, )da(€)da(&1) ) |
= Wy - ((V£ - V&)él(f)@(&)) (m2€ —mi&)
—wy - (ma€ —ma&1) (Ve — Ve, )91 (£)da(&1) = 0.

The term w, - (ma€ — m1€1) (Ve — Ve, )1 (€)d2(€1) is equal to zero since w, is or-
thogonal to m1& — m1&;. The term w, - ((Vf — V&)él(g)ég(gl)) (mof — mi&y) is

equal to zero since it is equal to w, - (1.38) in the direction of (m2£ — m1&;) which
is equal to w, times the right-hand side of (1.37). According to the left-hand side
of (1.37) this is equal to zero. Now either w, is parallel to (m:& — ma&;) x ((Ve —

Ve, )h1(€)da(1)) or maf — my&; is parallel to (Ve — Ve, )1 (€)da(£1). But since w,
is an arbitrary orthogonal vector to ms& — m; &1, it can also be non-orthogonal to

(m1€& —ma&1) x (Ve — Ve, )d1(€)d2(41)). So

(Ve — v&)({sl(g)g{sg (¢1) is linearly dependent to mo& —m & forall €,&; € R,
(1.39)

Choose ¢ # 0 and & = 0. Then according to the definition of the Fourier transform,
we have

Vehr(©) - 62(0) ~ 61O Ve, 2(0) = Vedn() | oaw)dv = 61(9)- [ (~iv)onlv)ae,
R3 R3
With the normalization (1.35), we get
Vedi1(€) - $2(0) — ¢1(€) Ve, 62(0) = Vegr (€).
Together with (1.39), we conclude that ng%l () is linearly dependent to &.

This means that ¢, is of the form

$1(6) = i (1€)?).

We replace <;31 by 1 in (1.39) and observe that

VL€ D2(61)€ — Y1 (1€]*) Ve, d2(&1) is linearly dependent to mag — my&;.
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1.3 The Boltzmann equation for gas mixtures

Choosing ¢ = 0 and using ¥ (|£]?) = ¢1(¢) > 0, we get V&éQ(gl) is linearly de-
pendent to &1, and therefore b5 is of the form

$2(€1) = a(|&1]?).

So again we get

1([EP7)¢2(1€17)E — 1(I§]*)5(I€1]%)ér is linearly dependent to maf — mi&1.
This is equivalent to

1/11<|5|2>w2(|£1|2)mz5 RAER IS

mo mi

m&; is linearly dependent to mo& — m1&;.

Whenever ¢ and &; are not linearly dependent, i.e. for a dense subset of all £, &; € R3,
we then have

maty (1€1°)v2(161%) = maton (1€ w5 (16 ).

This is equivalent to the equality

ViR wh(al?)
TER) T P (aR)

Since the left-hand side is independent of &; and the right-hand side is independent
of &, both sides are equal to a constant and we get that v); and ), are of the form

Un (’I“) =e 7,
Pa(r) =e P,

forr ¢ R} and a = % (. This means that both ¢; and ¢, are Maxwell distributions.
If we do a re-translation in ¢, to get fR3 v (v)dv = wuse, the function ¢, is then
transformed in the same way, so they have the same velocity. The factors « and
3 are inverted by doing a Fourier transformation, so for ¢s and ¢; we have the
relation oo = %5, this means 7%1 =T for o = %1 from which we can deduce

ma T>

T =Ts. O

Lemma 1.3.7. Assume y, z € R™. Then we have the following inequality
(z—y)ln Y < 0,
z

with equality if and only if z = y.

Proof. We consider the term
(z—y)ln Y.
z

For z > y, the first factor is positive, but the logarithm is negative. For y > z, the
logarithm is positive but the first factor is negative. In both cases the whole term is
negative. We have equality if and only if z = . O
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With these three lemmas we can prove the following inequalities which will result
in an inequality for an entropy.

Theorem 1.3.8 (H-theorem of the single collision operator). Let f € L*°(dv) be a
function decaying fast enough at infinity, f > 0, and [(1+ |v|?) f(v)dv < oo, then

/lnf Quelfo Pdv <0 for k=1,2,

with equality if and only if f is a Maxwell distribution.

The proof is given in [46, 47, 83] and is a special case of the proof shown next
for the collision operators describing collisions of one species with the other one.

Theorem 1.3.9 (H-theorem of the mixture collision operators). Let fi, fo € L*(dv)
be two functions decaying fast enough at infinity, f1, f2 > 0, and [(14|v|?) f1(v)dv < o
and [(1+ |[v]?)f2(v)dv < oo, then

/(lnfl Q2(f1, f2) +1In fa Q21(f2, f1)) dv <0,

with equality if and only if fi and f5 are Maxwell distributions with equal mean velocity
and temperature.

Proof. We add equations (1.26) and (1.27), insert the definitions of Q)12 and @)2; and
choose h(v) = In f1(v) and g(v) = In f2(v) from the proof of properties 1.15, 1.16
and 1.17 and get

| 0@ualhis f2) + 90)Qar(fas ) o = 5 [ Bus(lv — 1], w)
R3 R3xR3xS2

2
p— (f2(0") f1(v]) = fa(v) fr(v1))] 00 o) (1.40)

L ’Ul U/ — v v HM vavaw

o (A 00) = fu(0)fa(01)] fl(v,)h(vi)]d dvydo.

Now, we apply lemma 1.3.7 choosing y = f1(v1)f2(v) and z = fo(v') f1(v}) in the
first term of the sum and y = f;(v) f2(v1) and z = fa(v}])f1(v") in the second term
of the sum. Then, we can deduce [, (h(v)Q12(f1, f2) + g(v)Q21(f2, f1)(v)) dv < 0,
because Bj is non-negative, with equality if and only if

fi(v) fa(v) = fi(v) f2(v).

The equality from the second term of the sum is the same just exchanging the
notation. In the case of equality, choose ¢; = f; and ¢ = f> in lemma 1.3.6. Then
we obtain that f; and f, are Maxwell distributions with equal mean velocity and
temperature. O
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1.3 The Boltzmann equation for gas mixtures

In the following we will see three things. We will consider the physical entropy
and see that the previous theorem leads to an inequality for this entropy. We will
study the equality in this entropy and are able to characterize it with the help of
lemma 1.3.6 as Maxwell distributions with equal mean velocity and temperature. In
the next part, we want to define equilibrium distributions and finally, we will observe
that they correspond to the Maxwell distributions found in the H-theorem. Let’s start
with the entropy inequality.

Definition 1.3.9 (Physical entropy). The quantity

H(fr, f2) = / (Al fy + foln fo)dv

defines the negative of the physical entropy in statistical mechanics.

For a motivation of choosing this expression as the entropy see section 3.4.2 in
[81]. It is linked to the number of possibilities to distribute N particles into the cells
of phase space. In the following we deduce an inequality for this entropy.

Corollary 1.3.10. Let fi, fo € L*(dv) be a solution to (1.14) in the sense of distribu-
tions decaying fast enough at infinity in v, f1, fo > 0, and [(1+ |v|?) fi(v)dv < oo and
J @+ |v|*) fa(v)dv < oo, then

Oy </f11nf1dv+/f21nf2dv) + V.- </vf11nf1dv+/vf21nf2dv) <0,

with equality if and only if fi and fo are Maxwell distributions with equal mean velocity
and temperature.

Proof. We multiply the Boltzmann equation (1.14) for species 1 by In f;, the Boltz-
mann equation (1.14) for species 2 by In f5, add the result and integrate it with
respect to v, use integration by parts and conservation of the number of particles
(equation (1.15) and theorem 1.3.1) on the left-hand side and the theorems 1.3.8
and 1.3.9 on the right-hand side. O

The physical meaning of this is the following. In the space-homogeneous case,
meaning f1, fo do not depend on z, the entropy is a non-increasing function. This
corresponds to the second law of thermodynamics.

The fact that H is a decreasing function unless f1, fo are Maxwell distributions
with a common mean velocity and temperature, indicates that f7, fo possibly tend to
such a function when ¢ — oo. The final state will presumably be an equilibrium state.

Definition 1.3.10 (Equilibrium). The system is in equilibrium if and only if f does
not depend on x and ¢.

This means that the left-hand side of the Boltzmann equation vanishes, so we have

to consider the equations Q11 (f1, f1)+Q12(f1, f2) = 0and Qa2( f2, f2) +Q21(f2, f1) =
0.
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Corollary 1.3.11 (Structure of the equilibrium). Let f, fo € L*°(dv) be a solution
to (1.14) in the sense of distributions and assume fi, fo > 0. From the equations
Qu1(f1, f1) + Qi2(f1, f2) = 0 and Qa2a(f2, f2) + Q21(f2, f1) = 0 we can deduce that
f1 and fy are Maxwell distributions with equal velocity and temperature, that means
U = U2 and T1 = TQ.

Proof. If Q11(f1, f1) + Qu2(f1,f2) = 0 and Qa22(f2, f2) + Q21(f2, f1) = 0, then
Qu1(f1, f1) + Qu2(f1, f2) + Q22(f2, f2) + Q21(f2, f1) = 0 and so we have equality
in the H-theorems 1.3.8 and 1.3.9. O

This shows that the equality in the H-theorem coincides with the distribution in
equilibrium. So we can formulate the H-theorem in the space homogeneous case in
the following equivalent version: We expect that the entropy H decreases in time
until it reaches its equilibrium distribution which is a Maxwell distribution.

The last two lemmas will lead to a comparison of the entropy of a species with
the entropy obtained in equilibrium.

Lemma 1.3.12. Let z,y be arbitrary positive real numbers. Consider the function
h:R* — R, h(x) := zlnz — x. Then h is strictly convex and the following inequality is
satisfied

(z—y)lny<zlnz—ylhy+y-—z
or equivalently

zlny<zlnz+4y— z.

Proof. If we compute the derivatives of h, we obtain h/(z) = Inz and h"(z) = 1. So
h is strictly convex for z > 0 and we have 7'(y)(z — y) < h(z) — h(y) with equality if
and only if z = . O

Lemma 1.3.13 (Estimate of the entropy). Let fi, fo € L*(dv) be two functions
decaying fast enough at infinity, fi, fo > 0, and [(1 + |v|?)fi(v)dv < co and [(1 +
[v]2) fa(v)dv < oo, then

/fklnfkdv > /Mklandv, for k=1,2,

where Mj, is the local Maxwell distribution with the same density, mean velocity and
temperature as f.

Proof. If we compute In M}, we obtain In M, = In —2t—; — lv—usl® e observe

3 T
Ty k
2w ke mp

mip

that In Mj, is a linear combination of 1, v and |v|?. Therefore [(fx — M},)In Mydv =0
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since fr and M}, have the same density, mean velocity and temperature. Using this
and lemma 1.3.12, we get

/ filn frdo — / M. In Mydo
:/fklnfkdv—/Mklandv—/(fk—Mk)landv
:/fklnfkdv—/fklandv
2/(fk—Mk)dv:0.

1.4 The BGK model for one species
For one species of particles the Boltzmann equation reduces to

Of +v-Vaof =Q(f, ),

for the unknown f(z,v,t). The collision operator corresponds to an operator describ-
ing the interactions of the gas with itself as )1, and Q92 in the previous section. The
collision operator in the Boltzmann equation is very complex. So Bathnagar, Gross
and Krook [16] invented a simplification of the collision operator which has still the
same main properties mentioned in the previous section as the original collision term
Q. It is called BGK model. It satisfies the conservation of the number of particles,
momentum and energy. The BGK model has an H-theorem and the same structure in
equilibrium as the Boltzmann equation. It is given by

Ohf+v-Vof =vn(M — f), (1.41)

where v(x,t)n(x,t) is the collision frequency and M the Maxwell distribution which
has the same density, mean velocity and temperatures as f given by (1.34). Moreover
BGK models give rise to efficient numerical computations [72, 41, 35, 12, 34, 13, 28].
In [64], the linearized BGK equation is considered and the uncertainties in the case
of modelling errors are quantified by Klingenberg, Li and Pirner.

1.4.1 Motivation of the BGK model

The aim of this section is to motivate the choice and structure of the BGK model and
the choice of the collision frequency v. First, we will see under which assumptions
and simplifications we can derive the BGK-model from the Boltzmann equation. This
is given in [81]. Then, we will see the meaning of the equation by considering a
minimization problem of the entropy which also leads to the BGK model. This is
given in [2].
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1 Fundamentals

Derivation from the Boltzmann equation

The first motivation of the BGK model is to simplify the collision operator in the
Boltzmann equation making some simplifying approximations. The collision term in
the Boltzmann equation for one species is given by

L= m/ / B(|lv —v1],w)(f(z, v, t) f(x,v],t) — f(z,v,t) f(2,v1,t))dwdv;.

In section 1.3.3 we observed that the H-theorem indicates that due to interactions
the distribution function f tend to relax towards a Maxwell distribution. Now, we
assume that even after one interaction the distribution function becomes a Maxwell
distribution. So, we replace the distribution functions with velocities after the collision
f(z,v',t) and f(x,v],t) in the collision operator by its local Maxwell distribution M.
So we get

Quitt. )= [ [ Blo= 1.0 (e M@0k 0) = Fla0.0)f (@00, 8) de.
Because of conservation of momentum and kinetic energy (1.10), we have
M (z, v, t)M (z, v}, t) = M (z,v,t)M (x,v1,t),
and so we get
On(f, f) = %/% / B(v — vi],w)(M(z, v, ) M(z, v1,8) — (2,0, 8) (2, 01, £))dwdos

:l(M(a;,v,t)/ / B(|lv — v1],w)M (z,v1,t)dwdv
m R3 JS2

—f(it',’l},t) \/IRd o2 B(|U_Ul‘vw)f($7vl7t)dwdvl)‘

Now we assume that the difference between the two integrals can be neglected and
get

QBGK(fvf):Vn(Mif)a

where v is given by

//Mxvl, (Jlv = v1], w)dwdvy .
m

With this choice of the collision frequency v, the conservation properties are only
fulfilled when v does not depend on the velocity v, so one either has to consider
Maxwellian molecules, where B does not depend on |v — v1| or replace v by a mean
collision frequency 7 = L [ v fdv.
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1.4 The BGK model for one species

Minimization of the entropy

The other possible way to motivate the BGK model is due to a minimization problem
of the entropy presented in [2]. Suppose we have a model of the form

Of +v-Vaof =vn(G(f) — f), (1.42)

for a function G(f) which we will determine later. The meaning of the term on
the right-hand side is the following. Suppose we are in the space homogeneous
case. Then the meaning of the term on the right-hand side is a relaxation of the
function f towards the function G(f) in time. If f is smaller than G(f), in the
space-homogeneous case the time derivative of f is positive. So f will increase. If f is
larger than G(f), the time derivative is negative so f will decrease. This corresponds
to a relaxation of f towards the function G(f). See also figure 1.4.

G

Figure 1.4: Relaxation of f towards the function G(f). The arrows illustrate the time derivative of f under the time
evolution of equation (1.42) in the space-homogeneous case.

Now, the idea is to determine the function G(f) as a solution to a minimization
problem of the entropy. We consider the following problem

S(n,u,T) = min/ﬁ(g)dv, (1.43)

gEX

where H (g) is given by H (9) = glng and x is the following set
x={9>0,(1+]v)g¢€ Ll(dv),/gdv = n,/vgdv = nu,/v@vgdv =nu®u +n%1}.

In the case of one species we omit the index in the density, the mean velocity and the
temperature given by the definitions 1.3.2, 1.3.3 and 1.3.5, respectively. We want to
find the solution to (1.43) and choose G(f) as the minimizer to this problem. The
problem is motivated by the H-theorem for the Boltzmann equation, since we expect
from it that f relaxes to a function G(f). The set x can be motivated in the following
way. We expect that during the relaxation process the density n, the momentum nu
and the energy n(m|u|? + 3T) should be conserved, so the solution to (1.43) should
have the same density, momentum and energy as f. We observe that we assume
more to the function g € x than to have just the same energy as f. We also determine
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1 Fundamentals

the off-diagonal terms of [ v ® vgdv. The physical meaning of this is the following. If
we compute the integral m [ v ® v fdv, we get mnu @ u + P. Therefore the restriction
on g € x means that we expect that in equilibrium the tensor P becomes diagonal.
We will observe that the solution to this problem is a Maxwell distribution.

Theorem 1.4.1. The unique minimizer to (1.43) is the Maxwell distribution M given
by (1.34).

Proof. The proof is given in [2]. For the convenience of the reader we will repeat it
here. The aim is to show that

/f{(M)dv</ﬁ(g)dv forall gex with g¢g# M.

Since H is a strictly convex function, we get
H(g) > H(M)+ H'(M)(g— M) forall gey with g# M.

Here ' denotes the Fréchet derivative of H with respect to g. We are done when we
show that [ H'(M)(g — M)dv = 0. If we compute H' (M), we get

~ n mlv — ul?
H(M)=InM+1= 5 - T

2T

+ 1.

3N

So we observe that H'(M) is a linear combination of 1,v and |v|2. Therefore, the
integral [ H'(M)(g — M)dv vanishes since g and M have the same density, mean
velocity and energy. O

1.4.2 Fundamental properties of the BGK equation

The reason for this model was to find a simplification of the complicated Boltzmann
collision operator but to keep the main features of the Boltzmann collision operator. In
this section we prove that the BGK operator for one species satisfies the conservation
properties and the H-theorem.

Theorem 1.4.2 (BGK-model). Assume f € L°°(dv) to be a solution of (1.41) decaying
fast enough to zero for |v| — oo and v, f > 0. Then the right-hand side of the equation
(1.41) has the same main properties (conservation properties, H-theorem and structure
of equilibrium) as the Boltzmann collision operator.

Proof. The proof is given in section 3.6 in [81]. For the convenience of the reader we
want to repeat it here. First, we will discuss the conservation properties, then the
H-theorem. Since v does not depend on the velocity v, the conservation properties as
in theorem 1.3.1 are satisfied because f and M have the same density, mean velocity
and temperature.

For the same reason, we have

Vn/lnM(M—f)deO,
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1.4 The BGK model for one species

because In M is a linear combination of 1, v and |v|?, so

[ @uaxts p)de =vn [ (= f)ao
:un/lnf(M—f)dv—yn/lnM(M—f)dv
- Vn/ln— (M — f)d
With lemma 1.3.7 we can conclude
/QBGK(f, dvzun/ln— (M — f)dv <0,

which ensures the property of the H-theorem.
The structure of the equilibrium is clear, because from v(M — f) = 0, we can deduce
f=M. O
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Chapter 2

A BGK model for mixtures

In applications one often has to deal with gas mixtures instead of a single gas. For
example, the air is a gas mixture. Therefore, in this chapter, our attempt is to extend
the BGK model for one species described in the previous chapter to gas mixtures. For
simplification we consider only two species. This model is also presented in a paper
by Klingenberg, Pirner, Puppo in [61].

In the literature one can find two types of BGK models for gas mixtures. Just like
the Boltzmann equation for gas mixtures contains a sum of collision terms on the
right-hand side, one type of BKG models also has a sum of BGK-type interaction terms
in the relaxation operator. Examples are the models of Gross and Krook [49], Hamel
[51], Asinari [6], Garzd, Santos, Brey [43], Sofena [79], see also Cercignani [24].
The other type of models contains only one collision term on the right-hand side.
Examples for this are Andries, Aoki and Perthame [1] and the models in [22, 48].

For the second type of model which was first presented by Andries, Aoki and
Perthame [1], they proved consistency of this type of model. They proved the conser-
vation properties, the positivity of the temperatures, the H-theorem and specified the
structure of equilibrium. Whereas for the first type of model this was not done before
in the literature, as far as we know. But the first type of BGK model for mixtures
is the extension to gas mixtures suggested by physicists and engineers and is still
used in numerical applications, see for example [67, 71]. In [54], the second type
of model is even seen as a simplification of the first model from a physical point of
view. The advantage of the first type of BGK model for mixtures from the physical
point of view is that the two different types of interactions, interactions of a species
with itself and interactions of a species with the other one, are still kept separated.
Therefore, we can still see how these different types of interactions influence the
macroscopic equations, the H-theorem and the trend to equilibrium. Especially, when
the particles of the two species are very different, then it is desirable to maintain their
contribution separately. But, as far as we know, there was no proof of the H-theorem
and the structure of equilibrium before for this first type of extension. In order to
close this gap, we now present a model which contains all the models of the first
type mentioned above as special cases. For this generalized model we then prove the
conservation properties, the positivity of all temperatures, the H-theorem and specify
the structure of equilibrium.

The outline of the chapter is as follows: in section 2.1 we will present the model
for two species and prove the conservation properties and the H-theorem and we
show the positivity of all temperatures. In section 2.2, we compare our model with
other models presented in the literature. First, we consider special cases of our model
and next we compare our model with the model of Andries, Aoki and Perthame [1].

35



2 A BGK model for mixtures

2.1 A two species kinetic BGK model

In this section we will present the model for two species and prove the conservation
properties and the H-theorem. Further, we analyse the positivity of the temperatures
and characterize the structure of equilibrium.

2.1.1 The general form of the model

We will repeat the most important definitions such that it is possible to read this
chapter independently. For simplicity in the following we consider a mixture com-
posed of two different species. Thus, our kinetic model has two distribution functions
fi(z,v,t) > 0 and fo(z,v,t) > 0, where € R and v € R? are the phase space
variables and ¢ > 0 the time. We expect that they are determined by two equations
to describe their time evolution. Since we consider binary interactions, the particles
of one species can interact with either themselves or with particles of the other
species. In the model this is accounted for by introducing two interaction terms
in both equations. These considerations allow us to write formally the system of
equations for the evolution of the mixture. The following structure containing a sum
of the collision operator is also given in [25, 24]. We describe the time evolution of
the number distribution functions f; and f> by the Boltzmann equation with binary
interactions for two species of particles as in [25], chapter 6.2

Oufi +v-Vofi = Qui(fi, f1) + Qu2(f1, f2),
O fa+v-Vafo=Qal(fa, f2) + Q21(f2, f1),

where Qy;, k,I = 1,2 are the collision operators for interactions of species k with
species .

Furthermore, we relate the distribution functions to macroscopic quantities by
mean-values of fj,

1 ng

/fk(’U) v dv =: NkpUg s (21)

mk|v — uk|2 3nka

where ny, is the number density, u; the mean velocity and T}, the temperature which
is related to the pressure py by pr = niTx. Note that in this chapter we shall write
T, instead of kgT},, where kg is Boltzmann’s constant.

2.1.2 Requirements on the collision operators

A model for the evolution of a mixture should satisfy the following conservation
properties:

Conservation of mass, momentum and energy of the individual species in interac-
tion with the species itself:

1. kak(fk?fk)dv:o for k= 1,2,
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2.1 A two species kinetic BGK model

2. [mpvQui(fr, fr)dv=0 for k=12,

3. [ milv2Qur(fi, fr)dv =0 for k=1,2.
Conservation of total mass, momentum and energy:
1. [ Qu(fe, fi)dv =0 for k,1 =1,2,

2. [(m1vQi2(f1, f2) + mavQ21(f2, f1))dv = 0,

3. [(ma|v*Qu2(f1, f2) + ma|v|*Q21(f2, f1))dv = 0.

2.1.3 The BGK approximation

We are interested in a BGK approximation of the interaction terms. This leads us to
define equilibrium distributions not only for each species itself but also for the two
interspecies equilibrium distributions. Choose the collision terms Q11, @12, @21 and
(022 in section 2.1.1 as BGK operators. Then the model can be written as:

Ocfi +v-Vafi = viini(My — f1) + vigna (Mg — f1),

(2.2)
Oifa +v - Vg fo = vaona(Ma — f2) + vo1n1(Ma1 — fa),
with the Maxwell distributions
ny v — uq|?
Ml(x7v7t):73€Xp —2T )
py s my
mi
2
UV — U
M2($,U,t)— 3exp(| QQ‘ )7
QW% m2
) (2.3)
Mia(z, v, ) = —M2_ exp (_ v ;Tiu\ ) ’
or D1z miy
my
M - n21 v — U21\2
21(2,0,1) = ———5 exp Y PTR
o Lov ma
ma

where v11n1 and voon, are the collision frequencies of the particles of each species
with itself, while v15n5 and vo1n are related to interspecies collisions. The structure
of the collision terms ensures that if one collision frequency v; tends to oo, the
corresponding distribution function becomes a Maxwell distribution. In addition
at global equilibrium, the distribution functions become Maxwell distributions with
the same mean velocity and temperature (see later in section 2.1.8). The Maxwell
distributions M; and M, in (2.3) have the same macroscopic quantities (2.1) as
/1 and fo, respectively. With this choice, we guarantee the conservation of mass,
momentum and energy in interactions of one species with itself (see section 2.1.2).
The remaining parameters w12, us1, 712 and T5; will be determined using conservation
of total momentum and total energy, together with some symmetry considerations.
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2 A BGK model for mixtures

2.1.4 Relationship between the collision frequencies

Note, that in our model we have four collision frequencies v11n1, vaans, v1ans and
vo1n1. In physical applications the functions v11, v92, 112 and vo; are often linked
by a constant. We will illustrate this in the case of a plasma in section 5.2.1. To
be flexible in choosing the relationship between the collision frequencies, we now
assume the relationship

Vg = €n1, 0<e<1. 2.4

For example, in the case of a plasma, we will see in section 5.2.1 that ¢ is given by
e = ;t. The restriction € < 1 is without loss of generality. If ¢ > 1, exchange the

index 1 and 2 and choose % as new e.

2.1.5 Conservation properties

This section shows how the macroscopic quantities nio, no1, 412, 21, 112 and To; in
the interspecies Maxwell distributions M35 and M»; have to be chosen in order to
ensure the macroscopic conservation properties.

Theorem 2.1.1 (Conservation of the number of particles of each species). Assume
that

Ni2 = N1 and No1 = N2, (25)

then

/Q11(f1,f1)dv=/Q12(f1,f2)dv=/ng(fmfg)dv=/Q21(f2,f1)d11=0-

Proof. Since My, and fj, for k = 1,2 have the same density according to the definition
in equation (2.1), we get

/Qkk(ﬁw Jr)dv = /kank(Mk — fr)dv =0.
The equality
/Qu(fh f2)dv = viany /(M12 - fi)dv =0,
holds provided that n;5 = n;. Similarly for the second equation, if no; = ns. O

Theorem 2.1.2 (Conservation of total momentum). Assume the relationships (2.4)
and (2.5) hold and assume further that w12 is a linear combination of uy and us

u1o = duyg + (]. — 5)U2, 6 €R. (2.6)

Then we have conservation of total momentum
/mlv[Qu(fhfl) + Q12(f1, f2)]dv + /m2U[Q22(f27f2) + Q21(f2, f1)ldv =0,
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2.1 A two species kinetic BGK model

provided that

Ug1 = U2 — %8(1 — 6)(“2 — ul). (27)

Proof. The exchange of momentum of species 1 is given by

Jmio =1 /’UVnm(Ml — fi)dv +my /UV12n2(M12 — f1)dv

(2.8)
= 0 =+ m1V12n1n2(u12 — Ul) = m1V12n1n2(1 — 5)(’&2 — ul).
The exchange of momentum of species 2 is given by
Jma 1= mavo1nang (ug1 — uz). 2.9)

In order to get conservation of momentum we therefore need
myvigning(1 — 0)(ug — u1) + mavainang (ug1 — uz) = 0,

which holds provided u; satisfies (2.7) under the assumption that ;5 and v»; satisfy
(2.4) and u- satisfies (2.6). O

Remark 2.1.1. If we write ¢ = 2 and 6 = 1—&(1—§) we obtain a similar structure
for uq; as for uqo ) )
U1 = 5’11,2 + (]. — 5)11,1.

Theorem 2.1.3 (Conservation of total energy). Assume (2.4), conditions (2.5), (2.6)
and (2.7) and assume that T}4 is of the following form

Tio=0aT; + (1 —a)Ts +ylug —ug|?, 0<a<1,y>0. (2.10)

Then we have conservation of total energy

[P @ui 50+ Quali, o+ [ P20 Qua(fa f2) + Qs f)do =

provided that

1
Ty = [3£m1(1 —0) (mla(é -1)+d+ 1) - E’y:| luy — ug|?

ma

(2.11)
+e(l—a)Th + (1 —e(1 — a)Ts.

Proof. Using the energy exchange of species 1
m m
Fg, , = / 71|v|21/11n1(M1 — fi)dv + / 71|U|2V12n2(M12 — fi)dv
1 9 9 . 3
= 5V21§n2n1m1(\u12| = |ua]®) + §5V21n1n2(T12 -1T1),
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2 A BGK model for mixtures

where we use (2.6) and (2.10). Analogously the energy exchange of species 2 towards

1is

1
FE2,1 =5

3
2V21m2n1n2(|um\2 — |ug|?) + §V21n1n2(T21 —T5).

Substitute up; with (2.7) and T3; from (2.11). This permits to rewrite the energy
exchange terms as

1
Fg,, =¢evn n2mm [(62 — Dur]® 4+ (1 = 0)?|uz|* + 25(1 — §)uy - uz]

(2.12)

3
+§€V217l1n2 [(1 — OZ)(TQ — Tl) + ’}/|U1 — ’LL2|2} s

1 m m ?
Fp, , = varmanins| ((1 — —te(1-0))? - 1) Jua|* + (m;g(a - 1)) Jus |2

ma
m m 3
+2(1 — mff(l - 5));25(1 — 8)u - uz] + Srann: [e(1 — a)(T1 — Tb)
1
+ (gm0 (Bhes -1+ 541) -2~ waP).
3 mao
(2.13)
Adding these two terms, we see that the total energy is conserved. O

Remark 2.1.2. Wehave0 < 1—-¢(1—a) <land0<e(1—«) <1,sothatin (2.11)
the two terms with the temperatures are also a convex combination of 77 and 7.

Remark 2.1.3. The remaining free parameters can be fixed for specific situations.
For example, if we see the parameters «, §,v and ¢ from the model presented in this
chapter as functions of the masses m; and ms, we can get more restrictions on these
parameters by physical considerations.
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e In the limit

- — 0, we expect that u1o = ug and T1o = T5, since we expect
that light particles are driven by the flow of the heavy particles, so they adapt
the velocity and the fluctuations to the mean velocity of the heavy particles. If
we look at (2.6), (2.7), (2.10) and (2.11), the definitions of w2, us1, 712 and
T51, we see in order to realize this, we need 6 — 0, — 0 and v — 0.

In the limit —"— — ! when the mass of the particles become indistin-
mi1+mae 2

guishable, we expect 712 = T5; and ui2 = ug;. From wis = ug; We obtain
6 = %2 by using (2.6) and (2.7). From Ti, = T3; we obtain a = =

e+t 1+e
and v = $5oma(1 — d)(te(d — 1) + 6 + 1) by using (2.10) and (2.11). So
for getting equality in the limit when the masses of the two particles become

indistinguishable (m := m1 = my), we need we need § — = +€, a — m and
s m(1+6)2

In the limit " — 1, the heavy particles do not feel the other particles, so
we expect that we have no change in the mean velocity and in the temperature,
e.g u;o = uy and Tyo = T. Here we need § — 1, — 1 and v — 0.



2.1 A two species kinetic BGK model

2.1.6 Positivity of the temperatures

Theorem 2.1.4. Assume that fi(z,v,t), fa(x,v,t) > 0. Then all temperatures T, T,
T1o given by (2.10) and T»; given by (2.11) are positive provided that
mi
€

Ogygg?ﬂ—ﬁ 0+E;w+1_%?. (2.14)

Proof. Ty and T are positive as integrals of positive functions. T is positive because
by construction it is a convex combination of 7} and T,. For T5; we consider the
coefficients in front of |u; — up|?, Ty and Ty. The term in front of T} is positive by
definition. The positivity of the term in front of 75 is equivalent to the condition
a>1-— %, which is satisfied since ¢ < 1, the positivity of the term in front of |u; —uz|?
is equivalent to the condition (2.14). O

Remark 2.1.4. According to the definition of v, it is a non-negative number, so the
right-hand side of the inequality in (2.14) must be non-negative. This condition is
equivalent to

mel s (2.15)
TR '

If the collision frequencies are linked as in (2.4) with ¢ = % in the case of a
plasma, then the right-hand side of (2.14) is positive for 0 < § < 1.

2.1.7 H-theorem for mixtures
Now, we want to show the H-theorem for our BGK model for mixtures.

Lemma 2.1.5. Assuming (2.10) and (2.11) and the positivity of the temperatures
(2.14), we have the following inequality

elnTio +InTy; > elnT) +InTs. (2.16)

Proof. We start with the left-hand side of (2.16). First we insert the definition of T}
and Ty; from (2.10) and (2.11). Since v and the term in front of |u; — us|? in (2.11)
are positive, we can use the monotonicity of the logarithm and get

eln Tlg + In Tgl
=cln [aTl + (1 —a)Ta+ylus — uQ|2}

+m[<;mﬂl—®(nhd&—n+5+i>—&)ul—m2

+aﬂfaﬂ}+ﬂfsﬂfanﬂ}
>eln(efn+(1-—a)T)+n(c(l—a)Th + (1 —e(1l —a))Ts).
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2 A BGK model for mixtures

If we now use the concavity of the logarithm and the assumptions 0 < o < 1,e <1,
the expression above can be bounded from below by

ealnTi +e(l—a)lnTo+ (1 —e(l—a))InTr + (1 —a)InTy,
which gives the inequality stated in lemma 2.1.5. O

Theorem 2.1.6 (H-theorem for the mixture). Assume f1, fo > 0. Assume the relation-
ship between the collision frequencies (2.4) , the conditions for the interspecies Maxwell
distributions (2.5) , (2.6), (2.7), (2.10) and (2.11) with o, # 1 and the positivity of
the temperatures (2.14), then

/(hlfl Q11(f1, f1) +1In f1 Qu2(f1, f2))dv
+ /(hlfz Q22(f2, f2) +1n fo Q21(f2, f1))dv <0,

with equality if and only if f1 and fo are Maxwell distributions with equal mean velocity
and temperature.

Proof. The fact that [In fi Q(fx, fx) < 0, k = 1,2 for the single BGK-model was
shown in theorem 1.4.2. Note that in the proof it was not necessary that fj is a
solution to the BGK model for one species. It is only a property of the structure of the
BGK operator. So here, it is still true. We have equality if and only if f; = M; and
f2 = Mo.

Let us define

S(fl,fg) = V12N /hl f1 (M12 — fl)dv —+ Va1nq /hl f2 (Mgl — fg)dv.

The task is to prove that S(fi, f2) < 0. Consider now S(f1, f2) and apply the
inequality in lemma 1.3.12 to each of the two terms in S.

SS V129 |:/M12 lIlMle’Uf /fl 111f1dU/M12dv+/f1dU:|

+ro11q |:/M21 lnMgldv—/fg lﬂfgd’l)—/]\421d’l)—‘r-‘/fsz:|7

with equality if and only if f; = My and fo = Ms;. Then ujs = duy + (1 —6)us = uy
from which we can deduce u; = us = w9y = uje and 7y = Ty = Ty5 = T5;. That
means f; and fo are Maxwell distributions with equal mean velocity and temperature.
Since M5 and f; have the same density and M>; and f; have the same density, too,
the right-hand side reduces to

V12M2 (/ M12 1HM12d’U — /f1 In fld’l)) +vo1n1 (/ M21 11’1M21d1) — /f2 11’1f2d'l)> .
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2.1 A two species kinetic BGK model

Since [ M InMdv = nln (\/2%3> — %n for M = ﬁexp (—‘”%“2) , we have
that
I/lgng/Mlg h’lMleU —+ vo1mq /M21 thzld’U
(2.17)

< I/anl/Mg 1nM2dU+V12n2/M1 In My dv,

provided that

ni n2
V12MaoNny In — + v91Mong In —
2 L1z 2Lz
mi m2
n2

ni
< vi9nong In ————= tvainam In
[or Lo [on L2
mi m2

which is equivalent to the condition (2.16) proven in lemma 2.1.5.
With this inequality we get

S(f1, f2) <vians [/M11HM1dU—/f11Hf1dv]

—+ v21m1 |:M2 h’lMQd’U - /fg 1Hf2d?)j| S 0.

The last inequality follows from lemma 1.3.13. Here we also have equality if and
only if f; = M; and f, = My, but since we already noticed that equality also implies
f1 = M12 and fg = Mgl, we also have T21 = T2 = T1 = T12 and UL = U2 = U2 = U2].

O

Now, consider the total entropy H(f1, f2) from definition 1.3.9. We can compute

OH(f1,f2) + Vo [ (il fu+ foln fo)ody = S(fu f),
by multiplying the BGK equation (2.2) for species 1 by In f;, the BGK equation (2.2)

for the species 2 by In f5 and integrating the sum with respect to v.

Corollary 2.1.7 (Entropy inequality for mixtures). Assume f1, fo > 0 to be a solution
to (2.2). Assume a fast enough decay of f to zero for v — oo. Assume relationship (2.4),
the conditions (2.5), (2.6), (2.7), (2.10) and (2.11) with «, § # 1 and the positivity of
the temperatures (2.14), then we have the following entropy inequality

Oy </f11nf1dv—|—/f21nf2dv) + V- </Uf11nf1dv—|—/vfglnfgdv) <0,

with equality if and only if f1 and f are Maxwell distributions with equal mean velocity
and temperature. Moreover at equilibrium the interspecies Maxwell distributions M2
and Moy satisfj/ Uig = Uy = Uy = Ugy and T = To =Ty = To;.

We now explicitly specify the global equilibrium.
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2 A BGK model for mixtures

2.1.8 The structure of the equilibrium

Theorem 2.1.8 (Equilibrium). Assume fi, fo > 0 and the relationship (2.4), the
conditions (2.5), (2.6), (2.7), (2.10) and (2.11)and the positivity of the temperatures

(2.14). Then Q11(f1, f1) + Q12(f1, f2) = 0 and Qa22(f2, f2) + Q21(f2, f1) = 0 if and

only if f1 and fy are Maxwell distributions with equal mean velocity and temperature.

Proof. If Q11(f1, f1) + Qi2(f1, f2) = 0 and Q22 (f2, f2) + Q21(f2, f1) = 0, then
S fi Qui(fi, fr) +1Infi Qua(f1, fo) +1n fo Qaa(f2, f2) +1n fo Qai(f2, f1))dv = 0

and so we have equality in the H-theorem. O

2.1.9 Macroscopic equations

In the macroscopic equations in theorem 1.3.3, we did not compute the integrals
on the right-hand side. In the case of Maxwellian molecules, when the collision
kernel B in the Boltzmann equation does not depend on the relative velocity |[v — v],
it is possible to compute these integrals. This is done in [1]. In general, this is to
complicated or not possible. But, when we use the BGK model as approximations the
integrals in the equations in 1.3.3 are just integrals of Maxwell distributions which
we can easily compute. In this case we can specify the exchange terms of momentum
and energy. This is done in the following theorem.

Theorem 2.1.9 (Macroscopic equations for the BGK equation for mixtures). If
f1, f2 € L®(R? x R® x RY) decay fast enough to zero in the v variable and are a
solution to (2.2) in the sense of distributions, they satisfy the following local macroscopic
conservation laws.

Ony + Vg - (nquq) =0,

Oy + Vo - (nauz) = 0,
Or(miniuy) + Vi - P14+ Vu - (miniuy @ ur) = fnss
Oy (manouz) + Vg - Po + V- (manous @ ug) = fin, |,

m 3
Oy (21711|u1|2 + 2n1T1> + Ve Q1= Fpy,,

m 3
Oy (22712|Uz|2 + 2n2T2) + Ve Q2= Fg,,,

with fm, » fms.» FE,, and Fg, | given by

Jmyo = —fma, = maviznang(1 — 0)(ug — u1),

Fpyy=—Fp,, = Eugléninml (6% = Dfur* 4+ (L = 8)|ua|® + 26(1 — &)uy - us)
+ gEl/QlTLlTLQ (1 —a)(To — T1) +yur — usl?) .
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2.2 Correlation to other models in the literature

Proof. The derivation of the left-hand side of the equations is exactly the same as
in the proof of theorem 1.3.3. But for the BGK operators in (2.2) we can compute
the integrals on the right-hand side. This is done in the proofs of the theorems 2.1.2
and 2.1.3 using the expressions for the mixture velocities (2.6) and (2.7), and the
mixture temperatures (2.10) and (2.11). O

Remark 2.1.5. From theorem 2.1.9 we can observe a physical meaning of « and
5. We see that « and ¢ show up in the exchange terms of momentum and energy
as a parameter in front of the relaxation of u; towards u, and 7; towards 7. So
it determines together with the collision frequencies the speed of relaxation of the
velocities and the temperatures to a common value.

Remark 2.1.6. The exchange terms of energy can be written in the following equiva-
lent form

FE1,2 = _FE2,1
1 1
= V12§n1n2m1(5 — 1) (w1 +uz +6(ur — uz)) + §V1zn1n27(u1 —ug)| - (u1 — u2)

3
+ 561/2171177,2(1 — a)(TQ — Tl).

2.2 Correlation to other models in the literature

In this section, we review models that have been previously introduced [1], [49] and
[51]. [49] and [51] can be considered as special cases of the class described here.
Thanks to this, all of them enjoy an H-theorem, conservation properties and positivity
of the interspecies temperatures.

2.2.1 Special cases of this model in the literature

In this section we see that the two well-known models [49] and [51] are special
cases of our model. In particular, this means that we can proof the H-theorem for
these two often used models.

Model of Gross and Krook

In [49], Gross and Krook describe a plasma with two species of particles, species 1
and species 2 .

n n . .
Oufi +v-Vafe = —=(My — fr) + —(Myj — fu), ki =12, k#j.
Okk Okj
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2 A BGK model for mixtures

The parameters oy; are collision parameters, the terms ' are the collision frequen-

cies from particles of species k with particles of species _j The Maxwell distributions
are given by

_ 2
Mk:L?)eXp <_”T7:k|>’ k=1,2,
,/QW%‘Z m
n v — w2 . .
Mkj: 5 €XpP <_ Tk.j )a k,j=1,2, k#]v
TkJ =21
27T me

with the mixed velocities

U2 = auq + (1 — a)ug,

ma ma
ug1 = |14+ —a ) uy — —auo,
m1 my

where a € R is an undetermined coefficient, and the mixed temperatures

T51 = b5 + (1 - b)T1 + A|UQ|2 + Bujug + C\u1|2,
T12 = le + (1 — b)TQ + D|U2‘2 + EU1UQ + F"Z,L1|2.

b € R is an undetermined coefficient. Five out of the six coefficients A, B, C, D, E and
F are determined by the conservation properties, assuming that o15 = 021, and the
assumption that for ¢ — oo, u; and uy tend to an equal value and T3 (c0) = T7(00),
T12(00) = To(c0). The model of Gross and Krook [49] is obtained from our BGK
model by choosing ¢ = 1, while §, « and ~ are free parameters. In the case of a
plasma they suggest § = a = ﬁ They also assume (2.5) for conservation of
mass. They assume one of the mixture velocities to be a linear combination of «; and
ug, similar to (2.6) and deduce (2.7) from conservation of momentum. They further
choose T of the form

Tio = Ty + (1 — Q)To + Aluy |* + Blug|? + Cujus, o, A, B,C €R,
and deduce with conservation of energy that T3, is given by
To = (1 - Oé)Tl + oy + D\ul\Q + E‘UQ|2 + Fujus,

where five of the variables A, B,C, D, E € R are determined in order to get conser-
vation of energy. From the present work the constants must be chosen in order to
satisfy (2.14). In this case the model satisfies the H-theorem.
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2.2 Correlation to other models in the literature

Model of Hamel

In [51], Hamel describes a kinetic model for a gas mixture where the two species
interact via a molecular force Fy,; = mym;py; 5 for k, j = 1,2 where the parameters
pk; € R describe the strength of the interaction. The model is given by

n mp|vg — up|?
Oifr + vk - Vi fro = nikk 7]63@(1) <k|§Tk|>fk
\/27er/mk k

2
Nikq Mg |V — Uk
kg | ————g exp <—| o7 i ) —fr |,
\/QWTkj/mk kj
for k,j = 1,2, k # j, where the functions xy;, ux; and Ty, are given by

ks =2.66(pij(mi +m;))? for k,j=1,2, k#j,

Kok =2.906(prrmy) ? for k=1,2,
Uij =Ui + mszjmj(u] — i),
Ti; =T +2 (m:”i”:;m (T) —T)) + Qi(mﬁn:ém i uj|2%
_ mEAmy g 2mum, Ty 42—y — P for k= 1,2, k # g

(ms+m;)2 " (mi+my) (mi +m;)?

Hamel’s model [51] is obtained from our BGK model (2.2) by choosing ¢ = 1,

0 = i, o= (nTFInTE)Q and v = ;"725; 2. The parameters are chosen in
order to reproduce the fluxes of momentum and energy of Maxwellian molecules. His
model also takes into account the physical considerations described in remark 2.1.3.
The model satisfies condition (2.5) for conservation of mass. wui2 and uo; satisfy
condition (2.6) respectively (2.7) with this chosen § and &, so we have conservation
of total momentum. T35 and Ty, are of the form (2.10) and (2.11), respectively, so
we have conservation of energy. The requirements for positivity of the temperature

are satisfied, since

2 2
120[24m1+m2 205
(mq +ma)?

and conditions (2.14) and (2.15) then reduce to m; > 0 and ms > 0, so Hamel’s
model has positive temperatures and an H-theorem.

2.2.2 Comparison with the model of Andries, Aoki and Perthame

The next model also describes a gas mixture of Maxwellian molecules, but it contains
only one term on the right-hand side [1].

Oufr +v - Vafi = (viing 4 viang) (MY — f),
Difa +v - Vafa = (vaang 4+ vorm )(M® — f5).
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2 A BGK model for mixtures

The Maxwell distributions are given by

k)|2
M®*) = K exp 7mk|v—u()| k=1,2
- 3 2T(k) bl ) )
9 L)
my

with the interspecies velocities

(1) _ ma X12

u' =ug + 2 no(us — uy),
! mi + Mg V11n1 + Vi2ne 2(uz )

u® =y 42— o1 ni(uy — ug),

mi + Mo VoMo + VoM
and the interspecies temperatures
m
W =T — ?1|U(1) —uy|?

2 mime 4x19 3 |ug — uq |2
+ = no | =(To —T1) + mo———— |,
3 (m1 + m2)2 V111 + Vianho 2 2( 2 1) 2 2

T =T, — %m@) ~un)?

2 mimes 4)(21 3 \ul — UQ‘Q
+ = ny [ =(Ty — To) + mi———21 ),
3 (M1 4+ m2)? veana + vy ! 2( 1= T) ! 2

where x12, X21, 12 and vo; are parameters which are related to the differential cross
section. For the detailed expressions see [1].

For x12 = xo21, the model also satisfies the conservation properties and the
H-theorem with equality if and only if the distribution functions are Maxwell distri-
butions with equal mean velocity and temperature.

Remark 2.2.1. The exchange of momentum of the species 1 in this model is given by

mammy
mo + my

mi(viing + vigng) /U(M(l) — fi)dv =

Xlznlnz(uz - U1).

The exchange of the energy of species 1 is given by

/7|U| Viing =+ Vlgng)(M(l) — f1)d’U

_ 2momiX12 my 2 M2 2
= n1ny lur]® + |usz|
(mq + ma) Cmy +me my + mo
mi — Mo 2 3
——uus + —— = (I — Tj )
mi + mo 12 m1+m22( 2 1)
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2.2 Correlation to other models in the literature

So the model discussed here reproduces the same momentum and energy fluxes
between the species (2.8), (2.9), (2.12) and (2.13) choosing the parameters ¢, « and
~ as:

ma X12
my + mg V12
mimsz 12
o= 4 T2 _Xi2
(m1 + mg) V12

LA mamg Xu(l_Xu)
3 (m1 +m2)? v12 vig )’

§=-2 +1,

For x12 < v15 the parameter ~ is non-negative.

The model of Andries, Aoki and Perthame has another property, proposition 3.2 in
[1], which the models described above do not have. It is called the indifferentiability
principle. It denotes the following property:

Remark 2.2.2 (Indifferentiability principle). When the masses m and ms and the
collision frequencies v11, v12, V21 and s are identical, the total distribution function
f = f1 + f2 obeys a single species BGK equation.

See also [21] for another model which also has the indifferentiability principle.
The model in this chapter does not satisfy the indifferentiability principle. The
indifferentiability principle in our model holds only in the global equilibrium. On
physical grounds it is reasonable to assume that two species of identical particles
become really indifferentiable when they have the same macroscopic speeds and
temperatures.
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Chapter 3

Determination of an unknown function in
a macroscopic model of Dellacherie

This chapter will show the usefulness of our kinetic description in a macroscopic
model by Dellacherie [32]. We want to use the model described in chapter 2 in
order to determine an unknown function in the energy exchange in the macroscopic
model of Dellacherie [32]. In section 3.1 we introduce the macroscopic model of
Dellacherie and compare the moment equations of our kinetic model in section 3.2
with the model of Dellacherie in order to determine his unknown function in the
energy exchange. This idea is also presented by Klingenberg and Pirner in [58].

3.1 Macroscopic model of Dellacherie

We consider the macroscopic model for a two component gas mixture from the
literature [32]. Each gas consisting of particles of the mass my, is characterized by
a density ng, a mean velocity u; and an energy Fj, k = 1,2. Dellacherie in [32]
proposes a macroscopic model for gas mixtures given by

ming miniuy 0
mang MaNaUs2 0
miniuy miniuy ® up + prl Ay (ug —ug)
O +Vg- =
M2NaU Manaus & uz + p2l Au(ur — uz)
min By uy (mini By + p1) Ar(Ts — Tl) + AU (ur, ug) - (u2 — up)
m2n2E2 uz(mQTLQEQ —|—p2) /\ (Tl ) + /\uU(ul, ug) . (ul — UQ)

(3.1

where U (u;,us) is an unknown function of the velocities uy,us and A, Ar are
relaxation parameters determined by physical experiments. The temperature 7}, and
the pressure p;, are related by the equation of an ideal gas given by pr = nyTx. The
unknown function U is inside the relaxation term in the energy equations. Dellacherie
[32] has the following restriction on U in the one dimensional case. He can show
that his macroscopic model for gas mixtures satisfies an H-theorem as soon as U
verifies the condition

min(ug, us) < U(ug,us) < max(ug, us). (3.2)

With this restriction on U in (3.2) Dellacherie is able to prove that for A\,, Az — 0
the model converges formally to a macroscopic model for the densities, the total
momentum and the total energy. For details of the proof see [32].
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3 Determination of an unknown function in a macroscopic model of Dellacherie

3.2 Comparison of the energy exchanges

Now, our aim is to derive a macroscopic equation for the energy from the kinetic BGK
model (2.2) with zero forces and to determine the parameter + in the definition of
the mixture temperature 715 in (2.10).

Lemma 3.2.1. Assume (2.4), the conditions (2.5), (2.6) and (2.10). Then the momen-
tum and energy exchange term of species 1 of the model (2.2) are given by

Finy o = mivigning (1 = 6)(uz — wy), (3.3)
1
Fp,, = §m1V12n1n2(5 —1)(ur + ug + 8(ug — uz))
3 ; (3.4)
+ §V12n1n27(u1 — UQ):| . (u1 — UQ) + §V12n1n2(1 — a)(Tl — TQ).

The momentum and energy exchange terms of species 1 are obtained by multiply-
ing the right-hand side of the first equation of (2.2) by v and |v|?, respectively and
integrating the result with respect to v, for more details see the proof of theorem
2.1.9 and remark 2.1.6. We will get the following relationship between the energy
exchange of the two models (2.2) and (3.1).

Theorem 3.2.2. Assume § < 1. The two energy exchange terms (3.4) and the one in
(3.1) coincide if U is of the form

1 (ug +u2) - (ug —w
U(u17uz):§( 1 qu)—izlp 2)(U1—U2)+C(u1—U2)+V¢(U17U2)7 c€R,

where V| is a function orthogonal to u; — us.

Proof. In order to have equality with the exchange term from Dellacherie, we want
that

Fgyl, = [%mll’unl”?@ = )(ur +u2 + d(ur —uz2)) + %anmz’y(m — uz)] (w1 — u2)
< =AU (ur,u2) - (w1 — uz),
which is equivalent to
1 3
|:§m1V12n1n2((5 = D(ug +ug + 5(ug —ug)) + §V12n1n2’y(u1 — ug) + AU (uy, Ug)}

(ug —ug) =0.
(3.5)

This means that
1 3
|:§m11/1277,1n2(6 — 1)(U1 =+ Ug =+ 5(’[1,1 — Ug)) + 51/12711712’}/(11,1 — Ug) + )\UU(Ul,Ug) 5
has to be orthogonal to u; — us.
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3.2 Comparison of the energy exchanges

We split all terms in a term parallel and a term orthogonal to u; — us:

U(ui,u2) = v(ur, u2)(ur — ug) + Vi (ur, u2),

(uq — U2)} U — ug
lup — ug| | |ur — uz|

Uy + ug = |:(U1 + ug) - +UJ_(U17'U2)-

Now the fact that the whole expression has to be orthogonal to u; — uy means that
the sum of coefficients in front of u; — us in (3.5) has to vanish. This leads to

(u1 +ug) - (u1 — ug)
lur — ugl?

1
7m1V12n1n2(5 — 1) (

3
5 + 6) + §V12n1n27 + Ayv(ug,ug)| =0.

(3.6)

In order to get equality in the exchange terms of momentum (3.1) and (3.3), we
have to choose

P VR, (3.7)
mivianing
If we use this expression for § given by (3.7) and solve (3.6) for 7, we obtain
1 (ur +ug) - (ug —ug) 1 2 1
v = 3m1(1 d) i — + 3m1(1 8)4 3)\uv(ul,uz)nlngy12

)(ul +ug) - (u1 — ug)

1
= —my(1—6
3m1( |U1 —U2|2

1 2
+ §m1(1 —6)0 — §m1(1 —8)v(uy, us).
(3.8)
Since we assumed ~ to be a parameter independent of the velocities, we deduce

1 (u1 —+ UQ) . (u1 — Uz)
v(ul,uQ):5 TR —c¢, c€R,

for 6 < 1. O

For ~, this leads to
1 2
v = gml(l — ) + gml(l —d)ec. (3.9)

We also get a restriction on U like Dellacherie.

Lemma 3.2.3 (Restriction on the constant c). If we assume that all temperatures are
positive, we get the following restriction on the constant c given by

my
—¢€

1 1 1
lce<) ( (1- 5)) =) (3.10)

mao
Proof. In order to have positive temperatures in the two species BGK model, we need
that ~ satisfies the condition (2.14).

We see from (3.7) that § < 1, since \,, m1,v12,n1,n2 are assumed to be positive.
This leads to the restriction on the constant ¢ given by (3.10). O
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3 Determination of an unknown function in a macroscopic model of Dellacherie

~ is a non-negative number, so the right-hand side of the inequality in (2.14)
must be non-negative. This condition is equivalent to (2.15). With this restriction on
0 we can deduce from (3.10) the estimate

This corresponds to the estimate (3.2) on U in the one-dimensional case from [32].
With (3.10) we have a more restrictive estimate on the function U and with (3.8) an
explicit expression of the parallel part of U. The orthogonal part does not matter
because it does not enter in the exchange term.

3.3 Determine the constant c by symmetry arguments

In the kinetic model in chapter 2 the mixture temperature T}, of species 1 is given
by (2.10) and the one of species 2 by (2.11). Due to symmetry arguments we
choose the term in front of |u; — us|? in the temperature T such that it is equal to
ey = semy(1—6)6 +e2my (1 — 6)c using v given by (3.9). Comparing the coefficient
in front of |u; — us|? with this expression for v leads to a value for the constant c

given by
o 1 mi

It remains to show that this specific ¢ satisfies the estimates (3.10). First, the estimate
from below. If we use (2.15) we obtain

1 /mq 1 mq
c 1 (m25 1) (1-9)> 46 (1 + m25> (1-19)
We rearrange (2.15) to

2
1—-0< ——. 3.11
1+ %5 ( )
This leads to
> L
c> 50"

The estimate on this specific ¢ from above is equivalent to

1(1—5) <

1m1 1
4 -2

—-—ce(1-9)+

4 meo
By using (3.11) we get

1 /mq 1 2 1
— | — — < —— (1 — = —.
4( 6—|—1>(1 5)_41_6(1 0) 5

ma2

In summary we are able to determine more accurately the energy exchange in a
model by Dellacherie.
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Chapter 4

Existence, uniqueness and positivity of
solutions for BGK models for mixtures

In chapter 2, we developed a model which we want to use in applications. Therefore,
we are interested in the fact if there exists a solution. If yes, is the solution unique
and in which function space lives the solution. Furthermore, the equations describe a
time evolution of distribution functions. Therefore, we want to ensure that in our
model the distribution functions remain positive in time if we start with positive
initial data. We want to prove these properties in this chapter. Moreover, it turns out
that the strategy of proving these properties can easily be applied to the model of
Andries, Aoki and Perthame in [1] presented in section 2.2.2. So in this chapter, our
aim is to prove existence, uniqueness and positivity of solutions to the BGK model
for mixtures developed in chapter 2 and the model of Andries, Aoki and Perthame
in [1]. This chapter is largely motivated by the paper of Perthame and Pulvirenti
[70] where the global existence of mild solutions of the BGK equation for one species
was established, and [87] where global existence of mild solutions of the ES-BGK
model for one species is shown. The ES-BGK model is an extension of the BGK model
and is described later in chapter 7. There is also a result concerning the Boltzmann
equation for mixtures in a similar fashion in [50]. These properties in this chapter
are also presented in [58] by Klingenberg and Pirner.

The outline of the chapter is as follows: In section 4.1 we want to introduce the
notion of solutions which we will consider in this chapter. In section 4.2.1 we repeat
the BGK model for two species developed in chapter 2, and in section 4.2.2 we repeat
the model of Andries, Aoki and Perthame such that it is possible to read this chapter
independently of the others and add further assumptions in order to prove existence
and uniqueness. In section 4.3.1, we prove bounds on the macroscopic quantities
which we need in order to show existence and uniqueness of non-negative solutions
in section 4.3.2. In section 4.4 we will deduce that all classical solutions with positive
initial data remain positive for all later times.

4.1 Notion of solutions

In this section we want to present the notion of solutions we will consider in this
chapter and compare it with other notions used in the literature. In this section we
want to illustrate the notion of solutions with the help of the single inhomogeneous
transport equation. The aim of introducing mild solutions is to allow solutions with a
lower regularity than in the classical sense.
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4 Existence, uniqueness and positivity of solutions for BGK models for mixtures

4.1.1 Motivation of mild solutions
We now consider the problem
atfinhom Ju- szinhom + d finhom = F in R?) % RB % (O,T), (41)

where d : R3 x [0,7] — R and F : R? x R? x [0,7] x R — R are given integrable
functions, d = d(x,t), F = F(x,v,t, f*rom(x, v,t)), and fi*hem : R3xR3 xRt — R
is the unknown, firhom = finhom (x4 ¢). Here (z,v) € R® x R® denotes a point in
the position-velocity space called phase space and ¢ > 0 denotes the time.

First we assume that F is independent of f*"*™ and d = 0. We require an
initial condition given by fi""°™(z v, 0) = finhom0(z v). Assume it exists a classical
solution to (4.1). Then we can find the explicit expression of the solution with the
following method also described in Evans [40]. We fix (z,v,t) € R? x R?® x R*
and consider the function z(s) := f""°™(z 4 sv,v,t + s) for s € RT. Note that the
arguments of f°™ in the definition of z coincide with the characteristic curves of
the homogeneous transport equation computed in example 1.1.1 in section 1.1. In
this case we obtain for the derivative of » with respect to s

%z(s) = Opfhom (x4 sv,v,t + 8) F v - Vi fIO (@ 4 sv, 0, 4 8) 4.2)
=F(z+ sv,v,t+s).
Consequently
. ) 0 4
£, 0,8) = R t0,0) = 2(0) = o(—1) = [ oals)ds
—t

0 ¢
= ]:(x+sv,v,t+s):/ Flx+ (s —t)v,v, s)ds.
0

—t

So we obtain a solution of ™™ given by

finhom gy, t) = finhomO gy —ty ) + /Ot F(x+ (s —t)v,v, s)ds.
If d(z,t) # 0, we can define g(z,v,t) = f"Po"(z,v,t)e*®?!) with some differen-
tiable function a(x, v,t) determined later. Then

Dy, v,t) = O f1om (1, v, 8)e@t) 4 fimhom (g 4y 1)@V G (2, v, 1)
= O frhom (g v, £)e ™V 4 g(x, v, t)8a(x, v, t),
and
Veg(z,v,t) = V, firhom (g, v,t)eo‘(x’”"t) + g(z,v,t)Vya(z,v,t).
By using (4.1) we get
Org(z,v,t) +v - Vag(z,v,t)
= (=d(@, ) f """ (0, ) + Fo,0,8)) 0 4 g2, 0,8) (Bralw, v,8) + v+ Veal,v,1))

— —d(z, )9, v,t) + Fla, v,)e™") 4+ g(z,0,8) (Gl v,8) + v - Vsale,v,1))
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4.1 Notion of solutions

Now choose a(z, v, t) such that
Oz, v,t) +v - Vya(z,v,t) =d(z,t) and «afz,v,0) =0,

so we choose a(z,v,t) as a solution of the inhomogeneous transport equation

alz,v,t) = /0 d(x + (s — t)v, s)ds.

The initial value of « is chosen such that f"***™ and ¢ have the same initial values.
Then g solves

Big(@,0,1) +v - Vag(,v,t) = F(z,v,t)e "0,

or in integral form

t
g(z,v,t) = go(x — tv,v) + / F(x + (s — t)v, v, s)e@Hs=vvs) g
0
SO
fz'nh,om(aj7 v,t) = e—a(mm,t)finhom,()(x — tv, v, t)

t
+ 6704(:1:,1),15) / ]:(17 + (S . t)v,v, S)ea(aH»(sft)v,v,s)ds
0

also for d # 0. So we obtained a solution f™"°™ even for d # 0. If in addition F
depends on f***™ we do not obtain a solution to f?*"°™ with this strategy but an
integral equation for fi""°™ given by

fv',nhom<x’ v, t) — e—a(ac,v,t)fmhom,O(l, — ot, v, t)
t
+ e~ o@vit) Flx + (s —t)v,v, s, from (2,0, t))ea(zﬂs*t)”"”’s)ds.

0
(4.3)

This integral equation is equivalent to equation 4.1 for classical solutions and smooth
functions F, "m0 and d. But (4.3) can also have solutions with lower regularity.
We call this solutions mild solutions.

Definition 4.1.1. Let f"""°™.0 be measurable, then we call f"""*™ a mild solution
to (4.1) if and only if

e For almost all z,v we have F(z — vs,v, s, f"""(z — vs, v, 8)),d(x — vs,s) €
LY(0,7).

e Forallt € [0,7) and for almost all z, f°™ satisfies
finho'm (f, v, t) _ finhom,O(x _ ’l}t, v, t)

t
+ e a@vt) / F(z+ (s —t)v,v,s, finhom (z+ (s —t)v,v, t))ea(z“s*t)v’”’s)ds.
0
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4 Existence, uniqueness and positivity of solutions for BGK models for mixtures

4.1.2 Connection to weak solutions

Another commonly used extension to a solution with lower regularity is given by
weak solutions, especially in the study of the macroscopic equations. In this section
we want to compare the notion of mild solutions with weak solutions in the sense of
distributions.

Definition 4.1.2 (Test functions). We define D = D([0, T] x R? x R?) as the space of
all C°°([0,T] x R3 x R3) functions with compact support in [0,7) x R3 x R3, where
by saying that the support is compact in [0, 7"), we mean that the support can include
0, but must not contain 7.

Definition 4.1.3 (Weak solution). By saying that fi""°™ solves (4.1) in D’ we mean
that for all ¢ € D we have

T
/ / / fmhom( _ 8t¢ —v-Vyp+d qb)dxdvdt _ / / finhom,o(b(o’ z, v)dmdv
0o Jrs Jgrs R3 JR3

T
= / / F(x,v,t, fmhom (z, v, t))pdzdvdt.
0 R3 JR3

This makes sense for f"*™ ¢ L! if we have the conditions on the coefficients
delL},., FelLi,.
We call such a solution weak solution or solution in the sense of distributions.

We have the following equivalence between mild and weak solutions.

Theorem 4.1.1. If firhem ¢ L1 (R3xR3x[0,T)) and F € L}, .(R*xR3x[0,T) xR),

loc loc
then mild and distributional solutions are equivalent.

Proof. The proof is given in [9] but for F independent of fi*"°™ We want to show
the proof here but for F dependent of f"°™  Without loss of generality we assume
d = 0. Otherwise we can merge it into . Let "™ be a distributional solution in
the sense of definition 4.1.3. Fix a test function ¢ € D(R? x R?). Let p,, € D([0,T)),
n € N with p,(0) = 0 and p,, — 1y, 4,1 in D'([0,T)). The definition of convergence
in the sense of distributions can be found for example in definition 16.2 in volume 2
of [33]. Then we obtain

0=(Dy f M 4 v - Vo fOM — F (= vt, v) p(t))

= — ([ (8 + v - Vo) ($(a — vt 0)pa(t))) — (F, d(z — vt)pa(t))

= — ([, pu(8) (D + v - Vi )d(x — vt,0) + ¢z — vt)p}, (1)) — (F, d(x — vt)pa(t))

= — (fmhom (g 4wt v,t),0 + ¢pl (1)) — (F(z 4 vt, v, t, fF" (2 + vt,v,1)), ppn(t)).
4.4

Here, the notation () is the action of distributions in D’([0, T') x R? x R3). The equality
(0t +v-Vy)p(x—tv,v) = 0 follows from the chain rule applied to the smooth function
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4.1 Notion of solutions

¢. The last equality follows from a change of variables in the integrations. As ¢ was
arbitrary, we have

T
/ (o (1) F (2 + vt, 0, t, [ (@ + vt 0, 1)) + pl, (8) f7" (@ + vt, v,))dt = 0,
0
(4.5)
for almost all (x,v). We then let n — oo to obtain that for almost all
finhom(x + ’Utg, v, t2) _ finho’m(l, + ’Utl, v, tl)
to ks (4.6)
= / F(z +wvs,v,s, [ (x + vs,v, s))ds,
ty
which is equivalent to
t
Frrm (v, ) = fO (@ — vty v, 0) = / Flzto(s—t),v,s, [ (2 +v(s—t))ds,
0
for t =t and t; = 0 and a change in the notation x + vt to z. The converse comes

from reversing this argument. We start with equation (4.6). We take an arbitrary test
function ¢ € D(R? x R?). We obtain

//fmhom(m+vt2,v,t2)¢(x,v)dxdy:/ / fmhom(:c+vt1,v,t1)¢)(x,v)dxdv
R3 JR3 R3 JR3

ta
+ / / F(z +wvs,v, s, {1 (x4 vs, v, 8))p(x, v)dzdvuds.
t; Jr3 Jrs

Take any ¢ € D([0,T)) and fix t; = 0, to = 7. Multiply the obtained equation by
¥'(7) and integrate with respect to 7.

(fimhom(z + vt v, ) (2, 0)Y (1)) — //J-"(x,v,O,fi"hom(x,v,t))¢(x,y)¢(o)dxdv
T T
= / / / Flz +wvs,v, s, fo" (xz + vs, v, 5))p(x, v) (7)dzdvdsdr
0 0 R3 JR3
T T
- / / / F(z +wvs,v,s, fi"o" (¢ + s, v,5))p(x,v) (7)dedvdsdr
OT s R3 JR | .
= / / Flz+wvs,v,s, fom(x +vs7vys))¢(x,v)/ W (7)drdadvds
0 R3 JR3 .

=— /T /3 . F(z +wvs,v, s, {0 (2 + vs, v, 8))p(z, v)(s)dzdvds
= —(](-)"(a: Eli vsﬂfv, s, firhom (g 4 s, v, 8))d(z, v)ab(s)).
So we obtain by changing the notation of the variable s into 7 in the last integral
(fimhom (g 4 or v, 7)d(2, v)Y (7)) — //}'(x,v,O, fimhom (g v 1)) p(z, v)h(0)dzdy
= —(F(x +vr,v,7, fP" (& + o1, 0,7))d(x, ) (T)).
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4 Existence, uniqueness and positivity of solutions for BGK models for mixtures

The corresponds to the last line in (4.4) equal to zero for arbitrary test functions plus
a term with additional initial values since the general test function has not be have
zero initial data and can be transformed to the first line first line of (4.4) with the
same calculation done in (4.4) but in the reversed direction. All in all, we obtain that
finhom is a weak solution according to the definition 4.1.3. O

Remark 4.1.1. This theorem can be easily extended to a system of two equations
Oufirhom v Vo firhom 4 dy fihm = F, in R xR x (0,T), k=1,2,

where dj, : R® x [0,7] — R? and Fj : R? x R3 x [0,7] x R x R — R are given
functions, dy, = dy(z,t), Fi, = Fr(z,v,t, firhom(z,v,t), firhom(z,v,t)), and firhom .
R3 x R3 x Rt — R are the unknown, fimhem = finhom (g 4 t), k = 1,2. In the next
sections we will see that the BGK model for gas mixtures presented in chapter 2
satisfies the requirements of theorem 4.1.1. Therefore the existence and uniqueness
of mild solutions of the model proposed in chapter 2 is equivalent to the existence
and uniqueness of weak solutions.

4.2 BGK models for mixtures

In this section we will repeat the two types of BGK models for gas mixtures, the one
from chapter 2 developed by Klingenberg, Pirner and Puppo and the one in [1] by
Andries, Aoki and Perthame such that this chapter can be read independently of the
other chapters.

4.2.1 BGK approximation for mixtures with two collision terms

We will repeat the definitions which are needed to follow this chapter such that it is
possible to read this chapter independently. Since we consider a mixture composed of
two different species, our kinetic model has two distribution functions fi(x,v,t) > 0
and fo(x,v,t) > 0 where x € RY and v € RV, N € N are the phase space variables
and ¢ > 0 the time. Note, that the proof of existence, uniqueness and positivity is
independent of the dimension. So we replace the dimension 3 from the previous
chapters by the variable dimension N.

Furthermore, for any fi, fo : A x RN x Rf — R, A ¢ RY with (1 + |[v|?)f1, (1 +
|v]?)fa € L'(dv), f1, f2 > 0 we relate the distribution functions to macroscopic
quantities by mean-values of f, k = 1,2

1 ng
/fk(v) v dv =: NEuUk , k= 1, 2, (47)
me|v — ug|? Nn, Ty,

where ny, is the number density, u; the mean velocity and T} the mean temperature
of species k, k = 1,2. Note that we shall write T}, instead of kgT}, where kg is
Boltzmann’s constant.
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4.2 BGK models for mixtures

We consider the model presented in chapter 2 given by

Oufr + V- (vf1) = viima(My — f1) + viona (Mg — f1),
Oifo+ V- (vf2) = voana(Ma — fa) + va1ni (M1 — fo),

4.8
fit=0) = £, “8
fa(t =0) = 3,
with the Maxwell distributions
2
n v—u
Mk(l',’l),t) = 71@]\7 exp(i%)a k= 132a
2 L mi
me
ni2 \U - U12|2
Mzl t) = == o= om ) “.9)
T2 mq
nai v — ug|?
MQl($,’l)7t) = 7Nexp(—2TT)
2m L1 me

mao

Within the next page the unknown variables will be explained. v11n; and veans
are the collision frequencies of the particles of each species with itself, while 11515 and
von; are related to interspecies collisions. To be flexible in choosing the relationship
between the collision frequencies, we now assume the relationship

Vg = e, 0<e< 1. (4.10)

The restriction on ¢ is without loss of generality. If € > 1, exchange the notation 1
and 2 and choose 1. In addition, we assume that all collision frequencies are positive.
For the existence and uniqueness proof we assume the following restrictions on our
collision frequencies

ni(x,t)
ni(z,t) + na(x,t)’

with constants 211, 12, U921, 22 > 0. This means that the collision frequencies are
given by a constant times the relative density. This makes also sense from the physical
point of view. The collision frequencies are related to the speed of relaxation to
equilibrium. The speed of the different types of relaxations due to different types
of interactions depends on the proportion of the densities compared to the total
densities and not from the total values of the densities.

The Maxwell distributions M; and M> in (4.9) have the same moments as f; and
/2, respectively. With this choice, we guarantee the conservation of mass, momentum
and energy in interactions of one species with itself (see section 2.1.5). The remaining
parameters ni2, 121, U12, 21, 112 and Th; will be determined using conservation of
the number of particles, of total momentum and total energy, together with some
symmetry considerations. If we assume that

vi (@, ng(z,t) = U, g k=12, (4.11)

N2 = N1 and N1 = Na, (412)
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4 Existence, uniqueness and positivity of solutions for BGK models for mixtures

we have conservation of the number of particles, see theorem 2.1.1. If we further
assume that u;5 is a linear combination of «; and us

U1o = duyg + (]. — 5)U2, o€ R, (4.13)
then we have conservation of total momentum provided that
m
U21 = Uy — 715(1 - (5)(”2 — Ul), (414)
mao

see theorem 2.1.2. If we further assume that 77 is of the following form
Tio =T + (1 —a)Ty +ylug —ugl?, 0<a<1,y>0, (4.15)
then we have conservation of total energy provided that

1 mi 2

Tor = | —emi(1—0) [ —e(6—1)+6+1) — -

n=| om0 (Ze0 -0 +5+1) - o] I~ w16
+e(l—a)Th + (1 — (1 — a))Ts,

see theorem 2.1.3. In order to ensure the positivity of all temperatures, we need to

restrict § and v to

0<~< %(1—5) [(1+”mtg)5+1_nm;g}, (4.17)
and
%5— 1
s <5<, (4.18)

see theorem 2.1.4 in chapter 2 for N = 3.

In the following, we want to study mild solutions of (4.8).

Definition 4.2.1. We call (f1, f2) with (1+v|?) fx € L'(dv), f1, fo > 0 a mild solution
to (4.8) under the conditions of the collision frequencies (4.11) if and only if f1, fo
satisfy

fr(,v,8) = ek @00 £ (5 — o, v)

t (z+ (s —t)v,s)
+e—ak(z,v,t)/ o "k ! My (x+ (s —t)v,v, s
0 [ kknk(x+(sft)'u,s)+nj(x+(sft)v,s) w( ( ) )

nj(z+ (s — t)v, s)
ng(r + (s —t)v,s) + nj(z + (s — t)v, s)
where «y, is given by

t
ak(m,v,t):/ [ljkk
0

Myj(z+ (s — t)v, v, 5)]ek(@H(s=t)v,0.5) 4o

+ Uk

ni(z+ (s —t)v, s)

ni(z+ (s —t)v,s) + nj(z + (s — t)v, s)
n;(x + (s —t)v, s) Jds

ng(z + (s —t)v,s) +nj(z + (s — t)v,s)"

+0;
fork,j =1,2, k # j.

By construction, a classical solution is always a mild solution. But in order to also
allow solutions with a lower regularity, in the following, we want to study existence,
uniqueness and positivity of mild solutions.
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4.3 Existence and uniqueness of mild solutions for the two species BGK model

4.2.2 BGK approximation for mixtures with one collision term

The next model describes a gas mixture of Maxwellian molecules, but it contains only
one term on the right-hand side [1].

i +v - Vafi = (viang 4 viang) (MY — f),
Difa+v - Vafa = (vaang 4+ vorm ) (M@ — f5).

The Maxwell distributions are given by

_ (k)2
MO = (WY
o T 2T™ ’ T

my
with the interspecies velocities

m; Xkj
my + My Vgpng + Viing

u®) =y, + 2 nj(up —uz), k,j=1,2, k#j,

and the interspecies temperatures

70 = T, = S —

2 mpm; Axkj 3 |uj — ugl® (4.19)
z 21, — T, 8 = Ukl .
+ 3 (my + m;)? vgpng + vign; "t 2( k 3) 2 ’

for k,j=1,2 k#j,

where x12, X21, 12 and vo; are parameters which are related to the differential cross
section. For the detailed expressions see [1]. We still assume for the existence proof
that the collision frequencies have the shape given in (4.11).

Definition 4.2.2. We call (f1, f2) with (1+|v|?) fx € L'(dv), f1, f> > 0 a mild solution
to (8.2) under the conditions of the collision frequencies (4.11) if and only if fi, f>
satisfy

fr(@,v,t) = ek @D (0 — o, v)

t
e~k (z,v,t) o ng(z+ (s —t)v, s)
+ /0 [ kknk(a:-‘r(s—t)v,s)—&-nj(x-y(s_t)%s)
+ U nj(z + (s — t)v, s)
! ng(x + (s —t)v,s) + nj(xz + (s — t)v, s)

where «y is given given as in definition 4.2.1, k,j = 1,2, k # j.

IM®) (& 4 (s — t)v, v, s)]ek (EF=OVV8) g

4.3 Existence and uniqueness of mild solutions for the two
species BGK model

In section 4.3.1, we start considering several estimates on the macroscopic quantities

which we will use in section 4.3.2 for the existence and uniqueness of mild solutions.

This will be done for the model described in section 4.2.1. The proof for the model
presented in section 4.2.2 is very similar. So we just illustrate this in remarks.
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4 Existence, uniqueness and positivity of solutions for BGK models for mixtures

4.3.1 Estimates on the macroscopic quantities

First, we present some estimates on macroscopic quantities which we need later for
the existence and uniqueness proof.

Theorem 4.3.1. For any pair of functions (f1, f2) with (1+v|?) fx, € L*(dv), f1, f2 >0,
we define the moments and macroscopic parameters as in (4.7), (4.13), (4.14), (4.15)
and (4.16) and set

Nq(fk) = sup |U|qfk(v)7 q Z Oak = 172 (420)

Then the following estimates hold

(ll) % SCNO(,]C}@) fOT' k:1,2,
k

(i2) &= < CNo(f),

12

(i3) 7%z < CNo(f2)-

21

Proof. The proof of (i.1) is exactly the same as the proof of the inequality (2.2) in
[70]. We want to repeat it here for the convenience of the reader. We consider
ni = [ fr(v)dv for k = 1,2. We split the integration with respect to the velocity v
into |uy — v| > Ry and |ux — v| < Ry, for some Ry, determined later. Then in the first

2
integral we have 1 < % and obtain
k

1 o2
ng < /ukvak v — ugl fk(v)dv—k/ fr(v)dv.

2
Ry |uk—v| <Ry

The first integral is linked to the temperature T} defined by (4.7) and the second
integral can be estimated by the supremum of f;. So

leNTk

N
Y N .
S 2 + CRy No(fr)

Nk

1
Now we choose R as R, = ( I\T/Lok(%)) "% and obtain

ng < C(nNTL) 52 (No(fr)) 2,

which is equivalent to condition (i.1).
We deduce the estimate (i.2) and (¢.3) from (i.1). Furthermore, since we assumed
that f1, fo >0,y > 0,0 < a <1, e <1 and condition (4.17) both the temperatures
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4.3 Existence and uniqueness of mild solutions for the two species BGK model

Ty and T5 and all coefficients in T75 and T5; are positive. All in all, with (4.1) this
leads to the estimates

L2 S o < — 1 __ < CNo(f),
TR/Z ~ (aTy + (1 — )Tz + ylur — ua2)N/2 = qujaqpN/z = 770!
no
N/2
T21/

n2

(s(l —a)Th+(1—e(l —a))Tz + [Nsml(l —9) (ml (—1)+d6+ 1) — s'y] Jur — u2\2)
no

T (1—e(1l—a)N/2T,

N/2

w7z < ONo(f2).

O

Remark 4.3.1. Similar estimates as (7.2) and (i.3) can also be obtained for 7(1), T(2)
from (4.19) in the model presented in section 4.2.2 in an analogously way if the
coefficient in front of |u; — uz|? in (4.19) is non-negative meaning % <1

and —X2L"L___ < 1. This is reasonable in order to ensure the positivity of the

VaoNa+r21ni

temperatures 7") and 7).

Theorem 4.3.2. For any pair of functions (f1, f2) with (1+|v|?) fi € L'(dv), f1, f2 > 0,
we define the moments as in (4.7), (4.13), (4.14), (4.15) and (4.16), then we have

(ii.1) TL]C(T]C-F‘UH) <CN(fk)fOT'q>N+2 k=1,2
< Cq(Ng(f1) + 732 Ng(f2)) for g > N +2,

(ii.3) no(Toy + Jun|?) = <

(ii.2) ny(Tis + |uro)?) =

G(F2Ny(f1) + Ny(f2)) for ¢ > N + 2.

Proof. The proof of (ii.1) is exactly the same as the proof of the inequality (2.3) in
[70]. We want to repeat it here for the convenience of the reader. We consider
nk(NTy + |ug|?) = [ |v|? fe(v)dv for k = 1,2. We split the integration with respect to
the velocity v into |v| > Ry, and [v| < Ry for some Ry, determined later. We obtain

w0t Py < [ EE s [ P

o|> Ry [V vl <Ry

Since ¢ > N + 2, we can estimate the integral f\v|> R |v‘%dv from above by

C,Ry """ In the second integral we use that |v|> < R?. Then we get

nk(NTk + |uk|2) < CRéViq+2Nq(fk) + nkRﬁ

1

Now we choose Ry as Ry, = (%) "~ and obtain

e (NTy, + Jur]?) < Cny,) =78 (N (f) =~

Since fi. > 0, we have ng(T) + |ug|?) < np(NT) + |ug|?) and we can deduce the
required inequality (4i.1).
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4 Existence, uniqueness and positivity of solutions for BGK models for mixtures

In order to prove (7i.2), estimate ny (T2 + |uy2|?) using that f > 0, (4.13) and (4.15)
by
ni(Ti2 + |U12|2) <ni(NTi2 + |U12\2)

= nl(aNTl —+ (1 — OL)NTQ + N’V‘U1 — U2|2 + |5U1 + (1 — J)UQ|2)
=n1(aNTy 4+ (1 — a)NTs + (6 + Ny)|ui]® + (1 = 6)* + Nv)|uz|?
+2(6(1 =6) — Ny)us - us.

Using that |u; + ua|? > 0 and |u; — uz|? > 0, we can estimate the term (§(1 — ) —

N7)u; - up from above by |6(1 — &) — Nv|3(|u1|* + |u2|?) and obtain

nl(Tlg + |’LL12|2) S nl[aNTl + ((52 + N’Y + |5(1 — (S) — N’}/D|U1|2 —+ (]. — O[)NTQ

+((1=0) + Ny +[6(1 = 8) — N uz|?
< ny[max{a, 6% + Ny + |[5(1 — 6) — Ny|}(NT} + |u1]?)]
+max{l —a, (1 =0)%+ Ny +[6(1 = 8) = Ny)}(NT + |uz|?)].

Set A; := max{a, 6>+ Ny +[6(1 — ) — Nv|} and Ay := max{l —a, (1 —8)®+ Ny +
[0(1 — ) — Nv|}. Then

nl(le + "LL12|2) é nl[Al(NTl + |U1|2) + AQ(NTQ + |UQ|2)]
n
= A, / o[ f1(v)dv + Agni / [v[? f2(v)dv.
We split the integration with respect to the velocity v into |v| > Ry2 and |v| < R;5 for
some R, determined later. We obtain
[v]®

ni(Tha + Juial?) < / T2 (Alfl(v) + A2Z;f2(v)> dv

|v|> Ry v
n
+/ v|? (Alfl(v) + A21f2(v)) dv.
[v|<Ri2 n2

Again, since ¢ > N + 2, we can estimate the integral flv\> Ris ‘vl%dv from above by

C,RY," 2. In the second integral we use that |v|? < R2,. Then we get

_ n
m(Tia + funaf?) < CRY " (AN (f2) + Az~ Ny(f2) + Cna Ry,

1

Now we choose Ry = and obtain

=g
ny
(Aqu(fl)'FAzZéNq(fz))

2

1--2 n
n1(Tiz + [uia?) < Cny N (ALN,(f1) + ;:A2Nq(f2))"’Na

which is equivalent to the required estimate (i:.2). The proof of (4i.3) is similar to the
proof of (7i.2). O
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4.3 Existence and uniqueness of mild solutions for the two species BGK model

Lemma 4.3.3. For any pair of functions (f1, f2) with (1+|v|?) fr, € L*(dv), f1, f2 >0,
we define the moments as in (4.7), (4.13), (4.14), (4.15) and (4.16). Let ¢ € N or
q— % € N, then there exists a constant A > 0 such that

\(5u1 + (1 — (S)UQ|q < A|u1\q + A|u2|q,

(T) + (1 — )Ty +y|uy — ug|?)? < ATy + T3 + Jug — ug|?9).

Proof. We prove the statement per induction with respect to q. We just prove the
first inequality, the proof of the second one is similar to the first one. For ¢ = 1 the
statement is true, since it is the triangle inequality. Assume now that it is true for a
fixed ¢ € N. Then we get for ¢ + 1

|(5u1 + (1 — 5)u2|‘”1 = |5u1 + (1 — (S)UQ|Q|(5’LL1 + (1 — 5)UQ|

With the assumption that the statement is true for this fixed ¢ and for ¢ = 1, we
obtain

|6uy + (1 = 8)ug| "™ < (AJur| + Aluzg|?)(Alua| + Alugl)
= AA‘U1|{I+1 + AA|U2|[I+1 + AA|’U,1|q|UQ| + AA|U,2|[I|’U,1|,

for some constants A, A > 0. The requirement that there exists a constant A such
that this expression is less or equal to

fl|u1|‘1+1 +A|u2|q+1
is equivalent to
(AL — Al |77 + (A4 — D)™ + Adur | uz| + Afus|?|us] < 0.
Choose A = 2AA. Then the inequality is equivalent to
—AAJup |7 — AAJug |7 + AAJuy | ug| + AAlug)uy| <0,
which is equivalent to
AA(Jur|* = Juz|?) (Juz| = fua]) <0,

which is a true statement since g > 1.
The proof for ¢ with ¢ — 1 € N is similar with induction starting with ¢ = . For
q = 1 it is right, since it is the triangle inequality for the Euclidean norm. O

Theorem 4.3.4. For any pair of functions (f1, f2) with (1+[v|?) fi € L*(dv), f1, fa >0,
we define the moments as in (4.7), (4.13), (4.14), (4.15) and (4.16), then we have

nlue |V
(iii.1) W < CyNy(fi) forany ¢ > 1,k =1,2,

67



4 Existence, uniqueness and positivity of solutions for BGK models for mixtures

(iii.2) % < nlC((}";L/z + (T‘“jﬂ‘v/z)for any q > 1,

12

(iii.3) "ZT%Q/%J < nQC’( N/2 + (T )for any q > 1.

21

Proof. The proof of (iii.1) is exactly the same as the proof of the inequality (2.3) in
[70]. For the convenience of the reader we want to repeat it here. For ¢ > 1, we get
by Holder’s inequality from appendix A.1 that

nefus] < [ Polfuto)do < /uk_v<RkZ:|v|fk<v>dv+ L el
qfk( 3
<y </|R| dv) g [ o= ellolfo)de
1 1/2 1/2
<on e o ([ sn) ([l o)

<C<n Ny(fi)® N/q+R (NTi + ui?) 2 T 1/2>.

ny/ YN T+ |ui 2/ 2TY/?
Nq(fi)t/a

NTq
Now if we choose Ry, = ( ) , We obtain the inequality

N

1., 1 1
nelur] < OnZ @I N (1) RO (NT + [uf?) 3 TH) ¥

b

which is equivalent to the required estimate (7i.1).
Estimate (7i:.2) is a consequence of lemma 4.3.3 using that v > 0, 0 < o < 1 and
condition (4.17), since we have

n1|u12|q _ 7’L1|5U1 + (1 — 5)’&2|q n A(|U1|q + |U2|q)
TN? (T + (1= )Ty +yfur — ua)2 = 7 (aTy + (1 — a)To)N/2
A|U1|q A|UQ|q

SMTONE T M A S TV

The proof of (4ii.3) is similar to the proof of (7i:.2). O

Consequence 4.3.5. For any pair of functions (f1, fo) with (1 + [v|?)fr € L!(dv),
f1,f2 > 0, we define the moments as in (4.7), (4.13), (4.14), (4.15) and (4.16),
then we have

(iv.1) sup, |v|9Mg[fr] < CyNy(fi) forg> N +2o0rqg=0,
(iv.2) sup, |v|[TM12[f1, fo] < Cq(Ng(f1) + % N, q(f2)) forg > N+2o0rg=0,

(iv.3) sup, [v[?Ma21[f1, fo] < Cq(22Ng(f1) + Ng(f2)) forg> N +2o0rg = 0.
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4.3 Existence and uniqueness of mild solutions for the two species BGK model

Note that here and in the following we write M[fx], Mi2[f1, f2] and Ma1[f1, f2]
instead of My, M, and Ms; in order to emphasize the dependence of the Maxwell
distributions on the distribution functions f; and f; via the macroscopic quantities as
densities, velocities and temperatures.

Proof. The proof of (iv.1) is exactly the same as the proof of the inequality (2.3) in
[70]. For the convenience of the reader we want to repeat it here. First, we consider
the case ¢ > N + 2. According to lemma 4.3.3, we obtain

sup [0|* My [fi] < Csup(fo — ug|? + |ug|?) My [fi]

ng 7\11*1%\2
= Csup(|v — ug|? + |ug|?) ———=e 2Tk/mk ,
(o — el + )

By computing derivatives of |v — wug|?My] fk] w1th respect to v, we see that the

maximum of |v — wuy|?My[fx] is given by nkT = . The computation is done in more
details in the proof of estimate (iv.2), so we will omit the details here. We obtain

lu qu)
TN/

sup |[v|T M| fx] < C(nkai2 + nyg

Define Ej, := C(nkT e + nyg Lo N/lz) Now we consider two cases, if |uy| > Tl/ nd

lu| < T, '/2_ First lug| > Ty, '/2_In this case

q q+N q+N
E, < Cny |u]$‘/2 = ani‘ukl\'[ Nz = Cny, I 5 \u1k| N/ N2
Tk |uk| Tk; (§|u;€| + §|uk| ) / Tk
q+N
< COny, e Nj2°
(Jug|? +Tk)N/2T
Finally the estimate (iii.1) leads to
By < Cqu[fk]-

When |ug| < T;/Q, we obtain with (ii.1)

q—N
Ek S C’nka 2 S Cqu[fk]
So all in all, we obtain

sup [v|"My[fx] < CyNy(fx] for ¢> N+ 2.

For ¢ = 0 we obtain with (i.1)

sup My [fi] < ni Ty N < CNo(fi).
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4 Existence, uniqueness and positivity of solutions for BGK models for mixtures

Now, the proof of (iv.2). First for ¢ > N + 2. First we compute the maximum of
Mis[f1, fo] and |v — uya|Mi2[f1, f2] similar to the case of one species. The maximum
of the Maxwell distribution M;s[f1, f2] in v is reached when v = u;5. Therefore

n1

Ti2\N/2~
(2m12) /

ml‘leMm[fhfz] =

For the maximum of |v — u12|?Mi2[f1, f2], we compute the gradient in v and obtain
by using the product rule
m

V(v —u12]|"Miz[f1, f2]) = (v —w12)qlv — w122 Mia[f1, f2] — TT;lv —u12|?(v —u12) Mi2[f1, f2].

The condition that this expression is equal to zero is equivalent to

mi

T12 |’U — Ulg‘(’l) — U12)) =0

(q(v — u12)

for v # u1o. We can exclude v = uy5 since it is a minimum. From this expression, we

can deduce
9 Tha
v —uia|® = —g¢.

If we insert this into |v — u12|9M12[f1, f2], we obtain

T a n _
max(|v — w12 Miz[f1, fo]) = mjx((iQ)z me 7).
my

For |v| — oo, the expression |v — u12|9M12[f1, f2] tends to zero, so it is equal to the
supremum. All in all, we obtain

sup [v|"Mia[f1, f2] < sup v — ui2|?Mia[f1, f2] + sup |uia|*Mia[f1, f]

<0 (mri vz} _ o T, +(1-a)T: 2) 4, 1222l
< mTy' +m s | = ny (o + (1 — )Ty + vy|ug — us|*) + nq N7 | -
T T,
12 12

Since ¢ — N > 0, we can use lemma 4.3.3 in the first term twice and (4¢i.2) in the
second term on the right-hand side and obtain

sup [v|?Mia[f1, fo]

g lug|? | g gya=N | |ug|?
<C{m(Ty+ml?) = +m +—ng | (Ta+ |ual?) = + :

The first and the third term on the right-hand side can be estimated using (i:.1) and
the other two terms can be estimated in the same way as in the proof of (iv.1) for
one species by C'N,(f1) and C' 7t Ny(f2), respectively. Combining both, we get

sup o] Mia[f1, fo] < Cy(Ny((f1) + T ENy(2).
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4.3 Existence and uniqueness of mild solutions for the two species BGK model

For ¢ = 0 we use

ni1 ni
< < CNo(f1)
N/2 N/2 ’
T12/ Tl /

sup Mia[f1, f2] <

using (i.1). The proof of (iv.3) is similar to the proof of (iv.2). O

Remark 4.3.2. For the multi-species model of Andries, Aoki and Perthame in section
4.2.2 we can obtain the same estimates

(1.2%/1.3%) ne < CNo(f), k=1,2,
(T(F) 2
([i2+/ii3%)  m (T + M) "7 < Co(Ny(f) + 2 No(fi)) for g > N 42,5 # k,

ni

crr oy Jrtiey JulF) g Jup |2 lus)?
(ii.2*/iiz*) el <o o ( Ll lue
(TyT N2 N2

(v.2*/iv.3%)  sup, [o]"M®)[f1, f2] < Cq(52No(fr) + No(f7))
forq>N+2o0rq=0,j#k,

analogously to the estimates (4.2/.3)/(i.2/4i.3)/ (i13.2 /i1i.3) / (v.2 /iv.3), since
w4 are also linear combinations of u; and u, and 7, T are also combina-
tions of Tl,TQ, |U1 — ’LL2|2.

4.3.2 Existence and uniqueness proof

In this section we want to show existence and uniqueness of non-negative solutions in
a certain function space using the estimates of the previous section. For the existence
and uniqueness proof, we make the following assumptions:

Assumptions 4.3.1.

1. We assume periodic boundary conditions. Equivalently we can construct solu-
tions satisfying

fe(t, i, ..., zN,v1, ...,UN) = fk(t,a;‘l, ey Ti—1, Li + Qiy Tit1,...TN, V1, ...UN),

forall i = 1,...,N and a suitable {a;} € R" with positive components, for
k=1,2.

2. We require that the initial values f, k = 1,2 satisfy assumption 1.
3. We are on the bounded domain in space A = {z € R |z; € (0,a;)}.

4. Suppose that f) satisfies f0 > 0, (1 + |[v]?)f2 € L'(A x RY) with
[ fdzdv =1,k =1,2.

5. Suppose N,(f7) := sup, f2(z,v)(1+ [v]?) = 1 4y < oo for some ¢ > N + 2.
6. Suppose v (z,t) := [ f)(x —vt,v)dv > Cy > 0 forall ¢t € R.

7. Assume that the collision frequencies are written as in (4.11) and are positive.
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4 Existence, uniqueness and positivity of solutions for BGK models for mixtures

With this assumptions we can show the following theorem.

Theorem 4.3.6. Under the assumptions 4.3.1 and the definitions (4.7), (4.13), (4.14),
(4.15) and (4.16), there exists a unique non-negative mild solution

(f1, f2) € C(RT; LY ((1 + |v|?)dvdz)) of the initial value problem (4.8). Moreover, for
all t > 0 the following bounds hold:

lug ()|, [ur2(t)], [uar (8)], Tk (t), Tr2(t), To1(t), No(fr)(t) < A(t) < oo,
TLk(t) > Coeit > 0,
Tk(t),Tlg(t),Tm(t) > B(t) > O7

for k = 1,2 and some constants A(t), B(t).

Proof. The idea of the proof is to find a Cauchy sequence of functions in a certain
space which converges towards a solution to (4.8). The sequence will be constructed
in a way such that each member of the sequence satisfies an inhomogeneous transport
equation. In this case we know results of existence and uniqueness. In order to
show that this sequence is a Cauchy sequence we need to show that the Maxwell
distributions on the right-hand side of (4.8) are Lipschitz continuous with respect to
f1, fa-

The proof is structured as follows: First we proof some estimates on the macroscopic
quantities (4.7), (4.13), (4.14), (4.15) and (4.16). From this we can deduce Lip-
schitz continuity of the Maxwell distributions My, My, M1, My, with respect to f;
and f» which finally leads to the convergence of this Cauchy sequence to a solution
to (4.8).

Step 1: Gronwall estimate on N, (fx(t)) given by (4.20)
If f1 is a mild solution according to definition 4.2.1, we have
Ny(f1) = sup fo|?f1 < em 1D sup o] f (@ — tv,v)

ni(z+ (s — t)v, s)

ni(z+ (s — t)v, s) + na(z + (s — t)v, s)
na(z + (s — t)v, s)

ni(z+ (s —t)v, s) + na(z + (s — t)v, s)

t
+SUP|”|q[e_al(m’v’t)/ (711 M (z + (s — t)v,v,s)
v 0

Mia(z + (s — t)v, v, s)]e®1 (@HE=0v:0:9) gg)

+ 12

Since o is non-negative, we can estimate e~ ®*(*:*:Y) in front of the initial data from
above by 1. Since we assumed that the collision frequencies have the shape given in
(4.11), we can estimate the integrand in the exponential function

e~ (@vt) goa(z+(s—t)v,v,5) by 3 constant and obtain

Ng(f1) = sup |v|?f1 < sup |v|* f{ (& — tv,v)
¢
] —C(t—s) ni(z+ (s —t)v, s)
+slip\v|q[/o © [Cn1($+(s—t)v,s)+n2(a:+(s—t)v,s)
na(z + (s — t)v, s)
ni(z+ (s — t)v, s) + na(z + (s — t)v, s)

Mi(xz+ (s —t)v,v,s)

+C

Mi2(z + (s — t)v,v, s)]ds].
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4.3 Existence and uniqueness of mild solutions for the two species BGK model

Using assumption 5 (in the assumption 4.3.1) and the fact that we can estimate
e~¢(t=9) from above by 1 since s is between 0 and ¢, we get

ny(z,s)

1 t
N, = 1, <-A C aM
o(fr) =supvf'fi < 5 Ao +/O sgp[m(m’s)JrnQ(x’s) sup o] M (@, v, 5)

no(x, s)

sup |v|*Mys(z, v, s)]ds.
ny(z, s) + na(x, s) vp| "M )

With (4v.1) and (iv.2), we obtain
Nq(f1) = sup v[*f1

ni(z,s)

1 t ni(z,s) + na(z,t)
A C —_— _
ot asup| ni(z,s) + na(z, s)

2 0 z ni(z,s)+ni(z,s)

1 t
<S40+ [ Culsup Ny(f1)(s) +sup Ny f2)(5)]ds.
0 x x

Nq(f1)(s) + Nq(f2(s))lds

Similarly, we can estimate N,(f2) by

Ny(fa) = suplol" o < A+ [ Cylsup Ny(f1)(s) + sup Ny () ()]s

We add both inequalities and obtain

NP+ No(f2) < Ao+ [ Cylsup Ny(1)(s) + sup Ny () ()]s

With Gronwall’s lemma, we obtain

Ny (f1)(t) + Ny(f2)(t) < Age®st  for ¢>N+2 or ¢=0. (4.21)

Step 2: Estimate on the densities

If f;, > 0 is a solution, it satisfies

ng ~
_ y
ety (Mg — fr) + rj

> — (ki + Ukj) fr-

Oufr +v-Vafe = Uk

Uz
M, —
ne + nj( kj fk)
If we write this in the mild formulation, this leads to
fk(zv v, t) Z ei(ﬂkk+ﬂkj)tf]8(x - tv)

Integrating this with respect to v leads with assumption 6 (in assumptions 4.3.1) to
the estimate of the densities

ng(x,t >€7(ﬁkk‘+l~’kj)t/ 0 x — vt,v)dv
k(1) > i ( ) 4.22)

> e_(’;kk+ﬁkj)t,yk($7t) > e~ TretZ)t O > .
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4 Existence, uniqueness and positivity of solutions for BGK models for mixtures

Step 3: Estimate on the temperatures

Now, we estimate the temperatures from below. First, we consider T,ﬁv /2. We can
estimate it from below using (i.1)

Cng(t)
No(fe(t))

T2 (t) >

Using (4.21) and (4.22), we obtain

N/2 () s Ce” Pk tPi)t G

LY () > = = B(t) > 0.

We obtain the same estimate for ng/ 2 using (4.2), (4.21) and (4.22), and for TQI\{/ 2
using (i.3), (4.21) and (4.22).

Step 4: Estimates on the velocities

We estimate Ty, + |ug|?, Tia + |u12|?, and Toy + |ug;|? first using (ii.1), (i4.2) and
(#i.3), respectively and then using (4.21) and (4.22). For example

Cy(No(f1) + BNg(P2) TN € AcCars
n?/(Q*N) - _c-2 :

Tio + |uia)?® <

Step 5: Lipschitz continuity

The next step of the proof is to show Lipschitz continuity of the operators fi — M[fx],

(f1, 2) &= 7= Mu[fi, fo] and (fi1, f2) — 55 Maalfi, f2], when (f1, f2) are re-
stricted to

Q={(f1,f2) EL (AXRN ;(1+|v|?)dvdz)| fx >0,Nq (fx)<A,min(ng,T)>C,k=1,2}. (4.23)

The proof for f, »—> My [fx] is given in [70]. So it remains to show Lipschitz continuity

for (f1, f2) = %% Mae[f1, fo] and for (fi, fo) = 5=Moi[f1, f2]. We only prove
the first case since the second one is similar to the first one. For any pair (f{, f),i =
1,2 in the subset §, define (n!, u},, T},) as their corresponding moments. Set

(n?,n?,u%,Tg) = @(n%an%au%Q’TfQ) + (1 - 6)(”%3”%7“%2»T122)»

and o
© ‘U*“i—z‘ ©
n - ns
Mi2(0) = — L 2R 2
© N/2 ) o
(2nTy5/ma) / ny +ng

Then we have

o n
/| T n f17f2] 1+ [fl,f2]|(1+|v\2)dv

_ / |M12(1) — Mp(0)|(1 + [0]?)dv
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4.3 Existence and uniqueness of mild solutions for the two species BGK model

Now, we use the Taylor formula with first derivative as remainder and the chain rule
and obtain

! 8M12 2
[l alrt ] = Ml 28+ oo = [ 1Z582(©)[(1+ ol
/ / 6M12 8711 ! | 8M12 6u12 | ! (’9M12 8T12 ‘
aT®
+|8M12 8”2} )(1+ [v]?)dvd®
! OM OM
= [ [0S @it it + |2 @)uk: - u)
0 Ty 2
oM oM
’aTéf ®)||T12 T12|+| 2 @)}|n;—n§|)(1+\v|2)dvde.
12

An explicit calculation of the derivatives leads to

/|n +n fl:fZ] mM12[f17f2H(1+|U|2)dU

@ €]
n
< / (14 o+ NTR)lnd =il + L™ g iz (1 + P + Tl — il
0
ng) n1 e 1 2 e 2 e 1 2
+C (1 + ufs® + T T — Tia| + (1 + |ufs|® + NTi3)|nj — n3|)d©

n1®_|_ @T@

The main difference to the one species case is the additional term |2}%2 2 (©)] and

O O nyn n
the term 8n<19( o - 0) For the second term we compute 0,0 (;5+%) = 52

_ngny < 1. All terms in front of
(nP+nf)? O-‘rn

the norms | - | are bounded by a constant due to the estimate on the temperature

which we can estimate from above by

TN/ % and the estimate on Ti2 + |u12|? proven in step 2 and 3. Furthermore, we can
estimate
1 2 24] ¢1 2
nd =l < [+ oP)A - S,
and

wh =gl < [ P - e,

0,0 ©9no
nyng nyng
= 5 aplutz ~uhl = ;g g loui + (1 - a)u - auf - (1 - o)
(1 2 1 2
ny(ng+ny) o 5 ny(ng+n3)
<=1  alu ui| + I —a)u; —u
= Tag ey Tl TeTe (Ll — gl
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4 Existence, uniqueness and positivity of solutions for BGK models for mixtures

ny are smaller or equal 1, we can estimate
n+nf q ’

Si "2 and
mce n?—&-n? an

U < (ni +nd)afui —uf| + (n3 +n3)(1 — a)|uj — 3]

< alnjui —njud +nfui —nfu| + (1 - a)lngus — nguj + nduj — nfud

< alnjug —njuf| +afnfug — nfuf] + (1 - a)|nyuz — nyud| + (1 — a)|nduz — n3uj|
< alnjui —nfud +nfud —njuf| + alnjui — nfuf +nfug —nju

+ (1 = a)nguj = nful +nful — nyu3| + (1 — a)|njus — nju3 + njus — njus|

< aflnjui —nfuf| + [uf[[n? — ni| + [njur — njug| + fui|ln} — ni]]

+ (1= a)lIngub — nfud| + [ud|[n3 — nd| + [njus — n3ud| + |uz|Inf — nal).

Due to the previous estimates on the velocities in step 4, the velocities are bounded
and therefore

U ol [ Pt - e+ [P - fldl,
In an analogous way, we can estimate

n?nze 1 2 2y) ¢1 2 2\ £1 2
@7|T12_T12‘ SO A+ )If = fildv+ [ (1 + o) fy — fldv].

ny —l—ng)

This all combines to the desired Lipschitz estimate.

Step 6: Existence and Uniqueness of non-negative solutions in 2 (see definition
of Qin (4.23))

Now, introduce the sequence {(f7, f2)} of mild solutions to

n?_l
n71L—1 4 ng—l
N ny~!

n—1

Ofl" +v-Vaff = (MY = 1

(Mo f7 1 £57 = 1),

n

Ofs + v Vaff = —y (Malf37'] = 13)
1

2
+n§71
”?71 1 1
M n— , n— _ n ,
n?71+n§71( 21[ 1 2 ] fz)
i) :fl(tzo)v
1= folt = 0).

+ Vo1
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4.3 Existence and uniqueness of mild solutions for the two species BGK model

Since the zeroth functions are known as the initial values, these are inhomogeneous
transport equations for fixed n € N. For an inhomogeneous transport equation we
know the existence of a unique mild solution in the periodic setting

n—1
fi(z,v,t) =e 71 m’”’t)fo(w — tv,v)
bl wt)/ i (@t (s = v, o)
nl Yo+ (s — t)v, s)+ny Yo+ (s — t)v, s)
Lo+ (5= Dv,5)
W@t (D et nh et (s Do s)

M{Lil(x + (s —t)v,v,s)

+ D12

-1
JWl"{l(x + (s — t)v, v, s)]ea? (x+(s_t)“’v‘s)ds,

fa(z,v,t) = efag_lm’/”’t)fo(:c — tv,v)
ek (a:vt)/ ny "~ 1(x+(s—t)v s)
n1 w+(s—t)v s)+ny Yo+ (s — t)v, s)
“HNa + (s — t)v, s)
W@t (s Dve) bl et (Do s)

Mznfl(x + (s —t)v,v,s)

+ D21

My o+ (s — t)v, v, s)]eagﬂ(IHS_t)“’"‘S)ds.
Now, we show that {(f{, f5')} is a Cauchy sequence in Q. Then, since €2 is complete,
we can conclude convergence in (2. First, we show that {(f], f3')} is in Q.

o fI fiarein L'((1 + |v|?)dvdz) since f?, £ are in L' ((1 + |v|?)dvdz).

o /P, f3 > Osince 0, f§ > 0.

o N,(f) < A, min(n},T}') > C, since all estimates in step 1,2 and 4 are
independent of n.

Now, {(f, f3)} is a Cauchy sequence in {2 since we have

n n—1
N = F1 o (4o 2y dvda)

// s uuf)/ B O e i@t (s = Dus)
- (@ + (s — v, 8) +nh "z + (s — B)v, 5)

A (N t)v s)
nP 2@+ (s — t)v,s) + 0y (x4 (s — t)v, s)
M1"72($ + (s — t)v,v,8)|ds(1 + |v|?)dzdv

+// e—a’l“”*l(m,u,t) /t P (@t (s—t)v,v, <)|~'n—1 ny "Nz + (s — t)v, s)
A Jrn 0 nT Nz + (s — t)v, 8) +nl "z + (s — t)v, s)

M Ya + (s — t)v,v,5) — 2 2

n—2
-t
My @+ (s — t)v,v,8) — 5]y 2 3 ny @t )2%5)
et (s Dus) s 2zt (s D)
M (x4 (s — t)v,v,s)|ds(1 + |v|?)dzdv.

Now we use the Lipschitz continuity of the Maxwell distributions

n n—1
Ifi = f1 ||L1((1+\u|2)dudz)

-1 t —1
< C// oo (m"u,t)/ ool (m+(s—t)1),1),s)‘f1n—l(m+(Sit)’u’vys)
A Jrn 0
- flr"_Q(x+ (s — t)v,v, s)|ds(1 + |v]|*)dzdv

77, 1 4 Tt—l
wf [ ““”/ ST T =00 (=1 4 (5 0,0, ) — [ (@ + (5 — 80, v, 5)]
A JRT 0]

15 e+ (s = v, v,8) — 372 (@ + (s — v, v, 8)[1ds(1 + |v]*)dzdv

t
< eict/o e TS = AT Lt (g or2yavae T TS = 137201 (04012 dvaz]ds-

77



4 Existence, uniqueness and positivity of solutions for BGK models for mixtures

Similarly, we get for species 2

t
£3 = £ e (o)) dvda) < G_Ct/o eI ) = T2 Lr (14 1o)2)doda)
£ 7HS) = 22 (14 fo]2) dwda) ) dS-
Doing this inductively, we obtain

A = 2 2 (]2 doda)
t t
ety [ [ e e ) = P11 2 v
+ 11 f2(sn) — ngLl((1+|v\2)dvdz)}d31 - dsp

1 —Ct\n| . 1 0 1 0
Sgall-e “) [O?ilét [1f1(8) = fllLt (14 1v)2)dvdz) T o 12 (s) = f3ll L1 ((1410]2)dvda))s

with a constant C' > 1. So, for species 1, we obtain

Osup W™ = A1 L1 (14012 doda)
< O;?ET”|f{L+m - ’1n+m71”L1((1+|v|2)dvdz) +oot ||fn+1 - f{LHLl((1+\v|2)dudz)]
1 - n+m 1 —t\\n
< sup ((5(1—e )t +ot (G- N sup 1) = FLH L1 (14 10]2)dvda)
0<t<T 0<s<t

1 0
+ oi'iit 1f2(8) = F3 L (1410]2) dvda)]
< (@)t Cay sue 1FE(8) = £l L1 (14 ]2 dvaz)
<s<

+ su s) = f9 v vda
ogngHfQ( ) f2||L1((1+\ |2)dvd )]
Z [ sup ||f11(5) — PN L1 (1402 dvde) + g 1£2(5) = F3 1Lt ((1410[2) dvaa)]

C(T)"
< 17@[0 sup AL (s) = FL1l L (et o2y doda) + oS 1£2(5) = £33 ((1410)2)dvaz) )

which converges to zero as n — oo since C(T') = 1= “Y < 1. Inorder to prove that
the limit is a mild solution to (4.8) and the uniqueness of solutions to (4.8) we use
standard arguments similar as in the proof of the fix point theorem of Banach and
the theorem of Picard-Lindelof. O

Remark 4.3.3. M) and M@ in the model of Andries, Aoki and Perthame in [1]
and section 4.2.2 have the same structure as M;s and Msq, respectively, meaning
that the velocities (") and «(?) and the temperatures 7" and 7 of M) and
M®), respectively have the same structure as the velocities u;5 and uy; and the
temperatures 715 and 75;. So the proof of theorem 4.3.6 for the model in section
4.2.2 goes through analogously as for the model in section 4.2.1.
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4.4 Positivity of solutions of the BGK approximation for two species

4.4 Positivity of solutions of the BGK approximation for
two species

4.4.1 Idea of the proof

Our aim is to prove that all classical solutions to (4.8) - (4.16) under the assumptions
4.3.1 with positive initial data are positive for all larger times ¢ > 0. The idea of
the proof is as follows. In the previous section, we stated our result about existence
and uniqueness of non-negative solutions.Then, with a Gronwall estimate on the
densities, we deduce that this non-negative solution can be estimated from below
by an exponential function. Considering the solution along characteristics we will
see that when the densities are positive the solution is also positive. With this and
continuity in time, we can conclude that for positive initial data there cannot be a
solution which becomes zero or negative at a time ¢ > 0. So all classical solutions to
(4.8) - (4.16) are positive.

4.4.2 Estimate on the densities
Lemma 4.4.1. If f;, > 0 is a mild solution to (4.8) - (4.16) and

Yi(z, t) = /f,g(x —wvt,v)dv > Cy > 0,

forallt >0, k = 1,2, then the densities satisfy the estimate
ng(a,t) > Coe™ Pretot,
for all t > 0 where Cy > 0 is a positive constant.

Proof. See step 2 in the proof of theorem 4.3.6. O

4.4.3 Positivity of non-negative solutions

Lemma 4.4.2 (Positivity of non-negative solutions). Let (f1, f2) with f1, fo > 0 be
a mild solution to (4.8)-(4.16) with positive initial data under the assumptions 4.3.1.
Then f1, f2 are even positive, that means f1, fo > 0 a.e.

Proof. We prove the statement for fi, the proof for f5 is analogously. Let f; be part
of the non-negative mild solution to (4.8)-(4.16). Then it satisfies by definition

fil@,v,t) = e @00 £z — t,v)

—ai(z.v tr~ ni(z+(s—t)v,s
+e 1@w.t) fo [Vll n1(m+(sfilt)(v:)(Jrnz)(er)(s7t)v,s) M1 (.’E + (S - t)’l}, Uy S)
+ D12 m(z+(s:Li)(;::)(j-;?(?—i)(s—t)v,s) Mz (z + (s — t)v, v, 5)]€a1(w+(57t)vﬂ)’s)ds'

(4.24)

79



4 Existence, uniqueness and positivity of solutions for BGK models for mixtures

We assumed that all collision frequencies are positive and according to lemma 4.4.1
all densities are positive. So the right-hand side of (4.24) is positive, therefore

filz,v,t) >0,

for positive initial data. So non-negative solutions to (4.8) - (4.16) are even positive.
O

4.4.4 Positivity of classical solutions

Theorem 4.4.3. Let (fi, f2) be a classical solution to (4.8) - (4.16) with positive initial
data under the assumptions 4.3.1. Then the solution is positive meaning fi, fo > 0.

Proof. According to theorem 4.3.6 there exists a non-negative solution to (4.8) -
(4.16) and it is the only non-negative solution to (4.8) - (4.16). So there could
exist another classical solution which at a certain time becomes zero and negative
afterwards. But due to continuity in time, it could only happen if it reaches zero first.
According to lemma 4.4.2 this is not possible, because a non-negative solution always
stays positive. So the unique solution to (4.8) - (4.16) with positive initial data is
positive meaning f1, fo > 0. O
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Chapter 5

Extension to a kinetic model for plasmas
consisting of electrons and ions

In the introduction of chapter 2 we mentioned the advantages of this type of BGK
models for mixtures having a sum of BGK-type interaction terms on the right-hand
side. It is that the two different types of interactions, interactions of a species with
itself and interactions of a species with the other one, are still kept separated. This
allows to model the influence of the contribution to momentum and energy exchanges
and the trend to equilibrium of two species which are very different. One example
of two species which differ in some physical quantities is a gas mixture consisting
of electrons and positively charged ions. In this case, the particles differ in their
charge. Electrons have negative charges, the ions a positive one. Moreover, the mass
of electrons is very small compared to the mass of ions. Both facts influences the
behaviour in a significant way. This is why we want to use the model presented in
chapter 2 as a starting point. However, we have to extend it to charged particles. This
is done in this chapter. Models for electrons and ions are widely used in applications.
One appearance of electrons and ions in applications and in nature is in form of a
plasma. When a gas is brought to a very high temperature (10 K or more), electrons
leave their orbit around the nuclei of the atom to which they belong. This gives
an overall neutral mixture of charged particles, ions and electrons, which is called
plasma. There are a lot of research areas and applications of a plasma. For example
in astrophysics, plasmas play an important role since for example stars are formed
from plasma and gain energy from the process of fusion, which may be a future
possibility to gain energy in applications. The physical principle behind fusion is
to gain energy by removing mass. This is one big research field in physics. It has
the goal of developing fusion as a new energy source. It will be motivated later in
chapter 6.

The outline of this chapter is as follows: In section 5.1 we introduce the basic
physical principles when we deal with charged particles. In section 5.2 we want to
present a model for a two-component mixture of charged particles. In section 5.3, we
conclude with a formal derivation of the equations of ideal magnetohydrodynamics
called MHD equations from the model presented in section 5.2 in order to put the
model presented in section 5.2 in the context of ideal magnetohydrodynamics and
observe how the typical quantities in the kinetic model will show up and influence
the macroscopic equations. This derivation is also presented in [61] by Klingenberg,
Pirner and Puppo.
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5 Extension to a kinetic model for plasmas consisting of electrons and ions

5.1 Physical prerequisites for the following

In this section we want to introduce the basic physical knowledge in order to deal
with charged particles. This is presented in a lot of introductory physics books for
example in [44].

5.1.1 The Maxwell equations

We consider a system with an electric field E°(z) € R? and a magnetic field B°(x) €
R? at time ¢t = 0. Here x € R?® denotes the position in space. The vector E° is a
vector in R? which describes the strength and the orientation of forces on charged
particles due to an electric field. Assume we have a small positive test charge ¢q. Then
E is defined as force on this test charge over this charge ¢. Similarly, the magnetic
field is a measure of the strength and the orientation of forces on charged particles
due to a magnetic field.

The time evolution of the electric field E(z,¢t) € R? and the magnetic field
B(x,t) € R3, where t > 0 denotes the time, is given by the Maxwell equations. We
will present them in the following. The first one is called Gau®’s law and describes
the relationship between a static electric field and electric charges p.(z,t). It is given
by

Ve - E= —Pecs (5.1)

where ¢, denotes a constant called the vacuum permittivity or electric constant. The
meaning of the equation is the following. Electric charges induce an electric field.
Positive charges are sources of an electric field, negative charges are sinks of an
electric field. This can be seen if we integrate (5.1) over a volume in x and use
the theorem of Gaul. Then we see that the electric flux which leaves or enters this
volume is proportional to the charge inside. Especially, if we take a particle with a
small positive charge, the particle would travel from the positive charge towards the
negative charge along the lines determined by the vector field F(z,t).

Physicists suppose that in the case of the magnetic field there are neither sinks
nor sources meaning

V,-B=0. 5.2)

This is called Gaul3’s law for magnetism.

We can also get electric and magnetic fields which have no sinks and sources.
In such a field, a particle with a small positive charge would travel along a closed
circle. This is called a rotational field. From physical experiments, we expect that a
rotational field is created by a time varying magnetic field

V. x E=—-0B. (5.3)

This is called Faraday’s law. Physicists also observes the reversed process. A time
dependent electric field induces a rotational magnetic field. But a rotational magnetic
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5.2 A kinetic BGK model for ions and electrons

field can also be generated in another way. It can be induced by a charge current
j(z,t) meaning that we have moving charged particles. This is called Ampeére’s law.

Vo X B = ugj + pocodiE. (5.4)

o is the analogous magnetic constant to ¢y and is called vacuum permeability or
magnetic constant.

5.1.2 Lorentz force on charged particles

From physical experiments, we expect that the force F'* acting on a particle of electric
charge ¢ with velocity v under the influence of an electric field £ and a magnetic
field B is given by

FL = ¢(E +v x B).

This force is called Lorentz force and the effect on a charged particle is the following.
We observe that a positively charged particle will be accelerated in the same direction
as the electric field £ and will travel on a curve which is orthogonal to the magnetic
field B. A negatively charged particle will be accelerated in the opposite direction.

We observe that the Lorentz force due to an electric or magnetic field changes
the velocity of a particle. If we model the physical system by a distribution function
f(z,v,t), the distribution function will change in time when we have electric or
magnetic fields since the velocity of the particles change. We take this into account
by replacing the left-hand side of the kinetic equation, the transport part,

8tf+v VIf

by
Of+v-Vuf+FL.V,f.

5.2 A kinetic BGK model for ions and electrons

In this section we will present the Vlasov-BGK model for a mixture of two species
and mention its fundamental properties like the conservation properties.

We consider a plasma consisting of electrons denoted by the index e and one
species of ions denoted by the index 7. Thus, our kinetic model has two distribution
functions f.(z,v,t) > 0 and f;(z,v,t) > 0 where x € R? and v € R? are the phase
space variables and ¢ > 0 is the time.

Furthermore, for any f;, f. : R® x R? x R} — R with (1 + |[v|?) f;,

(1 + |[v|?)f. € LY(dv), f;, fo > 0 we relate the distribution functions to macroscopic

quantities by mean-values of f;, k = 1,¢

1 ni
/fk(v) v dv=: | npur |, k=i,e, (5.5)
mk|v — uk|2 37’Lka
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5 Extension to a kinetic model for plasmas consisting of electrons and ions

where m, is the mass, n; the number density, u, the mean velocity and T} the
temperature of species k, k = ¢, e. Note that in this chapter we shall write T}, instead
of kgT}, where kg is Boltzmann’s constant.

We want to model the time evolution of the distribution functions by a Vlasov-BGK
equation. The distribution functions are determined by two equations to describe
their time evolution given by

FL
Ofi+v-Vaofit == Vofi =vini(M; — f;) + viene(Mie — fi),

ZTLZ (5.6)
8tfe +v- varfe + TT; : v'ufe = Veene(Me - fe) + Veini(Mei - fe)a

€

with the mean-field forces F'' and FL specified later and the Maxwell distributions

mg

2
Mk(w7v7t): L?,exp _h)#?“ ) k:i,€7
o Lo 2k
k

5.7)
v~y

2
| >7 k,j:i,€7k7éj7

9 Lki
mg

n
Myj(z,v,t) = 7k3exp (

where v;;n; and v..n. are the collision frequencies of the particles of each species
with itself, while v;.n. and v,;n; are related to interspecies collisions. In the previous
chapters we assumed the general relationship between the collision frequencies

Vie = €Ve;, 0<e<1. (5.8)

In the next section we want to derive a specific value for ¢ in the case of electrons and
ions. We assume that all collision frequencies are positive. In addition, we take into
account an acceleration due to interactions using the Lorentz forces F¥, FL given by

FF(z,t) =e (E(z,t) +v x B(z,t)) and FF(z,t) = —e (E(x,t) + v x B(x,t)),

where e denotes the elementary charge. In order to determine the time evolution of
the electric and magnetic field, we couple the system with the Maxwell equations
(5.1), (5.2), (5.3) and (5.4). We assume that there are no external electric and
magnetic fields. The only electric and magnetic field we have is a mean electric and
magnetic field generated by the particles themselves. We therefore assume that the
charge density is given by

Pec = e(ni - ne)» 5.9
and the charge current given by
J = e(nu; — neue). (5.10)

We note that the choice of the Maxwell distributions M;, M., M;. and M,; is
the same as in the model from chapter 2. The quantities w9, us1, 712 and Th; are
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5.2 A kinetic BGK model for ions and electrons

still given by the expressions (2.6), (2.7), (2.10) and (2.11). This guarantees that
the mass exchange, the sum of the two momentum exchanges and the sum of the
two energy exchanges are still zero and we still guarantee that all temperatures are
positive under the restrictions

0<y<mi(l—9) (1+%s)5+17%s : (5.11)
and
mef L5 (5.12)
T B ==

see theorems 2.1.1, 2.1.2, 2.1.3 and 2.1.4 in chapter 2.

5.2.1 Relationship between the collision frequencies

The goal of this section is to derive an expression for the ratio of all the relaxation
parameters v;;, Ve, Vee and vg; in the case of a plasma, for example a value for ¢ in
(5.8).

The parameters v;. and v,; are linked to the interspecies collision frequency. In
plasmas, the mass ratio of the two kinds of particles is 7= < 1, where i denotes ions
and e denotes electrons. In this case a common relatlonshlp found in the literature
[11]is

Vie = %Vei. (513)
1

A motivation for this relationship in the case of a plasma can be found in [11],
chapter 1.9, which we want to mention here shortly. From physical experiments, we
expect that the collision frequency is proportional to the differential cross section
and the relative velocity. For the typical velocity of ions and electrons close to
equilibrium we take the peak of the Boltzmann distribution called the thermal

1

velocity vy, = (%) * k = i,e and assume that the temperatures are of the same

order, T; = T,. The cross sections are considered equal, because they depend on the
interaction potential, which in this case is the Coulomb force, that is the same for
both particles. So the only thing which remains to consider is the relative velocity.
Since the mass of the ions m; is much larger than the mass of the electrons m., we
get in the case of v,; for the relative velocity of an ion and an electron

) - e () ()
— (21,) 1_(:’?)&2@)5(1);,

Me

Nl

N|=

Nl

mé

which is the order of magnitude of the mean velocity of the electrons. We expect
the relative velocity of two electrons to have the same order of magnitude as the
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5 Extension to a kinetic model for plasmas consisting of electrons and ions

thermal velocity of an electron. Since v, is proportional to the relative velocity of
two electrons and we only want to compare the order of magnitudes of v.; and v,.,
we conclude that v,; and v, are of the same order of magnitude, so we have

.~
Vei = Vee-

Now consider v;;. The ion thermal velocity is lower by an amount of ( %)% with
respect to the electrons, since

1 1 1 1 1
2Tz 2 o Me 2 2Tz 2 -~ me 2 2Te 2
m; “\my Me ~\m; Me '

1
()
Vig = | — Vee-
mi

For an estimate of v;, and v.; we consider a collision of an electron head-on with
an ion. The velocities after a collision of an ion with an electron are given by

Therefore

2m
v = v; — m[(vi — V) - wlw,
2m;
- = — ) -
U, = Ve e [(ve — v3) - W]w,

see corollary 1.2.5. The vector w was defined as the unit vector along the line with
the minimal distance of the two particles during the interaction, in the direction
of particle 2. Since we consider a head-on collision, w is parallel to ﬁ’;” So the

v; —Ve|
formulas for the velocities after the interaction simplify to

2Me

v, =v; — ————— (v — Ve),
' m; + Me ’
2my;

v =0, — — (v, — v;).
¢ © mi—|—me(e i)

Since m. is small compared to m,, we get

vl = v, + O(1),

which reflects the physical fact that collisions of a heavy particle with a light one have
a bigger influence on the lighter one than on the heavy one. Hence v;e = < vee.

To summarize, in the case of ions and electrons, the collision frequencies can be
ordered as follows:
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5.2 A kinetic BGK model for ions and electrons

5.2.2 Macroscopic equations

In section 2.1.9 we derived macroscopic equations for the model (2.2) presented in
chapter 2. For the model (5.6) we can also derive macroscopic equations. In this
case we will obtain additional terms due to the additional force terms in (5.6).

Theorem 5.2.1 (Macroscopic equations for the BGK equation for mixtures). If
f1, f2 € L>=(dv) decay fast enough to zero in the v variable and are a solution to
(5.6) in the sense of distributions, they satisfy the following local macroscopic conserva-
tion laws.

Oyni + Vg (nju;) =0,
Oine + Vi (neue) =0,
Os(minsu;) + Vg - Py + Vg - (myniu; @ ug) — eni(E +u; X B) = [, .,
Or(menete) + Vo - Pe 4+ Vi - (Menetie ® te) + ene(E +ue X B) = f, .,

O <nzu1|2 + 3” T> + V- Qi —eEun; = Fg

)

e,i’)

e 3
01‘, <’n2l ne‘uel +2n€ e>+v Qe“”eEuene*FE

with the pressure tensor Py, and the energy flux @y, given by

Pr(x,t) = /(v —ug(x,t)) ® (v — up(z,t) fr(z,v,t)dv,

t) = %/\v\zvfk(a:,ut)dv

for k =1,2 and with f.,, ., fm.,, Fg,.and Fg, , given by the expressions in theorem
2.1.9 wzth l=i¢and2=eand E, B glven by the Maxwell equations (5.1), (5.2), (5.3)
and (5.4) with charge density and charge current given by (5.9) and (5.10).

Proof. We derive only the additional terms due to the force terms in (5.6). The rest
is shown in the proof of theorem 2.1.9. We start with the derivation of conservation
of the number of particles. If we integrate the equation for ions in (5.6) with respect
to v, we get

/5‘tflxvt)dv+/v ledv+/v < (E—i—va)f)dv—O.

We assume that f; and v f; are decreasing fast enough to zero for |v| — co, so with
the Gaul$ theorem we get, that the third integral on the left-hand side vanishes. So
the equation is equivalent to

8tni + Vm . (niui) =0.
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5 Extension to a kinetic model for plasmas consisting of electrons and ions

We can do the same with f.. In this case we get
One + Vi - (neue) = 0.

Multiplying the equation for ions by m;v and integrating it with respect to the velocity
v, leads to

m; /vatfidv +m; /vv -V fidv + /UVD “(e(E+4v x B)f)dv= fnm,..

In the third term integration by parts with the assumption that v f; is decreasing fast
enough to zero for [v| — oo such that we have no contribution from the boundary
terms leads to

7/6(E+v x B) fidv,
which becomes
—en;(F + u; x B).
So all in all, we get
Or(minsu;) + Vg - Py + V- (minju; @ ug) — eny(E +u; X B) = f, .-

We can do the same with f..
Multiplying the equation for the ions by =

“:|v|? and integrating it with respect to v
leads to

. ) 1
% / |v|28tfidv + % / \v|211 -V fidv + 3 / |v|2Vv “(e(E+wvx B)fi)dv=Fg,,.

In the third term integration by parts and the assumption that |v|? f; and v|v|?f; are
decreasing fast enough to zero for |v| — oo leads to

1
3 / [v]*’V, - (e(E +v x B)f;)dv = —/ev - (E 4+ v x B)fidv = —eEn;u,.

The term with the magnetic field vanishes since v is orthogonal to v x B.
We obtain the macroscopic equation

i 3
Oy (n;ni|ui|2 + 27%7}) + V.- Qi —eEun; = Fg, .

So all in all, we get the system in theorem 5.2.1. O

5.2.3 Entropy inequality

In this section we want to show that the entropy inequality from theorem 2.1.7
remains true for the model (5.6) with its additional force terms.
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5.3 Deriving macroscopic MHD equations

Theorem 5.2.2 (Entropy inequality). Assume f;, fo > 0. With the assumption f;, fe,
vf; and vf. are decreasing fast enough to zero for |v| — oo, we have the following
entropy inequality

Oy (/filnfidv—k/felnfedv) + V- </vfilnfidv+/vfelnfedv) <0

with equality if and only if f; and f. are Maxwell distributions with equal mean velocity
and temperature.

Proof. We multiply the first equation of (5.6) by In f;, the second one by In f,
integrate with respect to v and add both. The terms which are new compared to the
case of neutral particles are the terms with the magnetic and electric fields. There we
use integration by parts and Gauf3 theorem.

/lnfivv- (ni-(E—’_UXB)fi) dvz—/%vvfi- (nj(E+va)fi> dv

/vq,f,( E+v><B)) dv = — /vq,. <m (EJrva)f)dv_O

The last but one equality is due to the fact that the ith component of v x B is
independent of v;. We can do the same for the term coming from the electrons, so

/ £V, - (T‘ne

So the additional terms turn out to be zero and we obtain the same inequality for the
entropy as in the case of neutral particles. O

(E—i—va)fe)dv:O.

5.3 Deriving macroscopic MHD equations

In this section we want to illustrate the model in the case of ions and electrons. We
want to show that it is possible to put the proposed kinetic model in the context of
the typical macroscopic equations for charged particles. Therefore we want to derive
the equations of ideal magnetohydrodynamics, from our model. You can also find a
similar derivation in [15] but for an isothermal flow.

5.3.1 The BGK model for ions and electrons

We consider the case of ions and electrons and set ¢ = 2 as it is motivated in section
5.2.1. For simplicity, we take § = 0, a = miz and ~ = 01in (2.6) and (2.10),
although the MHD equations can also derlve(i from the general model. We use the
index i for the ions and e for the electrons. Then the particles are subjected to the
Lorentz force F; = e(E +v x B) and F. = —e(E + v x B), where e is the elementary
charge and E and B the mean electric and magnetic fields given by the Maxwell
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5 Extension to a kinetic model for plasmas consisting of electrons and ions

equations (5.1), (5.2), (5.3) and (5.4) with the charge density given by (5.9) and
the charge current given by (5.10). In this case the model (5.6) rewrites as

E x B
Ocfi+v-Vaofi+ L” Vo fi = viing(M; — fi) + viene(Mie — fi),
E B i
6tfg +v- foe — w : v'ufe = Veene(Me - fe) + %Vieni(Mei - fe)

(5.14)

5.3.2 Macroscopic equations for electrons and ions

In order to derive macroscopic equations, we multiply the first equation of (5.14)
with (1, m;v, % |v|?), and the second with (1, m.v, %<|v|?). Then we integrate them
with respect to the velocity. We obtain the system derived in theorem 5.2.1 with the
specific values for a, 6§ and . The obtained macroscopic system is not closed since
we obtain terms of the form [v® vf;dv, [ v@vfedv, [ [v|?vfidv and [ |v]|?vfedv. All
the other terms are functions of known quantities given in (5.5). We propose the
following closure. There are plasmas where the two species first relax to its own
equilibrium and then to a global one. According to chapter 1.9 in [11], we expect
that plasmas are typically not in global equilibrium, although the components may
be in a partial equilibrium. This means, the electrons are in equilibrium with itself
but not with the ions, and the other way round. So in our considerations we assume
that each species is in equilibrium with itself, e.g. setting f; = M; and f. = M, in the
equations from theorem 5.2.1. In this way, we obtain a closed system of equations
for the conservation of mass, momentum and energy.

Ok + Ve(ngug) =0, k=1,e,

= ViemiNeni(Ue — U;),

Or(meneue) + Va(neTe) + Vi - (Mette ® uene) + ene(E + ue X B)

= VeiMeNen; (U; — Ue),

; 3 5 i
Oy (n;’ni|ui|2 + 27%7}) + V- <2niTiui> +V,- (%nl|ul|2ul) —en;Eu;

mg
(Te - E)a

3
= grienenimi(juel® = luil®) + viegnine ——=—-

e 3 5 e
Oy <W2L n6|u6|2 + 2neTe) +V, - <2ncTeue) + V- <m7ne|ue|2ue> + encEu,

1 3 m
= il/emenime(|ui|2 — |ue|2) + l/eiinmem(ﬂ —T.).
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5.3 Deriving macroscopic MHD equations

Note that we used the specific values 6 = 0, « = —™2— and v = 0 in the exchange

mi+ma

terms. In order to determine the time evolution of the electric and magnetic field, we
couple the system with the Maxwell equations.

1
V:L’Ezi cy
Eop

V, x E+8,B =0,
Vi X B = poj + pogo0i E,

V. B =0,
Pec = e(ni - ne)a
j = e(niui - neue),

where g, o are the magnetic and electric vacuum permittivity. From physics, we
expect that these two constant are linked by the speed of light c via ¢? =

Koo "

5.3.3 Dimensionless equations

First we define dimensionless variables of the time ¢, the length z, the velocities
Ue, U;, the number densities n., n;, the temperatures 7., T;, the magnetic field B, the
electric field E, the electron-ion collision frequency v.;, the ion-electron collision
frequency v;. and the current density j, for example ¢’ =!/; for a typical time scale £.
In particular, the order of magnitudes of some quantities are assumed to be linked:
We assume that both species have densities, mean velocities and temperatures of the
same order of magnitude, e.g. n; =N, =n, U =1u.=u="/;andT; =T, ="1T.
The last two assumptions allow to assume that we are close to a thermodynamic
equilibrium in which the two mean velocities and temperatures would be equal.
Further, we assume that £ = Bu. From non-dimensionalizing the first two Maxwell
equations we see that this means that the electric field induced by a change of
the magnetic field in time dominates over the fields which arise from charges and
currents. Furthermore, we assume that B = %, which means that the magnetic
field induced by currents dominates over the magnetic field due to changes of the
electric field in time.

This leads to the following equations, where now the variables are non-dimensional

ong + Vg - (npug) =0, k=i,e,

at(niui) —+ 01 Vx(nZTJ —+ Vx . (TL{LLL X ’LL,L') — CQ le(E + U; X B) =

Cs Vienen;(te — u;),

Cy O¢(neue) + C1 Vi(neTe) + Cy Vi - (nette @ ue) + Co ne(E +ue X B) =

Cs Vienen;(u; — ue),
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5 Extension to a kinetic model for plasmas consisting of electrons and ions

3 1 5 1
Ci 0, (anTZ) + O <2nz|uz|2) +Cy V, - <2anzuz) + V- (Qniui|2ui)

1 3
CsC iefieTe_T’ia
T3 g, CeCtiegnine( )

1
= Cy Enju; + Cs §Vieneni(\ue\2 — \ui\z) +

C1 0 (gneTe) + C4 O (%ne|ue‘2> +C1 Vg - (gneTeue) + C4V, - (%ne|ue|2ue>

1
=—C3 Encue + Cs §Veineni(|ui|2 — Jue|*) + C3Cy Viegnine(Ti —Te),

1
1+Cy
together with the Maxwell equations

CsMV, - E= Pe;
V. x E+0;B =0,
Vi X B:]+MatEa
V. -B=0,
Pec = (nz - ne)y
Csj= (nzuz - neue)~

The constants C;,i = 1,...,5 and M are dimensionless parameters. In particular,
o= =B ot =T, o= and M =",

minu2’ ms ms e

‘Q..
N

S

S|

()
V)

coming from non-dimensionalizing. The physical meaning is the following: C

describes the ratio of the typical scale of thermal energy 77" and of the kinetic energy

m;nu? of ions. For the meaning of Cy, we consider an ion travelling with a speed

perpendicular to a magnetic field at distance r, the force due to the magnetic field

eBu on the particle acts as a centripetal force "‘Tﬂz, so the norm of the forces is equal
mii? ~

= eBu,

r

u __ eBu

which is equivalent to w := ¥ = <> which describes a frequency called cyclotron
frequency. So C; is the product of the typical scale of the cyclotron frequency and the
typical time scale. Cj is the ratio of the macroscopic time scale and the time scale
induced by the collisions. Cj is the mass ratio and M the typical scale of the speed
squared and the speed of light squared. Finally, C5 is the typical scale of the current
density induced by electric fields over the typical scale of the current induced by the
flow of the particles.

5.3.4 The limits to the MHD equations

Now we consider the formal limit of the mass ratio C; — 0 and the non-relativistic
limit M — 0.
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5.3 Deriving macroscopic MHD equations

Theorem 5.3.1. The formal limit of the mass ratio Cy — 0 and the non-relativistic limit
M — 0 of the non-dimensionalized system with the remaining parameters Cy,Cs, C3
and Cy remaining finite is the system

on+V, - (nu) =0,
Ot(nu) + C1 Vi (nT)+ V- (nu®u) = CyC5 j X B,

1
01 8t (2TLT> + 6t (2n|u|2) + Cl Vx . <;nu(Te — TL)> — C1C5v,£ . <2T]>
1
+Vy - (2n|u|2u) = (Cy,Cs Ej,

: 2
%Cl Vi(nTe) + Csn(E+ux B)—C3C5(j x B) = %05 Veing,
2

9C’1 O ( ) =+ gC’1 Ve- (§nTeu) — %0105%,; . (g e]) =—-C3 En (u — Cs%)

Cs Cy 2 Co
C? C§ Cs 3
+C2 Cs Veinju — ? Vez\JI + FCSCI Veinn 2Ty —T),
v$ x B + 6tB =
V. -B=0,
Ve x B =17,

Csj =n(u— ue).

Proof. We start with the non-dimensionalized system from section 5.3.3. In the limit
M — 0, we get from the first Maxwell equation that n; and n. converge formally to
the same limit n. The third Maxwell equation simplifies to

V. x B=j.
We denote the limit of u; by u. Then we get from conservation of the number of ions
On + V- (nu) = 0.
In the limit C; — 0, the momentum equation of the electrons turns into
Cy Vi (nT.) + Cy n(E 4 ue x B) = C3 vienn(u — u,). (5.15)
The limit of the sum of the momentum equations with 7" := T; + T, gives

Oi(nu) + C1 Vu(nT) + V- (u®@un) + C2 n(ue —u) x B=0. (5.16)
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5 Extension to a kinetic model for plasmas consisting of electrons and ions

The other Maxwell equations turn into
Vw X E 4+ 6tB = O,
V. -B=0,
Cs5j =n(u— ue). (5.17)

The energy equation of the electrons leads to

Cy 04 <§nTe> +Ci Vg - (;nTeue>

1 3
= —Cy Encu. + Cs §uem2(|u|2 — |ue|2) + C3Cy Vei§n2<Ti —T,).

(5.18)

From the sum of the energy equations we get

1 1
C4 O (;)nT) + O <2n|u|2) +C1 V- <Z(nTeue + nTzu)> +V, - (2n|u|2u>

= Cy En(u — ue).
(5.19)
Using Csj = n(u — u,.), we get from (5.15), (5.16) and (5.19)
Cl VI(TLTE) + CQ TL(E —+ Ue X B) = 03C5 l/emj, (520)

Or(nu) + Cy Vu(nT) + V4 - (nu®@u) = C2C5 j x B,

1 1
C4 O (;)nT) + O <2n|u|2) +C1 V- <Z(nTeue + nTlu)> +V, - (2n|u|2u>

= (CyC5 Ej.
(5.21)

Writing |u|? — |ue|? as (u — u.) - (u + u.) and again replacing j by Csj = n(u — u.),
we obtain from (5.18)

3 5
Ch 0O (2nTe> +Cy Vg - <2nTeue>
1 . 3
= —Cy En.u, + C3C5 il/emj(u + ue) + C3C ueiénn(Ti —Te).
(5.22)
Equations (5.20) and (5.22) are equivalent to

21

C )
Cy V. (nT,) + 6203 n(E +ue. x B) = E%C’g, Veil], (5.23)
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5.3 Deriving macroscopic MHD equations

C 0 (gnTe> +Cy Vg - (gnTeue>

Cy c? 1 1 3
= _FBCS Enu, + 03 Cg Cs QVeinj(u + ue) + C3C, Vei§n2(Ti - TE)'

(5.24)

We multiply (5.23) and (5.24) by %‘; and insert u, = u — 05% from (5.17), we get
from (5.21), (5.23) and (5.24)

C1 O < ) + O ( n|u\ ) +Cy V- <gnu(Te — Tl)> — C1C5V, - (gT_]>

+ V- (%n|u|2u> = C:Cs Ej,

%01 Va(nTe) + Csn(E+ux B)—C3C5(j X B) =

i
CS el b,
s VeiNJ

Cs 3 Cs 5 Cs 5
07201 8t ( > + 6201 VZ . (§nTeu> — a(ﬁCg,V <2 e])

Cs

&Cs VeiJu — ezl]' + 70301 Vmgn (T; — To).

__ _ol G e
= —-C3 En (u CS’II) + Cs CQ

O

Next, we consider the formal limit C5 — 0 and g—; — 0, such that C>,C5 and C3Cs
remain bounded away from zero. Physically the first limit means that the current
from moving particles enu dominates over the current due to electric forces j. The
second limit means that the cyclotron frequency & ¢B dominates over the collision
frequency 7;.7, while the current due to electric ﬁelds J per cyclotron time 1/<2 ¢B gyer
the current induced by the flow enu in a typical time scale ¢, remains bounded’ away
from zero. Moreover, the ratio of the collision frequency and the cyclotron frequency
is assumed to be of the same order of the electric current per collision time i over
the current induced by the flow per typical time scale. All in all, we get the foflowmg
theorem.

Theorem 5.3.2. As C5 — 0 and C3 — 0, such that C>,C5 and ng 5 remain bounded
away from gero, formally the solutlon of the system in theorem 5.3.1 tends to the
solution of

on+ Vg - (nu) =0, (5.25)

at(nu) + ClV;g(nT) + va: . (nu@ ’LL) = CQCSj X B7
(5.26)

1 1
C10, ( > + O < nlul ) +C1Vy - (2nTu) +V, - <2nu|2u> = (CyC5 Ey,

(5.27)

95



5 Extension to a kinetic model for plasmas consisting of electrons and ions

(E+uxB)= CsCs Veil, (5.28)
Cy
2
Fu = C5Cs VeijU, (5.29)
Cs
V. x B =j, (5.30)
V. x E+0,B=0, (5.31)
V. -B=0. (5.32)

This is a direct consequence of theorem 5.3.1. Last we consider the formal limit
C5 — 0 which means that interactions of ions and electrons can be neglected. In
addition, we choose the special regime where C| = 1, that is nT = m;nu? and
C5C5 = 1 in order to obtain the well-known conservation form for ideal MHD.

Theorem 5.3.3. As C3 — 0 and in the special regime C1 = 1 and C2C5 = 1, formally,
we obtain the system of ideal MHD equations

on+V, - (nu) =0,

1
Ot(nu) + Vy(u@un+ (p+ §|B|2)1 —B®B) =0,

1 3 1 1 5
o0 (gl + 5o+ 3187) + 9. (GaluPut Sput |BPu- B (Bow) =0,

2
0B+V, (BRu—u®B)=0,
V. -B=0.
Proof. In the limit C3 — 0, the equations (5.28) and (5.29) turn into
E+uxB=0, (5.33)
Eu=0. (5.34)

We insert j = V, x B from (5.30) into (5.26). The [-th component of the term
(V. x B) x B can be simplified to Zi:l B, (0y,By, — 04, B;), 1 =1,2,3. Since
V. B =0,wecanadd (V, - B)B, so we get 22:1 B, (04,By, — 0., B;)+ (V.- B)B;
which is the {—th component of —V,, - (1|B|*1 — B ® B). Thus, (5.26) turns into

1
Or(nu) + V,, - (u@un+ (nT+ 2|B|2> 1—B®B) =0.

Now, we insert £ = —u x B from (5.33) into (5.31). In a similar way again using
V.- B =0,weobtain -V, x (u x B) =V, - (BQu—u® B), so (5.31) leads to
B+V, - (B®u—u®B)=0. (5.35)

Finally, inserting (5.30), (5.33), V.. - B =0 and (5.35) into (5.27), leads to
1 3 1 1 5
Oy (2n|u|2 + inT + 2|B|2) + V- (2n|u|2u + inTu +|Bl*u—~B-(B® u)) =0.

O
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Chapter 6

Application to plasmas

As we mentioned in the previous chapter, there are several applications where a
mixture of ions and electrons needs to be modelled and simulated. In this chapter
we develop the prerequisites in order to simulate a mixture of ions and electrons
in a certain regime. The regime of the mixture is the following. In some regions
the mixture is near equilibrium in other regions it is far away from equilibrium. In
section 6.1 we extend a method called micro-macro decomposition from one species
to a gas mixture. Using this method we can derive a system of coupled kinetic and
macroscopic equations from the system of kinetic equations. The advantage of this
new system is that it is more appropriate in order to simulate a mixture which is
partly close to equilibrium. This is needed for example in the case of a plasma in a
Tokamak, a toroidal-shaped chamber where a plasma can be confined for the research
on controlled fusion. More details are described in the next section. In the following
section we want to consider two test cases which can be used to test the results of
a numerical simulation with the theory of the model. The first one considers the
space-homogeneous case. In the space-homogeneous case we can prove convergence
rates of the velocities and the temperatures to a common value and of the distribution
functions to Maxwell distributions. These estimates are derived in section 6.2.1. They
can be compared to the results of a numerical simulation. The second test case is
an extension of the theory of Landau damping to two species in section 6.2.2. It is
a theory which shows a physical behaviour of a mixture of ions and electrons. This
theoretical result can also be compared to a result of a numerical simulation.

6.1 Kinetic/Fluid micro-macro decomposition for two com-
ponent plasmas

We want to model a plasma consisting of two species, electrons and one species of
ions. The kinetic description of a plasma is based on the Vlasov equation. In [28],
Crestetto, Crouseilles and Lemou developed a numerical simulation of the Vlasov-BGK
equation in the fluid limit using particles. They consider a Vlasov-BGK equation
for the electrons and treat the ions as a background charge. In [28] a micro-macro
decomposition is used as in [12] where asymptotic preserving schemes have been
derived in the fluid limit. In [28], the approach in [12] is modified by using a particle
approximation for the kinetic part, the fluid part being always discretized by standard
Finite Volume schemes. Other approaches where a kinetic description of one species
is written in a micro-macro decomposition can be seen in [30, 31].
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6 Application to plasmas

In this section, we want to model both the electrons and the ions by a Vlasov-BGK
equation instead of treating one only as a background charge. Such a two component
kinetic description of the gas mixture has for example importance in a Tokamak
plasma. In regions next to the wall of the Tokamak, the plasma is close to a fluid, but
the kinetic description is mandatory in the core plasma so that a hybrid fluid/kinetic
description is adequate. For this, we want to use the approach in [28], since it has the
following advantages: the presented scheme has a much less level of noise compared
to the standard particle method and the computational cost of the micro-macro model
is reduced in the fluid regime since a small number of particles is needed for the
micro part.

From the modelling point of view, we want to describe this gas mixture using two
distribution functions via the Vlasov equation with interaction terms on the right-
hand side. For the interactions we use the BGK approach, since BGK models give
rise to efficient numerical computations, see for example [72, 41, 35, 12, 34, 13, 28].
In previous sections we have seen that there are two types of BGK models for
gas mixtures, one with one relaxation term on the right-hand side, one with two
interaction terms one the right-hand side. In this section we are interested in the
second type of models, and use the model developed in chapter 2. In this type of
model the two different types of interactions, interactions of a species with itself and
interactions of a species with the other one, are kept separated. Therefore we can
see how these different types of interactions influence the trend to equilibrium. From
the physical point of view, we expect two different types of trends to equilibrium.
For example, if the collision frequencies of the particles of each species with itself
are larger compared to the collision frequencies related to interspecies collisions,
we expect that we first observe that the relaxation of the two distribution functions
to its own equilibrium distribution is faster compared to the relaxation towards a
common velocity and a common temperature. This effect is clearly seen in the model
presented in chapter 2 since the two types of interactions are separated.

The outline of this section is as follows: In section 6.1.1 we illustrate the idea
of a micro-macro decomposition in the case of one species. In section 6.1.2 we
want to mention the usefulness of this micro-macro decomposition by giving a
physical application where it is reasonable to apply it. In section 6.1.3 we present
the model for a plasma consisting of electrons and one species of ions and write it in
dimensionless form. In section 6.1.4 we derive the micro-macro decomposition of the
model presented in section 6.1.3. Sections 6.1.3, 6.1.3 and 6.1.4 are also presented
in [29] by Crestetto, Klingenberg and Pirner.

6.1.1 The idea of the micro-macro decomposition for one species

We want to illustrate the method of the micro-macro decomposition in the case of
one species for the Vlasov-Poisson-BGK equation using particles done in [28]. We
consider a distribution function f(z,v,t) > 0 and E(x,t) is a self consistent electric
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6.1 Kinetic/Fluid micro-macro decomposition for two component plasmas

field where x € [0, L] is the position and v € R the velocity and ¢ > 0 the time. The
Vlasov-BGK equation with initial data reads

Of +v0.f = 1M~ f), 6.1
f(:E,’U,O) :fO(CU,’U), '
coupled with the Maxwell equation
0y E(x t) = [ f(z,v,t)dv—1, 6.2)
fo (z,t)dz =0, '

and f and E are assumed to have periodic boundary conditions in x. The Maxwell
distribution M in one dimension is given by

n ( v — u|2)
exp | — y
on L T/m
m
with mass m and the moments

e (mwv |2) " (gf)

The idea of the micro-macro decomposition is the following. We decompose the
distribution function f into

M =

f=M+g.

With this decomposition we can derive the system

1
Oug + (1= Tar) (v, + EO,) = ~[=g — £(1 = W) (00, M + 9, D),

n nu 1 0
Oy nu + Oy nu? + nm + Oy / v lgdv ]| =| nE |,
%an + %n% %nu3 + nTTnu % nFEu

(6.3)

where II,; denotes the orthogonal projection in L*(<-dv) onto the null space of the
BGK operator. All in all, one can show the following theorem.

Theorem 6.1.1. If (f, E) is a solution of (6.1), (6.2), then ((n,u,T),g,E) =
(f(1, 2,2y —u?)fdv, f — M, E) is a solution of (6.3), (6.2), with the associated

initial data
02
(n(0),u(0),T(0)) = (/(Lv, 2)f0(v)dv> , 9(0) = £(0) — M(0). (6.4)

Conversely, if (n,u,T, g, F) is a solution of (6.3), (6.2) with initial data (6.4), then
J@,x |v—u| Ygdv = 0 and f = M + g is a solution to (6.1), (6.2).

S
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The proof is given in [12] without the electric field. In [28] the first part of the
theorem is shown with an electric field. We will not repeat it here since we carry
it out later in the two species case. The advantage from the numerical point of
view is the following. The equation (6.1) is a kinetic equation. The system (6.3)
is a system consisting of a kinetic type equation and a macroscopic type equation.
The kinetic equation is solved by a particle in cell (PIC) method, the macroscopic
equation by Finite Volume schemes. The particle-in-cell method is more costly from
the computational point of view. So the advantage of the system (6.3) is the following.
If we are close to equilibrium we can take less particles in the particle-in-cell method
since the time evolution is mainly described by the macroscopic equation which
reduces the computational cost.

6.1.2 Physical application for the micro-macro decomposition

One application with a plasma is the controlled thermonuclear fusion. It is described
in [80]. The aim of a controlled nuclear fusion is to develop new energy sources.
According to principles of relativistic physics we can produce energy by performing a
transformation that removes the mass. There are two possibilities to obtain this, a
fission reaction which generates two lighter nuclei from the nucleus of a heavy atom;
and a fusion reaction that creates a heavier nucleus from two light atoms. Controlled
fusion is still in the research stage. The temperatures required for thermonuclear
fusion are larger than one hundred million degrees. At this temperatures the electrons
are totally freed from their atoms so that one obtains a gas of electrons and ions
which is a totally ionized plasma. One project concerning thermonuclear fusion is
the ITER project. There, the plasma is confined in a toroidal shaped chamber called
a Tokamak. Inside the Tokamak we have a regime in which it is useful to use the
micro-macro decomposition. In regions next to the wall of the Tokamak, the plasma
is close to a fluid, but the kinetic description is mandatory in the core plasma so that
a hybrid fluid/kinetic description is adequate.

6.1.3 The two species model for electrons and ions

In this section we present in 1D the Vlasov-BGK model for a mixture of two species
developed in chapter 5 and mention its fundamental properties like the conservation
properties. Then, we present its dimensionless form. For numerical reasons it is
useful to use the dimensionless form, since in this case we only have to deal with the
mass ratio ;2 and not with the individual masses of electrons and ions which are
very small.

1D Vlasov-BGK model for a mixture of two species

In this section we will repeat the Vlasov-BGK model for a mixture of two species

without magnetic field in the one species case for the convenience of the reader.
We consider a plasma consisting of electrons denoted by the index e and one

species of ions denoted by the index i. Thus, our kinetic model has two distribution
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6.1 Kinetic/Fluid micro-macro decomposition for two component plasmas

functions f.(z,v,t) > 0 and f;(z,v,t) > 0 where z € [0, L], L > 0 and v € R are the
phase space variables and ¢ > 0 the time.

Furthermore, for any f;, f. : [0, L] x R x Ry — R with (1 + |[v|?)f;,
(1 + |[v]?)f. € LY(dv), f;, fo > 0 we relate the distribution functions to macroscopic

quantities by mean-values of fi, k =i, e

1 Ngk
/fk(v) v dv=: [ ngur |, k=1i,ce, (6.5)

my|v — ug|? ni T}

where my, is the mass, nj; the number density, u; the mean velocity and T}, the
temperature of species k, k = i, e. Note that in this chapter we shall write T}, instead
of kgT},, where kg is Boltzmann’s constant.

We want to model the time evolution of the distribution functions by Vlasov-BGK
equations.

FL
Oufi + 00, fi + TTZL Ou fi = visni(M; — fi) 4 Viene(Mie — fi),

o 6.6)
atfe + Ua:cfe + TTLe avfe = Veene(Me - fe) + Veini(Mei - fe)a

e

with the mean-field forces FX and FL specified later and the Maxwell distributions

2
My (x,v,t) = 7nkT exp <—|U2 Tl:k‘ ) , k=i,e,
27rm—’“ my

6.7)

2
Nk |[v — ugj| . )

Mk_j(l‘,’l},t):#e)(p <_TkJJ>a km]:laeak;éja

2 Thi 2
k

where v;;n; and v..n. are the collision frequencies of the particles of each species
with itself, while v;.n. and v.;n; are related to interspecies collisions. To be flexible
in choosing the relationship between the collision frequencies, we now assume the
relationship

Vie = EVej, 0<e<l,

3, (6.8)

Vii = BiVie, Vee = Belei = ?Viev Bi, Be > 0.

The restriction ¢ < 1 is without loss of generality. If ¢ > 1, exchange the notation :
and e and choose % We assume that all collision frequencies are positive. In addition,
we take into account an acceleration due to interactions using mean-field Lorentz
forces F¥, FX. We assume that the magnetic field is negligible compared to the
electric field. Therefore the Lorentz forces are given by

FE(z,t)=e E(xz,t) and FL(z,t)=—e E(x,t),
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where e denotes the elementary charge. For simplicity, we assumed that the ions
have the charge e. The electric field is given by the Maxwell equation

0z E(x,t) = p(x,t), (6.9)
where
plx,t) = 6/00 (fi(z,v,t) — fe(x,v,t))dv, (6.10)

describes the charge density.
The functions f; and E are submitted to the following periodic boundary condi-
tions

fe(0,v,t) = fr(L,v,t), forevery veR,t>0,
E(0,t) = E(L,t), for every ¢ > 0.

In order to get a well-posed problem, a zero-mean electrostatic condition has to be
added,

L
/ E(z,t)de =0, forevery t>0,
0
together with an initial condition
fu(x,v,0) = f)(x,v), forevery xz€[0,L],veER.

From the initial condition on f;, we can compute an initial condition of the charge
density p given by (6.10). From this we can compute the initial data of E using (6.9).
In the velocity v we either assume periodic boundary conditions on a bounded subset
of R or a fast enough decay of f; and f. to zero for |v| — co.

The Maxwell distributions M; and M, in (6.7) have the same moments as f; and
fe, respectively. With this choice, we guarantee the conservation of mass, momentum
and energy in interactions of one species with itself (see section 2.1.2). The remaining
parameters n;e, Me;, Ui, Uei, 1ie and Te; will be determined using conservation of the
number of particles, conservation of total momentum and conservation of total
energy, together with some symmetry considerations.

If we assume that

Nie =n; and  ne; = ne, (6.11D)
Uje = 0u; + (1 — e, 0§ €R, (6.12)

and
Tie = T + (1 — a)To +y|u; —uel?, 0<a<1,v7>0, (6.13)
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6.1 Kinetic/Fluid micro-macro decomposition for two component plasmas

we have conservation of the number of particles, of total momentum and total energy
provided that

Ui = tte — —&(1 = ) (ue — uy), (6.14)

T.; = {Emi(l ) (m%(a 1) 4+ 1) - m} i — e |?

+e(l—a)T; 4+ (1 —e(1 — )T,

(6.15)

see section 2.1.5 and section 5.2. In order to ensure the positivity of all temperatures,
we need to impose restrictions on 4 and v given by

0<y<mi(l—0) [(1+mig)5+1— m%], (6.16)
Me Me
and
%5 -1
e 5<1, (6.17)

see theorem 2.1.4.

Notes on the existence of solutions

In chapter 4 we presented an existence and uniqueness result of the model presented
in chapter 2. In this chapter we consider the extended model for ions and electrons
given by (6.6). This model has additional force terms due to an acceleration of
charged particles. The force is determined by the Maxwell equation (6.9) together
with the charge density (6.10). From physics we expect that the electric field E(x,t)
can be written as a gradient of a potential ¢(x,t). Then ¢ solves a Poisson equation
and we have to consider kinetic equations with force terms coupled to a Poisson
equation. So it is not clear if we still have existence and uniqueness of mild solutions.
In the case of one species with a force term given by a Poisson equation, there is an
existence result of mild solutions given by Rejeb in [75]. The difference compared to
the BGK equation for one species without a force term is the following. In the case
of the BGK equation for one species without a force term we are able to compute
the characteristic curves. This ended in a fixed-point argument as in the proof of the
Picard-Lindelof theorem or the fixed-point theorem of Banach since we are able to
show that the right hand side in the definition of a mild solution is a contraction. In
the case of the BGK equation for one species with force term in one velocity and one
space dimension, we obtain the characteristics

dt(s)

ds ’
dx(s)

o = v(s), (6.18)
dv(s)
W - zé(l‘(S),S),
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6 Application to plasmas

where ¢ solves a Poisson equation in one velocity and one space dimension with a
right-hand side given by [ f(x,v,t)dv. We are not able to solve the characteristics
explicitly. So at this point it is not possible to show that the right-hand side in the
definition of a mild solution is a contraction. So Rejeb in [75] suggested to use the
fixed point theorem of Schauder (in Werner, [86]).

Theorem 6.1.2 (Fix point theorem of Schauder). Let S be a convex, compact and
non-empty subset of a Banach space X and let ® : S — S be a continuous map. Then ®
has at least one fix point in S.

So the two essential things in the existence proof of Rejeb in [75] are to find an
appropriate space S which has the properties of theorem 6.1.2 and to show that the
right hand side in the definition of a mild solution is a continuous map in f. The
latter thing is done in a similar way as the Lipschitz continuity in the case without a
force term. Since we can not compute the characteristic curves explicitly this leads to
a more careful study of the characteristics. Rejeb uses an estimate which shows how
the characteristics changes if one changes the function f on the right hand side of
the Poisson equation into a function g. This estimate has been proven by Ukai and
Okabe in [82], it can be summarized as the following lemma.

Lemma 6.1.3. Let (z/(s),v/(s)) and (29(s),v9(s)) be solutions to the characteristic
equations (6.18) coupled with the Poisson equation for ¢ where the charge density is
computed via (6.10) with the distribution functions f and g, respectively. Then we have
the following estimate

max{[a! (s) — 29(s)|, [/ (s) — 09 (s)]} < CO)IIE! = B9l 110

The set S is a subset of 2 where 2 contains the position space, the velocity space
and the time interval. Rejeb defined a nonempty, convex, compact subset S of
and thus Schauder’s theorem could be applied. The estimate is used to prove that
the Maxwell distribution on the right-hand side is Lipschitz continuous in f. This
estimate is actually proven for two species in [82]. So when we want to extend the
existence result from one species with force term from [75], we have to combine the
idea of [75] with the analysis of the characteristics for two species from [82] and the
estimates of the right-hand side of the BGK model for mixtures proven in chapter 4.

Dimensionless form of the two species model

We want to write the BGK model presented in section 6.1.3 in dimensionless form.
The principle of non-dimensionalization can also be found in chapter 2.2.1 in [78]
for the Boltzmann equation and in [15] for macroscopic equations. First, we define
dimensionless variables for the time ¢ € R, the length z € [0, L], the velocity v € R,
the distribution functions f;, f., the number densities n;, n., the mean velocities
u;, ue, the temperatures T;,T., the electric field £ and of the collision frequency
vie- Then, dimensionless variables of the other collision frequencies v;;, Ve, Ve; Can
be derived by using the relationships (6.8). We start with choosing typical scales
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6.1 Kinetic/Fluid micro-macro decomposition for two component plasmas

denoted by a bar and then define dimensionless quantities by dividing the previous
quantity by its typical scale.

t'=t/t, 2 =x/z, Vv =v/v,
fi/('rlvvlvtl) = %fi(xavat)’ fé(xlvvlat/) = %fe(x,v,t),
3 €

where N; is the total number of ions and N, the total number of electrons in the
volume z3. We assume N; = N, =: N. This assumption is in accordance with the
typical values in a plasma described in [15]. Further, we choose

/ = !/ — _
n; = ni/nia Ne = ne/n’€7 Ny = MNe =

E' =E/ E,
w, = ug /Ui, UL =uefle, U =1u; =0,
T, =T,/T;, T, = T./T., T.=T,=m",
Vi, = Vie/Vie.
Now we want to write equations (6.6) in dimensionless variables. We start with

the Maxwell distribution in (6.7) and (6.12)-(6.15). We replace the macroscopic
quantities n;, u; and T; in M; by their dimensionless expressions and obtain

! = /5 /.12
oy |00 — ubu;|*m;
Mi=—===op\~——ps |
2 Ll it

m;

If we assume that v? = |;/* = Li, we obtain

n;  nk [v" — ul|? i
M; = =4 ——¢ ) o 2 6.19

EOVCZ s ( 277 g (619
The relationship which is used on %; and T} is in accordance with the typical values in
a plasma described in [15]. In the Maxwell distribution M, we assume T; =T, =: T
and obtain in the same way as for M;

1
= 3 / / /2 =
Ne [ Me )\ 2 n V— UL T M Ne
M, = — () € — exp —7‘ el — ) = — Mé.

7 m; R /271'Té 2Te/ m; v
Now, we consider the Maxwell distribution M;, in (6.7) and its velocity u;. in
(6.12) and its temperature T}, in (6.13). Again we use v = u; = i, and 72 = ml =

_ _ %
I — T. me gpd obtain

Wie = Uity + (1 — 8)uLte = (du + (1 — 6)ul)v =: vu]
Tie = oTiT; + (1 = a)TLTe + [0 |uf — ug?

= ma|)2[aT! + (1 — )T, + L], — 2] =: |o]*miTL, (6.20)
my;
nhin; lv" — |2 i
M, = — i _ T el ) L Py
2T p ( 217, g e
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6 Application to plasmas

With the same assumptions we obtain for u.;, T.; and M,; in a similar way the
expressions

=11— e - o)l + D1 — $)ul)o = o,

e me
+ (emi(1 = )(Ee(6 = 1)+ 5 +1) =) — ol Pl
=[1—-e(l—a)T+e(1l— a)T;]\@Fme%

m; |2

+ (ema(1 = O)(Zte(d = 1)+ 6+ 1) = ex)luf — il of? = [ofme 0T

_ , _
Tie Me M, [v" — ul,|? me fle . ,
— = eXp\ = —M..
v m; /27T, p( 2T, my; ) v

Now we replace all quantities in (6.6) by their non-dimensionalized expressions.
For the left-hand side of the equation for the ions we obtain

Mei =

Oufi + V0, fi + iEaufi
my

(6.21)
*iaﬂf +*E71}/3 fl —I—EEE E'0y f},
tx m;

and for the right-hand side using that 7y, = %, k=1,e, (6.8), (6.19) and (6.20), we

get

viing (M — fi) + Viene(Mie — fi) = vieBini(M; — fi) + Viene(Mie — f3)
N N N N (6.22)
—le/ze__ I/,LeTLZ(Ml/ f‘/)—i_ﬂlf:T z/e e( ie f)
T I0 T

Using that the left-hand side of (6.21) and the left-hand side of (6.22) coincide, we
obtain that the right-hand side of (6.21) and the right-hand side of (6.22) are the
same. Multiplying this obtained equality by *§ v and dropping the primes in the
variables leads to

tv _E
0. f; + =vdy fi + = —FE0, ,
T v m;
_N _N
- le/ze Vzenz(M fz) + Vze 7 Viene(Mie - fz)
In a similar way we obtain for electrons
tv _E
Oufe+ =00, f. — F=-—Bd,f.
0 M,

L LN
ﬂ ﬂzet Vielle (M fp) + VlP —Viell; ( ei f(’) 9
e x z
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6.1 Kinetic/Fluid micro-macro decomposition for two component plasmas

and the non-dimensionalized Maxwell distributions given by

n; v — u;|?
Mi(z,v,t) = WGXP <2T) )

Ne Me 3 [v — uel? me
A@W“”:wmr(m)em(‘sz>’

| 2 (6.23)
n; UV — Uje
Mie b 7t = / T o )
(z,v,t) T exp ( o7, )
1
e me \ 2 |U_u8i|2 Me
Mei 9 7t - - - ar 9
(@ 0,1) V21T <m1> P < 2Tei mz‘)
with the non-dimensionalized macroscopic quantities
Uje = 0u; + (1 — )u,, (6.24)
Tjo = oT; + (1 — )T, + ml|u —ue|?, (6.25)
m; m;
ei = (L= —e(1 = 0))ue + —e(1 — 0)us, 6.26
ey = (1= T20e(1 = 6))ue + Toe(1 = O)u (626)
T, =[1—-c(1—-a)Te+ec(1 —a)T}]
m; (6.27)
=) (6= 1) +6+1) - emli”“i 3
Defining dimensionless parameters
A—tfva Bz:_£i7 Be:_gia
T U my o m
' € 6.28
1 N 1 _ N 1 B, N 1 1 _N 6.28)
- = Biyietf7 = = Uil —, — = — Vet —, — = —Viel—,
E; xT E; Ee 5 Ee £
we get

1 1
Ocfi + ADpvfi + BiEO, i = —vieni(M; — fi) + —viene(Mie — fi),

E; &

1 1 (6.29)
atfe + Avazfe - BeEavfe = ;Viene(Me - fe) + gyieni(Mei - fe)-

e

In addition, we want to write the moments (6.5) in non-dimensionalized form. We
can compute this in a similar way as for (6.6) and obtain after dropping the primes

(6.30)

1 e 1
—/|v—ui|2fidv:Ti, m —/|v—ue|2fed’u:Te.
n m; n

7 €

For the non-dimensionalized form of the Maxwell equation (6.9) we obtain after
dropping the primes

E
—0.F = p.
eN p
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6 Application to plasmas

We assume that % = 1. This means that we assume that the electric field is of the
order of the number of particles times the elementary charge.

Remark 6.1.1. We described in section 5.2.1 that according to [11] there are the
following relationships between the collision frequencies in the case of ions and
electrons

Vee = Ves = Vi = Vie,

me e
which means
me m;
£ = ) Be = 17 67, = .
m; me

6.1.4 Micro-macro decomposition for the two species model

In this section, we derive the micro-macro model which is equivalent to the kinetic
equations (6.29). First, we take the dimensionless equations (6.29) and choose
A=B,= %Bi = 1. The choice A = 1 means v = % The choice B, = 1 means
that the reciprocal unit time scales are given by the cyclotron frequency of electrons
in the £— field, that is ; = Z-£. Now, we propose to adapt the micro-macro
decomposition presented in [12] and [28]. It is used for numerical methods to solve
Boltzmann like equations for mixtures to capture the right compressible Navier-Stokes
dynamics at small Knudsen numbers. The idea is to write each distribution function
as the sum of its own equilibrium part verifying a fluid equation and a remainder of

kinetic type. We decompose f; and f. as

1
Let us introduce m(v) := [ v | and the notation (-) := [ - dv. Since f; and
o]

M;, and f. and M., have the same moments: (m(v)f;) = (m(v)M;) and (m(v)f.) =
(m(v)M,), the moments of g;; and g.. are zero and thus

(m(v)gis) = (M(v)gee) = 0. (6.32)

With this decomposition we get from equation (6.29) for ions in dimensionless form

Me Me
O M; + 01gii + v0: M; + v0,gi + — EO0,M; + —E0, 94
m; m;
1 1 (6.33)
= ——VieNiGii + = VieNe(Mie — M; — gii),
i i

and a similar equation for electrons.

Now we consider the Hilbert spaces L3, = {¢ such that ¢M, L= L3(dv)},
k = i,e, with the weighted inner product (¢)M, ') of ¢ and ). We consider
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6.1 Kinetic/Fluid micro-macro decomposition for two component plasmas

the subspace N}, =span {My,vMy, [v|>My}, k = i,e. Let Iy, be the orthogonal
projection in L?wk on this subspace N. This subspace has the orthonormal basis

- 1 (v—ur) 1 [v — ug|? 1, 1 b 1k ik
By = M., 7 D) M) = {0, BE )
k=1 TREAING eV (2Tkm¢ T 5) = K}t =:{b1, b3, b5}

Using this orthonormal basis of N}, one finds for any function ¢ € L?wk the following
expression of ITyy, (¢)

3

1 v —ug) - (v —up)p
My, (¢) = ;(@ bY)bk = ;k[<¢> + ( Zk“,zmi(/mk L)
B et S VPO L N S ISP VA

2Tkmi/mk 2 2Tkmi/mk 2
This orthogonal projection IT,,, (¢) has some elementary properties.

Lemma 6.1.4 (Properties of 11, ). We have, for k =1i,e,

(1 — Hag, ) (M) = (1 — g, )(9: M) = 0,
s, (grk) = Uy (Orgir) = (1 — g, ) (£, M) = 0,

and

T,
|U - Ui|2 1 Tie |’U@e — ’UJj,‘Q
— ) (e e )M :
(v — te) (Ues — Ue)
Iy (M) = (1
M, (Mei) = (1 + T e
Tez |Um U(>|2

—1))M.. (6.36)

Proof. The proof of the first five equalities is analogue to the one species case and is
given in [12]. For the convenience of the reader we will repeat it here.

o Since Ty, (M) = My, we have (1 — I, ) (M) = 0.

e Since
oy, v — U v — ug|? 3 mp
oMy, = -0 — 0T, — | My,
t M ( " + Ty Uk + 2T, k)2 2T,k Ly k

(6.37)

0; Mj, is a linear combination of My, v My, |v|> M. So 8; M}, € N}, and therefore
Iy, (8;My) = 0, M.
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6 Application to plasmas

e With the definition of g, and the fact that f; and M} have the same moments
we get

(m(v)gkk) = (m(v)(fr — My)) = 0.
Therefore gy, is orthogonal to Ny, so 1Ty, (gkr) = 0.

e O:gys is also orthogonal to A, since
(m(v)Ogrr) = Or(m(v)grr) = 0.

e As in the case of 9; My, V,, - (EMy) is a linear combination of My, v My, |v|? Mj,.

The last two equalities (6.35) and (6.36) are obtained using the explicit expression
of Iy, given by (6.34) by direct computations.

O

Now we apply the orthogonal projection 1 — I, to (6.33), use lemma 6.1.4 and
obtain

Ougi + (1= Tag, (00 M) + (1 = Tl (00:0) + (1 = Tas) (2 E0, )
1

1
(—Vien; + = VieNe)Gii-
€i =

1
:?Viene(Mie - HI\/[i (Mie)) -

K2

Again with lemma 6.1.4 we replace 1, (M;.) by its explicit expression.

me
0rgii + (1 — g, ) (00 M;) + (1 — Ipy, ) (00 gii) + (1 — HMi)(EEavgii)

1 (v — u;)(Uge — uy)
== Vielle Mie -1
51"/ e 1+ T,
V— U 2 1 Tip 1 1 1
+(7‘ T, c_ 5)(?2 + T [uie —u® — 1)) M;) — (ZZVzenq + gyiene)gii-

We take the moments of equation (6.33) and get

Dulm(©) M) + 0 (m(v)gis) + 0u () (0M:) + D (m(v)gis)
+ (m(v) - EBO,M) + (m(v) <

o Ed,gii)
= v m()gis) + Tviene((m(v)(Mic — M) — (m()gi).

K2 7

With (6.32), we get

O (m(v)M;) + 0 (m(v)vM;) + O (m(v)vgs) + (m(v)%Ea M)

v K2

() B, git) = 2 vieme(m(v) (Mic — M),

7 ?
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6.2 Theoretical results to check the quality of numerical experiments

Using integration by parts and the fact that the moments of g;; are zero we get that
the term (m(v)E0d,g;;) vanishes and so we have

B (m(v) Mi) + 0y (m(v)oM;) + 0y (m(v)vgis) + (m(v)%E@vM,;)
1

= gyiene«m(v)(Mie — M;))).

?

So altogether we get the following coupled system for the ions

O1gii+(M=TIar, ) (002 M)+ (1—Tlar; ) (VO gis )+ (1 —=Tlar, ) (% EOy gii)

vV—Uj Uje —Uj V—U, 2 i
=& viene (M — (14 C=tadiemra) p (l02ril 4y (e o juse —wsl P~ 1) M) (6.38)

1 1
_(;Vie”rl‘?iwwle)gm

O (m(v)M;) + 0z (m(v)vM;) + 0z (m(v)vgis) + <m(v)%E&,Mi>
1 ’ (6.39)
= = Viene((m(v)(Mie — M;))).

3

In a similar way, we get an analogous coupled system for the electrons which is
coupled with the system of the ions

OtGee + (]l - HME)(UarMe) + (]l - HMG)(Uargee) - (]1 - HMC)(Eavgee)

I (v — ue)(Ues — Ue) M
- gel/zenz<Mez (1 + T(: E
lv—wefPme 1, T me o
+ ( 2Te mi 2)( Te + miTe |u51 u5| 1))Me)
— (—Viene + lV- n;)
66 € e é-e e’y 9667
(6.40)
O {m(v) M) + O (m(v)vMe) 4+ Ox (M(V)Vgee) — (Mm(v)ED, M)
(6.41)

_ élyieni«m(u)(Mei — M.))).

e

Now we have obtained a system of two microscopic equations (6.38), (6.40)
and two macroscopic equations (6.39), (6.41). One can show that this system is an
equivalent formulation of the BGK equations for ions and electrons. This is analogous
to what is done in [28].

6.2 Theoretical results to check the quality of humerical
experiments

In this section we want to present two theoretical results which we can compare
with numerical experiments. The first theoretical result are convergence rates to
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6 Application to plasmas

equilibrium in the space-homogeneous case. Since in the case of gas mixtures
we expect that the distribution functions relax towards equilibrium distributions
which are Maxwell distributions with a common equilibrium and temperature (see
theorem 2.1.6), we proved convergence rates of the two velocities u; and u, and the
two temperatures T; and 7, to a common value and convergence rates of the two
distribution functions to Maxwell distributions. This is presented in section 6.2.1.
This is also presented in [29] by Crestetto, Klingenberg and Pirner. In addition in [29],
we present numerical experiments using the micro-macro decomposition and verify
these convergence rates numerically. The numerical discretization used in [28] uses
a particle approximation for the kinetic part, the fluid part being always discretized
by standard Finite Volume schemes. Furthermore, we study in [29] the influence on
the speed of convergence under different choices of the collision frequencies.

The second theoretical result is an extension of the theory of Landau damping
from one species presented in [84] to two species. This is done in section 6.2.2.

6.2.1 Space homogeneous case without electric field

We first propose to consider our model in the space-homogeneous case, without elec-
tric field, where we can show an estimate of the decay rate of || fx(t) — Mx(t)|| 11 (dv)>
|ui(t) — ue(t)|? and |T;(t) — T.(t)|?. In the space-homogeneous case, without electric
field, the BGK model for mixtures (6.6) simplifies to

1 1
Ofi = ;Vieni(Mi — fi) + gl/iene(Mie — fi)s

f 21 (6.42)
8tfe = ;Viene(Me - fe) + gyieni(Mei - fe)a

e

and its micro-macro reformulation simplifies to

1 - Ug ie — Ug
atgii = ?Viene(Mie — (]_ + ('U u )(’LL U )

&; T;
bw—w> 1. T. 1 1
BN A

1
+ ( + = |tie — wi® — 1)) M;) — (—Vieni + = Viene)Giis
1
8t<mMi> = gyiene«m(Mie - Mi)>)a

T; T’L €i &
)

(6.43)
1 UV — Ue ) (Ugj — Ue) Me
atgee = gl/iene(Mei - (1 + ( )7(1 )H
v—u2me 1. T me 1 ,
9T, m;  20°T. — |t — Uue|” — 1)) M,
+ ( 2Te m; 2)( Te ms Te |U U | )) ) (6 44)
1 1 .
_ (71/7;6”@ + TVie’l’Li)gee’
Ee Ee

mmwzg%mmmwwm»

e
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6.2 Theoretical results to check the quality of numerical experiments

Convergence rate to Maxwell distributions

We denote by H(f) = [ fIn fdv the entropy of a function f and by H(f|g) =
[ fln gdv the relative entropy of f and g.

Theorem 6.2.1. In the space homogeneous case without electric field (6.42), we have
the following convergence rate of the distribution functions f; and f.:

1 f5 = Ml L auy < 42 CHH(FIME) + H(FMO))2,  k=ise,
where C' is a constant.

Proof. We consider the entropy production of species i defined by

Di(fi, fe) = — / %Vieni In f; (M; — fi)dv — / éyiene In f; (M;e — fi)dv.

7

According to the proof of lemma 1.3.12 the function h(z) := xlnx — z satisfies
h'(z) = Inx, so we can deduce

Di(fiafe) = - / %Vienih/(fi)(Mi - fi)dv - / %Vieneh/(fi)(Mie - fi)dlh

3 (2

Moreover, we have that h is convex according to lemma 1.3.12 and we obtain

1 1

Dilfief) 2 [ Zviens(h() = hOMdo + [ Zvieme ()~ b))

1 ¢ 1 ¢ (6.45)

= ;Vieni(H(fi) — H(M;)) + gyiene(H(fi) — H(M;e)).

In the same way we get a similar expression for D, (f., f;) just exchanging the indices
i1 and e.
If we use that In M; is a linear combination of 1,v and |v|?, we see that [(M; —
fi)In M;dv = 0 since f; and M, have the same moments. With this we can compute
that

H(fi|M;) = H(f;) — H(M;). (6.46)

Moreover, according to (2.17), we see that

1 1 1 1
gl/ieneH(Mi ) + é—uieniH(Mei) é gl/ieneH(MZ‘) + gl/ieniH(Me). (647)

K2 € K2 €

With (6.46) and (6.47), we can deduce from (6.45) that

Di(fivfe) + De(fevfi) > <;Vieni + ;Viene> H(fz|Mz)

(6.48)
1 1

+ <Viene + ~Vieni> H(fe|Me)~
e 3

€ €
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We want to relate the time derivative of the relative entropies

L (M) + (ML) == Uﬁlndwr/feln Je dv},

dt

to the entropy production in the following. First, we use product rule and obtain
d i
d( (fil M;) + H(fe|M.)) /Btfz(n+1>dv—/‘f8tMidv

+ /&fe <1H Z‘\];ee + 1) dv — ]{; 8tM dv.

By using the explicit expression of 9; M; given by (6.37), we can compute that
oM, )
/f;~C ;wkkdvzatnkzo, k=i,e,

since ny, is constant in the space-homogeneous case. In the first term on the right-hand
side of (6.49), we insert 9, f; and 9, f. from equation (6.42) and obtain

g )+ HIM) = [ (a3 = )+ Lm0 = £) ) n o

(6.49)

+/ (;Viene(Me - fe) + éiyieni(Mei - fe)) lnfedv-

Indeed, the terms with In M; and In M, vanish since In M; and In M, are a linear
combination of 1, v and |v|? and our model satisfies the conservation of the number of
particles, total momentum and total energy (see section 2.1.5). All in all, we obtain

d

dt( (fth)_‘_H(fe‘M )) (Dz(f17fe)+De(feafz>) (650)
Using (6.48) we obtain
d
L (H(f101) + H(1IML)
1 1 1 1
< - [(Vz'e”i + ~Vz‘e”e> H(fi|M;) + <Viene + ~Vieni> H(fe|Me):|
E; E; Ee Ee
1 1 1 1
< mln{ VieNi + = Vielle, = VieTle + TVzenz}(H(fl‘Ml) +H(fe|Mp))
€i & Ee Ee
Define C' := min{ZXvcn; + 3 VieNe, 61 Viee + éyien,;}, then we can deduce an

exponential decay with Gronwall’s inequality
H(fi|My) < H(fi|M;) + H(fe|Me)
< T CH(FIM)) + H(FMD),  k=i.e.

With the Ciszar-Kullback inequality (see appendix A.1) we get

[ fx = M|l 21 av) < |1fi = Mill21(aw) + |[fe — Mel| L1 (dv)
< e sOUH(fRMP) + H(fO|MD)]?.
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6.2 Theoretical results to check the quality of numerical experiments

Convergence rates for the velocities and temperatures

In this section we prove convergence rates for the velocities u;,u. and for the
temperatures 7T;, T, respectively, to a common value in the space-homogeneous case.
We start with the decay of |u; — u.|?.

Theorem 6.2.2. Suppose that v;. is constant in time. In the space-homogeneous case
without electric field (6.42), we have the following decay rate of the velocities

—20;(1=6) (& = Mg, )t
s () — g ()2 = &2 (Fnet & 5Em) Y 0) — i, (0) 21

Proof. If we multiply the equations (6.42) by v and integrate with respect to v, we
obtain by using (6.24), (6.26) and (6.28)

Or(niu;) = gVieneni(uie —u;) = gVieneni(l —0)(ue — u;),
(2 T

m;
Or(neue) = é—yienem(uei —Ue) = é—yienemm—75(1 —0)(u; — ue).
€ € €

Since in the space-homogeneous case the densities n; and n,. are constant, we actually
have
m;

1 1
Ou; = giViene(]- —0)(ue — 1), Orue = gl/ienim—ee(l —0)(u; — ue).

With this we get

1d

_— . — 2 = P R
9 dtlul Ue| (wi — ue)Os (Ui — ue)

= (u; — Ue)Vie(1 — 0) (}ne + fmlnz> (e — u;)

= Ee Me

1 .
= —2Vie(1 - 5) (Nne + f;nlznz> |UZ — Ue|2'

& Ee e

From this, we deduce

1 my

—2U;(1=06)( =ne+= n;
s () — e ()2 = &2 (@Fner &) 0) — g (0)2

We continue with a decay rate of |T;(¢) — T.(t)|-

Theorem 6.2.3. Suppose v;. is constant in time. In the space-homogeneous case without
electric field (6.42), we have the following decay rate of the temperatures

IT0) = 7.0 < O |IT300) = T.0)] + 2 (e~ lua0) — e (0
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where the constants are defined by

1 €
Ol = (1 - O[)Vie <§_ne + ~ni) 5

€

1
Comv (Tn (=9 1) = Zon (1o 1)),
&i m; €e m;

1 .
C3 = 21/ie(1 — 5) (5715 + Ni i nz) .

Ee Me

Proof. If we multiply the first equation of (6.42) by --|v — u;|*> and integrate with
respect to v, we obtain

1 1 1
/—\v — ui|28tfidv = —VjeNe— / v — ui|2(MZ-e — fi)dv. (6.51)
n; €q n;

Indeed, the first relaxation term vanishes since M; and f; have the same temperature.
We simplify the left-hand side of (6.51) to

1 1 1
/ Lo~ wiPa,fidv = / Lol — w2 f)dv+ 2 / L0 = w) - Brusdo
n; n; n;
- atna

and the right-hand side of (6.51) simplifies to

1 1 1
Sviene / o =i (Mie — fildo = Fviene(Tie + e — uil® ~ T)

7 (2 3

= Lo (=0 -1+ (0=07+ L) o= ul?).

For the second species we multiply the second equation of (6.42) by 1 ni v — ue|?.
For the left-hand side, we obtain by using (6.30)

Me

1
n7|’l) — ue|28tfedv = 8tT@

m; Ne
and for the right-hand side using (6.26), (6.27) and (6.28)

1 me 1 1 m,
T’/ieniiei/w_ue‘Z(Mei _fe)dU: TV’ieni(Tei“"i&luei _ue|2 _Te)
&g m; Ee m

e i Tle 1

1
= —vien; [5(1 —a)(T —T.)

Me

_ m; . " 2,1 2N 2
+ (5(1 6)( e(s 1)+5+1> el 4 e(1-9) me) i — el ]
i (e —a)(T = T) +2(1 = 8% = L) fuy —wef?) -

5 m;

e K3
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So, we obtain

1
8tﬂ = gl/iene ((1 — Oé)(Te — T‘,) + ((1 — 6)2 + TZ) |Ue — ui|2> ,

i %

1
0T, = —viun, (6(1 )T, —T.) +¢ (1 52— 7) i — ue|2) .
5 mZ

e .

We deduce

(T~ T,) = —(1 - e (Eln ; jn) (T, - T.)

K3 €

1
+ Ve <~ne <(1 -0)* + 7) - éni (1 - 0% - 7)) lu; — ue)?,
€ m; €e m;

or with the constants defined in this theorem
8t(TZ - Te) = —Cl(Ti - Te) -+ CQ|UZ — Ue 2‘

Duhamel’s formula gives
Ty(t) — To(t) = e= “H(T5(0) — T.(0)) + Coe™ /Ot ¢y (s) — ue(s)|ds.
So we have the following inequality
ITi(t) = Te(t)] < e “Y|T;(0) — To(0)] + |Cale ™ /Ot e ui(s) — ue(s)[Pds,
and by using theorem 6.2.2, we have

t
I T5(t) = Te(t)] < e M| T3(0) = Te(0)] + ICzle_C”/ 1% e dslu(0) — ue (0],
0

|Ca|

ITi(t) = Te(t)] < e (ITAO) ~TOl+ 5 —&

(O 1)y (0) — ue<o>|2) |
O

Numerical simulation

In this section we sketch the idea of the numerical approximation of the two-species
micro-macro system (6.38),(6.39),(6.40) and (6.41). Following the idea of [28], we
propose to use a particle method to discretize both microscopic equations (6.38) and
(6.40). The macroscopic equations (6.39) and (6.41) are solved by a classical Finite
Volume method (see for example [85]).

In this section, we only present the main idea of the method and refer to [28] for
the details.

For the microscopic parts, we use a Particle-In-Cell method (see for example
[171): we approach g;; and g.. by a set of N,,, and NN, particles, with position x;, (¢)
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6 Application to plasmas

and =z, (t), velocity v;, (¢) and v, (t) and weight w;, (¢) and we, (¢), k = 1,..., N,
and k =1,..., N,_, respectively. Then we assume that the microscopic distribution

functions have the following expression:

gii(x,v0,t) Zwlk (x — x4, (£)0(v — v;, (1)),

(6.52)
Jee(T,v,1) Zwek Oz — xc, ()0 (v — ve, (2)),
with § the Dirac mass. Moreover, we have the following relations:
L.L,
wik (t) = gii(xik(t)avik(t)at) N . y k’ = 1, ey Npu
I (6.53)
Wey, (t) = gee(xek(t)a%k(t)7t) ;/v U» k=1,...,Np_,
Pe

where L, € R and L, € R denote the length of the domain in the space and the
length in the domain in velocity direction, respectively.

The method consists now in splitting the transport and the source parts of (6.38)
and (6.40). Let us consider (6.38), the steps being the same for (6.40). The transport
part

0t9ii + 10294 + E0y9: = 0, (6.54)

is solved in the following way. We evolve the positions z;, and the velocities v;, in
(6.52) and (6.53) in the expression of g;; by solving the characteristic equations

da:i d’Ui
) = v (1), =

D (1) = By, (0,1), Vh=1,....N,

Ppi-
The source part
Orgii = — (1 — Iy, ) (00 M;) + g, (002 i) + g, (EOy i)

1 (v —u;)(Uie — ;)
= Vielle Mie_ 1
+8~iu ne( 1+ T
lv—wl®> 1, T 1 9 1 1
o 5 ie = Ui|” — 1)) M;) — (—Vien; + = VieNe)ii,
+ D - DG+ e = wi = 0)M:) = (v + v,y
(6.55)

is solved by evolving the weight w;, (¢). Let us denote by S(x, v, t) the right-hand side
such that 0,g;; = S(z,v,t). If we solve (6.53) for g;;, compute 0,g;; of the obtained
equation and use that d;g;; = S, we obtain

3twik = S(xik,vmt)ﬁ.
xzlip
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6.2 Theoretical results to check the quality of numerical experiments

The strategy is the same as in paragraph 4.1.2 of [28], where only one species is
considered (and so there are no coupling terms). The supplementary terms coming
from the coupling of both species are treated in the source part as the other source

terms. They do not add any particular difficulty.

Furthermore, we have to ensure that the moments of g;; and g.. remain zero
at each time step at the discrete level. This is not guaranteed at the discrete level,
since (m(v)vOygrr) # 0. This is called projection step where the moments of gy
are matched to zero. Details are given in subsection 4.2 of [28]. The idea is the
following. We construct at each time step a function hyy(z,v) which has the same
macroscopic quantities as the discrete function g}, ' (,v) at the time step n + 1 by
making the ansatz

hik(z,v) = Agr(x) - m(v) Mg (x, v)

where M, is the Maxwell distribution of f,?“. The motivation for this ansatz is that
we want to have a function which lies in N};. Then we solve the system

n+1

(m(v)hr(z,0))[x; = (m(v)gx )

X

on each position X; on the uniform grid (X;);, for the function A\yx(z) € R3. This is

possible since we have three unknowns and three constraints. Then we correct g}

by
gg}:—l,new — gg}j—l _ hkk
at each time step.

Finally, the macroscopic equations (6.39) and (6.41) are discretized on a grid in
space and solved by a classical Finite Volume method. For the one species case, this
is detailed in subsection 4.3 of [28]. The electric field is discretized on the same grid
and computed at each time step by solving the Maxwell equation (6.9) with a Finite
Difference method.

6.2.2 Landau damping for two species

The next theoretical result which can be used to compare the analytic behaviour of the
solution with numerical results is the Landau damping. It is a qualitative behaviour
of the Vlasov-Poisson equation. For one species this phenomena was developed by
Landau in [63]. A more rigorous treatment of the derivation of Landau has been
done by Villani in [84]. The derivation in this section is an extension of the result
presented in [84] by Villani for one species to a mixture of ions and electrons.

The 1D Vlasov model for a mixture of two species

We consider a plasma consisting of electrons denoted by the index e and one species
of ions denoted by the index 7. The state of the two species will be described by two
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6 Application to plasmas

distribution functions f.(z,v,t), fi(z,v,t) >0, € [0,L],L > 0, v € R,¢t > 0. We
describe the time evolution by a system of Vlasov equations

8tfe + Uazfe - iE[fevfi]avfe =0,
e (6.56)
atfi + Uazfz + EE[feafz]avfz =0,

with corresponding initial data. This set of equations describes the collision-less
regime of equation (6.6) with the same notation as in section 6.1.3. Again we expect
from physics that the electric field E(x,t) can be written as a gradient of a potential
¢(z,t). Together with the Maxwell equation 9, E(z,t) = p(z,t), where

pla,t) = 6/00 (fi(z,v,t) — fe(z,v,t))dv (6.57)

—0Q0

describes the charge density, we get that ¢ solves a Poisson equation.
So now, we assume that F is of the form

Elfu. fi] = - / 0. W (& — y)p(y. t)dy
—— [owa-ye [ T (Fiavnt) — Folys v, 0))dvdy 658)
_ / / T W —y) e (filsvst) — Fuly,v, 1)) dudy,

where W is a Green’s function to the Poisson equation on [0, L]. The existence of the
function W is argued in [84] and [75].

The advantage of the system (6.56) is the following property discovered by Lan-
dau. When one linearises the Vlasov equations around a homogeneous equilibrium,
it is possible to analyse the stability and the asymptotic behaviour for the linearised
equation. This analysis is carried out for the two species case in the following section
in a more rigorous way inspired by the one species case done by Villani in [84]. We
begin with the existence of equilibrium solutions in section 6.2.2. In section 6.2.2
we perform the linearisation around an equilibrium distribution. In section 6.2.2 we
want to give a physical motivation of the properties we want to derive analytically
from the linearised equations in section 6.2.2 to section 6.2.2.

Existence of equilibria
We want to find equilibrium solutions to (6.56).

equ

Definition 6.2.1 (Equilibrium solution). We call a pair of functions (f;**, f¢7*) an
equilibrium solution to (6.56) if and only if (f;7", f¢7*) satisfy (6.56) and 9, f;?" =
O fE1™ = 0.

We are able to prove that there exist an equilibrium solution to (6.56).
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Theorem 6.2.4 (Existence of equilibrium solutions). There exists at most one equilib-
rium solution to (6.56).

Proof. We prove it by giving an example. Any pair of distributions (f;(x,v), fe(z,v))
= (f{"(v), f€9(v)) defines an equilibrium solution. Obviously the distributions are
independent of ¢. So the only thing we have to prove is that they are a solution to
(6.56). Since they are also independent of z, we have vd, f{™" = vd, f¢1* = 0 for
every v € R. Therefore the charge density p°?* given by (6.57) associated to f; "
and f¢7* is constant in z. So the corresponding forces vanish since

/ 0. (& — )p ™ (y, t)dy = / W (& — 4)0,0"" (y, t)dy = 0.

O
Linearisation of the Vlasov model
We assume that we are near an equilibrium, that means
x,v,t) = fS9(v) + he ,
fola,0.8) = () + hela,0.) 6.59)

fi(mvvvt):fequ(v)_kh ( )’

where he, h; are small deviations. The meaning of "small" will be specified in a
moment. We assume that the equilibria are independent of z and they satisfy the
condition of quasi-neutrality

/ FE (v)dv = / Fer(v)dy (6.60)

which means that in equilibrium the resulting charge p is equal to zero. Such an
equilibrium exists according to theorem 6.2.4. Inserting ansatz (6.59) into (6.56)
and (6.58) and neglecting quadratic terms in h; and h., respectively, we obtain

 Elhe,hi)0, f. =0,
e (6.61)
6th,' + v@rhz + EE[h& hi}ﬁvfi = O,

(2

8the + Uazhe —

where

Efhe, hi] = // O W (x — y)[hi(x,v,t) — he(x, v, t)]dvdy 662

_//_OO 0 W (2 — y)h(x, v, t)dvdy.

The quantity h is defined as h := h; — h.. We now want to show the following. If
a plasma is disturbed from equilibrium as in (6.59), we expect from physics that
the plasma will relax back to equilibrium for ¢ — co. So the particles will be forced
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6 Application to plasmas

to go to the equilibrium configuration. Since we expect the particles to be inert by
Newton’s first law, we expect them to carry out oscillations. So we expect to see that
the densities are oscillating in time and this oscillation is possibly damped depending
on the physical configuration. We want to show that this property is contained in the
model (6.61) and find criteria when these oscillations are damped. Since the electric
field depends directly via (6.62) on the densities and the electric field is related to
the electric energy W, via W,; = 1E?, we also expect to observe a damping by
considering the electric energy or E2.

Physical motivation of Landau damping in plasmas

In this section we want to give a physical motivation of Landau damping, before
we start to derive its qualitative behaviour in the following sections. We consider
an electrically quasi-neutral plasma according to (6.60) in equilibrium consisting
of positively charged ions and negatively charged electrons. Now we assume that
we disturb the position of the electrons or the ions away from the equilibrium
configuration. Then we expect to have a force which forces the electrons back to
the equilibrium configuration. Similar as in the case of a spring, this can lead to
an oscillation around the equilibrium configuration. This oscillation can be damped
or not. Since an oscillation around the equilibrium configuration has to do with a
change of the position of the particles, we expect that the oscillations are reflected
somehow in the corresponding density.

Methods of characteristics

In this section and the following ones we want to find criteria for damping and show
the property of damping in an analytical way from equations (6.56). Similar as in
[84] in step 1, we apply the methods of characteristics on (6.61) and obtain

t

he(x,v,t) = hein(x — vt,v) + < / Elhi, he](t,x — v(t — 7))0y fS1* (v)dT,
e Jo, (6.63)

hi(z,v,t) = hj in(z — vt,v) — £ / Elhi,he](m,x —v(t — 7))0, f{ 1" (v)dr.
m; Jo

This is similar to the definition of a mild solution treating the force term as the
inhomogeneity of the transport equation, see section 4.1.1.

Fourier transform of the distribution functions

Similar as in [84] in step 2, we take the Fourier transform (see appendix A.2) in
both x and v of both equations (6.63) and do the substitutions y = = — vt in the
part with the initial data and y = 2 — v(¢ — 7) in the term with the time integration
(source term). We use that the Fourier transform of the source terms separates into
the product of the Fourier transform in x of the force term E[h;, h.] and the Fourier
transform in v of the derivative of the equilibrium function 9, f;?“, k = 1,2. Then
we use that the Fourier transform of a convolution leads to a product of two Fourier
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transforms. We get rid of the derivatives doing integration by parts in v. All in all, we
obtain

he(ky 1, t) = hein(k,n + kt)

t
— S an®W (k) / Pk, ) FE0 (0 + k(6 — 7))k - [n+ k(t — 7)]dr,
) me 0 (6.64)

m;

T i47r2W(l<:)/0 P! (ke ) FE ( + Kt — 7))k - [n + k(t — 7)]dr,

where k and 7 denote the new variables after the transformations and p" = pf — phe,
pl = [ hydv, phe = [ hdv. The notation ~ denotes the Fourier transform in = and v

whereas A denotes the Fourier transform only in the x variable.
Fourier transform of the densities

If we set n = 0, we obtain the Fourier transform of the densities. Since the exponential
in the Fourier transform in v reduces to 1 and it remains the integration with respect
to v over the function hy, k = e, i which is the density.

t
Pl (i, t) = hein (K, kt) + / KQ(t =7 k)[p — pe](k, 7)dr,
0

. (6.65)
B () = B )+ [ K= 7o)l = gl
0
where . .
KQ(t — 7. k) = ——4m*W (k) f" (kt) | k[*t,
KO(t — 7, k) = —4m2 W (k) 27 (et | o 21.
m;
Convergence rates of the densities
Assume that the equilibrium is a global one which means /" = f¢". It exists
according to the proof of theorem 6.2.4. Then
KOt — k) = ——LKO(t — k) = —K(t — 7, k).
Me
Then we have two equations of the form
t
6.() = au(t) ~ [ K(t=l6ilr) - ou(r)r
0 (6.66)

6i) = aift) + / K(t - )[éi(r) — ¢ (r)]dr.
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Theorem 6.2.5. Let K = K(t) be a kernel defined for t > 0, such that
(D) |K(t)| < Coe=2™0t for a constant Ay > 0.

GD) |(1+ Ze)KL(€) — 1] > £ > 0 for 0 < Re(¢) < A where the index L denotes
the complex Laplace transform. For the definition of the Laplace transform see
appendix A.2. Note, that property (i) in this theorem corresponds to the property
(i) in the definition of the Laplace transform as a required property such that the
Laplace transform is well-defined.

Let further a; = a;(t), a. = a.(t) satisfy

(i) [Heac(t) 4+ a;(t)| < ape A+t

m

@) [as(t) — ac(t)] < a_e=2m-

and let ¢;, ¢ solve (6.66). Then for any X' < min(Ap, A_, A, Ag)
|fe(t)] < Cee™™,
|6i(t)] < Cie ™,

where C;, C, are constants depending on A, A_, A, Ao, K, Co, \.

Proof. Let us write ®.(t) = e2™tp, (1), ®;(t) = e>™pi(t), Ae(t) = 2™ ta, (),
Ai(t) = €*™'tq;(t). Now similar as in the proof of lemma 3.5 in [84], we multi-
ply (6.66) by ¢2™*'t and obtain

() = Ad(t) — / K(t — 7)e2™ =13, (1) — B, (7)]dr,
o, (6.67)
Di(t) = Ailt) + < / K(t — 7)e2™ 0= [@,(r) — @, (r)]dr.
m; 0

The functions ®., ®;, A., A; and K are defined only for ¢ > 0. We extend the domain
of these functions for negative times by setting them equal to zero for ¢ < 0. Then
take the Fourier transform in the time variable. This leads to

b (w) = Au(w) — /_ T it /O K(t — 7)™ =D[®y(r) — o (7)]drdt
= Ac(w) - / N / K ()™ e O By (1) — @, (r)drds
= Au(w) — KLV + iw)[d; (w) — b ()],

&;(w) = Aj(w) + %KL(X +iw) B (w) — Be(w)],

where K denotes the complex Laplace transform, see appendix A.2. Subtract the
first equation from the second one. Then

i) = Bulw) = A1) — ) + (20 1) KHY + i)lio) — Bule]

(2
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which is equivalent to

- % Aj(w) — Ac(w)
1—(Ze + DKLV +iw)’

since we assumed (72 + 1)K LN +iw) # 1. Actually, we assumed that |(1 +
Me)KE(€) — 1| > £ > 0 and so we obtain

.. [[A; — Aell2(w
H‘pi - (I)GHL2(w) § f()

Therefore by Plancherel’s identity (see appendix A.2) and the decay assumption (iv),
we get
[[As — AellL2(1) < a_

K T rAr(_ = N)’

since the integral [ e=2™-¢2™"!d¢ is equal to

[|[@; — Pel|r2() <

1 . .
T We plug this into the

following system equivalent to (6.67)

e Pe () +i(t)=

my

meAe(t) A (1),

my

(6.68)

i ()= e ()=Ai(t) = Ac(B)+ (ZE+1) [§ K(t—r)e2™ =7 [0, (r) =@ (7)]dr
and obtain by using the estimates (éi¢) and (iv), Holder inequality and estimate (i7)

m m
|| =@ + D] poc ) < ||—Ae + Ail| ey < g,
m; mg

me o\
[|@; — Peflpoc(t) < [|Ai = Aellpoe ) + (W + DK™ x [@; — D] oo (ar)

Mme A\
S a_ + (m + 1) ||K62 )\tHL2(dt)||(I)i _@eHLz(dt)

Me C a_
< a_ —|—< 1) 0
m; VAT(Ao — N) /4 ( A_ =\
(6.69)
From this we obtain the estimates
1 Me
Dil|poo@y = CO, + b, i — P oo
1@l = HHW( Pt @) g (8= )y
1
< — _— i — Pel|poo
_1+%|m [F 2 [F20)
< 1 -+ 1 Me o +< ) Co a_
Sz T I ey, VAT(o — V) k/ar (- — N |
1 Me 1
D.||p =37 me — & +P; — 1 me D, — P, (¢
I let0 = e (e +90) = e (8~ @0l
1 1 Me Co (¢}
< —ay + —— o + +1
L+ e - L+ 7e (m )\/47r Ao — N) ky/dm( /\_)\’)]
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We also have to check if the Fourier transforms of ®., ®; exist and if they are in L?(R).
We replace )\’ by a parameter « varying from —¢ to \’. By the integrability of K" and
Gronwall’s lemma, ’72 ®, + ®;, and ®; — ®, are bounded as a function of ¢t. Therefore
®, and ®; are bounded as a function of t. So ¢;(k,t)e <I*It | ¢, (k, t)e st are
integrable for any € > 0 and continuous as ¢ — 0. Then assumption (ii) guarantees
that the bounds are uniform in the strip 0 < Re(¢) < V. O

From (6.69) we see that the difference of the densities is damped which results
in a damping of the electric field and the electric energy what we wanted to show. In
[29] Crestetto, Klingenberg and Pirner also numerically observed a damped electric
field in the non-collision-less regime, see section 6 in [29].

The Landau-Penrose stability criterion

In order to have damping, we have to ensure that

1+ %)KL(Q ~1/>k>0 for 0<Re(¢)<A.

[84] computes that

(K)" (A + iw)|k[) = W(k)/wdv

v—w+iN
using integration by parts and the fact that we have
/ ¢~ 2imlK|tv 2m Ot i) RIE |yt — 1 1
0 2im v —w+ i\

assuming (f¢9*)" decays fast enough at infinity such that the integral exists. Then
[84] considers the limit A — 0T (and extends the statement later to a strip 0 < A < A
by continuity arguments). In the limit [84] obtains

Z(k,w) — W(k)[/ (fequ)/(v) — (fequ)/(w) dv — iﬂ_(fequ)%w)]'

v—w

So the aim is to find a condition such that Z does not approach 1. If the imaginary
part of Z stays away from zero, then Z does not approach the real value 1. So Z only
approaches zero, if (f°9*)'(v) approaches zero in the imaginary part. But when the
imaginary part will approach zero or equivalently if w approaches zero of (f¢?*)’, the
real part has to stay away from one. This leads to the Penrose stability criterion
equ\/
Voer, (f69) (w) =0 = W (k) / YO gy <1,

v—w

In our case there is a factor (1 4+ <) in front of K*, so we get

Voer, (Y (@) =0 = 1+ 2y [0, <

m; w
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Example 6.2.1. In the case of Coulomb interactions, we have W (k) = ﬁ If feav

has only one maximum at the origin meaning w = 0, and is non-decreasing for
v > 0 meaning (f°?*)'(v) < 0 for v > 0, and non-increasing for v > 0 meaning
(fe?*)(v) > 0 for v > 0, then obviously

JEE=

and so the Penrose stability criterion trivially holds true.

Example 6.2.2. If f¢?* is a small perturbation of the function described in the
previous example, so that it has a slight secondary bump, then the Penrose criterion
will still be satisfied. If the bump becomes larger, there will be instability.
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Chapter 7

Extension to an ES-BGK model for a multi-
component gas mixture

In the previous chapters we concerned ourselves with a kinetic description of gases
using the BGK approximation. It has the advantage of being less complicated than
the full Boltzmann equation and at the same time fulfils the main properties of
the Boltzmann equation namely conservation of mass, momentum and energy and
the H-theorem with its entropy inequality and Maxwell distributions in equilibrium.
However, the drawback of the BGK approximation is its incapability of reproducing
the correct Boltzmann hydrodynamic regime in the asymptotic continuum limit to the
Navier-Stokes equations. Therefore, a modified version called ES-BGK approximation
was suggested by Holway in the case of one species [54]. The H-theorem of this
model then was proven in [2] and existence and uniqueness of solutions in [87].

Here we shall focus on gas mixtures modelled via an ES-BGK approach. We saw
that in the literature there is a BGK model for gas mixtures suggested by Andries,
Aoki and Perthame in [1] which contains only one collision term on the right-hand
side. One extension of this model to an ES-BGK model for gas mixtures is given
by Brull in [21]. His extension is based on an entropy minimization problem and
leads to a correct Prandtl number in the Navier-Stokes equations. Another extension
is given by Groppi, Monica and Spiga in [48]. They noticed that in the case of a
gas mixture, besides the Prandtl number, the diffusion coefficient and the thermal
diffusion parameter need to be fixed, too. With the proposed model in [48], they
are merely able to fix the diffusion parameter and the Prandtl number but not the
thermal diffusion parameter.

In this chapter we are interested in an extension of the BGK model to an ES-
BGK model for gas mixtures presented in chapter 2 which just like the Boltzmann
equation for gas mixtures contains a sum of collision terms on the right-hand side.
The advantage of the model presented in chapter 2 is that we have free parameters.
With these free parameters, we are possibly able to determine all macroscopic
physical constants like diffusion parameter, Prandtl number and the thermal diffusion
parameter when taking the limit to the Navier-Stokes equations.

The outline of this chapter is as follows: in section 7.1 we want to motivate the
ES-BGK model for one species. In section 7.2 we want to briefly repeat the main
issues of the BGK model for gas mixtures in chapter 2. In section 7.3, we want
to introduce the macroscopic equations and quantities which Groppi, Monica and
Spiga [48] expect in the case of gas mixtures. In section 7.4 the Chapman-Enskog
expansion for the BGK model for mixtures presented in chapter 2 is performed and
the differences in the case of the ES-BGK extension for gas mixtures is illustrated in
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7 Extension to an ES-BGK model for a multi-component gas mixture

order to see that we are able to capture the right hydrodynamic regime. In section
7.5 we introduce the Brunn-Minkowski inequality which will be needed to prove
the H-theorem of ES-BGK models. In section 7.6, we suggest extensions to ES-BGK
models for mixtures and prove the corresponding H-theorems.

7.1 Motivation of the model for one species

For one species the BGK equation is given by

Ohf+v-Vaf =vn(M(f) = f),

with the distribution function f(z,v,t) > 0 and the collision frequency v(x,t) > 0
where z € R?, v € R? are the phase space variables and ¢ > 0 the time. The Maxwell
distribution M is given by

n v —ul?
M = exp (— )
3 2T ’
o T /m

m

with mass m and the moments

1 n
/f(v) v dv=: | nu
mlv — ul? 3nT

We now replace the Maxwell distribution M (f) by another relaxation operator and
consider the new equation

Of +v-Vaof =vn(G(f) - [),

where G(f) is no longer a Maxwell distribution. Instead of the scalar temperature in
the Maxwell distribution we take a linear combination of the temperature and the
pressure tensor P = m [ (v — u) ® (v — u)dv in the following way

G(f) = ——e B (D) ), (7.1)
\/ det(27r%)
where P .
T=0-pTl+f, with - <p<l,
n
being a free parameter. We see that for ;i = 0 we regain the BGK model because then
7! =11 and det(2rL1) = (2rL)3 in three space dimensions.

For writing 7 ! we have to ensure that 7 is invertible. However, the next lemma
and theorem provide that the matrix 7 is invertible for all parameters 7 in the range

-3, 1].

Lemma 7.1.1. Assume that f > 0. Then % has strictly positive eigenvalues.
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7.1 Motivation of the model for one species

We skip the proof since we will show it later in the two species case. The one
species case is a special case of the two species case by taking one species which does
not interact with the other one. Then the corresponding collision frequency is zero or
the density of the second species is zero.

Theorem 7.1.2. Assume that f > 0 and —
eigenvalues. Especially T is invertible.

1 < i < 1. Then T has strictly positive

The proof is given in [2]. We skip the prove since we also show it in the two
species case later.

7.1.1  Minimization of the entropy

Another motivation of the ES-BGK model comes from a minimization problem for the
entropy. In section 1.4.1 we motivated the BGK model coming from a minimization
problem of the entropy. We considered a model of the form

0uf +v-Vof =vn(G(f) - f), 7.2)

for a function G(f) which we determined as the minimizer to the problem

S(n,u,T) = min/H(g)dv, (7.3)

gEX

where H(g) is given by H(g) = gln g and y is the following set
x={9>0,(1+]v]*)g¢c Ll(dv),/gdv =n, /vgdv = nu, /v ®vgdv =n(u@u+ %1)}

The set y was motivated in the following way. We expect that during the relaxation
process the density n, the momentum nu and the energy in(m|u|? + T') should be
conserved, so the solution to (7.3) should have the same density, momentum and
energy as f. We observe that we also determined the off-diagonal terms of [ v ®vgdv.
The physical meaning of the choice

T
/v®vgdv:nu®u+n—1,
m

was the following. If we compute the integral m [v ® vfdv we get mnu @ u + P.
Therefore the restriction on g € y means that we expect that in equilibrium the tensor
P becomes diagonal, which means that we have no friction in the equilibrium. Now
we also allow for off-diagonal terms and choose a different set x .., of the following
form

Xnew = {9 >0, (1+]v|*)g € Ll(dv),/gdv = n,/vgdv = nu,/v@vgdv = nu®u+£7’},
m

with T given by
<p<L

N

P
T=(-@T1+i, -
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7 Extension to an ES-BGK model for a multi-component gas mixture

Theorem 7.1.3. The unique minimizer to

min /H(g)dv,

9EXnew
is the function G given by (7.1).

Proof. The proof is analogous to the proof of theorem 1.4.1 for the set . O

7.1.2 Chapman-Enskog expansion

The essential motivation to extend the BGK model to an ES-BGK model is the
following. The BGK model has the disadvantage that if one performs the Chapman-
Enskog expansion, the obtained transport coefficients, which are the viscosity and
the heat conductivity, obtained in the Navier-Stokes level are not satisfactory, as their
ratio, the Prandtl number is equal to 1. The meaning of the Prandtl number is the
following. The viscosity of a fluid describes its resistance to shearing flows. Imagine
parallel plates with a fluid in between. When we move the top plate the fluid region
next to the top plate will move with the same speed due to friction. The fluid next
to the bottom plate has speed zero since the plate on the bottom does not move.
The speed of the fluid decreases from the bottom to the top (Couette flow [38]). In
physical experiments, one can measure that the force which is needed to move the
top plate is proportional to the area of the plate and to the reciprocal of the distance
of the two plates. The proportionality constant is given by the viscosity. In most of
the fluids the viscosity has a temperature dependence via e“/” with a constant C' > 0.
The heat conductivity describes the ability of conducting heat. So the reciprocal of
the heat conductivity has the meaning of a heat resistance. It increases with the
temperature. Since the Prandtl number Pr is the ratio of the viscosity and the heat
conductivity, it compares the momentum transfer with the heat transfer in the gas or
equivalently the resistance to shearing with the resistance of heat transfer. For most
gases Pr is approximately constant. For most gases one of the two effects dominates,
so for most gases, we observe Pr # 1. The physical background described here is
given in a lot of introductory physics or chemistry books for example in [52].

Chapman-Enskog expansion of the BGK equation

We write the BKG equation in dimensionless form

Oufe+v-Vofs= é(M(fé') — f2). (7.4)

Now we expand fz into a series in the parameter &
fe=fo+Eh+Ef+--. (7.5)
Now consider (7.4) in the limit & — 0. In this limit (M (fz) — f:) must remain

finite, because the left-hand side of (7.4) remains finite, too. Therefore Q( fz) has to
converge to zero as £ — 0. This means that in the limit the remaining distribution
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7.1 Motivation of the model for one species

function fy, has to coincide with its Maxwell distribution, so fo = M(fy). Due to
conservation of the number of particles, conservation of momentum and conservation
of energy, in this limit £ — 0, the distribution function needs to have the macroscopic
quantities n,u and T as f:z. This means that f; is a Maxwell distribution with the
same density, mean velocity and temperature as fz, so fo = M(fz). Therefore the
density, mean velocity and temperature of the other components are zero

O:m/fkdv:m/vfkdv:%/|v|2fkdv for k>1.

Consider the macroscopic equations by taking moments from theorem 2.1.9 for one
species

On + V- (nu) =0,

3 1
Oy (2nT + 2mnu|2> +V, -Q=0,

where P = m [ f(v—u)®(v—u)dv denotes the pressure tensor and Q = 2 [ f[v[*vdv
the heat flux. Since f; already has the same number density, mean velocity and
temperature as fz, higher order terms in the expansion of fz only influence P and Q.
From (7.4) we get

Je=M(fz) —E(Oife +v-Vafe). (7.7)

We insert our expansion (7.5) for fz with fy = M(f:) into the right-hand side and
obtain

fe= M(fz) = (0, M(fz) +v-VaM(fz))+ O(&%).
Then

]P’:m/fg(vfu)®(vfu)dv

=nTl—ém (/BtM(fg)(v—u)®(v—u)dv+/v~VzM(fg)(v—u) ® (v—u)dv)
+0(&%)

=nT1—¢éT (qu + (Vou)" — %(vx : u)]l> + O(&%).

The last equality follows by replacing the time derivative by the zeroth order of the
equations (7.6) and then computing the Gaussian integrals. In a similar way, we can
compute
5T
= —ETV, | =— | +0().
Q=21 (5] + )
The term of order 1 in £ in front of the brackets in the pressure tensor is expected
from physics to be the viscosity u(T") := €T, and the corresponding term in the heat
flux x(T') := €T is expected to be the heat conductivity. In this case the ratio £, the
Prandtl number, is one which is a contradiction to experiments.
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7 Extension to an ES-BGK model for a multi-component gas mixture

Chapman-Enskog expansion of the ES-BGK equation

Consider i < 1. We start with the non-dimensional ES-BGK equation

1
Ofetv Vyfs= E(G(fé) — fe). (7.8)
We expand f: into a series in é:
fe=fo+efi+Efa+ . (7.9

Then the equilibrium distribution is still a Maxwell distribution. This is argued in the
following. Suppose we are in equilibrium, then

fe = G(fe). (7.10)

If we take the moment of the pressure tensor of equation (7.10), we obtain
P P
S T = (1- )T+ i-,
n n

which is equivalent to

P_ T1,

n
for i < 1. This means that in equilibrium the tensor is diagonal and the function
G(fz) reduces to a Maxwell distribution. Since the equilibrium function of f: is
M (fz), we get in the limit £ — 0 that fo = M(fy). Since in this case f; has to have
the density n, the mean velocity v and the temperature T, we have f, = M(fz). So
Jo has the same density, mean velocity and temperature as f: and higher orders of fz
have zero density, mean velocity and temperatures. Combining this with (7.8) and

(7.9), we get
fe=G(fz) — (O M(fz) +v - Vo M(fz)) + O(E2).

So now, if we compute the pressure tensor of this expression, we obtain
P=n(1-p)T1+4+aP+énTV,- (m/(BtM(fg) +v-VoM(fe))(v—u)® (v— u)dv) +0(&%),
which is equivalent to
P 1
—= T1 +§HTV3;- (m/(atM(fg) +v -V, M(f:)(v—u)® (v— u)dv) +0(&%)
and similarly

Q= TV I O(&?)

N "\ 2m '

So in this case the viscosity, which is the coefficient in the term of order 1 in ¢ in

frontof V,, is € %ﬁ, whereas the heat conductivity, which is the parameter in front

of V. in Q, is still €T, so the Prandtl number, which is the ratio, is 1%‘] Now, we
can choose i such that it fits to experiments. Note that it seems that the viscosity
coefficient has not the right dependence on the temperature. One ansatz to correct
this, is to treat the collision frequency as a free parameter which can be chosen such

that the viscosity has the correct physical value, see [48].

134



7.1 Motivation of the model for one species

7.1.3 The theory of persistence of the velocity

Later, in section 7.6 we want to propose possible extensions to an ES-BGK model for
gas mixtures. One of these extensions is based on the following physical theory. It
is called theory of the persistence of velocities. It is described in [55, 56, 53, 26].
The theory of persistence of velocities after a collision is a physical phenomenon
developed by Jeans in [55]. It states the following. After a collision with another
particle the velocity of a given molecule will, on the average, still retain a component
in the direction of its original motion. This is explained in the following. Jeans
computes a mean speed ¢} (c1, c2) after collision of a particle with mass m; which has
the speed c; before collision with another particle 2 via
_ S5z cip12(co, w)dw

7
) = ~ . (7.11)
&1 (Cl 02) f52 V12(CQ,W)dw

The index 2 denotes the other particle with mass msy and a fixed but arbitrary value
of the second absolute value of the velocity co. The average is taken over all possible
deflection angles w € S? and 715(cz, w) denotes the probability of a collision.

The case of equal masses

In the case of hard balls and equal masses one can compute the integral in (7.11).
For details of this computation see [55, 56, 26]. We obtain

150%+cé
- _ ) 10c1(3c2+c32) €1 > Cz,
ci(er,c0) =4 TORSLTS
c1(5¢54+3¢7) o < ¢
5(3c2+c?) 1 2

Then the expression %11‘2) is called the measure of persistence of the velocity of

the first particle. We observe that %ﬁcr“) depends only on the ratio x := ¢!, namely

2
1 3r 45 k< 1.

_ 156441
A () = {10~2<3~2+1> K> 1,
5(k2+3)

We observe the following estimate:

Lemma 7.1.4. % satisfies the following estimate

El
<Lk <1,
C1

o~ =

forall kK € RT.

Proof. First, let k > 1. Then %(m) is bounded from above by a number smaller or
equal to 1 since

1564 +1 et 41 1
10s2(3k2 +1) =  30k* 2 30x?
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7 Extension to an ES-BGK model for a multi-component gas mixture

and from below by 1 since

155% 41 156 +1  15k*
1052(3K2 + 1) = 10k2(3K2 + K2)  40k*

3
=—->
g =

1
3

Next, let x < 1, then we have

2 2
3k +5 3K +5§

1
5(k2+3) — 15 ’
and
3k2+5 >3_1
5(k243) — 20 4

O

We observe that for any x we expect a positive persistence of the velocity before
collision which is larger than 1.

Remark 7.1.1. In the case of different masses we obtain from the integral in (7.11)

the expression
5/1 mi — Mo 2mo 5/1
R + = ,
€

¢ mi+me  mi+me \C1

where (%)6 denotes the persistence when the masses are equal. So we obtain the
following inequality

=/ 1

C myp — sm

., e

c1 mi1 + mo
if we use lemma 7.1.4 for the persistence when the masses are equal. So in the case
of different masses we observe that it is dependent on the masses, whether we have
a persistence or not.

Consequences for the choice of the ES-BGK operator

The choice of the tensor 7 = (1 — 1)T'1 + 4P can be motivated with the theory of
persistence of the velocities as follows. This was done by Holway in [54] who is the
physicist who invented the ES-BGK model. The theory of persistence of the velocity
argues that in the post-collisional speed there is a memory of the pre-collisional speed
of the particle. In the single species BGK equation this yields the choice of

the tensor chosen in the well-known ES-BGK model, where jiP preserves the memory
of the off-equilibrium content of the pre-collisional velocity. This can be rewritten as

T =T1 + [1 traceless[P],

where traceless[P] denotes the traceless part of P. So the off-equilibrium part is
contained in j traceless[P].
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7.2 The BGK approximation for gas mixtures

7.2 The BGK approximation for gas mixtures

In this section we want to briefly repeat the BGK model for a mixture of two species
such that it is possible to read this chapter independently. For simplicity we consider
in the following a mixture composed of two different species, but the discussion can
be generalized to multi-species mixtures. Thus, our kinetic model has two distribution
functions f;(x,v,t) > 0 and fo(z,v,t) > 0 where x € A C R? and v € R? are the
phase space variables and ¢ > 0 the time.

Furthermore, for any fi, fo : A x R® x Rf — R, A € R® with (1 + |v|?)f1, (1 +
|v|?)f2 € L'(dv), f1, fa > 0 we relate the distribution functions to macroscopic
quantities by mean-values of f;, k = 1,2

1 Nk
(Y . neug _
/fk(v) v — g ? dv =: 30, T | k=12, (7.12)
me(v —ug) @ (v —ug) Py

where n;, is the number density, u; the mean velocity, T}, the temperature and Py,
the pressure tensor of species k, k = 1, 2. Note that in this section we shall write T},
instead of kpT}, where kp is the Boltzmann constant.

Then we consider the following BGK model for gas mixtures presented in chapter
2:

Ocfi +v-Vafi = vini(My — f1) + viene(Miz — f1),

(7.13)
Oufa +v - Vg fo = vaonao(Me — f2) + vorng (Mo — fa),
with the Maxwell distributions
ng v — ug|?
Mk(xvv’t)zizgexp N A I k:172a
T 2k
271'm’2 my
) (7.14)
Mg (2,0,t) = — 2 exp (—'”‘f’”') , k=12 k%],
Thos Qki
27T m; s

where v11n1 and vqon4 are the collision frequencies of the particles of each species
with itself, while v15 and v»; are related to interspecies collisions. To be flexible
in choosing the relationship between the collision frequencies, we now assume the
relationship

Via = E€V921, O0<e< ]., (715)
vi1 = Bivie, Voo = Baval, B, P2 > 0. (7.16)

If we assume that

N2 = N1 and N1 = na, (717)
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7 Extension to an ES-BGK model for a multi-component gas mixture

U1 = ouy + (]. — 5)’[1,2, o€ R, (7.18)
and
Tio =aT) + (1 —a)Ty +ylur —ug?, 0<a<1,y>0, (7.19)

we have conservation of the number of particles, of total momentum and total energy
provided that

Ust = Uz — %5(1 — 8)(us — uy), (7.20)

and

+e(l—a)Th + (1 —e(1 — )Ty,

_|L — o) [ e(s - - — ugf’

see theorem 2.1.1, theorem 2.1.2 and theorem 2.1.3.

We see that without using an ES-BGK extension, we already have three free
parameters in (7.18) and (7.19) in order to possibly match coefficients like the Fick
constant or the heat conductivity in the Navier-Stokes equations. In order to ensure
the positivity of all temperatures, we need to impose restrictions on § and ~,

0<y<Ma-0) |1+ Meys+1- e, (7.22)
3 mo mao
and
me bl s (7.23)
14+ Mg =7 =7 )

mo

see theorem 2.1.4 in chapter 2. This summarizes our kinetic model (7.13) of two
species that contains three free parameters. More details can be found in chapter 2.

7.3 Coefficients on the Navier-Stokes level

In section 7.1.2 our aim was to fix the right values of the viscosity coefficient and
the heat conductivity in the case of one species. In this section we want to present
what parameters we want to fix in the two species case. This is described by Groppi,
Monica and Spiga in [48]. They expect the following expansion of the velocities
according to Fick’s law

2
€ __ = R
u; =uU— E DsgVon,., s=1,2,
r=1
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7.4 Chapman-Enskog expansion for the mixture

with the four diffusion coefficients coupled with the three independent constraints

2
D13 = Doy, ZDST'mSnS =0, r=12
s=1

so the full Fick matrix is determined by only one of its entries. The physical meaning
of Fick’s law is the following. It relates the flux of the fluid to the density. It postulates
that the flux goes from regions of high densities to regions of low densities. In the
case of the pressure tensor, [48] expects the following expansion

_ 2
P:=P, + Py = (ny 4+ n2)T1 — p(Veti + Vel — Ve al),

where ;1 denotes the viscosity coefficient of the gas mixture. In the case of the
derivation of the heat flux, they expect the following

2

2
Q:=Q1+Qy=— A(my + ma) Z:T +CZn Ug —

s=1

where Q. is Qx = my [(v — ug)|v — up|?frdv, k = 1,2 and A denotes the heat
conductivity and C' the thermal diffusion parameter. The thermal diffusion parameter
indicates the rate of transfer of the heat of a fluid from hot regions to cold regions.

7.4 Chapman-Enskog expansion for the mixture

In this section we will partly perform the Chapman-Enskog expansion for the BGK
equation for mixtures (7.13) in order to see where the free parameters «, 6 and ~ will
show up at the Navier-Stokes level. This expansion is also presented by Klingenberg
and Pirner in [59].

7.4.1 Dimensionless form of the two species BGK model

In section 6.1.3 we derived the dimensionless form of (7.13) in the one dimensional
case in position and velocity. One can also carry out the non-dimensionalization in
the three dimensional case in the same way. One obtains

Ocfi +v-Vaofi = i(Ml — fi) + i(Mm - f1),
511 611 (7.24)
Ocfo+v-Vafo= g(Mz — f2) + g(Mm — f2),

where
11 na

1

€ g1 friny’
1 111
&y

e1Bie’
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7 Extension to an ES-BGK model for a multi-component gas mixture

1 1 B2 na

b
g2 €1 Biem

if we assume v17 = fS1v12 and voy = fave; and vio = evg;. The parameter £; coming
from the non-dimensionalization is given by e; = m Here, { is a typical order
of magnitude of the time, T a typical order of magnitude of the length, ;5 the typical
order of magnitude of the collision frequency and N the typical number of particles
in the volume z3. In the following, we assume that ¢; is small and consider the limit
€1 — 0. The non-dimensionalized Maxwell distributions are given by

_ 2
Ml(x,v,t) = nl 3 exp (_M) s

V27T 2T,
1
N9 ma \ 2 |v — ugl|? mg)
My(x,v,t) = — ) exp|———"-—7",
2( ) Vo=t (m1> P ( 2T, m
(7.25)
Aﬂz@;vt)7hexp(h)umP>
» Yy r7.(_11123 2T12 )
1
Ny mo \ 2 |v — ug1|? m2)
Moy (z,v,t) = ——— | — | exp|————"—7),
21( ) V 27TT213 <m1> P ( 2T mi
with the non-dimensionalized macroscopic quantities
U1 = oul + (1 — (S)UQ, (7.26)
Tio = o) + (1 — a)T2 + ml|u1 — u2|2, (7.27)
1
un = (1= 2Le(1— 6))us + “Le(1 — 8)u, (7.28)
mo mo
T21 = [(1 — 8(1 — Oé))Tg + 6(1 — Oé)Tl]
1 (7.29)
+ <€(1 —4) (mlg(a 1) +6+ 1) - 57) luy — ).
3 ma mi

The macroscopic quantities ny, uy and T} in non-dimensionalized form are given by

m=/hw

Ny = /vfkdv, k=12,

1
- / |lv — u1\2f1dv,

1 1
f@—/h}—uz\ fadv.

3m1 no

(7.30)
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7.4 Chapman-Enskog expansion for the mixture

7.4.2 Expansion of the distribution functions

Now, we want to do the Chapman-Enskog expansion presented in section 7.1.2 for
one species in the two species case. We now expand both f; and f5 in terms of ¢;

h=f+afl+eaff+-,
fa=fl+efs+eifs+--.

From (7.24) we get in the limit e; — 0

1 1
= — —|— —_— ) 5
fi 1+ﬁ <M1 511\412

1 1
=—— (My+ My ),
f2 1+[312< 2 52 21)

from which we can deduce that both distribution functions are Maxwell distributions
with equal mean velocity and temperature (see theorem 2.1.8).
From (7.24) we get

1 1 1 1
fr= i (S0 S M) - T @ -V,
o + e €1 €1 e T E (7.31)
1 1 1 1 .
fo= T 1 <M2+~M21) _ﬁ(ath—"_v'mez)'
L1l \e €2 > T
e & €2 €2

The zeroth order terms of the expansion have the same number density as the
distribution functions itself so the number densities are independent of ;. But
the velocities and temperatures do not coincide, since we expect a common value
in equilibrium, so they depend on £;. This means the first term in the expansion
ﬁ(éﬂﬁ + %M 12) is not the zeroth order in ¢; but also contains higher orders.
In the one species case we directly obtained that the zeroth order is given by M(f).
This helped a lot in the expansion since is was possible to insert M ( f) as zeroth order
in (7.7). Since we are not able to explicitly specify the zeroth order here, we are not
able to do this. But we can find a linear combination of f; and f> such that the mean
velocity and the temperature coincide with the zeroth order of ﬁ(éM 1+ %Mm)

€1 €1
which is similar to equation (7.5) in the one species case. This is done in the next
section.

7.4.3 Combination of distribution functions whose macroscopic quan-
tities correspond to the macroscopic quantities of the zeroth or-
der

We now want to find a linear combination of the distribution functions whose mean
velocity and temperature are independent of &;.
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7 Extension to an ES-BGK model for a multi-component gas mixture

The zeroth order of f; is contained in

1
T ( M, + M 12)
aTE
and the zeroth order of f, is contained in

1
(L M)

So a combination of the distribution functions whose mean velocity and temperature
are of zeroth order is obtained if the mean velocity and the temperature of Af) +

Bfs are equal to the mean velocity and temperature of —=—+— + — ( 11 M; + éMu) +
€1

T( Ms + = M21) By taking moments we get conditlons on A and B. From the
€2 €2

velocities we get

A 1 1 B 1 1
Anjui 4 Bnoua = T nlul + ——nmvie | + *nzuz + =—nau21
= + En €1 = + 5 €2
A 1 1
=T 1 (f’fll’dl + TL15U1 Jr 1 — (S )
EEN &1
€1 €1
B 1 1 1 m
+ 4 ( nous + —ngug — —nz—ls(l —0)(u2 — ul))
= + % €2 €2 M2
A 1 1 B 1 m
= ﬁ(*JFT‘;)"lJFﬁ 215(15)]
= + Z \€1 €1 = + % €2 “me
A 1 B 1 1 1
+ |l | =Q=80)m+1+—— ((*-&- )nz—*m) 7m15(1_6)
o + 5 \&1 = + N €2 €2 €2 ma

A comparison of the coefficients in front of v; and uy leads to

1 1

5 taE
1 1 -

€2 M2 nla‘i‘g

€1 mi Tl2

A=B—

If we do the same with the temperatures, we will obtain the same result. We can
simplify this expression by using the relationships between 1, €9, £; and £». First we
get

51 1 niy

= = 3

€2 7 N2

and secondly

1 ni
51+€1_51n2+1€2
1, 1 7 g ne :
€2 + D) 62711 +1
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7.4 Chapman-Enskog expansion for the mixture

Multiplying the two expressions we get
ﬂl % +1 @
Bay2 +1ng
So all in all we get the following simplification

A-pT b
mo ﬂ 2+

!
We choose B=1and A = % g = s and obtain

mq BITTQ

56 7L2+1f1+f2 (732)

So

m1 51?2

5n2+1f1+f2 fPreafl+---, (7.33)

where f° has the same density, velocity and temperature according to (7.30) as the
left hand-side of (7.33) and the moments of f* |k > 1 are zero as in the one species
case. We can explicitly compute the macroscopic quantities of f°. This is done in the
next section.

7.4.4 Macroscopic quantities of the distribution f°

The density of f° is given by

- 1 Pt 41 my Bt +1
—0 0 1 no
n /f v /( : Bz"g TNt dv 2562Z?+1n1+n2

Therefore, the mean velocity is given by

mi . B+
- ngﬁ 712+1TL1’U,1 + Nouso
— | ffudv = ,
1 Bk

my et
ma € B2+1 n1+n2

and the energy is given by

1 3 ,1° o1
7ﬁ0|ﬁ0|2—|—2 0—() :/fo§|v|2dv

[\]

1 1 3 3
= 51‘17L1|U1|2 + §7L2|U2|2 + inlATl + inzTQ%,

and solving this for leads to the temperature

TO 1 Anlng 2 An1 no mi
= 2y, — T —L
T_fLO 3 (Anl + n2)2 ‘UI U2‘ + An1 + no 1+ ATLl —+ no 2m2
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7 Extension to an ES-BGK model for a multi-component gas mixture

7.4.5 Combination of the distribution functions whose moments are
zero

We observe that in section 7.4.3 we regained a property of the one species case. But
since we are in the two species case it is not enough to have one equation for the
sum of the two distribution functions. We need a second equation. Since we expect
that in equilibrium the mean velocities and the temperatures of the two distribution
functions are the same we know that the zeroth order of “h—f has zero mean
velocity and the zeroth order of the combination {2 f; — f, has zero temperature.
Therefore, we have

@f1*f2:f0+51f71+“', (7.34)
@ﬂﬂh fo= P teaf+ (7.35)
ARUD)

where f9 has zero mean velocity and ]50 has zero temperature.
Solving (7.33) and (7.34) for f1 and f leads to

0 1 71 71 2 72 72 3
fr= A+"2 (7+7 )“UH% (7 +7) Tadrm (72+72) + o),

(7.36)

_ 1 n2 1 71 1

fo= g (- AP vty (27 - a7)
' ) (7.37)
+el ——— =4 ( f? - Af2> +0(ed),
and solving (7.33) and (7.35) for f; and f> leads to
_ 0 :O 1 rl :1 2

fl’A+g—§% (f +f)+51A7+%% (f +f)+0(61), (7.38)

1 N M1 = %0 1 Nng My = 71
- —A S — —A
f2 ZQZI—FA(mef f +€12221+A n1m2f f
1 2 1 2 (739)

N2 M1 = 72 2
+51 ngmy A <7’l1 m2f Af ) +O(51)

ny ma

So for e — 0 we see from (7.36) and (7.37) that the order zero in ¢; are two
Maxwell distributions f and f}* with the common velocity

1

=——— (A
An1—|—n2( niul + naug),
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7.4 Chapman-Enskog expansion for the mixture

and from (7.38) and (7.39) that the zeroth order are two Maxwell distributions f}/
and f} with the equal temperature

- 1 T

Ti=—— (4 -

Any —|—n2$; (dm +n2)m0

Remember from the remark below (7.31) that fM has density n; and f37 has density
no. Using this we can deduce from (7.31) by inserting the expansions of f; and fo
that

1 1 1 1
fi= KRS <61M1+§1M12> - T T i/(@flM—|—11-VacflM)dv—l—O(E%),
€1 51 g
1 1 1 1 9
o= 11 ;MZJFETME - T T 0uf3" +v-Vafa )dv + O(e}).
& T EH \2 2 e

(7.40)

7.4.6 Expansion of the velocities, the pressure tensors and the heat
fluxes

The exact macroscopic conservation equations that need to be closed in the two
species case compared to the one species case in (7.6) read as

6tnl+vz'( )
atn2+vz'( )

0,
0,
1
O(niur) + Vg - P14+ Vg - (niur @ ui) = ET( 0)(uz —u1),
mi 1
Os(naug) + Ve - Po— + Vi - (n2uz @ ug) = —(1 — ) (u1 — uz),
ma €1

1 3
Ot <§nl|ul|2 + *n1T1) + Va - Q1

2
11 2 Y 31
= 57 (0" =Du] +(1=06)*|ua|* +25(1—8)ur - U2)+§*((1 a)(Tz—T1)+*\U1—U2\ ),
1
1 3
Oy (2n2|u2| + n2T2f> + Ve Q2
m
11, ) 31
= 57 (0" =1fu] +(1=08)*uz|* +25(1—6)us - u2) 5z (1= a)(T2—T1)+*\U1—U2\ ),
1

according to theorem 2.1.9, where we need expressions for the velocities, pressure
tensors and heat fluxes

ug(w,t) = W/Ufk(fﬂ,%t)dv, (7.41)
Py (z,t) = %’1‘ /(v —up(2,1) ® (v — (@, 1)) fulz, v, t)dv, (7.42)
Qr(x,t) = Z—T%/|v|2vfk(x7v,t)dv, (7.43)
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7 Extension to an ES-BGK model for a multi-component gas mixture

for k = 1,2. In the following we want to insert the expansions for f;' and f5? in
these three integrals in order to see if we are able to fix the diffusion coefficient,
the viscosity, the heat conductivity and the thermal diffusion parameter described in
section 7.3.

Expansion of the velocities

First, we want to consider the expansion of the velocities ;' (z,t). If we just insert
(7.40) into (7.41), this will lead to expansions of the form

uit = ust + O(er),
. - (7.44)
ust = ui' + O(ey).
This is in accordance to our expectation that for ; — 0 the two velocities converge
to a common value, but the expansion (7.44) cannot be used to solve it for the two
velocities »5* and u5'. In order to do this we need an additional trick. This is done in
the following. The velocity of the ion expansion of the first term in (7.40) using the
expression of u15 is given by

1 1
1+ E(Suel N E(l — 5)u51
1+ L T 14+ L 72
B B1

We can split this expression into

—Any (1 =906) +n2(f1+9) o,  Ani(1—=90) —na(Bf1+9) .

1

Br+ D(Ang+n2) 2 B D(Ang +ng) 2

We denote
o —Any (1 —0) +na(B1 +9)
P (B + )(Ang + o)

o)

1+ L6 L(1-9¢

To T +Bi uit + ﬂ11(+ T )ugl = U+ cuj' — crugt.

B1 B1

So we see from (7.40) that we get

1 1
ui' =4+ quit — quyt — T T /v (3tf1M +o- V;cflM) dv + O(e2).
o T E
€1 €1
Solving this for u* leads to
€1 _ _ 2! €1 _
Uy 1—Clu2 +1—Clu
1 11 M o ) (7.45)
B eressey ACARER DL C]

€1 E~1
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7.4 Chapman-Enskog expansion for the mixture

Similarly, we get for the electrons

e R B S
T T T Am " T A
L 2 1 1 2 (7.46)
M M
1_AZ;C 7+~ 7/'0(81&]02 + -V fy') dv+ O(e).
Solving (7.45) and (7.46) for u$' and u§ we get
o0 I ] 11
“ :u_l—AZ—;cl—c S4an / (O + 0 VafiT) do
n c1 1 1 /v(at M—i—v~vme) dv + O(2)
1—AMe; —cr 2+ L mp 2 2 1)
o 2 (7.47)
€1 __ ~— A Cl 1 1 / (a f + v f )
Uy = U — —1+01+A—c 7+5L e f1 v
1—c 11

2
+—1+61+AZ;C —+ / (ath +v-V, f )d”+0(51)-

Remark 7.4.1. At this point we observe that we cannot use the parameter v from
(7.27) because |uj* — u5'|? is of order £2 and has no influence on the order ¢;.

Remark 7.4.2. According to section 7.3 we expect to have a diffusion coefficient
in front of the integrals in (7.47). We want to be able to fix it to the value which
one obtains from experiments. We observe that we have a free parameter in the
expression in front of the integrals in (7.47), since the constant ¢; depends on the
undetermined parameter §.

Expansion of the temperatures

In the case of the temperature we do the same trick as in the case of the velocities.
The temperature of the first term on the right-hand side in the ion expansion in
(7.40) can be written as

14+ 4 g (1—a)
/31 € €
Ty S QNRCTRE  S
14 4 1++ 2

Br B1

by using the expression of T;,. We can split this expression into

—Ani(1—a)+ tne(fr+a)  An(l—a) — Hno(Bi+ o)
(B1+ 1)(An1 + tno) ! (B1+1)(Any + 2ng) "2

We denote
—Ani(1—a) + mng(ﬂl +a)
(B1+ 1)(An1 + 2no)
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7 Extension to an ES-BGK model for a multi-component gas mixture

SO
1 + éa €1 ﬁ(l B a) €1 A €1 €1
1 + 1 Tl + ﬁTQ = T + CQTl — C2T2 .
B1 B1

We see from (7.40) that

_ 1
Tlsl ZT—FCngl —02T2€1 —

g [P PO Ve e+ O,

Solving this for 77! leads to

1
1—62 1—62

1 1

i—l—%&ﬂll*cg

C2

€1 __ €1
Tl - T2

(7.48)

[lo=aP@s + .- @)+ 0D

Similarly, we get for the electrons

1 B ny my
TS = T — ng m1 1
2 T ] Ammag, 1— Amimac ~1
n2 mi no mi
1 my 1 1 9 Y v )
T 1 [ 1. 2 1_ Animz. - z* d .
*-l- z 3n21—Az;ZZC2/|U ul(9efs” + V- (vf37))dv + O(e7)
(7.49)
Solving (7.48) and (7.49) for 7' and T%§ we get
1 17 ni m2
3 T ng mi
Tll:T_gL+~Ll—An1m2C2—Cz3n /|U_u‘ atfl Ve (vf ))
1 €1 ng M1
1 mao 1 Co 12 M M )
- B N d ’
*+~ m13n21—AZ§ﬁf _Cz/lv ul*(@ufa" + Ve - (vfy"))dv + O(eq)
(7.50)
1 1_02 m2 1 19 M M
5 =T _ .- d
’ 812+12_1+62+Ax12362m13n2/|v WO S + Vo (0fs7))dv
L+ -1+t A v @ \UJ1))av 1)-

(7.51)

If we compute the expansion of the non-diagonal elements of the pressure tensor, the
zeroth order vanishes and we obtain

/(Ul —u1,)(Vm — U1,m) frdv =

- ﬁ / (v — u10) (Vm — UL, ) (Orf1 + Vo - (0f))dv + O(e),

€1 E~1
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7.4 Chapman-Enskog expansion for the mixture

/(’Ul — u2,1)(Vm — U2,m) fodv =
B i / (v = w2,) (v = uzan) (902" + Vi - (v]2"))dv + O(ER),

forl,m=1,2,3,1 #m.

Remark 7.4.3. According to section 7.3 we expect to have a viscosity coefficient in
front of the integrals in the expansion of the pressure tensor which we want to be
able to fix it to the value which one obtains from experiments. We observe that we
have a free parameter in the expression in front of the integrals in (7.50) and (7.51),
since the constant ¢, depends on the undetermined parameter « from (7.27).

Expansion of the heat fluxes
If we insert the expansion (7.40) into (7.43) and use the definition of the mixture
Maxwell distributions (7.14), we get

1 ) 5 1

z dy=>—

5 [ s 2T+ B

[(ﬁ1% + ad) T uf + ol — 6T ust + (1 — @)dT5 uf + (1 — a)(1 — 0)T5 us?]

2
1 1

ni € 5 £ € 5 €
+ 5@”1[(51@@11 Puft + [oust + (1 — 6)ug! [P(dus' + (1 — 6)us')]

1 1 ,
3 [ PO + T e+ O),

in which we can insert the expansions for the velocities and the temperatures. The
zeroth order is given by

5nl(Tu + |a)*a)
The heat flux for species 2 is given by

1 1
2 /|v\21)f2dv _o b

21+ "
€1,,€1 €1 €1 1 m c1 1
[,327717; 0T+ (1 T iyt O — i)
1; @ €112, €1
+ 21+62%n1[ﬂ2n1\u2 "
my €1 m €1 €1
+ ! ffeuf&)(uQ — )Pl — el = ) (g —ui))
V(0 f3" 4+ Va - (ufy"))dv + O(e).

Here, the zeroth order is given by
gng(Ta + |al*a).
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7 Extension to an ES-BGK model for a multi-component gas mixture

Remark 7.4.4. According to section 7.3 we expect to have the thermal conductivity
and the thermal diffusion parameter in front of the integrals in the expansion of
the heat flux which we want to be able to fix to the value which one obtains from
experiments. We observe that we do not have more free parameters since « and § are
already fixed in order to obtain the right viscosity and diffusion coefficient. But if we
perform the extension of the BGK to an ES-BGK model we will obtain an additional
free parameter in the pressure tensor similar as it is done in the one species case.
Instead of fixing « as described in remark 7.4.3, this allows to fix the additional
parameter such that we get the right expression of the viscosity coefficient. Then the
parameter « remains undetermined and we can use it to fix the thermal conductivity
in the heat flux. A fourth free parameter is gained if we treat the one collision
frequency as a free parameter as it is done in [48]. With this we can determine the
diffusion coefficient such that the parameter ¢ remains undetermined and we can fix
it in the heat flux expansion such that the thermal diffusion parameter has the right
physical value.

7.5 The Brunn-Minkowski inequality

In the following we want to introduce ES-BGK models for mixtures. First of all we
want to prove consistency of these models meaning that they satisfy the conservation
properties and the H-theorem. For the H-theorem we will need the next lemma which
is proven in [2]. For the convenience of the reader we will repeat it here.

Lemma 7.5.1 (Brunn-Minkowski inequality). Let 0 < b < 1 and A, B be two positive
symmetric matrices with the same basis of eigenvectors. Then

det(bA + (1 — b)B) > (det A)®(det B)' . (7.52)

Proof. The proof is given in [2]. For the convenience of the reader we want to repeat
it here. If A and B both have an eigenvalue zero, the inequality is satisfied. So
without loss of generality all eigenvalues of A are different from zero. Then A is
invertible, and we have

det(bA+ (1 — b)B) = det Adet(b1 + (1 —b)A™'B). (7.53)

Denote C' = A~!B. Then C is diagonalizable and in particular it has the same set of
eigenvectors than A and B, since A and B are simultaneously diagonalizable.. We
denote the eigenvalues of C by ¢;. We observe that all ¢; are strictly positive since
they are the quotients of the strictly positive eigenvalues of A and B. Then (7.52) is
equivalent to

det (b1 + (1 — b)C) > (det C)1~° (7.54)

using (7.53). So we want to prove (7.54). This is equivalent to

H(b +(1-b)e) > Hc}_b.

7
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7.6 Extensions to an ES-BGK approximation

We take the logarithm, which is possible, since b and ¢; are strictly positive:
Y b+ (1-b)e;) > (1-b) Y Inc.

This is satisfied, since In is a concave function. So (7.54) is true. Replacing C' by
A7'B, we get

det(b1 + (1 —b)A™'B) > (det A™'B)' = = (det A)~1=Y(det B)*
= (det A)*~1(det B)!~?,
which is the claimed inequality. O

Actually, we will need the following extension of the Brunn-Minkowski inequality.

Lemma 7.5.2 (Extension of the Brunn-Minkowski inequality). Let —% <a<1land
A, E, D positive symmetric matrices. Then

1+2 1 1 . -
det( J;)aA+ 3“E+ 3aD>2(detA)1+32(detE)s(detD)g_

Proof. We have

1+4+2 1-— 1-— 1+2 l1—al
det( Ly Sy 3aD>:det( 20440 “(E+D)).

3 3 3 3 2
Choose b = 2% and B = 1(F + D). Since —3 < a <1, bisrestricted to 0 < b < 1.
Then by the Brunn-Minkowski inequality (7.52), we get

2 l—a

1+2 1-— 1-— 142a 1 3
det( _;aA—i- BaE+ SaD>2(detA)+3 (det(Z(E+D)>>

Again by the Brunn-Minkowski inequality for b = % on the second term, we obtain

1+4+2 1-— 1-— 2a i1—a i-a
det( J;)aA+ 3“E+ 3aD)z(detA)“f(detE)s(detp)g_

7.6 Extensions to an ES-BGK approximation

In this section we want to present three possible extensions to an ES-BGK model for
gas mixtures. The first one has the attempt to keep it as simple as possible and extend
only the Maxwell distribution in the single relaxation term describing the relaxation
of the distribution function to an equilibrium distribution due to interactions of
the species with itself. The two other extensions try to do it more symmetrically
and extend every Maxwell distribution. The first ansatz in this case is to extend
it exactly analogously as in the one species case and the second ansatz proposes
a different extension which is motivated by the physical intuition of the physicist
Holway who invented the ES-BGK model in [54]. These extensions are also presented
by Klingenberg, Pirner and Puppo in [62].
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7 Extension to an ES-BGK model for a multi-component gas mixture

7.6.1 Extension of the single relaxation terms

Motivated by the need to find a two species kinetic model that allows us to model
physical parameters better we extend the above model by generalizing the Maxwell
distributions. The simplest choice is to replace only the collision operators which
represent the collisions of a species with itself by the ES-BGK collision operator for
one species as suggested in [3]. Then the model can be written as:

Ocfe +v - Vafe = vieni(Gr — fr) + vegng (M — fr), k,j=1,2, j #k, (7.55)

with the modified Maxwell distributions

ng 1 ﬁ -1
Gi(x,v,t) = 7)exp (—2(11 —ug) () (v — uk.)> , k=1,2

det(27TmL’; M

(7.56)

and M2, M>; the Maxwell distributions described in the previous sections. G; and
G5 have the same densities, velocities and pressure tensors as f; and f,, respectively,
so we still guarantee the conservation of mass, momentum and energy in interactions
of one species with itself. Since the first term describes the interactions of a species
with itself, it should correspond to the single ES-BGK collision operator suggested in
section 7.1. So we choose 77 and 75 as

~ P
T = (1 — i) Thl + ukn—z, (7.57)

with fix, € R, k = 1,2 being free parameters which we can choose in a way to fix
physical parameters in the Navier-Stokes equations. So, all in all, together with the
parameters in the mixture Maxwell distributions (7.18) and (7.19) we now have five
free parameters, see (7.18) and (7.19) for the other free parameters.

Since we wrote 7, ' we have to check whether T; is invertible. Otherwise the
model is not well-posed. For the one species tensor this is done by the following
theorem proven in [3].

Theorem 7.6.1. Assume that fi > 0. Then %’; has strictly positive eigenvalues. If we

further assume that —% < ug < 1, then Ty, has strictly positive eigenvalues and therefore
T is invertible.

Equilibrium of the single extension

In global equilibrium when f; and f> are independent of z and ¢, the right-hand side
of (7.55) has to be zero. In this case we get

1
fi = ———————— (i G + vianaMia).
V11N + Vigng
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7.6 Extensions to an ES-BGK approximation

If we compute the velocities of this expression, we can deduce u; = us for § # 1. If
we compute the temperatures of this expression using u; = us, we get
1

T=—"—— T T 1—a)T:
1 VLinL + D1atta (r11n1Th + viang(ady + ( a)Ty)),

which is equivalent to T} = T for a # 1. So let T := T1 = T and use u; = uo. If we
compute the pressure tensors, we get

(vi1n + vigng)Pr = viing Ty + vianeTho

= v (1 — @1)T1 + ving fin Py + vianeT1,
which is equivalent to
(viing + vigng — viingfin)P1 = (viing + vigng — viinafin)T'1,

which is P; = T'1 for §, « # 1, iy < 1. This means that the pressure tensors of f; and
f2 are diagonal and f1, f» are Maxwell distributions with equal mean velocity and
temperature. § = 1 or o« = 1 are cases in which the mixture Maxwell distributions do
not contain the velocity or the temperature of the other species, see (7.18) and (7.19).
In this case the two gases do not exchange information and a global equilibrium
cannot be reached.

Entropy inequality of the single extension

Theorem 7.6.2 (H-theorem for the mixture). Assume 0, o« # 1. Assume that f1, fo > 0
are solutions to (7.13). Assume the relationship between the collision frequencies (7.16),
the conditions for the interspecies Maxwell distributions (7.18), (7.20), (7.19) and
(7.21) and the positivity of the temperatures (7.22). Denote the collision terms on the

right-hand side of (7.13) by Q11(f1, f1), Qi2(f1, f2), Q21(f2, f1) and Q22( f2, f2). Then
/hlfl Q11(f1, f1) + In fr Qi2(f1, fo)dv + /hlfz Q22(f2, f2) + In f2 Q21(f2, f1)dv <0,

with equality if and only if f and fy are Maxwell distributions with equal mean velocity
and temperature.

Proof. The fact that [ In fi Qi(fx, fr)dv <0, k= 1,2 with a criteria for equality
follows from the H-theorem of the ES-BGK model for one species, see [3]. The fact
that [In f; Q12(f1, f2)dv + [In fo Q21(f1, f2)dv < 0 with a corresponding criteria
for equality follows from the H-theorem of the BGK model for mixtures, see the proof
of theorem 2.1.6. O

7.6.2 Alternative extensions to an ES-BGK model

In this section we also want to replace the scalar temperatures in the mixture Maxwell
distributions by a tensor. In the first model the terms (v; — ug;) fi(vi — uii) for i # j
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7 Extension to an ES-BGK model for a multi-component gas mixture

do not appear in the relaxation operator. To obtain a more detailed description of
the viscous effects in the mixture we take into account these cross terms during the
relaxation process. Then the model can be written as:

Orfe +v-Vafe = vieni(Gr — fi) + vijni(Grj — fr), k=1,2,k#j, (7.58)
with the modified Maxwell distributions

-1
G (z0,t)= ng —Ly—uy) (LIe (v—up k=1,2,
& (x,0,t) e T eXP( 5 (v—ug) ("’k) (v—wug)

my

n Thj\ 1 . )
Gk.f(%v’t):+exP(*%(“*“k:‘)'(%) '(v*wcj)) k,j=1,2,k#j,
\/det(2n "’L“IZ)

(7.59)

with 7, defined by (7.57). Again, the conservation of mass, momentum and energy
in interactions of one species with itself is ensured by this choice of the modified
Maxwell distributions G; and G, which have the same densities, velocities and
pressure tensors as f; and fs, respectively. In addition, the choice of the densities in
G12 and G9; also guarantees conservation of mass in interactions of one species with
the other one.
If we extend Ti5 and T5; in the same fashion to a tensor as in the case of one
species, we obtain
7-12:(1—1112)(11T1+(1—(X)T2)1+ﬁlzM+’Y|u1—u2\21, (7.60)

ny

Tor=(1—fi21)(1—e(1—)) Tate(1—a)Ty ) 1+jig; L= =e))fate—c)f

b (7.61)

+(%5m1(176)(m1 6(671)+6+1>76’Y) lus —ua|?1.

mo

If we check the equilibrium distributions as in section 7.6.1, we obtain the following
restrictions on fi12 and fiz; given by
. v
faz =1+ (1= jin)——, (7.62)
N2 Vi2
and

1 - n (L 5 N -
ﬁ[_(a - 1)2M%2”3V122 + %((& — fi21 + afior)nivie + (fiz — 1)noves)
" "2 (7.63)

(m1((@ = fiaams + (121 = Dna )z + (72 — Ddwaz)] = .

An alternative choice to (7.60),(7.61) is given by

P
Tiz :an—l—i—(l—a)Tgl—&—ﬂul — up|?1, (7.64)
1
Py
Ton=1-c(1-a)—+4+c1-a)T11
n2
1 m (7.65)
+ (€m1(1 —9) (16(5 -1 +d+ 1> - 57) luy — ug|*1.
3 mo
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7.6 Extensions to an ES-BGK approximation

This choice of 7'12 still contains the temperature of gas 1, since the trace of the
pressure tensor L* is the temperature T}.

In (7.64) compared to (7.60) we replace only the temperature T} of species 1 by
the pressure tensor IP; while we keep the temperature 75. This asymmetric choice can
be motivated by the theory of persistence of velocity described by Jeans in [55], [56],
[53] and chapter 7.1.3. Jeans argues that in the post-collisional speed of particle 1
there is a memory of the pre-collisional speed of particle 1. In the single species BGK
equation this yields to the choice of

T=(1-p)T1+ P, <pn<l,
the tensor chosen in the well-known ES-BGK model, where /i [P preserves the memory
of the off-equilibrium content of the pre-collisional velocity. This can be rewritten as

T =T1 + [1 traceless[P],

where traceless[P| denotes the traceless part of P. So the off-equilibrium part is
contained in j traceless[P]. Doing this analogously for two species we arrive at

Tia = Ti21 + gtraceless[]P’l].
ni

The quantity T3, is defined in (7.19). If we plug this definition in the equation above,
we end up with (7.64).

With the second choice the model is well-defined, because 77, and 75, are invert-
ible as a combination of strictly positive matrices as soon as all coefficients in front
of these matrices are positive, which is the case due to (7.22) and (7.23). The first
choice needs additional conditions coming from the restrictions on fi1o and jiz; given
by (7.62) and (7.63). The first one leads to

such that fi15 given by (7.62) is positive. The requirement of positivity of fi»; leads
to a corresponding restriction on jis using (7.63).

Equilibrium of the alternative extensions

The aim of this section is to discuss the property of the equilibrium and the entropy
inequality for the alternative extensions described in section 7.6.2 with the tensors
(7.60), (7.61) and (7.64), (7.65), respectively. For the tensors (7.60), (7.61) we
proved the property of equilibrium and the H-theorem in section 7.6.1 in the particular
case of ji12 = fin; = 0 for simplicity, but we can also prove it in the general case. In this
section we will prove an entropy inequality for the alternative model (7.64),(7.65).
First we will check that the equilibrium distributions are Maxwell distributions. In
global equilibrium when f; and f, are independent of x and ¢, the right-hand side of
(7.58) has to be zero. In this case we get

1 1 no

=777 G+

G12)
1+ B ny 61
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7 Extension to an ES-BGK model for a multi-component gas mixture

If we compute the temperatures of this expression, we get

1 1n
(Th + =

RErTGRE o " (0T + (1 - a)T)),

which is equivalent to T} = T for « # 1. So denote T := T} = T5. If we compute
pressure tensors, we get

1712 1712
14+ — =
(+ﬁ%n1) 71+ﬂ1 712
1n 1’/L2
=1—-1)T g P 1—-a)T'1
( T +n 1+5 nla 1_‘_51”1( a)T1,
which is equivalent to
1 no 1 no
l—v))+ = —=1—a)P,=(1-1m)+ = —(1-a)T1,
(1) + g2 (1= )Py = (1) + 521~ a)

which leads to P; = T'1 for v1, a # 1. That means that the pressure tensors of f; and
fo are diagonal and they are Maxwell distributions with equal mean velocity and
temperature.

Entropy inequality of the alternative extensions
Next, we want to prove the H-theorem of the model (7.64) and (7.65).

Lemma 7.6.3. Assuming (7.64) and (7.65) and the positivity of all temperatures and
pressure tensors (7.22), we have the following inequality

S := (det T12)°(det Ta1) > <det P) det &

ni n2

Proof. Using the definition of 7;5, we get

Py
det 712 = det <

- + (1 = )Tol + y|uy — ug|? 1)
1

Since v is non-negative, we can estimate the expression by dropping the positive
term on the diagonal v|u; — uz|?1

P
det 719 > det (041 +(1- a)T21> .
ni
With the Brunn-Minkowski-inequality (7.52) presented in chapter 7.5 we obtain

]P’ (03
det 1o > (det 1) (det T»1)'~

ni
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7.6 Extensions to an ES-BGK approximation

In a similar way, we can show a similar inequality for 731, so all in all we get

]Pl ae P2 1—e(1—a)
52 (det) (det T»1)=0=) (det) (det 731)=07),
nl n2

Consider the logarithm of this equation

InS > caln <det <P1
ni

)) 4+ 2(1— o) In (det (T31))
1 —2(1—a))n <det (1:2)) +2(1 = a)In (det (T11)) .

We use that In (det (7;1)) = Tr(In (7;1)) and denote the eigenvalues of 2 by \; 1, A 2
and A, 3. Slnce the pressure tensors are symmetric, we can diagonalize ‘them and use
that T, = ()\1,1 + X2+ Ai3).

InS>ea(lnr 1 +1InAo+1Inks) +e(l —a)3ln3()\1 1+ A2+ Auz)

+(1 —5(1 —a))(ln)\21 +InAg o+ 1n Ay 3) +e(1 —a)31n3()\21 + Ao+ Ao 3)

Smce In is concave, we can estimate In & 3(A1,1 + A1 2 + Ay 3) from below by
3 (ln )\1’1 + In )\1)2 + In )\1’3> and obtain

InS > el (det (fi)) +e(1—a)ln (det (ii)) .

This is equivalent to the required inequality. O

Remark 7.6.1. From the case of one species ES-BGK model it follows that

/Gk In Grdv < /G]w]kzl In Gk,ﬂkzldv < /fk In frdv,
for k = 1,2, see [3], where G}, ;;,—1 denotes the modified Maxwell distribution where
in the case of ji;, = 1 the tensor 7} is given by (7.57).

Theorem 7.6.4 (H-theorem for the mixture). Assume o, # 1. Assume fy, fo > 0.
Assume the relationship between the collision frequencies (7.16), the conditions for the
interspecies Maxwell distribution (7.18), (7.20), (7.64) and (7.65) and the positivity
of the temperatures (7.22), then

/hlfl Q11(f1, f1) + In fr Qi2(f1, fo)dv + /hlfz Q22(f2, f2) + In f2 Q21(f2, f1)dv <0,

with equality if and only if f, and fo are Maxwell distributions with equal mean velocity
and temperature.
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7 Extension to an ES-BGK model for a multi-component gas mixture

Proof. The fact that [ In fr,Qkx(fx, fx)dv < 0, k = 1,2 is shown in the proof of the
H-theorem of the single ES-BGK-model, for example in [3]. In both cases we have
equality if and only if f; = M; and fo =

Let us define

S(fl, fg) = V12n2/111 fl(Glg — fl)dv —+ vo1m1 /hl f2(G21 — fg)d’U

The task is to prove that S(f1, f2) < 0. Consider now S(fi, f2) and apply the
inequality in lemma 1.3.12 to each of the two terms in S.

S(f1, f2) < viane l:/G12lnGl2dv_/fllnfldU_/Gl2dv+/f1dv]

+r21n1 |:/ G21 hlGQld’U*/‘fg 1Hf2dU/G21dU+/f2d’U:|,

with equality if and only if f; = G153 and f; = Ga;. If we compute the velocities of
f1 = G2 and fo = Go1, we can deduce u; = w1 and us = ug; which leads to u; = us
using the definitions of w12, u21 given by (7.18) and (7.20). Analogously, computing
the temperatures, we get T15 = Tp; = T7 = T =: T'. Finally, computing the pressure
tensors, we obtain Pl = E2 = T1, which means that we have equality if and only if
f1and f5 are Maxwell distributions with equal temperatures and velocities.

Since G2 and f; have the same density and G2; and f> have the same density too,
the right-hand side reduces to

V12M9 (/ G12 h’lGleU - /f1 lnfldv> + V1M1 </ G21 lIlGQld’U - /f2 1Hf2dU> .

Since
n 3 n (B -
GInGdv =nln | ——— — 5" for G = ————e¢ ™ ,
det (%) det(2T)
we will have that

I/127L2/G12 In G1adv + vo1ny /G21 In Ga1dv

S I/QlTLl/GQ_ﬂ2:1 IHMQH[,&:ld’U-’-V12n2/G1’ﬂ1:1 lnGl’m:ldv,

provided that

n2
+ Va1nen In

1/det(2 det(2m 73112)
\/det(2

V12MoNq In ——

n2

< vignoni In ———— + Vo1naong In

det(27

w
\_/
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7.6 Extensions to an ES-BGK approximation

which is equivalent to the condition

(det T12)°(det T21) > (det Pl) det &7

ny »)

proven in lemma 7.6.3.
With this inequality we get

S(f1, f2) < V12n2[/ Gia=1InGy 5, —1dv — /f1 In fydv]
+ vo1ny [/ G2,i,=11nGa j,—1dv — /f2 In fodv] < 0.

The last inequality follows from remark 7.6.1. Here we also have equality if and
only if f; = M, and f, = My, but since we already noticed that equality also implies
fi =Gz and fo = Ga. O

Define the total entropy H(f1, f2) = [(f11n fi + f2In f2)dv. We can compute

O¢H (f1, f2) + Vg - /(fl In f1 + foIn fo)vdv = S(f1, f2),

by multiplying the ES-BGK equation for the species 1 by In f1, the ES-BGK equation
for the species 2 by In f, and integrating the sum with respect to v.

Corollary 7.6.5 (Entropy inequality for mixtures). Assume f1, fo > 0. Assume a fast
enough decay of f to zero for v — oo. Assume relationship (7.16), the conditions (7.18),
(7.20), (7.64) and (7.65) and the positivity of the temperatures (7.22), then we have
the following entropy inequality

Oy </f11nf1dv—|—/f21nf2dv) + V- (/vfllnfldv—i—/vfglnfgdv) <0,

with equality if and only if fi and fo are Maxwell distributions with equal mean velocity
and temperature.

In summary the ES-BGK models (7.55) and (7.58) have the five free parameters
a, 0, fi1, ji2 and v15. Let us summarize our result concerning what we expect from
section 7.3. As we have seen in section 7.4, the parameter v;» will show up in the
expansion of the velocities (7.47) where we expect the diffusion coefficient. The
parameters a and ¢ will show up in the expansion of the heat fluxes (7.43) where
we expect the heat conductivity and the heat flux. From the motivation in the case
of one species in section 7.1, we observe that the ES-BGK extension has the effect
that the parameters fi; and i will show up in the expansion of the pressure tensors
(7.50) and (7.51) where we expect the viscosity coefficient.
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Chapter 8

Application to polyatomic mixtures

In this chapter we shall concern ourselves with a kinetic description of gas mixtures for
polyatomic molecules. Evolution of a polyatomic gas is very important in applications,
for instance air consists of a gas mixture of polyatomic molecules. But, most kinetic
models modelling air deal with the case of a mono-atomic gas consisting of only one
species.

In the literature one can find two types of models for one species of polyatomic
molecules. There are models which contain a sum of collision terms on the right-hand
side corresponding to the elastic and inelastic collisions. Examples are the models of
Rykov [76], Holway [54] and Morse [68]. The other type of models contain only one
collision term on the right-hand side taking into account both elastic and inelastic
interactions. Examples for this are Bernard, Iollo, Puppo [14] and the model by
Bisi and Caceres [18]. In this chapter we want to extend the model of Bernard,
Iollo and Puppo [14] from one species of molecules to a gas mixture of polyatomic
molecules. In contrast to mono-atomic molecules, in a polyatomic gas, energy is not
entirely stored in the kinetic energy of its molecules but also in their rotational and
vibrational modes. For simplification we present the model in the case of two species.
We allow the two species to have different degrees of freedom in internal energy. For
example, we may consider a mixture consisting of a mono-atomic and a diatomic gas.
In addition, we want to model it via an ES-BGK approach in order to reproduce the
correct Boltzmann hydrodynamic regime close to the asymptotic continuum limit.
The ES-BGK approximation was suggested by Holway in the case of one species [54].
The H-theorem of this model then was proven in [2]. Brull and Schneider relate this
model to a minimization problem in [23]. This model presented here for polyatomic
molecules is also described in [60] by Klingenberg, Pirner and Puppo.

The outline of this chapter is as follows: in section 8.1 we will present the
extension of the BGK model for one species of polyatomic molecules from [14] to two
species of polyatomic molecules. In section 8.2, we extend it to an ES-BGK model
and check if it is well-defined. In sections 8.2.1 to 8.2.4 we prove the conservation
properties and the H-theorem. We show the positivity of all temperatures and quantify
the structure of the equilibrium. In section 8.3, we compare our model reduced to
one species with an other model presented in the literature from [2] which considers
an ES-BGK model for one species of polyatomic molecules. In section 8.4.1 we apply
the method of Chu reduction to our model in order to reduce the complexity of the
variables for the rotational and vibrational energy degrees of freedom for numerical
purposes. In section 8.4.2 we give an application in the case of a mono-atomic and a
diatomic molecule. In section 8.5 we show that with a polyatomic model we are able
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8 Application to polyatomic mixtures

to capture an equation of state which is different to the ideal gas law. In section 8.6
we conclude with existence and uniqueness results.

8.1 The BGK approximation for polyatomic mixtures

For simplicity in the following we consider a mixture composed of two different
species. Let x € R? and v € R, d € N be the phase space variables and ¢ > 0 the
time. Let M be the total number of different rotational and vibrational degrees
of freedom and /; the number of rotational and vibrational degrees of freedom of
species k, k = 1,2. Note that the sum /; + [ is not necessarily equal to M, because
M counts only the different degrees of freedom in the internal energy, [; + I3 counts
all degrees of freedom in the internal energy. For example, consider two species
consisting of diatomic molecules which have two rotational degrees of freedom. In
addition, the second species has one vibrational degree of freedom. Then we have
M = 3,1, = 2,1y = 3. Further, € RM is the variable for the internal energy degrees
of freedom, 7;, € RM coincides with 7 in the components corresponding to the
internal degrees of freedom of species k and is zero in the other components.

Since we want to describe two different species, our kinetic model has two
distribution functions fi(z,v,n,,t) > 0 and fa(x,v,m,,t) > 0. Furthermore, we
relate the distribution functions to macroscopic quantities by mean-values of f,
k =1,2 as follows

1 nk
v e
i, . Nk Mk _
/fk(Uﬂllk) mk|v _ uk|2 dydmk = dnlezrans , k=12, (8.1)
mi |y, — k| ey T
mg(v —uk) ® (v —ug) Py

where ny, is the number density, u;, the mean velocity and T7}"*"* the temperature
of the translation, 7}°" the temperature of the rotation and vibration and P;, the
pressure tensor of species k, k = 1, 2. Note that in this chapter we shall write T}"*"*
and T} °" instead of kT *"* and kpT}°*, where kp is Boltzmann’s constant. In the
following, we will require 77, = 0, which means that the energy in rotations clockwise
is the same as in rotations counter clockwise. Similar for vibrations.

First, we are interested in a BGK approximation of the interaction terms and write
the model as:

Oufr +v-Vafi =viini(My — f1) + viene(Mis — f1),

8.2
Oifa +v -V fo = vaang(Ma — f2) + vo1m1 (M1 — fa), (8-2)
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8.1 The BGK approximation for polyatomic mixtures

with the Maxwell distributions

Mk(xvuvnlkat)

_|u_uk|2_|mk|2>, R

ng 1
- I d S Iy XP 9 Ak 29k
2~k 2w ZE ik Mk
mp me
2 2
ny 1 v —uiz[®  |m
Mi(,v,m, 1) = d mep <_ ohz 98w |’
/Qﬂ-@ /271-% mi mi
mi ma
2 2
v —unl® |m,
MQl(xvvvnlzat = - - .

) 1
) d I, &XP 9 A2 9921
/o A21 \/%Tm ™o ma
mo mo

The quantities in the Maxwell distributions will be defined on the following page.
The quantities v11n; and v99n9 are the collision frequencies of the particles of each
species with itself, while 1515 and 111, are related to interspecies collisions. To
be flexible in choosing the relationship between the collision frequencies, we now
assume the relationship

(8.3)

I
< 1. .
L +Z2E_ 8.4

V19 = €21, 0<

The restriction lllTllgg < 1 is without loss of generality. If llﬂibe > 1, exchange the
notation 1 and 2 and choose % as new e. In addition, we assume that all collision
frequencies are positive.

Since rotational/vibrational and translational degrees of freedom relax at a differ-
ent rate, 7}7°"¢ and T}°" will first relax to partial temperatures Ay and Oy, respec-
tively. Conservation of internal energy then requires that at each time

glnkAk = énlezrans + lﬁnkT]z‘Ot - lﬁnk@k, k=1,2. (8.5)
2 2 2 2
Thus, Ay can be written as a function of 0. In equilibrium we expect the two

temperatures Ay and Oy, to coincide, so we close the system by adding the equations

Vppne d+ 1, ~
M — M, M, —
75 d (My, k) + ik (My — fr) 8.6)

+ vping (M — fr),

OeMy, +v -V My, =

for k,j = 1,2, j # k, where Z* are given parameters corresponding to the different
rates of decays of translational and rotational/vibrational degrees of freedom. Here
My, is given by

. 2 2
M (2, v,m,,1) = St ) k=1,2,

) ng 1 <
exp =
d Ik Ak ©
Jarh fores” e 2

8.7)
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8 Application to polyatomic mixtures

and M, is given by

2 2
i, — N exp (_mkv ug*  mgm,| ) k=12, 8.8)

T k k
2 mi

where T, is the total equilibrium temperature and is given by

dAy + 1,04 dTéra"S + lkT]:Ot
Ty = = . 8.
b d+ 1y d+ 1 (89

The second inequality follows from (8.5). If we multiply (8.6) by |n;, |2, integrate
with respect to v and 7, and use (8.9), we obtain

8t(nk®k) + Vz . (nk@kuk) = Vka:Lk nk(Ak — ®k) + Z/kknknk(@k — Tmt)

g (8.10)

+ ijnjnk(ij — IZOt),

for k,7 = 1,2,5 # k. We obtain a macroscopic equation which describes the relax-
ation of the temperature ©; towards the temperature A and the relaxation of Oy
towards the rotational and vibrational temperature 7} °" and of T} °* relaxing towards
the mixture temperature Oy; in accordance with equation (8.2). Note that equation
(8.10) together with mass, momentum and total energy conservation, is equivalent
to (8.6). In addition, (8.2) and (8.10) are consistent. If we multiply the equations
for species k of (8.2) and (8.10) by v and integrate with respect to v, we get in both
cases for the right-hand side

vegneng (ugr — uj),

and if we compute the total internal energy of both equations, we obtain in both
cases

1
iykjnknj [dA]k + lj@jk — (dAJ + lj@j)]

We will see this in theorem 8.2.3.

We recall that we assume that the mean-values of the momentum due to the
internal degrees of freedom 71, 7j2, 7712 and 7j5; are assumed to be zero. The structure
of the collision terms ensures that at equilibrium or when v;; — oo the distribution
functions become Maxwell distributions. With this choice of the Maxwell distributions
M, and M, have the same densities, mean velocities and internal energies as f; and
f2, respectively. This guarantees the conservation of mass, momentum and energy
(especially internal energy) in interactions of one species with itself. The remaining
parameters uqo, uo1, A12, A1, ©12 and O will be determined further down using
conservation of the number of particles, total momentum and total energy, together
with some symmetry considerations.
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8.2 Extension to an ES-BGK model

8.2 Extension to an ES-BGK model

As we know from chapter 7 that a drawback of the BGK approximation is its incapa-
bility of reproducing the correct Boltzmann hydrodynamic regime in the asymptotic
continuum limit. In the polyatomic model we want to keep it as simple as possible
and replace only the collision operators which represent the collisions of a species
with itself by the ES-BGK collision operator. Other possible extensions are illustrated
in the mono-atomic case for gas mixtures in chapter 7 and [62]. In this standard
ES-BGK model, the scalar temperature T;"*"* is related to the distribution function
/& in the Maxwell distributions M} and will be replaced by a linear combination of
the temperature 7;"*"* and the pressure tensor P;. In the polyatomic case described
in this chapter the translational temperature 7}"*"* is different from the tempera-
ture A, of the Maxwell distributions M, given by (8.7). Now, we want to extend
this temperature A, to a tensor AL™ with Tr(A4*™) = ni Ay such that again we can
consider a linear combination of the temperature A;, and the tensor Al". In the
BGK case described in the previous section we determined the time evolution of Oy
by considering equation @;6) with the Maxwell distribution M}, given by (8.7) and
the Maxwell distribution M, given by (8.8) with the total equilibrium temperature
T} given by (8.9). This led to a time evolution of ©, given by (8.10). Ay is then
obtained by (8.5). Now, in the ES-BGK case we determine the time evolution of Afj”
by considering the equation

~ ~ kank d+ g
0Gr +v- V.G = p] — (G = Gr) + vieni (Gl — fi) + Vi1 (Mg — fr)s
(8.11)
for k = 1,2, with the extended Maxwell distribution Gr given by
ten \ —1 m 2
Gr= Tk — L exp( — % (v—ug)- Ajp (v—ug)— k‘i”’“‘ , (8.12)
\/dec(2w%) 2«%% ( 2 ( k > 20y, >
for k = 1,2, and the extended Maxwell distribution G}, given by
ten \ —1 ) 2
Cro= T L ex vu) (B o)~ 1 A T 8.13
and the extended Maxwell distribution
= Tk 1 X v—u ﬁ - v—u ——Lk‘mk‘ 8.1
- \/dct(21r4L) \/77121c ° p< 3 k) ( Mk ) o #) Ok ) (8.14)

We define AP in the function G, as a linear combination of Aj, and Al*" given by

ten

AFS = (1= i) Al + i =t k=12,
k

with fix € R, k = 1,2 being free parameters which can be chosen in a way to fit
physical parameters in the Navier-Stokes equations like the viscosity coefficient, ana-
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8 Application to polyatomic mixtures

logously as in the standard ES-BGK model. The function G, has the total equilibrium
temperature T}, and the pressure tensor of f; on the off-diagonals, namely

(TE™)ii = Ty, for i=1,....d,
(le )lj d+lk (nk) for Z,jzl,...,d,’l#].
The factor W in front of P, in the definition of T} has the following reason.

The temperature 7}, given by (8.9) is a convex combination of 7T}"*"* and T} °".
Now, the off-diagonal elements of 7}/*" have the same structure. It is a convex
combination of the pressure tensor P, and the tensor corresponding to the rotational
and Vibrational temperature But since the rotational effects are diagonal, we have
(Tee™)ij = d+lk (Pr)ij + d+l 0 fori # j.

We only extend Ay, to a tensor and keep Oy as it is. This has the following reason.
Since we assumed 7j;;, = 0, the microscopic velocities related to the internal degrees
of freedom are symmetric and then we do not distinguish different directions as we
do in the translational degrees of freedom.

Equation (8.11) leads to a time evolution of A}*™ given by

en en v n d+l en en
Ou(mr(A™)ig) + Vi (e (A™)ig ) = = — =S (TE)ig = (AF™)ig)

+ viknene (AL 2)ij — (Pr)ij) + vigngmi(©r; — T4,

(8.16)

fork=1,2and,j = 1,...,d. We determine the time evolution of f; in the ES-BGK
case by

Orfr +v - Vafrx = veene(Gr(fx) — fx) + veing (Mys(fr, f5) — fr)s (8.17)

for k,7 = 1,2,k # j. For further references we denote the relaxation operators by

Q11, Q12, Q21 and Qaz. ~
Since G}, involves the term (AF%)~! and G}, involves the term (7}¢")~! we have
to check if APS and T}*" are invertible.

Lemma 8.2.1. Assume that f, and @k are positive solutions to (8.17) and (8.11).
Then Alf™ and T{™ have strictly positive eigenvalues. Especially, the symmetric matrix
Tfe™ is invertible.

Proof. Lety € R\ {0}, then

d

y- Al .y Z (AE™)igyy = Z y/ = ) (v — g, ) Gry;jdv

Jj=1 1,0=1
2

:/<z:yZ V; u;“> ékd’uzo.
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8.2 Extension to an ES-BGK model

The inequality is true since we assumed that G}, is a positive solution to (8.6).
If we use equation (8.9) and (8.5)

d

d d
Y Ty =)yl Ty = Y v /(Ui — ki) (v — wng) frysdv + Y yiThys

i,j=1 i,j=1 i=1

i

d d d
rans dA +l @
> oui /(vi — i) (vj — wng) fuyidv = Dy Ty + Zyiﬁyi
i=1 =1

ij=1 =

d 2 d
= / <Z yi(vi — uk,i)) frdv 4> yiTi %y >0,
i=1

i=1

where 77°" > 0 because T} " is defined via a positive integral of f, see the definition
in (8.1). We even have strict inequality since {y;(v —u;)}{_, are linearly independent.
O

With the previous lemma, we can prove that APS is positive. This is the next
theorem. Positivity is also proven in [3] for the one species case, but for a different
variant of an ES-BGK model.

Theorem 8.2.2. Assume that f, > 0 and — 1 < fix < 1. Then AFS has strictly
positive eigenvalues. Especially AES is invertible.

Proof. Since A" is symmetric there exists an invertible matrix Sy, such that Al*" =
SpAten St with a diagonal matrix AL". Then AFS := S,AFSS, ! is also diagonal
since

APS = SpAF5 S = (1 — i) Al + feAbe.

Here we can see that the eigenvalues of AFS are a linear combination of Aj, and

the eigenvalues of AA’,f/" which coincide with the eigenvalues of Al". We denote the
eigenvalues of A" by Ay 1, Ak.2, ..., A\g,q. Then by definition of A;, and A" we have

dAy, = Tr(AF™) = Mg + M2+ + A

This means for the eigenvalues of AZS denoted by 7 ;:

_d ~ ~ d

1-— - 1+(d-1 1-— .

Thi = dﬂk Z)\k,jJF,Uk)\k,i = %)\k,i+ dﬂk Z Ak, 1=1,2,3.
=1 j=Tii

Since Ap 1, Ak2,.-.,Akq are strictly positive, the eigenvalues of AkEs are strictly
positive, when 1 + (d — 1), and 1 — [i are positive. Since we restricted fij to

— - < iy <1, AFS is strictly positive. O
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8 Application to polyatomic mixtures

8.2.1 Conservation properties

Conservation of the number of particles and total momentum of the BGK model

for mixtures described in section 8.1 are shown in the same way as in the case of

mono-atomic molecules. In the extension described in section 8.2 these conservation

properties are still satisfied since G; and G5 have the same density, mean velocity and

internal energy as f; and fs, respectively. Conservation of the number of particles and

of total momentum are guaranteed by the following choice of the mixture parameters:
If we assume that

Nig2 = N1 and Nno1 = Na, (818)

we have conservation of the number of particles, see theorem 2.1.1. If we further
assume that u;5 is a linear combination of «; and uq

U2 = 6”1 + (1 - 5)u2a d€ Rv (819)

then we have conservation of total momentum provided that

U21 = U — @5(1 — 6)(U2 — U1), (820)
ma

see theorem 2.1.2.

In the case of total energy we have a difference for the polyatomic case compared
to the mono-atomic one. So we explicitly consider this in the following theorem.

Theorem 8.2.3 (Conservation of total energy). Assume (8.4), conditions (8.18),
(8.19) and (8.20) and assume that A1 and ©15 are of the following form

Az =ali + (1 —a)Ao +ylug —uz?, 0<a<1,9>0.
1161 4+ 1,04 (8.21)
O = ———F—.
L+

Then we have conservation of total energy
/%(WP + [, ) (@11 (f1, f1) + Qu2(f1, f2))dvdm,
+/%(|U|2 + |, 1) (Qa2(f2, f2) + Q21(fa, f1))dvdm, = 0,

provided that

l 1 m
Aoy + 5@21 = [dgml(l —9) <m;5(§ -1)+d+ 1) — 57} |uy — ug|?

(8.22)

1 Ly 1 lily
l—a)A+ (1 —e(l—a))Ao + —e7—— G '
+e( a)Ay +( &( a)) 2+d€l1+l291+d<2 El1+l2)92
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8.2 Extension to an ES-BGK model

Proof. Using the energy exchange of species 1 and equation (8.5), we obtain
F,,:= | (o] 2 Gy — f1)dvd
Ei2 - — 2 'U| + |7711\ )Vllnl( 1 fl) VAT,
mio 2 2
4 [ Bl + b Prana(Mia — f)dudn,
1 d
= €921 §n2n1m1(|u12\2 — |U1|2) -+ 561/21711712(/\12 — Tfrans)
l
+ %61/21”17112(@12 — TfOt)
1 9 o d
= €21 §n2n1m1(|u12\ — |u1]?) + 551/21711”2(/\12 —Ay)
l
+ 5161/2171171/2(@12 — @1)

Next, we will insert the definitions of u12, A12 and ©15 given by (8.19) and (8.21).
Analogously the energy exchange of species 2 towards 1 is

1 d l
Fg,, = V21§TL2?117712(|U21|2 — [ua|?) + 51/21711712(1\21 — o) + 521/21711”2(@21 —03).

Substitute uo; with (8.20) and Ay + %621 from (8.22). This permits to rewrite the
energy exchange as

1
FE1,2 = 6V21§n2n1m1 [((52 — 1)|U1|2 + (1 — 6)2|U2|2 + 2(5(1 — 5)U1 . UQ}

lilo
l1 + 1o

(8.23)

1
+§EV217’L1712 |:(1 - Oé)d(AQ — Al) + (@2 — 91) + 7d|u1 — ’LL2|2:| R

1 m m 2
.FEQ_’1 = 51/217%2711712[ ((]_ — 715(]_ — 6))2 — ]_) |u2|2 —+ (’rn;{:f((s — 1)) ‘ul‘z

mo
1
201 = o1 = 6) 2 e(1 = 8)uy - ua] + —varmana[e(1 — a)d(Ay — As)
ma ma 2
Iyl
e 12 (9, -0, + (eml(l — ) <mlg(5 S D 1) - md) luy — usl?].
1+ 15 ma
(8.24)
Adding these two terms, we see that the total energy is conserved. O

Remark 8.2.1. Since we assumed 7;, = 7;, = 0, we expect no exchange terms of
the form 7;, — 7;, in the momentum equation or a corresponding internal energy
exchange in the energy equation. Furthermore, for this reason, we did not add a
term of the form |7, — 7,,|* in the definitions of the mixture temperatures (8.21).

Remark 8.2.2. The energy flux between the two species is zero if and only if u; = us,
A1 = Ay, ©; = ©5 provided that «,§ < 1 and v > 0.
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8 Application to polyatomic mixtures

From conservation of total energy we get only one condition on As; + %@21 given
by (8.22), but not an explicit formula for Ay; and ©5;. In order to keep the model
symmetric we again separate the temperatures corresponding to the translational
part and the one corresponding to the rotational and vibrational part and choose

A21 = 8(1 — Oé)Al + (1 — 5(1 — Oé))AQ

8.25
+ Faml(l—é) <mls(5—1)+5+1> —m} luy — us?, (825
d mo

L
I+ 1

I
Oy =1(1-— © O. 8.26
21 ( € ) 2+El1+lg 1 ( )

Remark 8.2.3. If I; =I5, we have O, = (01 + ). We then find O = O, if the
two species have the same interspecies collision frequency (¢ = 1).

Remark 8.2.4. The fact that we only consider the two species case is just for simplicity.
We can also extend the model to more than two species, because we assume that we
only have binary interactions. So if we consider collision terms given by

N
Uzznz(Gz_fz)+Zsznj(Glj_f’L)> /é:]-a”'7N7
J#i
we expect that we have conservation of total momentum and total energy in every
interaction of species 7 with species j. This means we require

/ <:2> vijnj(Gij — fi)dv +/ (;é) vjini(Gj; — fj)dv =0,

for every i,j = 1,...N, i # j and so it reduces to the two species case.

8.2.2 Positivity of the temperatures

Theorem 8.2.4. Assume that f,(x,v,m,,t), f2(z,v,m,,t) > 0. Then all temperatures
A1, Ao, ©1, O, A1g, ©15 given by (8.21), and As;, O determined by (8.25), (8.26)
are positive provided that

o<7<”“(1—5)[<1+"“5)5+1—”“€} (8.27)
d mao mo

Proof. The temperatures A1, Ay, ©1,02, A12, ©15 and O, are positive by definition
because they are integrals of positive functions. Thus, the only thing is to check the
temperature Ao; in (8.25). This is done in theorem 2.1.4 for d = 3, so we skip the
proof here. The resulting condition is given by (8.27). O

Remark 8.2.5. Since v > 0 the right-hand side of the inequality in (8.27) must be
non-negative. This condition is equivalent to

m€ 5o (8.28)
1yme =00 ‘
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8.2 Extension to an ES-BGK model

8.2.3 The structure of equilibrium

Theorem 8.2.5 (Equilibrium). Assume f1, fo > 0 and the conditions (8.18), (8.19),
(8.20), (8.21) and (8.22), 6 # 1,a # 1,11,1l5 # 0, the positivity of all temperatures.
Then, if f1 and fo are independent of x and t; f1 and fo are Maxwell distributions with
equal mean velocities uy = ug = u13 = ugy and temperatures Ty ot = Tyot = Tirans =
T5roms = Ay = Ag = ©1 = O3 = O15 = Oz = Ajp = Aoy

Proof. Equilibrium means that fi, fo, A1, A2, ©1, O4 are independent of x and ¢. Thus,
in the situation of equilibrium the right-hand side of the equations (8.17) and (8.11)
have to be zero. From this condition on (8.17) we can deduce

(r11n1 + vi2ne) fi = v11na G1 + vigng Mo, (8.29)
(vo2ma + vo111) fo = V2anaGa + va1ng Mo . (8.30)

Since the right-hand side of (8.17) and the right-hand side of (8.11) have to be zero,
the difference of the right-hand side of (8.17) and the right-hand side of (8.11) has
to be equal to zero. If we compute the translational temperature of this difference,
we obtain

Al =Ty, (8.31)
Aten = Tten, (8.32)

Especially, from the diagonal part of (8.31) and (8.32) we can deduce

A =04, (8.33)
Ay = 5. (8.34)

When we consider the moment of the velocity of (8.29), we get
(v11m1 + vigng)ur = viingug + vighatsa,
which is equivalent to
U = U2, (8.35)

for § # 1. When we consider the moments of the translational and the rotational/
vibrational temperatures of (8.29) and (8.30), we get

(V11n1 + Vlzng)TfTans = (Vunl + Vlgnga)Al + u12n2(1 — a)Ag, (8.36)
ll 12

viini 4 v19me) T = (v11n1 + vigng ———) A1 + viang ——— Ao, 8.37

(r11m1 1212) 1] (r11m1 12 2l1+12) 1 12 2l1+l2 2 ( )

(vaana + vo1n1) T3 = voonals + vani Aoy, (8.38)

(vaoma + vo1n1)T5% = voonoAs + V9111001 (8.39)

To arrive at these equations, we used the definitions of the mixture velocities and
temperatures (8.18), (8.19), (8.20), (8.21) and equations (8.33), (8.34) and (8.35).

171



8 Application to polyatomic mixtures

Using (8.33), (8.34) and (8.35), the temperatures of the mixture Maxwell distribu-
tions (8.21) and (8.25), (8.26) simplify to

l1 Iy
Ao = al 1—a)A = A A .40
12 = a1 + (1 — a)As, O12 A 1+ll+12 2, (8.40)

l1 1
Aoy =e(1 —a)A 1—¢e(1— A Oy =c—FA 1—e—— | As.
o1 = (1 —a)Ar + (1 —e(l—a))Az, On L 1+( Ell+12) 2

(8.41)
Analogue, equations (8.5) simplify to
d—+1; d " I "
A T rans TTO . 2
2 172 T (8.42)
d—+ 1y d ; lo f
A T rans TTO .
9 2= 5 + 5 (8.43)

Inserting (8.36) and (8.37) in (8.42), we obtain

d V11N + ViahoQt 1/12n2(1 — Ct)
— Al
2\ viimg + vigne vi1ng + viang

b _lp
Iy [ vuiin1 +viene o A VigNa 3 o) d+l1A
+ = 1+ 2 | = ——Aq,
2 viiny + vigng vi1ny + Viang

which, provided da + I3

z is equivalent to

A = As. (8.44)

This condition is equivalent to d(1 — «) + ll f # 0 which is satisfied since o #

1,11,1s # 0. With (8.44) we can deduce from (8 36) and (8.37) that

Tirems = Ay and Ty = A;. (8.45)
Condition (8.41) together with (8.44) leads to

Aoy = Og1 = Ay, (8.46)
Inserting (8.44) and (8.46) in (8.38) and (8.39) leads to
Tarens = Tyt = A;.

If we compute the pressure tensor of (8.29) using that all temperatures are equal to
A, we obtain

P N N
(v11n1 + V12n2)n71 = v (1 — fi) A1l + ving i A" + viong Ay 1
1

Using (8.15), (8.31) and (8.45), we have that

d Py Ik

-1 ATotl — Aten Tten
At lom dig T !
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8.2 Extension to an ES-BGK model

and therefore

(r11n1 (1 — fin ﬁ) + V12n2)% = (viim (1 — i ﬁdlk)
which shows that the pressure tensor of f; is diagonal since ji; < 1. Similar for %
using (8.30), (8.32) and (8.45).

So all in all, in equilibrium we get that f; and f, are Maxwell distributions with equal
mean velocities u; = uy = uja = ugy and temperatures T7°! = T30t = Tirans —
T5roms = Ay = Ag = 01 = O3 = O15 = Oy = Ajp = Ay O

+ vi9n9)Ar 1,

Definition 8.2.1. If f; and f, are Maxwell distributions with equal mean velocities
up = up = uj2 = up; and temperatures 7700 = Tyot = Tirans = Tirans — A) =
Ay =01 = 0y = 015 = 031 = A5 = Ay, then we say that f; and f, are in local
equilibrium.

8.2.4 H-Theorem

In this section we will prove that our model admits an entropy with an entropy
inequality. For this, we have to prove an inequality on the term [ In f, (G — fi)dvdn,
coupled with In Gy, times the right-hand side of equation (8.11) and an inequality
On Vi2MN9 f(Mlg — fl) In fldvdml + vo1ny I(Mgl — fQ) In fgd’UdT]lz coupled with In G
times the right-hand side of equation (8.11). We prove the first one in section 8.2.4
and the second one in section 8.2.4.

H-theorem for the one species relaxation term

Remark 8.2.6. From the definition of the moments of f;,k = 1,2 in (8.1) and the
definitions of the extended Maxwell distributions G,k = 1,2 in (8.14), we see
that the pressure tensors and the temperatures do not coincide. Now, we consider
extended Maxwell distributions Gy, k = 1,2 which have the same pressure tensor
and temperatures as fi, k = 1,2. Then from the case of one species ES-BGK model
we know that

/G’k lnékdvdm,c < /f;€ In frdvdn,,,

for k = 1,2, see equations (20) and (21) in [3] in the mono-atomic case. The
polyatomic case is analogous to the mono-atomic case.

Lemma 8.2.6. Assume that fi, fo > 0. As in remark 8.2.6 let G}, be the extended
Maxwell distributions with the same pressure tensor and temperatures as f,k = 1,2
and G the extended Maxwell distribution defined by (8.12). Then we have

/ék In Gpdvdny, < /Gk In Grdvdn,, k=1,2,
/(A?k lnékdvdmk_ > /Gk In Gydon,,, k=1,2,

/Gk lndevdmk 2 /Mk land”UmM k= 172.
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8 Application to polyatomic mixtures

Proof. The proof of the second inequality is analogously to the proof in the mono-
atomic case of equation (21) in [3] So we only prove the first and the third one.

2
. B T
Using that In M, = In( \/7Ad \/Tklk P e
m], ’le ’le
B —1 2
In Gy, = In(——nz Ly —u ([L) (v — ) — 2
* \/det(Qﬂ' ey [Tt )~ al k) i ( ) o T
~ en\ —1 2
_ ng 1 _ 1 . L . — _ Iyl
ln Gk - ln( T}zen 2‘”&% ) 2 (U Uk) ( mp (U Uk) 2 Ty
det(?ﬂ'Tk) \/ ™ mp

1 1 ESy—1 |, |2
nkAES @klk)_imk(v_uk)'(‘/\k ) '(v_uk)_ 2(1;,C 5
\/det(mek—'k) V2w g
we compute the integrals and obtain that the required inequalities are equivalent to
n 1
In( b ;
Tten k', 7‘01
det(27r"'—) o L \/W Lk
me

).

and In Gy, = In(

det(2

o Ak
mp
This is equivalent to the conditions
Indet(T{™) + I In Ty, > Indet Py + I, In T7
(Ap)? > det(AFS). .47

We first look at the first inequality. If we insert the expression for T}, given by (8.9)
and use the concavity of In, we obtain

Ui d
Indet(T{™) +1 In T3 41
n det( )+kd+ln +kd+lk

Now we use the Brunn-Minkowsky inequality (see section 7.5). Since we can write
Tten as
k

InT;r" > Indet Py + I, In Ty (8.48)

d g
Tten* ]P) Totl
T At k+d+l -

we can apply the Brunn-Minkowsky inequality on (8.48) and obtain

Iy Iy, d
1 Tot 1 Tot T trans
ndeth+dd - InT} +lkd+l nTj +lkd+l In Ty

> IndetPy, + I InT; "’t.

d
d+ 1

So it remains to show that
(TEram)d > det Py

This inequality has the same structure as the second inequality in (8.47). So we only
prove the second inequality in (8.47). We observe that Tr(AF) = dAy, so we have

to show 4
ES
(Tr(lzlk )> > det(AS).
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8.2 Extension to an ES-BGK model

Let A1, ..., \q be the eigenvalues of the symmetric positive matrix AF®, then this
inequality is equivalent to

()\1+"'+)\d

d
> Ao A
),

This is true since it is the inequality of arithmetic and geometric means, see theorem
A.1.5 in the appendix. O

Lemma 8.2.7 (H-theorem for one species). Assume fi, fo > 0. Then
/ln fk(Gk — fk)dvd’mk + /ln ék(ék — ék)dvdmk § 07 k= 1,2,

with equality if and only if My, = fi, and Ay, = O, = T°" = T *"=.

Proof. Apply lemma 1.3.12 on both terms of

Si(fr) = /1nfk(Gk — fr)dvdn, —&—/ln@k(ék — Gy)dvdn,, .
Then we obtain

Sk(fk) S /Gk lndevdmk —/fk lnfkdlldmk —/devdmk +/fkdvd77lk

+[/ék lnékdvdmk */ék lnékdvdmk 7/ékdl}dmk +/ékdvdnlk],

with equality if and only if f,, = G} and G}, = G}, from which we can deduce fi, = Mj,
by computing macroscopic quantities of f;, = G and G = Gy. Since fi, Gk, Gi
and Gy, have the same density, we obtain

S(f1)< [ G In Grdvdmy, — [ fi. n fedvdny, +[f Gr In Grdodny, — [ Gy, In Grdvdny, ). (8.49)

According to the second part of lemma 8.2.6, we obtain
S(fr) < /ék lnékd’udmk - /fk In frdvdn,.

Here we have equality if and only if G}, = G}, which means A;, = ©y. Now, using
the first part of lemma 8.2.6 and remark 8.2.6, we can estimate f Gy In Grdvdn,,
by [ fxIn fydvdmn, . So, all in all, we obtain Sy (fx) < 0 with equality if and only if
fk: = Mk; and Ak = @k = T]:,Ot = Térans.

O
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8 Application to polyatomic mixtures

H-theorem for the mixture of polyatomic molecules

Lemma 8.2.8. Assume f1, fo > 0, the relationship between the collision frequencies
(8.4), the conditions for the interspecies Maxwell distributions (8.18), (8.19), (8.20),
(8.21) and (8.22) and the positivity of all temperatures, then

eg lnA12+6 b 1n012+ In Aoy 42 2 ln()21>d€1nA1+ lnA2+ eln©;+ 32 2 In ©,. (850)

Proof. First we consider the part F := g InAqp + % In ©15. We insert the definitions
of A5 and ©1, into E; and use the monotonicity of In to drop the velocity term.
Then we obtain

B > g n(ady + (1 — a)Ay) + 2 l+112@ . ljlz@g.

Now we use that In is concave and get

E; > galn/\l + ;Z(l —a)lnAy + %11 :1_12 In©; + %11 v In ©,. (8.51)
Doing the same with the second part Es := ¢ ln Aoy + I +l e <1,
we obtain

Ey>ge(l—a)In A+ ¢(1—e(l—a)) In Ao+ 2e - Ine,+21- 511+l2)ln®2 (8.52)
Multiplying (8.51) by ¢ and adding (8.52), we get
B+ Ey > galnAl + - d lnAg + h Eln@l + = L2 ln@g,

which is the required inequality. O

Lemma 8.2.9. Assume f1, fo > 0. Assume the relationship between the collision
frequencies (8.4), the conditions for the interspecies Maxwell distributions (8.18), (8.19),
(8.20), (8.21) and (8.22) and the positivity of all temperatures. Then

l/12’rL2/M12 langd’l}d’I]ll +V21ﬂ1/M21 11’1M21dvd’l712

< V127’L2/M1 In Mldvdml + vo1nq /M2 In Mgdvdmz.

2
. _ no 1 _ |v—u12|2 _ |7711|
Proof. Using that In M7, = In =7 = pYST) PSIT
27 mi 2 mi my my
2
In Mo, = In ( n 1 _ lv—u21|? _ Imsl

1 7 iy R
Aoy ¢ ©a1 2 2221 2221
QWW 27rm—2 mo ™o
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8.2 Extension to an ES-BGK model

a2 2 .
v ff:‘ — |7/l(—;§]l , k = 1,2, we compute the integrals

Nk 1
d T
1/271'::1—’; ,/2772—1; 27nk ka

and obtain that the required inequalities are equivalent to

InM; =In

n 1 n 1
eln ! v — | +n 2 7] ;
1 2
N Jomia fome
mi mi ma2 ma
n 1 n 1
<eln ! 7 o + In 2 7 5|
oL oL i o2
mi my ma m2
which is equivalent to the condition proven in lemma 8.2.8. O

Theorem 8.2.10 (H-theorem for mixture). Assume f1, fo > 0. Assume vy1n7 > v12na,
Vaohgy > voiny, @, # 1,111y # 0. Assume the relationship between the collision
frequencies (8.4), the conditions for the interspecies Maxwell distributions (8.18), (8.19),
(8.20), (8.21) and (8.22) and the positivity of all temperatures, then

2
Z[kank /(Gk — fr)In frdodn, + vierng /(Gk — Gi) In Grdvdn, ]
=1

+vi1nq /(é1 — él) lnéldvdml —+ V99M9 /(ég — ég) lnégdvdn12

+v12m9 /(M12 — fi)In fidvdny, + vo1ma /(le — f2)In fodvdm, <0,

with equality if and only if f1 and f> are in local equilibrium (see definition 8.2.1).

Remark 8.2.7. The inequality in the H-theorem is still true if /; = 0 or Iy = 0 which
means that one species is mono-atomic. In this case only the equalities with ©; and
O, respectively in the local equilibrium vanish.

PT'OOf. The fact that vy, ny f(Gk - fk> In fkdvdmk + VN f(ék — ék) In @kdvdmk <
0,k = 1,2 is shown in lemma 8.2.7. In both cases we have equality if and only if
f1 = G1 with A1 = @1 = Tltrans = T{Ot and fg = G2 with A2 = @2 = thTanS = TQTOt.
Let us define

S(fh fg) =rViina /(él — @1) ln aldvdml + 120X /(62 — 62) 1Hé2d’l)d7]12

+vi2n2 /(M12 - fl) In fldvdml + v21m1 /(M21 - f2)1ﬂ f2d0d7712~
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8 Application to polyatomic mixtures

The task is to prove that S(f1, f2) < 0. Consider now S(fi, f2) and apply the
inequality from lemma 1.3.12 to each of the terms in S.

S < l/unl[/él lnéldvdml 7/(771 lnCA}'ldvdm1 +/@1dvdml f/éldvdml]
+V12n2[/ M12 1HM12d'Ud’f]ll —/f1 hlfld’l)dml +/f1dm7—/M12dvdml]
tvarm| [ Maytn Mardodn, — [ oo fadvdn, + [ fodvdn ~ [ Mordody,

+mm#@m@mm—/@m@mm+/@mm—/QMM$

with equality if and only if f; = M1s, fo = Ma, (~¥1 = @1 and 62 = @2. Combining
this with the condition for equality of the single collision term f; = G; with A; =
©; = Tfrans = T7°0 and fo = Gy with Ay = Oy = T§""s = T3°!, we get that we
have equahty if and only if we are in local equlhbrlum (see definition 8.2.1). Since
Gl, G4, f1 and M5 have the same density and Gg, G, M5, and fy have the same
density, too, the right-hand side reduces to

S < ullnl[/ él lnéldvdml - /él lnéldvdml]
+I/12TL2[/ M12 langdvdml _/fl lnfldvdml]

+1/21n1[/ My In ]\4'21d’l)d77l2 — /f2 In fgdvdmz]

—‘1-1/22n2[/ Goln égdvdm2 — /62 lnégdvdmz].
According to the second part of lemma 8.2.6, we obtain

S < V11n1[/ G1In Gydvdn,, — /G1 In Gy dvdn,]
+I/127L2[/ M12 lIl M12d’Ud’I7[1 — /f1 111 fldvdml]
+I/217L1[/ M21 ln Mgldvdn12 — /f2 hl deUdUIQ]

+V22n2[/ Go lnézdvdm2 —/Gg In Godvdny,].
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8.2 Extension to an ES-BGK model

According to lemma 8.2.9, the last part of lemma 8.2.6 and the assumption that
VikNg > VMg, k,j=1,2k 75 j, we get

S < Vunl[/ G11nGydvdn, — /G1 In G1dvdn, ]
+ ulgng[/ G11n Grdvdn,, — /f1 In fydvdny, ]
+ vo1ny [/ G2 In Godudn,, — /f2 In fodvdn,]
+ vgons| / G In Godvdn;, — / G In Godudn,]
< 1/1277,2[/ Giln éldvdml — /f1 In fidvdn,, |

+ 1/21711[/ ég In égdvdnb - /fg In fodvdny,],

which leads to S < 0 using the first part of lemma 8.2.6 and remark 8.2.6.

Define + := L 4th
2k 4y

H(f1, fa) = /(f1 In f1 + 221G In Gy )dvdn;, + /(f2 In fo 4 220Ga In G )dvdn,.

We can compute
OH (f1, f2) + V- /(fl In fi +22.G1 In Gy )vdvdn,

+V, - /(f2 In fo + 220G In Go)vdvdn, = S(f1, f2) + R(f1, fa),

by multiplying the BGK equation for species 1 by In f;, the BGK equation for the
species 2 by In f5, the equations (8.11) by 2z, In G}, and add the integrals with respect
to v and 7, and 7;,, respectively. The remaining term R(fi, f2) can be bounded by
zero from below by an explicit computation assuming that A;, and ©y, are bounded
from below and above and assume that 7;°* > CO,, for an appropriate C' and z,
small enough. The additional estimate 77 rot > C'Oy, helps to indicate how to choose
the initial data of the artificial temperature Oy.

Corollary 8.2.11 (Entropy inequality for mixtures). Assume f1, fa > 0, Ay and Oy,
are bounded from below and above and T}°* > C'©), for an appropriate C' and z;, small
enough. Assume relationship (8.4), the condltlons (8.18), (8.19), (8.20), (8.21) and

(8.22) and the positivity of all temperatures (8.27), then we have the following entropy
inequality
O (H(f1,f2)) + Va - (/ v(filn f1 422G Gy + f2ln f2 4+ 222Gz In éz)dvdmz) <0

with equality if and only if fi and fs are in local equilibrium (see definition 8.2.1).
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8 Application to polyatomic mixtures

Remark 8.2.8. By computing the integrals [ GrIn (A?kdvdmk for k = 1,2, and
J vGy In Gdvdn,,, we see that

at[/ G1In Gydvdn;, + /62 In Gadvdn,] + Vi - [/u(é1 In Gy + Gz In Go)dvdn,] < 0,

is equivalent to

Dy (det(AFF™)O! + det(AL™)OR) + V, - ((det(AL™)O8 + det(AL™)O2)uy) <0

Hence, we could also consider the entropy

2
H(fi, f2) =Y / feIn frdodm, + 21 det(AF™)O8 + 25 det(AL™)O%.
k=1

8.3 Comparison with the ES-BGK model of Andries, Le Tal-
lec, Perlat and Perthame for one species of polyatomic
molecules

We will now consider a different ES-BGK model for a single species ES-BGK model of

polyatomic molecules. In [2], a distribution function f(¢,x, v, I) depending on the

position z € R3, the velocity v € R? and internal energy (I) = I5, I € Rt at time

t is considered. 0 denotes the number of degrees of freedom in internal energy. In

[2], it is assumed that the mass of the particles is equal to 1. In the following, we

assume additionally that kg = 1 in this model. The density p and mean velocity «

are defined as n and u in the model described in the previous section but now the
integration is with respect to v and I instead of v and 7. The energy is defined as

1 1
BGw.0) = [ [Glof? +14)5dedr = Spluf® + pe.

The specific internal energy can be divided into

1 1
etrzf//f\v—uﬁfdvdl,
P 2
Cint = 1 / / 1% fdvdl,
p

and associate with this the corresponding temperatures

349
€ =€t + Eint = TTequa

3
Etr = iTtr»
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Cint = 5 T’int )

2

and define T,..; = 0Tqy + (1 — 6)T},,4. In [2] the following generalized Gaussian for
the single species ES-BGK model is considered

=~ pAs 1 1 . Is
Olf] = =22 exp(—2(—w) T ' (v—u)+ :
/] det(27T) TZ, P ( 2 (v—u) (v—u) Trel)

with the tensor 7 = (1 — 6)((1 — 1)1}, 1 + fi©) + 0T,4, 1 where only the translational
part is replaced by a tensor. © denotes the pressure tensor, As is a constant ensuring
that the integral of G[f] with respect to v and [ is equal to the density p. The convex
combination in @ takes into account that 7}, and T;,,; relax towards the common value
T.qu- In the space-homogeneous case we see that we get the following macroscopic
equations

8tTtr - C(Ttr(l - 0) + aTequ - Tt'r‘) = CG(Tequ - Cthr)a
8tT1',nt = CG(Tequ - Tmt)’

with some coefficient C. These macroscopic equations describe a relaxation of 7},
and T;,,; towards T, q.

In this chapter, we took [14] as basis to extend it to mixtures. The main differences
of the model in [2] and the model in [14] are the following. The model in [2] has
one variable I € R™ for all degrees of freedom in internal energy and the model in
[14] has one variable € RM to each degree of freedom in internal energy. Moreover,
the relaxation of the translational and rotational temperatures to a common value is
done in [2] by introducing a relaxation temperature T;..; and in the model [14] it is
done by the additional relaxation equation (8.11).

8.4 Applications

In this section, we consider two applications of the polyatomic ES-BGK model pre-
sented in section 8.2. First, we apply the Chu reduction on our model in order to
reduce the complexity of this model for numerical purposes. Second, we consider a
gas mixture of one species of mono-atomic and one species of diatomic molecules.

8.4.1 Chu reduction

In the polyatomic setting the distribution functions f; depend on 2d + [}, + 1 inde-
pendent variables. This makes the problem extremely complex from a computational
point of view, due to its high dimensionality. However, it is possible to reduce the
number of dimensions of the distribution function with Chu’s reduction, proposed
in [27]. In the standard BGK model, Chu’s reduction can be applied whenever the
distribution function f; depends only on r < d degrees of freedom in space. Then it
is possible to rewrite the kinetic equation using only r degrees of freedom, also in
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8 Application to polyatomic mixtures

the microscopic velocity space. In order to reduce the complexity of the variables
for rotational and vibrational energy degrees of freedom u4, ..., 1, we apply the
Chu reduction in the polyatomic case. We will apply the reduction to aggregate the
internal energy degrees of freedom. Let us consider the case in which we want to
reduce the M rotational and vibrational degrees of freedom, while the system has
d translational degrees of freedom. It is possible to apply the Chu reduction since
M, -..,M, do not appear in the transport operators on (8.2). We consider the system
of equations

Ocfi +v- Vo fi =viini(Gr — f1) + vigna (M2 — f1),
O fa+v - Vufo =1v2an2(Ge — fo) + varni (Ma1 — fa).

Consider the reduced functions

g1 :/fldnlw g2 :/fzdmz-

Then they satisfy the equations

Og1 + v - Vg = vini (G1 — g1) + V12n2(M12 - 1),
Oiga2 +v - Vego = sznz(éz — g2) + vor1ni (Ma1 — g2),

where C~¥17 (~}’2, ]T/flg and ZT/[;l are given by

Gy :/Gld"?117 M :/M12d77l1,

Gy :/G2d77127 Mo, :/lede-

It is possible to compute the densities

n =//f1dmldv=/gldv,
ng — / / Judn,dv = / gado,

Uy z//vfldmldvz/vgldv,
Us ://vfgdmzdv :/vggdv,

the velocities
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8.4 Applications

the temperatures

1 1
A= *//|U—u1|2f1d7711d%= */\U—U1|291d11
ni ni

1
Ay = — / lv — ug|*gadv,
2

1 1
0 = *//|77l1|2f1d7711d1): */|7711|2h1dv7
ny ny

1
@2 = f/‘7712‘2h2d1),

n2

if we define the reduced functions
hl = / |7711|2f1d7711a h2 = / |7712|2f2d7712’

which solve the equations

Bihy + v - Vahy = viini (Gy — hy) 4 v1ana(Mia — hy),
Ocho +v - Vyhy = 1/22712(51'2 —ha) + V21n1(]T/-f21 — ha),

where él, @2, Mu and Mgl are given by

Gy :/lnh‘QGldnll? M12=/|lel\2M12d77,

62:/|7712|2G2d77l27 M21:/|’I’]12|2M21d77[2.

If we compute ék, Mu, ]\721, ék, Mlg, Mgl for k = 1,2, we get

Gr(z,v,t) = [ —— exp(—mi(v — ) (AF) - (0 = w)),

det(2m—E-)

—~ ny |v — uga]?

MlQ(fL','U,t) = 7dexp <_2A12> s
2 a2 my

— ) |’U — UQ1|2

MQl(fL','U,t) = 7dexp <_2A21> s
271'17;—"’21 me

k=1,2,
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8 Application to polyatomic mixtures

Gl v,1) = —— exp(—mp(v — ug)(AFS) ™" (0 — wp))Op, k= 1,2,
\/det(27rAm’“,c )
e ny |’U 7U12|2
Miz(z,v,t) = ———; exp (2,\12> O12,
e 0
e N9 |’U 7U21|2
Moy (z,v,t) = ——— exp (2/\21> O
,/271'/;—221 ‘my

We are able to compute all the six Maxwell distributions because we can compute all
moments by the previous computation.

8.4.2 A mixture consisting of a mono-atomic and a diatomic gas

We consider now the special case of two species, one species is mono-atomic and
has only translational degrees of freedom I; = 0, the other one is diatomic and
has in addition two rotational degrees of freedom /5 = 2 and both have a general
number of degrees of freedom in translations d € N. In this case the total number of
rotational degrees of freedom is M = l; 4 I, = 2 since in sum we have two possible
rotations. Our variable for the rotational energy degrees of freedom are n € R?,
m, = (0,0)T, m, = n, since n;, coincides with 7 in the components corresponding to
the rotational degrees of freedom of species k and is zero in the other components.
So our distribution function f;(x,v,t) of species 1 depends on z,v and ¢ and our
distribution function fs(z, v, n,t) of species 2 depends on z, v, 7 and ¢. The moments
of f1 are given by

1 ny
v . niuy
/fl (’U) m1|v _ UIP dv =: danfrans )
my(v—u1) ® (v—uy) P,

and the moments of species 2 are given by

1 na
v NnouUo
/fg(v n) " dvdn =: 0
’ malv — ug)? dnyT4rans
m2|77\2 ZQTLQT,:M
ma(v — uz) @ (v — ug) Py

The third equality is an assumption. We could also define a general 77 := [ f2(v, n)ndvdn.
Our model reduces to

O fr +v-Vafi =viini(Gi(f1) — f1) + viene(Maz(f1, f2) — f1),
Orf2 +v - Vafo = vaana(Ga(f2) — f2) + varni (Mo (f1, f2) — f2),
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with the modified Maxwell distributions

n AES\ 71
Gl(m,v,t):ilcxp <71(7j7u1)- ( L ) -(v7u1)>,
\/det(27r7ATfls) 2 m

AES\ 7! 1 2
2(z,v,m, t) = exp 771}7U2)~ 2 ~(v7u2)77M ,
02 ] ma 2 ©Os
det(27r ™o T g
ni2 v — U2
Mia(z,v,t) = ———— exp ,% ,
om iz 217312

my

2
na1 1 exp [v — ua1] ]
d 1 - A o ’
Aol O3 2 oA21 2921
Q/QWTQ ,/ZWW mo mo

M1 (z,v,m,t) =

where
P
AlES ( )TtTans]l +M1 1
ten
APS = (1 — fig) Ao, + fio -

with jir, € R, k = 1,2. For AL we use the additional relaxation equation

~ ~ voong d + 2
0Ga +v -V Gy = 2Z222 7 (Ga — Go) + vaama(Ga — f2) + varni (May — fa).
(8.53)
Here G, is given by
. ns 1 Age")‘l ma|n)?
Go=—————exp| —=(v—1us) - (v —ug) — , , (8.54)
> Jdet@angm) Y < g (v~ u2) ( my (v = u2) 275t
and G is given by
~ ten \ —1 2
Go = e —— s exp <§<vu2>-(TQ ) e -l )
det(27rTfn—2) 277% m2 2
where the components of 7}°" are defined in the following way
d 2
Tiem) =Ty i= ——Ay + ——0O for i=1,...d,
™) 2T A+ T A2t (8.55)
en d . . . . ’
(T2t )zj_d+2(P2)13 for i, =1,...di#j.
We couple this with conservation of internal energy of species 2
d d l l
577,21\2 = gnzTgrans + 52 2T50t - 5271262
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8 Application to polyatomic mixtures

If we multiply (8.53) by |n|?, integrate with respect to v and n and use conservation
of mass, we obtain the following macroscopic equation

1P UP) d + 2

77 d (T3°" — AS™) + vaana (A5 — Po)

OUAE™) + uz - V., (AS™) =

+ vo1n1 (012 — T5°h).
If we assume that
nig =n; and ng; = ny,
u1g = 0ug + (1 — d)ug, 6 € R,
and
Ay = aT{™™ + (1 — a)Ay +|ur —uz?, 0<a<1,y>0,

we have conservation of mass, total momentum and total energy provided that

mi
P— —_— — 1 — 6 — 5
Uzl = U2 m25( )(ug —uq)

l 1
Aoy + 52@21 = |:d&‘m1(1 — 5) (226(6 — 1) + 6+ 1) — €’y:| |u1 — UQ|2
P

+€(1 — a)TltT’ans + (1 — 6(1 — O[))AQ + E@Q

We take into account the symmetry of the both temperatures and choose

A21 = 8(1 - Ol)Al + (1 - E(l - Ol))AQ
1
+ [dsml(l —9) (nmta(é —1)+d6+ 1) - 8’7:| |y — ug?,
©91 = Os.

8.5 A kinetic model leading to an equation of state differ-
ent from the ideal gas law

Let € R3 and v € R? be the phase space variables and ¢t > 0 the time. Let [ the
number of rotational and vibrational degrees of freedom of the gas. Further, € R!
is the variable for the internal energy degrees of freedom.

We consider a distribution function f(x,v,n,t) > 0. Furthermore, we relate the
distribution function to macroscopic quantities by mean-values of f as follows

1 n
v nu
/f(v, n) 7 dvdn =: n i , (8.56)
m "U—’U/|2 3nTtrans
m |n — m|? In T
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8.5 A kinetic model leading to an equation of state different from the ideal gas law

where n is the number density, u the mean velocity and 7"%"* the temperature of the

translation, T7°* the temperature of the rotation and vibration. Note that we write

Ttrans and TT° instead of kT *" and kgT"°!, where kg is Boltzmann’s constant.
We consider the following model

Of+v-Veof =vn(M — f), (8.57)

with the Maxwell distribution

<|v—u|2 n—wP)
o7 T ) (8.58)
g/27r— \/27r7—n 2 i

where T is the total equilibrium temperature and is given by

M(z,v,m,t)

3Ttrans lTrot
T = d—:z' (8.59)

Now, assume that we assume that 7; is fixed and equal to a vector w in R such that
|w|? = 2= for a given constant p.. in the Maxwell distribution in (8.3). Since |w|?

mn

represents the kinetic energy in the rotation and vibration, p., may be related to
the moment of inertia in the case of rotations or the Hook’sches law in the case of
vibrations. In this case, we will obtain an equation of state given by

p = nT + const.

This is shown in the following. The additional constant takes into account an
attractive force between the particles which is neglected in the case of an ideal gas.

Theorem 8.5.1 (Macroscopic equations). Assume f € L (dvdn) decays fast enough
to zero in the v and n variables and is a solution to (8.57) in the sense of distributions.
If in addition f coincides with the Maxwell distribution M given by (8.58), it satisfies
the following local macroscopic conservation laws.

on+ Vi(nu) =0
O(mnu) + V, (nT) + V- (mnu® u) =0,

m o 3+ 5+1 mooo\
5‘t<2n|u| +— T>+VgC ((2 nT +poo |u | +Vy <2n\u| u)fo.

Proof. If we integrate the equation (8.57) with respect to v and n and use f = M,
we get:

/Bthvdn + /v - VaMdvdn = 0.
If we formally exchange integration and derivatives, we obtain

8t/Mdvdn+Vx-/devdn:O.
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8 Application to polyatomic mixtures

This is equivalent to
On + V- (nu) =0,

since we have

and

2 2
n v—u 1 —w
/Mvdvdn:/v 3exp< 22' )dv/lexp<|172T>dn
\/2n L m \/27r% m

= nu.

Multiplying the equation (8.57) by mu, integrating it with respect to v and 7 and
using f = M, leads to

m/v@thvdn + m/v v - VyMdvdn = 0.
We formally exchange derivative and integration and obtain
m Oy (nu) + V- /mv ® vMdvdn = 0.
We can compute

—ul? 1 —wl?
/'U@UMdUd'f]:/'U®U n 3 eXp —‘U Tul dU/ 7 €Xp _‘77 Tw‘ dn
\/%71 25 \/ﬁ 2

m
m

T
=nu@u-+n—,
m
so the second term turns into
Vi (nT) 4+ V- (mnu @ u).
So all in all, we get
O(mnu) + Vz(nT) + Vg - (mnu @ u) = 0.

Multiplying the equation (8.57) by Z(|v|? + |n|?), integrating it with respect to v and
n and using f = M, leads to

% /(|u|2 + |n|*)0; Mdvdn + % /(|u|2 +[n*)v - Vo Mduvdny = 0.
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We formally exchange derivative and integration and obtain

3+1

since we have

mn|u|? N 3 T4 mn|w|? n l
-n -n
2 2 2 2
mnlul®>  3+1
= —— T+ poo,
9 + 2 ni +p

T

m / (Iof? + [nf>) Mdvdy

where p.. is a constant, so its time derivative vanishes. Last, we compute

m/v(|v|2+|77|2)Mdvd77: /|v|2devdn+/\n|2devdn
- (”;”|u|2 + ;nT> u
n v — ul? 1 —wl?
+/v73 exp <—| 5T | )dv/|n2lexp (_772T|> dn
,/277% m 1/27‘(% m

5 !
= (T;n|u|2 + 2nT) u+ <2nT —|—poo> u

and obtain

l l
Oy (n;nu|2 + 3—2|_nT> +V,- {(Tr;nhf + 5%nT —l—poo) u} =0.

8.6 Existence, uniqueness and positivity of solutions

In this section we want to give some remarks to the existence, uniqueness and
positivity of mild solutions in the case of polyatomic molecules.

8.6.1 Existence and uniqueness for the single polyatomic BGK model

First of all, we want to consider the polyatomic BGK model in the case of one species.
So we consider the case when k£ = 1 in section 8.1. That means we have only
one species and in the following we omit the index k. The proof of existence and
uniqueness of non-negative solutions for polyatomic molecules is analogous to the
proof of existence and uniqueness for mono-atomic molecules. So we just sketch
the main differences in the proof compared to the mono-atomic case. We start with
the definition of mild solutions in the polyatomic BGK case for one species. We
assume that the collision frequency v is equal to a constant ~ as in the existence and
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8 Application to polyatomic mixtures

uniqueness proof in the mono-atomic case and denote the position space by A, in
order to avoid confusion with the rotational and vibrational temperature A.

We observe that equation (8.6) for one species has not the same structure as
equation (8.2) for one species. In equation (8.2), we only have the Maxwell distribu-
tion M on the right-hand side after absorbing f into the left-hand side with the trick
described in section 4.1.1. This leads to the mild formulation as in definition 4.2.1
for one species, where we have only M in the integral. Whereas, in equation (8.6),
we also have an f on the right-hand side which we can not absorb into the left-hand
side. What we do is the following. We define g = (1 — 2,.)M — f. Then g satisfies

g +v-Vag = 20[(1 — 2, )M — g],

and then we consider the following mild formulation.
Definition 8.6.1. We call f, M with (1 + |[v]* + |n|?)f, M € L'(dv), f, M > 0 a mild
solution to (8.2), (8.6) under the conditions for the collision frequencies (4.11) if
and only if f satisfies
t
f(z,v,m,t) = e~ W Oz — tv,v,m) + e~ *® / UM (z + (s — t)v,v,mn, s)e"‘(s)ds7
0
t — -
g(z,v,n,t) = e gz — vt,v,n) + e~ / Uz (1 — 2) M (2 + (s — t)v, 0,7, 5)e%*)ds,
0
where « is given by
a(z,v,t) =vt and &=zt

and

In order to prove existence and uniqueness, we have the following inequalities
for n, u,7 and T given by (8.9).

Remark 8.6.1. In the polyatomic case for one species we define ¢ = (v,n), £ = (u,7)
and N,(f) = sup; [£|?f. Then we have the following estimates which correspond to
the estimates (4.1) in theorem 4.3.1, (4i.1) in theorem 4.3.2, (¢4i.1) in theorem 4.3.4
and (iv.1) in consequences 4.3.5.

1L1D* —2 < CNo(f),
()2

q—

GLD* n(T + |ul +[7]2) "2 < CyN,(f), for g > d+1+2,

ng i+

(iii. 1) * < CuN,(f), forg>1.
rsigmm . = Callall), fora

(iv1)* sup |€[9M(f) < CyN,(f) for ¢ > N +2 or g = 0.

These estimates can be proven analogously to the estimates (i.1), (ii.1), (¢ii.1) and
(#v.1) in the mono-atomic case using ¢ instead of v.
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8.6 Existence, uniqueness and positivity of solutions

Concerning the integration we also replace v by ¢ and consider the L'-norm with
the weight (1 + |¢[*)dédz = (1 + |v|? + |n|?)dvdndz in the following. Furthermore, in
the mono-atomic case we proved existence and uniqueness of mild solutions under
the assumptions 4.3.1. In the polyatomic case we also assume assumptions 1 to 7 in
4.3.1 with the new L'—norm and we make the following new assumptions.

Assumption 8.6.1. In the polyatomic case we make the following additional assump-
tions:

1.-7. We assume 1 to 7 in 4.3.1 with the L' —norm with the weight (1 + |¢]?).

8. Additional initial values ©°, A° which satisfy condition (8.5) and are integrable
with respect to the space variable z € A.,,.

9. Assume that the relaxation parameter in front of (M — M) in (8.6) is constant
and non-negative.

10. Assume (1 —z,) > c>0foraceR.

With this additional assumptions we obtain the following theorem in the poly-
atomic case for one species

Theorem 8.6.1. Under the assumptions 8.6.1 and the definitions (8.1) and (8.9), there

exists a unique non-negative mild solution f € C(R*; L((1 + |v|*)dvdz)) of the initial

value problem (8.2) for one species. Moreover, for all t > 0 the following bounds hold:
u(t)], T(t), Nq(f)(t) < A(t) < o0,

n(t) > Coe " > 0,

T(t) = B(t) > 0,

for k = 1,2 and some constants A(t), B(t).

Proof. The proof is analogue to the proof of theorem 4.3.6. We describe only the
main differences.

Step 1: As in the mono-atomic case we conclude that since f is a mild solution
according to the definition 8.6.1. Then we have

t
Ny(f) §A0+/0 Cstglp|§|qM(:r,§7s)ds.

Then we use that M is also part of the solution according to definition 8.6.1. So we
take ¢ from definition 8.6.1 and estimate g from below by ¢M. Then we use the mild
formulation for g given by the definition 8.6.1, and obtain the following inequality
for M

M(z,v,m,t) <

ol

[e= M g% (2 — vt,v,1)

t — ~
+ e~ / Vzn(1 — 2)M(x + (s — t)v, v, 1, 5)e*ds].
0
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8 Application to polyatomic mixtures

We put this inequality into the previous equation. Then we can use (iv.1)* and
conclude as in step 1 of the mono-atomic case

Ny(f)(t) < Age,
forq > N +2orq=0.

Step 2-4: Step 2-4 can be proven analogously to the mono-atomic case.

Step 5: Here we prove Lipschitz continuity of the operator f — M (f) when f
is restricted to the set

Q={feL* (AXRXRY;(1+]€]?)dedz) | £>0,N, (f)<A,min(n,T,n,0,A, Trot, Tirans)>C}. (8.60)

The proof of the Lipschitz continuity of M [f] differs from the Lipschitz continuity of
M in the mono-atomic case only in the fact that we will get terms with the global
equilibrium temperature 7 instead of the single temperature 7¢"%"%%  Nevertheless,
since we have estimates of the equilibrium temperature 7" in remark 8.6.1 the proof
is very similar to the mono-atomic case.

Step 6: We consider the sequence {(f*, ©% A¥)} given by mild solutions to
Ouf* + - Vo f* = p(MEH2 ),
8tgk71|k72 +u- vxgkfukfz _ Zrﬁ[(l _ ZT)]\’Zkﬂ _ gk71|k72]7
d — l — d rans l T0
i’nAk 1 + in@k 2 = §nT;§,2 + inkaQ,
[?=1(0),0"=6(0), k=2

where the meaning of the notation k£ — 1|k — 2 is the following. We take the value
of ©%=2 but all the other functions have the index k — 1. For fixed k we obtain
inhomogeneous transport equations from which we know existence of unique mild
solutions in the periodic setting.

In the proof of the Cauchy sequence we obtain analogously as in the mono-atomic
case the following estimate

1™ = 7 Hlpr a2y dean)
se™ /t P M2 () — M3 (8) | (1412 deda) 5,
0
from the first equation of (8.2) and
M2 = MR e e

t
< efct/o e IM2(s) = M) 11 ((141¢2)dedn) 45,

from the second equation of (8.2). In the second estimate we use Lipschitz continuity

of M and combine both estimates. The rest is analogously to the mono-atomic
case. O
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8.6 Existence, uniqueness and positivity of solutions

Remark 8.6.2 (Existence and uniqueness for the mixture BGK model for polyatomic
molecules). The proof of existence and uniqueness for the single polyatomic BGK
model can be extended for mixtures in an analogous way as in the case of mono-
atomic BGK model.

8.6.2 Positivity of solutions

Theorem 8.6.2. Let (fi, f2) be a mild solution to (8.2) - (8.22) under the modified
assumptions for existence and uniqueness described in the previous section with positive
initial data. Then the solution is positive meaning f1, fo > 0.

Proof. The proof is exactly the same as in the case of the BGK model for mixtures,
see section 4.4. O

193






Chapter 9

Convergence to dissipative incompress-
ible Euler equations for two species

In chapter 7 we derived formally a hydrodynamic limit which will lead to the com-
pressible Navier-Stokes equations for two species. But this derivation was formal, we
did not prove convergence. To prove convergence to hydrodynamic limits from ki-
netic equations is a recent area of research. In the case of one species Saint-Raymond
proved the convergence to hydrodynamic limits of the BGK model for one species
to the incompressible Euler equations in [77] and the incompressible Navier-Stokes
equations in [78]. As far as we know, there is no result in the case of gas mixtures. In
this chapter we extend the limit to the incompressible Euler equations for one species
in [77] to the model described in chapter 2 in the case of gas mixtures.

9.1 The BGK approximation

We repeat the model from chapter 2 for the convenience of the reader. For simplicity
in the following we consider a mixture composed of two different species. Thus,
our kinetic model has two distribution functions f;(z,v,t) > 0 and fa(x,v,t) > 0
where x € R? and v € R? are the phase space variables and ¢ > 0 the time. For any
fl,fg A X R3 X ]Rg_ — ]R, AC R3 with (1 + |U|2)f1, (1 + |U|2)f2 € Ll(d’U),fl,fg Z 0
we relate the distribution functions to macroscopic quantities by mean-values of fy,
k=12

1 ng
/fk(v) v dv=: | npur |, k=12, 9.1)
my|v — ugl? 3ng T

where ny, is the number density, u; the mean velocity and 7} the temperature of
species k, k = 1, 2. Note that in this chapter we shall write T}, instead of kgT},, where
kg is Boltzmann’s constant.

We are interested in a BGK approximation of the interaction terms. Then the
model can be written as:

Oufr +v-Vufi = viini(My — f1) + vigne(Miz — f1),
Orfa +v - Vyfo=vaana(Ma — f2) + varni(Ma1 — fa),
At =0)=f7,
fa(t =0) = f3,

(9.2)
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9 Convergence to dissipative incompressible Euler equations for two species

with the Maxwell distributions

_ 2
Mk(z,v,t):%exp —% , k=12
o7 L 2E
my
ni2 v — U12|2
M12($7’U7t) = 3 exp | — 2& 5 (93)
27-‘-& my
my
n21 |U - U21|2
Moy (z,v,t) = ——exp | ———w |
2 L1 e

ma

where v11n1 and vqon4 are the collision frequencies of the particles of each species
with itself, while v15n5 and 911, are related to interspecies collisions. To be flexible
in choosing the relationship between the collision frequencies, we now assume the
relationship

V12 = €V91, 0<e<1. (94)

The restriction on ¢ is without loss of generality. If ¢ > 1, exchange the notation 1
and 2 and choose ! as new . In addition, we assume that all collision frequencies
are positive. In order to ensure existence and uniqueness of solutions we assume the
following restrictions on our collision frequencies

Vg
nk(x?t) + le(.]?,t)’

vz, t) = k,j=1,2 (9.5)
with constants ,1711’ ’5127 ’1;21, Ugo > 0.

With this choice of the Maxwell distributions M; and M, with the same densi-
ties, velocities and internal energies as f; and f,, respectively, we guarantee the
conservation of mass, momentum and energy in interactions of one species with
itself. The remaining parameters nis, no1, 12, 21, T12 and To; will be determined
using conservation of total momentum and energy, together with some symmetry
considerations.

If we assume that

Nig = N1 and Nno1 = Ng, (96)

we have conservation of the number of particles. If we further assume that w5 is a
linear combination of «; and us

U2 = 5U1 + (1 - 6)’[1,2, ) € R, (97)
then we have conservation of total momentum provided that

Ust = Uz — %5(1 — §)(us — uy), (9.8)

and Ty and T5; given by (2.10) and (2.11).
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9.2 From the BGK equation for gas mixtures to incompressible dissipative Euler

9.2 From the BGK equation for gas mixtures to incompress-
ible dissipative Euler
First, we need some definitions concerning the equilibrium distribution and the

entropy.

Definition 9.2.1. We denote a Maxwell distribution with mass m;, zero mean
velocity and temperature 1 by

_ 1 |v|?
My(v) = ———5 exp (_mkv| ) , k=12
1 2

27 ——
mp
For simplicity, we assume that both M; and M, have density 1, but it also would
be possible to choose different constant densities here.

Definition 9.2.2 (Relative entropy). Let f, f’ be two distribution functions. Then,
we define the relative entropy of f and f’ by

H(f1f") //fln — f+ f'ldvdv  for &> 0,

and the local relative entropy of f and f’ by

A(fIf) = > /[fln%—erf]dv for &> 0.

Note that this is a more general definition of the relative entropy as in section 6.2.1.
This definition coincides with the definition in section 6.2.1 if the two distribution
functions have the same density and if we choose ¢ = 1.

In the following we denote by M, the Maxwell distributions with the same
moments as the moments of a distribution function f.

Theorem 9.2.1. Let ¢ > 1, T > 0 and u},u} € L?* N L>=(R3) be two vector fields
with V. - uy = V, - uf = 0. Let (g1'°), (¢2°) be two families of functions bounded in
L?(R3 x R3, dw M (v)dv) and L?(R3 x R3, dzMs(v)dv), respectively, such that

o 1+¢egb0>0,1+¢eg>°>0foreverye >0, (x,v) € R® x R3,
o H (My(1+4egr®)|MX0) — 0, H.(M(1 + £g2°)|M2°) — 0 for e — 0,

where M1°, M2 are local Maxwell distributions with mass my, density 1, mean velocity
eu and su?, respectively, and temperature 1. Let (f§, f§) be a solution to

€0 ff +v-Vauff 2 (Mys = f§) + ra(e) (M5, — f1)
edifs +v-Vaufs =5 (My *f5)+'f2(5)(M21 f3),
fi(0,,0) =M, (1+€97 (z,v)),
f5(0,2,v) = My(1 +eg2°(x,v)).
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9 Convergence to dissipative incompressible Euler equations for two species

Then, in the limit e — 0, the part of L [ ffvdv and L [ fSvdv which is divergence-
free, converge in C°([0,T], D'(R?)) to a solution of the dissipative incompressible Euler
equations for mixtures. We call two functions uy,us € L>(R*; L2(R3)) N CO(R*, w —
L?(R3)) with divergence zero a solution to the dissipative incompressible Euler equations
if for all test functions wy,ws € C°([0,T] x R?) such that V,, - wy = V, - wy = 0 and
forallt € [0, T] we have the inequalities

/|w1 — 1|z, t)dx < /|w1 — ua|(z, 0)dzelo CIX (D)o
t

72/ ef:CHX<w1><s)Hoods/E(wl).(ul — wy)dadr
0

t
_2/ efo’Cl|X(zm>(s>||ocols/C(u2 — ) - widwdr,
o

/|w2 — up|?(z, t)dx < /|w2 — up|(z, O)d:pefot Ol1X (w2)(s)|ocds
_z/t ef:cHX<w2><smoods/E(w) (un — wy)dadr
0
Q/Ot o7 2||X(wz><s>||mds/C(u1 — uy) - wndadr,
if k(e)(1—6(e)) = L + O(e), and
/|w1 —uy|?(z, t)dx < /|w1 — u1|(x,0)dxef0t ClIX (w1)()lloods

t
_2/ ef: CHX(wl)(S)HOOdS /E('LU]) . (ul — wl)dxdT’
0

/|w2 — u2|2(x,t)dac < /|w2 - uﬂ(:r,O)dxef(; ClIX (w2)(s)lloods
9 /Ot o CIIX (w2)(8)] | ds /E(w2) - (up — ws)dadr.
if k(e)(1 —d(e)) = O(g), where the matrix X (w) is given by
Xij(wr) = %(8ziw1,j + 0 w1,),

the dissipation is given by
E(wk) = Oywy, + P(wk . wak)7 k=1,2 9.9

with the Leray projection P on the divergence-free part (see appendix A.3 for the
existence), and corresponding equations for the second species. § is the parameter in
(9.7). We allow a dependence of ¢ on ¢ here.

198



9.3 Motivation of the dissipative incompressible Euler equations

The notation w — L?(R?) is explained in the appendix A.3. The non-negativity of
the terms 1 + eg'%, 1 + 92 in the assumptions is to ensure non-negativity of the
initial data which leads to non-negative solutions for all later times.

The considered system of equations in this theorem is a non-dimensionalized
version of the model presented in chapter 2. It is derived in the case of electrons
and ions in section 6.1.4. The meaning of the system obtained in the limit will be
motivated in the next section.

9.3 Motivation of the dissipative incompressible Euler equa-
tions

We want to start with a motivation of the inequality in theorem 9.2.1 in the case of

one species. This motivation is also given in [8]. Let w(z,t) be a divergence-free

test function and E given by E(w) = d;w + P(w - V,w). Then for any smooth
divergence-free solution u(z,t) of the Euler equations one has

Ou+ V- (u®u)+ Vep =0,
Ow+ V- (w@w) + Vyp = E(w).

If we subtract the second equation from the first one and multiply the result by
(u — w), we obtain

dju — w|?

7 +2u—w)-S(w) - (u—w)=2Ew)- (u—w),

with S(w) = 1(V,w + (V,w)”). Duhamel’s formula leads to

lu — w)? < els 2@ Dllds |4y (0) — 1(0)[2

Y (9.10)
+ 2/ els 2AS@GNocd™ ) () - (u — w)(s)ds.
0

Definition 9.3.1. We callu € L™ (R™; L?(R?))NC%(R*; w— L?(R?)) with divergence
zero a dissipative solution of the incompressible Euler equations if (9.10) holds for
any smooth divergence-free vector field w € C2°([0,T] x R3) for almost all ¢ € [0, 7).

We have the following properties of dissipative solutions:
Theorem 9.3.1.

i) Any classical solution u of the incompressible Euler equations is a dissipative
solution.

ii) Every dissipative solution satisfies the energy inequality

Ju(t)]* < [u(0)[.
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9 Convergence to dissipative incompressible Euler equations for two species

iii) If w is a classical solution to the incompressible Euler equations and u is a dissipative
solution of the incompressible Euler equations, then

[u(t) = w(t)|? < elo 2NN u(0) — w(0)[*,

Proof. i) is a direct consequence by the construction. We get ii) if we consider w = 0
as classical solution. iii) follows from the fact that if w is a classical solution then
E(w) =0. O

The meaning of the theorem is the following. Property i) shows a relationship
between classical and dissipative solutions. Property i) motivates the notation of
dissipative solutions. The kinetic energy of such a solution is dissipative. Property
1i1) states that if there exists a classical solution to the Euler equations then every
dissipative solution with the same initial data coincides with this classical solution.

Now, we consider the two species case. Consider the functions uy, w1, us, ws :
R? x [0, T] — R which satisfy the equations

Oru1+Va-(u1®@u1)+Vep1=Ci(uz—u1),
Orw1+Vz (w1 ®@w1)+Vaep1=C1 (w2 —w1)+E(w1 ) —C1 (w2 —w1)+Y1 (u1,uz2,w1), 9.11)
8f,uQ+VT'(u2®u2)+VT,p2=Cz(u1—uz),

Orw2+V - (w2 @w2)+Vepe=Cs (w1 —w2)+E(w2) —C2 (w1 —w2)+Y2 (uz2,u1,ws),

where Y; is a vector orthogonal to w; and not orthogonal to u;. C; is given by

(ulyjﬁ If wy is parallel to uy, set Yy = 0and C; = 1. If u; = us or u; = 0 set
C; =0.

Similar for the second species. Y5 is a vector orthogonal to w» and not orthogonal
to ug. Cy is given by (LLY27“2 If wq is parallel to us, set Yo = 0 and Cy = 1. If

2—UL) U2
u; = ug Or ug = 0 set Cy = ()) We want to derive similar inequalities as in the one
species case. We show it only for species 1, the other species is analogue to the
derivation of the first one.
If we multiply the first two equations of equations (9.11) by u; — w; and subtract
the second equation from the first one, we obtain

Oluy — w1 |* + 2(u; — wy) - X(w1) - (ug — wy)
= 201(’(1,2 - ’U,l) . (Ul - ’U.)l) - 201(’(1)2 - ’Ll}l) . (U1 - ’U)l) - 2E(U)1) . (’ll,l — wl)
+ 201(102 — ’LUl) . (U1 — wl) — 2Y1(U1,U2,1U1) . (u1 — ’LUl).
Due to the properties of Y3, we have Y; - w; =0 and Y7 - u; = Cy(u1 — ug) - u1 and
obtain
8t|u1 - w1|2 + 2(u1 - wl) . X(wl) . (Ul — wl)
= —201(U2 — Ul) cWwp — 201(102 — wl) . (u1 - ’LU1)
— 2E(U)1) . (u1 — wl) + 201(71]2 — wl) . (’U,l — wl).
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9.3 Motivation of the dissipative incompressible Euler equations

According to Duhamel’s formula, we obtain the following inequality
/|w1 —uy|*(z, t)dz < /|w1 - u1|(x,O)dxeﬁQ”X(wl)(s)”mds
_9 /Ot o 201X (w1)(5) o ds /E(wl) (ur — wi)dwdr (9.12)
_ 2/; o 201X (wn)(8) e ds /CI(W — ) - widwdr.
If we do the same for the second species, we obtain
/|w2 — up|?(z, t)dx < /|w2 - uQ|(x,O)d:vefotQHX(“’Z)(S)”‘”dS
-2 /Ot e 7 21X (w2)(9)]locds /E(wg) (ug — wo)dzdr  (9.13)

t
_ 2/ o) 201X (w2)(5) o ds /Cz(ul ) - wodadr.
0

For the second case in theorem 9.2.1 consider the equations

Opu, + V- (ug, ® ug) + Vpi, = 0,
atwk+V~(wk®wk)+Vpk:E(wk), k=12,

and derive inequalities in the same way as in the previous case. We extend the
notion of dissipative solutions analogously as in definition 9.3.1. We observe that the
different choice of the dependence on ¢ is reflected in the appearance of an exchange
term between the two species. In the first case, we obtain equations where we have
an exchange term of momentum. In the second case, there is no exchange term of
the momentum. Then, in the case of mixtures we observe the following properties of
dissipative solutions.

Theorem 9.3.2.

i) Any classical solution satisfies the derived inequality for dissipative incompressible
Euler.

ii) We have
lug())? < Jur ()], k=1,2,

which describes the dissipation of the kinetic energy.

iii) Let w1, wy be classical solutions of the incompressible Euler equations with exchange
terms C1(u1 — ug) and Co(ug — uy) with Cy = Cs for conservation of momentum.
Then uy = wy and us = wo if the initial values of u; and wy and the initial values
of us and wsq coincide.
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9 Convergence to dissipative incompressible Euler equations for two species

Proof. i) is again true by construction. If we take w; = we = 0, we obtain ii).
We prove iii) in the following way. If w; and w, are classical solutions to the
incompressible Euler equations with opposite exchange terms (C; = C5), then

E(wy) — Ci(we —wy) + Y1 (u1,uz, w1) =0,

(9.19)
E(wy) — Ci (w1 — wa) + Ya(ug, ur, we) = 0.

From the inequalities (9.12) and (9.13), we obtain by using (9.14) and the properties
of Y7 and Ys.

/|w1 — w1 [*(x, t)da < /|w1 — s |(z, 0)dwelo 21X w2 (2)llocds

t
—2/ elr 2”X(w1)(s)”°°ds/01(u1 —ug + wy —wr) - (ug —wy)dadr.
0

/|w2 — ug[*(x, t)da < _/|w2 — s (, 0)daelo 21X (w2) (2]l

t
—2/ elr 21X (w2)(3)llecds / Ci(ug — w1 +wy — wa) - (ug — wo)dxdr.
0
We estimate e/ 21X (@) ($)lleds o[ 21X (w2)(s)llds from below by 1 if the integrand

is positive and by max{e/r 2/1X(w)(©)llecds ¢[72]1X (w2)(s)llds} from above if the inte-
grand is negative. The two integrands have the same sign, since we have

(ug — w1 +wy — wa) - (uz — w2) = |ug — wa|* + (w1 — 1) - (ug — wo),
(u1 — U + W2 —wl) . (u1 — wl) = |U1 —’LU1|2 + (UJQ — UQ) . (Ul —wl).

So we denote the common estimate of e/ 21X (W) (s)lleeds and e/7 211X (w2)(s)llds by
C<°™ and add both inequalities

/|u)1 —uy|*(z, t)dx + / |wy — ug|?(z, t)da
< / o — ] (2, 0)daeds HIX @) @llcds | / (s — (2, 0)daels 21X (w2)(3)llowds
t
— 2/ C"(up — ug +wg —wy) + (g — wy — ug + we)dadr
0
= / lwy — uy|(z, ())dggefff 20X (w1)($)loods 4 / lwa — us|(x, ())dxefff 2[|X (w2)(s) [ oo ds
t
- 2/ C™uy — ug + wy — wy|*dadr.
0
This is equivalent to
t
/\w1 — | (z, t)dx + / lwa — uz|? (x,t)dx + 2/ /CCD"L|uz —uy 4 we — wi|*dedr
0

< /|w1 —u1|(x,0)da:ef32"X<w1><~*>“°°ds+/|w2 — g |(x, 0)dzeld X (@) (3)lloods
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9.4 Estimates on the entropy and entropy dissipation for gas mixtures

Now, if u; and uy have the same initial data as w; and ws, respectively, this leads to
t
/|w1 —u1|?(z, t)dz + / |wg — uz|?(z, t)dz + 2/ /Ccom\u2 —uy + we — wi|2dzdr <0,
0

which leads to w; = u; and ws = us. So for the same initial data, the solutions
coincide. O

9.4 Estimates on the entropy and entropy dissipation for
gas mixtures

Lemma 9.4.1. Define D.(ff) = == [ [(Mye — fk)ln( )da:dv With the re-

quirements of theorem 9.2.1, (H_(f§|My))e, (H:(f5|My))e, (Do(£5))e, (D<(f5)) are
uniformly bounded in L>°(R™) and L'(R™), respectively. Especially, in the limit ¢ — 0,
(g1)e, (g2)c defined by f{ = My(1+ egl), f5 = Ma(1 + eg?) are relatively compact in
w— L} (dtdz;w — LY((1 4 [v]?)dv)).

An explanation of the notation w — L}, .(dtdz;w — L'((1 + |v|?)dv)) can be found
in appendix A.3.

Proof. For the time derivative of the entropy, we get in the weak sense

H(f|My) = [ /(f1h<f1) ferMl)dv}

1 _
== atfl 111( > + 04 fT — O fT + Or My )dv

()
:—7/0 Vofi ln(

""<51(5)E /M12 f1)In

Vaos L o) a
(i )

= 7f/1) Vafs ln(f1 >dv+D15 1) +D125(f1’f2)
=: ——/v Vafi 1 (fl )d + DI (ST, £5)-

Now we integrate this equation with respect to x and ¢. Using appropriate boundary
conditions in z, we see with integration by parts and Gaufd’s theorem that the first
term on the right-hand side vanishes and we obtain

t
HL(F2130) + / DI (S, £2)ds < Ho (W (1 + egM0) 3, ),
0
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9 Convergence to dissipative incompressible Euler equations for two species

with DI (f2, f2) = [ D{7(f}, f2)dz. In the same way, we can also show this
inequality for the second species

t
HLP2IN) + [ DR (1L, 2)ds < HL(Ta(1 +2g2°)|2).
0
Taking the sum of both, we obtain

HL(fM ML) + Ho(f2|35) + /0 (DY (f1, f2) + D (fL, 12))ds

< H (My(1+egb°)|My) + Ho(Mo(1 + £g2°)|My).

(9.15)

According to the proof of lemma 2.1 in [77] H.(M;(1 + g>°)|M;) and

H_.(M3(1 + £g*°)|My) are bounded by a term just depending on
H.(Mi(1+egt®)|M20) and H.(Ma(1 + eg2°)| M), respectively. Therefore they
are uniformly bounded in L°°(R™) due to the assumptions on the initial data. By
definition, we have H.(f{|M;) > 0 and H.(f§| M) > 0. Due to the H-theorem for
mixtures, we also know that Dy .(f§, f§) > 0, Do (f, f5) > 0and (D12 (f, f5) +
D21 .(f5, f5)) > 0. Here, the entropy dissipations without a bar are defined in the
same way as D{?’ via integration with respect to 2 over the entropy dissipation
with a bar. Therefore, we can deduce from (9.15), that H.(f{|M;) and H.(f5|Mz)
are uniformly bounded in L>°(R"), and D, .(f5, f§) and Do .(f5, f5) are uniformly
bounded in L'(RT). So we proved the first statement of the theorem. The proof of
the second statement is the same as in [77], lemma 2.1. The idea is to prove that
(g2(1 + |v]?))e, (92(1 + |v|?))e are equi-integrable and conclude that it is relatively
compact in the weak topology with the theorem of Dunford-Pettis. For the definition
of equi-integrability and the theorem of Dunford-Pettis see appendix A.4. The
equi-integrability is shown in [77] in the following way. Let h* be the Legendre
transformation of i : z — (1 + z)In(1 + z) — z, see appendix A.2. Then one obtains
with Young’s inequality from appendix A.2

1
4

1

2 < k _
4(1—i— |v] )) + Ezh(sgg), ceRk=1,2.

1 2 k<£h* €
(L +loP)lgtl < Sh* (=

From the Taylor series one can see that A* : p — eP — p — 1 has the property that
h*(Ap) < A2h*(p) for X small enough, see appendix A.2. This leads to

1 1 1 «Q
(1 2 k <l Z1 2 et 2).
T+ P < 20 (304 10P)) + Shle)

One can show that the integral of % with respect to (z,v) is bounded by a

constant, see the proof of lemma 2.1 in [77]. Then, if we multiply the inequality
by My, integrate with respect to 2 such that [ [ [ 1gMdvdzdt < 2. Then choose

c = §, one obtains
// /(1 + |v?)|gF | My dvdzdt < K6,
Q

forall e < 4. O
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9.4 Estimates on the entropy and entropy dissipation for gas mixtures

Remark 9.4.1. The sum of the entropies is also uniformly bounded. Therefore it
exists a convergent subsequence for the sum. Therefore we can find a common
sequence going to zero for both single entropies.

Lemma 9.4.2. Let wy, wy be two vector fields on R? x [0, T] with V,-w; = V- wy = 0
and MX*1, M¥*? Maxwell distributions with mass my, density 1, velocity ew; and sws,
respectively, and temperature 1. With the requirements of theorem 9.2.1, there exist
w1, m2 : R3 x [0, 7] — R such that

He(fF|ME)(t) = He(My(1 + g2 %) [ M2)

<_7///v_€w1 ) - Vaws fi(z,v,s)dzdvds

B 7/ //(E(wl) + Vom)(s,x) - (v —ewi(x,9)) f{ (x,v, s)dzdvds

/ /ple 1-6 _ul) wldxdsa

H(f5|1M22)(t) — He(Ma(1 +eg2®)[ M)

///U76w2 -Vews f3(s,x,v)dedvds

a 7/ //(E(wg) + Vama)(x,s) - (v — ewi(x, 8)) f5 (x, v, s)drdvds

/ /pgg (1 =6)(u] — ui) - wadxds.
0

Proof. We prove only the estimate for species 1, the other one is the same exchanging
the indices 1 and 2.
The H-theorem leads to a decrease of the total entropy

H(ff|My) + H(f5|Mz) < HE(My (14 eg2®)|My) + H2(My(1 + eg2°)|Ma),
or, since H.(f{|My), H.(f5|Mz) > 0,
H(ff|My) < HE(My(1+ gl ®)|[My) + HZ (Ma(1 4 eg2°)|My).

A calculation shows
€ w1y €11 1 € Ml 1 wq ~
Ho(f{|MXY) = H.(f{|My) + = filn 2T ) dedv + = (MX* — NMy)dzdv

:Ha(fﬂMl)JrE%//ffln (A%Jl)dmdv

since Mt and M, have the same density. We can compute the second term on the
right-hand side and obtain

//f1 (M“’1>d dv—7//ff(52w%—2&:v~w1)dxdv.
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9 Convergence to dissipative incompressible Euler equations for two species

Then after differentiating and integrating in time, we use
H.(ff|My) < Ho(ff(0)|M,(0))
and get

He(ffIM2Y) — He(M1(1 + g2 %) | M21(0)) < <o 2/ ds//fl (£2w? — 20 - ew; )daduds
252/ //8Sf1 uf 2w d"”d”d‘***/ //flas 2wl — 2v - ewy)dzdvds
= ?a/o //(—g Vo ff + Eq%(Mff — [5) + r1(e) (M, — ) (2w — 20 - ewr )dadvds
;t/;//ff(ewl — ) - Jpwr dzdvds
:_ﬁ/ot//vvsz(ﬁw%—zv-awl)dxdvds+?lefot//fle(gwl _ o). Bywydadvds
*%E:) /Ot//(Mf2 — f£)2v - ewr daduds,

since fi, My: and M7, have the same density. In the third term we carry out the
integration with respect to v and use the expressions (9.1) and (9.7). So, all in all,
we obtain

He(f2IM) = He(My,(1 + eg2”) | M2 (0))

<——/ //v—awl lefdxdvds

,/ //fsl (ewy — ) - (Oywy + wy - Vywi)drdvds

— k1(e / /pls 1—0)(u§ —uj) - widzds.

According to the Leray projection (see appendix A.3), it exists a m; such that

wy - Vywy — Plwy - Vewy) = V.
By using the definition of F given by (9.9) we obtain the result. O
Lemma 9.4.3. Let w1, wy be smooth vector fields on R x [0, T with V,-w; = V. -wy =

0 and MX**, M> Maxwell distributions with mass my, density 1, velocity ew; and ws,
respectively and temperature 1. With the requirements of theorem 9.2.1, we have

1
= //(U —cw) - Vowy fi(z,v,t)dzdy

< O X (wr) (#)]] oo gy He (F5 M) () + &7 || X (w1) (1) | ow 23y DE () (1)
+ O T || X (w1) (1) 1 o),
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9.5 Proof of theorem 9.2.1 for mixtures

1
5—2//(11 —ews) - Vyws fi(z,v,t)dzdv

< CJIX (w2) (£)]] poe sy He (F M2 (8) + €7 || X (w2) (8] 1o 3y D2 (f5) (2)
+ CT || X (wa) ()] 11 s

Proof. By a computation one can relate the term (v — cwy,) - wg, k = 1,2 with X (wy,).
This is done in the end of the proof of lemma 3.1 in [77]. Then the estimate is proven
in [77], lemma 4.1. O

Lemma 9.4.4. Let wi,wo be smooth vector fields on R® x [0,T] with V, - w; =
V. - we = 0. With the requirements of theorem 9.2.1, there exist (&), with €, — 0
and uy,us € L= (R, L2(R3)) with V,, - u; = V - ug = 0 such that

Ei //[&wl +wy - Vyw](z,t) - (v — eqwi(t,x)) i (2, v, t)dzdv,

and
1
67),

//[Btwg + wsa - Vyws](z,t) - (v — eqwe(x,t)) f5" (z,v,t)dzdv,
converge in L}, (RT) weakly to
/[atwl + wy - Vow](z,t) - [ur — wi](z, t)de,

respective

/[&wg + wo - Vyws](z,t) - [ug — wa](z, t)dx.
Proof. The proof is given in [77], lemma 4.2. O

9.5 Proof of theorem 9.2.1 for mixtures

Let w; be a smooth vector field on R? x [0, T] with V,, - w; = 0. According to the
proof of lemma 9.4.2, we have

_ 1
HL(FE M) (1) = Ho(FE100) + 5 / / FE(e2w? — 2wy - v)dwdo,
Using the ansatz ff = M;(1 + eg!), we obtain
_ 1
HL(FF M) = H57 1) + 5 [ wd o, t)da

1 (9.16)
+ 3 //Mlg;(x,v,t)wl - (ews (z,t) — 2v)dvdzx.
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9 Convergence to dissipative incompressible Euler equations for two species

According to lemma 9.4.1 H.(f{|M;) is uniformly bounded in L°°([0, T]) and there-
fore with (9.16) we get that H.(ff|M**) is also uniformly bounded in L>° ([0, T)).
Since L'([0,7]) is separable, we can apply the theorem of Banach-Alaoglu (see
appendix A.4) and obtain that there exists a sequence &, — 0 and a function
H"* € L*([0,T]) such that

H. (f{r|M2) — H" in L*>([0,T]) weak*.
According to lemma 9.4.2, we have

Ho(fTIM)(8) — He (f7]M)(0)

< 82/ //vfswl -Vywy fi(z,v,s)dzdvds

— 7/ //(E(wl) + V.m)(z,8) - (v —ewy(x,8)) f5 (z,v, s)dxdvds

/ /plg (1=0)(ug —uj) - wide.

According to lemma 9.4.3, we get

He(fT|ME)(t) — He(fT[M)(0) < C/O [1X (w1)(8)[| Loe (rs) He (FT M) (s)ds
+€%1/0 (11X (w) (8)]| L= o) D2 (£7)(5) + ClIX (w1)(5)]| 22 (roy s

1 / t / / (E(w1) + Vor)(z,5) - (v — cwi (z, 8)) 5 (z, v, s)dzdvds

/ /p1s 1—0)(u§ —uj) - widzds.

According to lemma 9.4.4, it exists a subsequence ¢,, — 0 such that in the limit

8 (0) = 1 (0) < C [ 1K () (6) o ™ (5)ds

- /0/ /[&gwl + wy - Vyw](t, x) - [ug —wi](x, s)dads

~ {o if k(e)(1—0d(e)
I3 [ pi(uz —w) - wndads  if k(e)(1—8(e)) =

O(e)
+ O(e).

o = ||
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9.5 Proof of theorem 9.2.1 for mixtures

Analogue to the proof of theorem 1 in [77], we conclude using Gronwall’s inequality
and relating the difference of the entropy to the difference of the velocities |u; (z,t) —
w1 (z,t)|. See the proof of theorem 1 in [77] for details.

/ s (1) — w1 (a,1)2da < / b () — w1 (2, 0)Bdleds @O poe nyr

t
- / el C||X(“’1)(T)||L°O<R3>dT/E(w1)(:c,s) [ur —wn](z, s)deds
0

t
_ / oI CIX ()| e sy § O 0o
0 fpl(uQ—ul) ~w1dx

depending on ¢ and k. If we choose

1
r(e)(1 =d(e)) = — +0(e),
then in the limit we obtain an exchange term for the velocities. If
k(€)(1=4d(e)) = O(e),

there is no exchange term. Similar for species 2.
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Appendix A

A.1 Elementary equalities and inequalities

We start with an equality for computing a double cross product. It can be found in
section 5.2 in Fischer [42].

Theorem A.1.1 (Grassmann’s identity). Let a,b, c be three vectors in R3. Then we
have
ax(bxc)=(a-c)b—(a-b)e.

We continue with some inequality used in this thesis. The first inequality is
Holder’s inequality. The proof can be found for example in theorem 4.4 in volume 2
of [33].

Theorem A.1.2 (Hélder’s inequality). Assume 1 < p,q < oo, % + % = 1andlet U be

an open subset of R™. Let us, : U — R™T be a strictly positive probability density on U.
Then if u € LP(uoodz), v € L (usodx), we have

/ fuvlucedz < [[ul] oo o 10| L.
U

The next inequality is the inequality of Gronwall. The proof can be found for
example in theorem 6.21 in Eck, Garcke, Knabner [38].

Theorem A.1.3 (Gronwall’s inequality). Let a > 0, h,® € C°([0,a],R). Let h >
0,8 € R and assume

(t) < B+ /Ot ®(s)h(s)ds,
forallt € [0,a]. Then we have
B(t) < Belo M,
forallt € [0, al.

The next inequality is an inequality which relates the norm of a probability density
to an entropy.

Theorem A.1.4 (Ciszar-Kullback inequality). Let Q C R% and uo, : Q@ — R be a
strictly positive probability density on ). Assume that ¢ : RT™ — R is a smooth and
strictly convex function with ¢"'(1) > ¢ > 0 for all 0 < x < 1. For the relative entropy

functional
Hylu) := /QQS (u:) Uood,
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the following inequality holds
[l — usc| |1 (2) < O(Holu] — Hylusc])?,
for all probability densities u € P ().

Proof. The proof is given in Matthes, [66]. For the convenience of the reader we
want to repeat it here. Since ¢ is assumed to be smooth, we can write the Taylor
expansion of ¢ as

8(5) = o1) + 6/~ 1)+ 11—,

for s > 0 and 7 between s and 1. Since ¢ is convex with ¢”(z) > 2¢ > 0 for all
x € [0, 1], we obtain

¢(s) — ¢(1) = ¢/ (1)(s — 1) +c(1 = 5)*Lcny,

for all s > 0. Since uq,(x)dz defines a probability measure on €2, we have

Holul = Hylux] = | (¢> (;;) - ¢(1>) vd

2
> ¢'(1) /Q(u — Uso)dT + c/< (161; — 1) Uoo dT.

The integral [,(u — us)dx vanishes because udx and u..dx are both probability
measures meaning the integrals of both functions are 1. So (A.1) reduces to

2
(“ - 1) Yool (A.2)

Uoco

(A1)

Hylu] — Hyluod] > /

U<Uoo

Another consequence for probability measures is that

||U*Uoo||L1(Q):2/ Iu—uoo|dz:2/ um'ul
U<Uoo U<Uoo Uoo

" 2 3
<2 / < — 1> UsodT | .
U<Uso Uoo

The last inequaltity uses the Holder inequality for the functions \/uos and /e |- —
1]. A combination of (A.2) and (A.3) leads to the result.

dzx

(A.3)

The next inequality is the inequality of the arithmetic and geometric means. It
can be found for example in example 11.30 in volume 1 of Denk, Racke[33].

Theorem A.1.5 (Inequality of arithmetic and geometric means). For any list of n

non-negative real numbers 1, xo, ..., Ty, we have
T+ T+ -+
n 2 n T1-Xg - Ty,
n
and with equality if and only if x1 = 25 = - -+ = @,
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A.2 Transforms

A.2 Transforms

In this section we want to repeat the most important things on Fourier and Laplace
transform. We start with the definition of the Fourier transform.

Definition A.2.1. For any f € L'(R"), we call the function F f : R” — C with

1
B \/27rn R™

(zx)e ™ *dr, weR",

Ff(w):

the Fourier transform of f.

This definition and the following property of the Fourier transform are given in
definition 23.2 and remark 23.4 in volume 2 of Denk, Racke [33].

Theorem A.2.1 (Plancherel). We have

(f,9) r2mny = (Ff, Fg)r2@®n)

forall f,g € L?>(R™). Especially, we have

IFfll2 = 1f]]2
forall f € L*>(R").

Now, we give an overview on the Laplace transform. This overview is also given
in chapter 8 in Blatter [19]. We consider functions f : R — C with the properties

i) f(t)=0ift <O.
ii) It exists o € R and ¢ > 0 such that

|f(t)] < Ce® for teR.

iii) f is integrable.

We denote the space of functions f with this properties by F and introduce the
variable s = x + 7y.

Definition A.2.2. We define the Laplace transform L for a function f € E in the
right half-plane by

Lf(s) = /OOO f(t)estdt for Re(s) > ay.

Lemma A.2.2. Let f € E, then Lf is well-defined in P := {s|Re(s) > oy} and we
have
lim Lf(s)=0.

Re(s)—oo
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Proof. The proof is given in [19]. For the convenience of the reader, we want to
repeat it here. Consider a point so = z + iy € P. Since z > ay, there exist a <
and C such that

[f(t)] < Ce.

Therefore
(B = [f(B)]e" < Celemsol,

Since o — zg < 0, the function f(t)e™%! is exponentially decreasing and the existence
of Lf(s¢) is ensured and we have

C

1'()—0[’

|Lf(s0)] s/ Celomm0)tg =
0

and therefore
lim Lf(s)=0.

Re(s)—oo

O

The last transform we want to mention is the Legendre transform. We present the
construction of the Legendre transform presented in chapter 14 C in Arnold [5] and
some properties presented in section 3.1 in Saint-Raymond [78].

Definition A.2.3 (Legendre transform). Let h(z) be a strictly convex twice differ-
entiable function. Then the Legendre transform of % is a new function ~2* of a new
variable p which is constructed in the following way. Let p be a given number. Con-
sider the straight line y = px in © — y—space. We take the point at which the curve
belonging to the graph of i has the largest distance from the straight line in the
vertical direction. The vertical distance is given by

H(p,z) = pz — h(z).

For each p the function A has a maximum with respect to z at z(p) since h is convex.
The point z(p) is defined by the extremal condition

oOH

E(pa Z) = 07

which is equivalent to h/(z) = p. Since h is convex, the point z(p) is unique. Now
define

h*(p) = H(p, z(p))-
We call this function h* Legendre transform.

Lemma A.2.3 (Young’s inequality). Let h*(p) the Legendre transform of a convex twice
differentiable function h(z), then we have

pz < h*(p) + h(z)

for all p and .
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Proof. Since h*(p) is defined as the maximum of the function H (p, z) = pz — h(z) in
z(p), we have
pz — h(z) < h*(p)

for all p and z. O

Example A.2.1. Consider the function h(z) = (1+z) In(1+2) — z. Then the Legendre
transform of h* is given by h*(p) = eP — p — 1. Furthermore, h and h* in this example
satisfy

h*(\p) < A2h*(p) forall p>0,\€]0,1], (A4
h(|z|]) < h(z) forall z> —1, (A5)
plz| < AR*(p) + %h(z) forall p>0,2>-1,x€ (0,1]. (A.6)

Proof. This example is presented in [78]. Consider the function
H(p,z)=pz—h(z)=pz—(z+ 1) In(l +2) + z.
Then the maximum is determined by

0OH

which is equivalent to z = eP — 1. Therefore h* is given by

h*(p) = H(p,2(p)) = €” —p— 1.
Then (A.4) follows from the Taylor expansion of 4* in the following way

— (Ap)F o= P
p)=e —Ap—1= — =X\ (p
(Ap) =e p 2 ,;k

for A € (0,1]. The inequality (A.5) follows from the Taylor expansion of & for z > —1.
The inequality (A.6) can be deduced using (A.4), (A.5) and Young’s inequality

1 1 1 1
* - > —p* = > = .
NI () + 5 1(2) 2 $h*O) + 1 h(J2]) = 5 Al

A.3 Functional spaces

In this section we present some definitions from the area of functional analysis. We
define some functional spaces, also presented in the appendix A of Bardos, Golse and
Levermore [7], and the projection onto divergence-free functions, also presented in
Majda, Bertozzi and Ogawa [65].
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Definition A.3.1. Let E be a normed linear space with norm || - ||z and dual space
E*. With w — E we denote the space E equipped with its weak topology which is the
coarsest topology on E for which each of the linear forms v — (w;u) g~ g for w € E*
is continuous.

Definition A.3.2. Let X be a locally compact topological space and F a normed
linear space. Then C°(X;w — E) denotes the space of continuous functions from X
to w — E which is the set of functions u for which x — (w; u(x)) g+ g is in C°(X) for
each w € E*.

Definition A.3.3. Let X be a locally compact topological space and F a normed
linear space. Then L}, (X;w — E) denotes the space of L}, functions from X to
w — E which is the set of functions u for which z — (w;u(z))g- g isin L}, .(X) for
each w € E*.

Theorem A.3.1 (Leray projection). Every vector field v in the Sobolev space
H™(RY;R%), m € Ny has the unique orthogonal projection

v=w+ Vo,

with w,V¢ € H™(RYN;R?). The operator P which projects on the divergence-free
functions Pv = w is called the Leray projection.

Proof. The proof is similar to the proof of the existence of the Hodge decomposition
in L2(RY) N C>(RY). One can deduce that ¢ has to satisfy a Poisson equation,
construct the unique solution and compute w as w = v — V¢, see Proposition 1.16
and lemma 3.6 in [65]. O

A.4 Compactness arguments in the weak and weak™* topol-
ogy

In this section, we present the theorem of Banach-Alaoglu, the notion of equi-
integrability and the theorem of Dunford-Pettis. This is taken from Bell [10].

Theorem A.4.1 (Banach-Alaoglu). Let E be a normed space and E* its dual space with
the operator norm. Then the set Bg- = {T € E*,||T|| < 1} is compact in the weak*
topology. Furthermore, if E is a separable Banach space, then any bounded sequence in
E* has a weak* converging subsequence.

Definition A.4.1 (Equi-integrability). Let (X, Y, 1) be a probability space and let 7
be a subset of L!(y). We say that F is equi-integrable if for every e > 0 there is some
0 > 0 such that for any A € ¥ with u(A) <d and forall f € F

/ |fldp <e.

Theorem A.4.2 (Dunford-Pettis). Suppose that (X, X, u) is a probability space and
that F is a bounded subset of L'(u). Then F is equi-integrable if and only if F is a
relatively compact subset of L' (1) in the weak topology.
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This book deals with the kinetic modelling of gas
mixtures. It extends the existing literature in
mathematics for one species of gas to the case of
gas mixtures. This is more realistic in applications.
The presented model for gas mixtures is proven to
be consistent meaning it satisfies the conservation
laws, it admits an entropy and an equilibrium state.
Furthermore, we can guarantee the existence,
uniqueness and positivity of solutions. Moreover,
the model is used for different applications, for
example in plasma physics, for fluids with a small
deviation from equilibrium and in the case of
polyatomic gases.
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