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KINETIC THEORY OF PLASMAS: TRANSLATIONAL ENERGY

BENJAMIN GRAILLE, THIERRY E. MAGIN*, AND MARC MASSOT

ABSTRACT. In the present contribution, we derive from kinetic theory a unified
fluid model for multicomponent plasmas by accounting for the electromagnetic
field influence. We deal with a possible thermal nonequilibrium of the transla-
tional energy of the particles, neglecting their internal energy and the reactive
collisions. Given the strong disparity of mass between the electrons and heavy
particles, such as molecules, atoms, and ions, we conduct a dimensional anal-
ysis of the Boltzmann equation and introduce a scaling based on the square
root of the ratio of the electron mass to a characteristic heavy-particle mass.
We then generalize the Chapman-Enskog method, emphasizing the role of a
multiscale perturbation parameter on the collisional operator, the streaming
operator, and the collisional invariants of the Boltzmann equation. The system
is examined at successive orders of approximation, each of which corresponding
to a physical time scale. The multicomponent Navier-Stokes regime is reached
for the heavy particles, which follow a hyperbolic scaling, and is coupled to
first order drift-diffusion equations for the electrons, which follow a parabolic
scaling. The transport coefficients are then calculated in terms of bracket op-
erators whose mathematical structure allows for positivity properties to be
determined. They exhibit an anisotropic behavior when the magnetic field is
strong enough. We also give a complete description of the Kolesnikov effect,
i.e., the crossed contributions to the mass and energy transport fluxes coupling
the electrons and heavy particles. Finally, the first and second principles of
thermodynamics are proved to be satisfied by deriving a total energy equation
and an entropy equation. Moreover, the system of equations is shown to be
conservative and the purely convective system hyperbolic, thus leading to a
well defined structure.

1. INTRODUCTION

Plasmas are ionized gas mixtures, either magnetized or not, that have many
practical applications. For instance, lightning is a well-known natural plasma and
has been studied for many years [E] A second application is encountered in hyper-
sonic flows; when a spacecraft enters into a planetary atmosphere at hypervelocity,
the gas temperature and pressure strongly rise through a shock wave, consequently,
dissociation and ionization of the gas particles occur in the shock layer. Hypersonic
flow conditions are reproduced in dedicated wind-tunnels such as plasmatrons, arc-
jet facilities, and shock-tubes [@, @, @] A third example was found about two
decades ago, when large-scale electrical discharges were discovered in the meso-
sphere and lower ionosphere above large thunderstorms; these plasmas are now
commonly referred to as sprites [E, @] Fourth, discharges at atmospheric pressure
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have received renewed attention in recent years due to their ability to enhance the
reactivity of a variety of gas flows for applications ranging from surface treatment
to flame stabilization and ignition (see [i3, 4, b0, f3] and references cited therein).
Fifth, Hall thrusters are being developed to replace chemical systems for many on-
orbit propulsion tasks on communications and exploration spacecraft [ﬂ, E] Finally,
two important applications of magnetized plasmas are the laboratory thermonuclear
fusion [ﬁ, @] and the magnetic reconnection phenomenom in astrophysics [@]

Depending on the magnitude of the ratio of the reference particle mean free path
to the system characteristic length (Knudsen number), two different approaches are
generally followed to describe the transport of mass, momentum, and energy in a
plasma [E] either a particle approach at high values of the Knudsen number (solu-
tion to the Boltzmann equation using Monte Carlo methods), or a fluid approach
at low values (solution to macroscopic conservation equations by means of com-
putational fluid dynamics methods). In this work, we study plasmas that can be
described by a fluid approach, thus encompassing most of the above-mentioned
applications. In this case, kinetic theory can be used to obtain the governing con-
servation equations and transport fluxes of plasmas. Hence, closure of the problem
is realized at the microscopic level by determining from experimental measurements
either the potentials of interaction between the gas particles, or the cross-sections.

A complete model of plasmas shall allow for the following physical phenomena
to be described

Thermal non equilibrium of the translational energy,
Influence of the electromagnetic field,

Occurrence of reactive collisions,

Excitation of internal degrees of freedom.

So far, no such unified model has been derived by means of kinetic theory. Besides, a
derivation of the mathematical structure of the conservation equations also appears
to be crucial in the design of the associated numerical methods. Based on our
previous work, we investigate in the present study the thermal nonequilibrium of the
translational energy [@] and the influence of the magnetic field [@] We generalize
the Chapman-Enskog method within the context of a dimensional analysis of the
Boltzmann equation, emphasizing the role of a multiscale perturbation parameter
on the collisional operator, the streaming operator, and the collisional invariants of
the Boltzmann equation. Then, we obtain macroscopic equations eventually leading
to a sound entropy structure. Moreover, the system of equations is shown to be
conservative and the purely convective system hyperbolic. Let us now describe in
more detail how these issues are currently addressed in the literature.

First, a multiscale analysis is essential to resolve the Boltzmann equation govern-
ing the velocity distribution functions. We recall that a fluid can be described in the
continuum limit provided that the Knudsen number is small. Besides, in the case
of plasmas, a thermal nonequilibrium may occur between the velocity distribution
functions of the electrons and heavy particles (atoms, molecules, and ions), given
the strong disparity of mass between both types of species. Ergo, the square root of
the ratio of the electron mass to a characteristic heavy-particle mass represents an
additional small parameter to be accounted for in the derivation of an asymptotic
solution to the Boltzmann equation. Literature abounds with expressions of the
scaling for the perturbative solution method. For instance, significant results are

given in references , E, @, @, E] Yet, Petit and Darrozes [@] have suggested
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that the only sound scaling is obtained by means of a dimensional analysis of the
Boltzmann equation. Subsequently, Degond and Lucquin , @] have established
a formal theory of epochal relaxation based on such a scaling. In their study, the
mean velocity of the electrons is shown to vanish in an inertial frame. Moreover, the
heavy-particle diffusive fluxes were scarcely dealt with since their work is restricted
to a single type of heavy particles, and thus no multicomponent diffusion was to be
found; in such a simplified context, the details of the interaction between the heavy
particles and electrons degenerate and the positivity of the entropy production is
straightforward. We will establish a theory based on a multiscale analysis for a
multicomponent plasma (which includes the single heavy-particle case) where the
mean electron velocity is the mean heavy-particle velocity in absence of external
forces. As an alternative, Magin and Degrez [@] have also proposed a model for a
multicomponent plasma based on a hydrodynamic referential. They have applied
a multiscale analysis to the derivation of the multicomponent transport fluxes and
coefficients. However, the proposed treatment of the collision operators is heuris-
tic. Moreover, since the hydrodynamic velocity is used to define the referential
instead of the mean heavy-particle velocity, the Chapman-Enskog method requires
a transfer of lower order terms in the integral equation for the electron perturbation
function to ensure mass conservation. Finally, we also emphasize that the develop-
ment of models for plasmas in thermal equilibrium shall always be obtained as a
particular case of the general theory.

Second, the magnetic field induces anisotropic transport fluxes when the elec-
tron collision frequency is lower than the electron cyclotron frequency of gyration
around the magnetic lines. Braginskii ] has studied the case of fully ionized
plasmas composed of one single ion species. Recently, Bobrova et al. have gener-
alized the previous work to multicomponent plasmas. However, the scaling used
in both contributions does not comply with a dimensional analysis of the Boltz-
mann equation. Lucquin [, @} has investigated magnetized plasmas in the latter
framework. Nevertheless, the same limitation is found for the diffusive fluxes as in
reference [@, @] Finally, Giovangigli and Graille [@} have studied the Enskog ex-
pansion of magnetized plasmas and obtained macroscopic equations together with
expressions of transport fluxes and coefficients. Unfortunately, the difference of
mass between the electrons and heavy particles is not accounted for in their work.

Third, plasmas are strongly reactive gas mixtures. The kinetic mechanism com-
prises numerous reactions [@] dissociation of molecules by electron and heavy-
particle impact, three body recombination, ionization by electron and heavy-particle
impact, associative ionization, dissociative recombination, radical reactions, charge
exchange. .. Giovangigli and Massot [@] have derived a formal theory of chemi-
cally reacting flows for the case of neutral gases. Subsequently, Giovangigli and
Graille [@] have studied the case of ionized gases. We recall that their scaling
does not take into account the mass disparity between electrons and heavy parti-
cles. Besides, in chemical equilibrium situations, a long-standing theoretical debate
in the literature deals with nonuniqueness of the two-temperature Saha equation.
Recently, Giordano and Capitelli [E] have emphasized the importance of the phys-
ical constraints imposed on the system by using a thermodynamic approach. A
derivation based on kinetic theory should further improve the understanding of the
problem. Choquet and Lucquin [E] have already studied the case of ionization
reactions by electron impact.
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Fourth, molecules rotate and vibrate, and moreover, the electronic energy lev-
els of atoms and molecules are excited. Generally, the rotational energy mode
is considered to be fully excited above a few Kelvins. In a plasma environment,
the vibrational and electronic energy modes are also significantly excited. The de-
tailed treatment of the internal degrees of freedom is however beyond the scope of
the present contribution where we will only tackle the translational energy in the
context of thermal nonequilibrium. The reader is thus referred to the specialized
literature [@, , @]

Fifth, the development of numerical methods to solve conservation equations re-
lies on the identification of their intrinsic mathematical structure. For instance, the
system of conservation equations of mass, momentum, and energy is found to be
nonconservative for thermal nonequilibrium ionized gases. Therefore, this formula-
tion is not suitable for numerical approximations of discontinuous solutions. Coquel
and Marmignon have derived a well-posed conservative formulation based on a
phenomenological approach. Nevertheless, their derivation is not consistent with a
scaling issued from a dimensional analysis. We will show that kinetic theory, based
on first principles, naturally allows for an adequate mathematical structure to be
obtained, as opposed to the phenomenological approach.

In this work, we propose to derive the multicomponent plasma conservation
equations of mass, momentum, and energy, as well as the expressions of the as-
sociated multicomponent transport fluxes and coefficients. The multicomponent
Navier-Stokes regime is reached for the heavy particles, which follow a hyperbolic
scaling, and is coupled to first order drift-diffusion equations for the electrons, which
follow a parabolic scaling. We deal here with first-order equations, thus one order
beyond the expansion commonly investigated for the electrons in the literature.
The derivation relies on kinetic theory and is based on the ansatz that the particles
constitutive of the plasma are inert and only possess translational degrees of free-
dom. The electromagnetic field influence is accounted for. In Section E, we express
the Boltzmann equation in a noninertial reference frame. We show that the mean
heavy-particle velocity is a suitable choice for the referential velocity. This step is
essential to establish a formalism where the electrons follow the bulk movement of
the plasma. Then, we define the reference quantities of the system in order to derive
the scaling of the Boltzmann equation from a dimensional analysis. The multiscale
aspect occurs in both the streaming operator and collision operator of the Boltz-
mann equation. Consequently, Section E is devoted to the scaling of the partial
collision operators between unlike particles. Besides, we determine the space of
collisional invariants associated with respectively the electrons and the heavy par-
ticles. In Section @, we resort to a Chapman-Enskog method to derive macroscopic
conservation equations. The system is examined at successive orders of approxima-
tion, each of which corresponding to a physical time scale. For that purpose, scalar
products and linearized collision operators are introduced. The global expressions
of the macroscopic fluid equations are then provided up to Navier-Stokes equations
for the heavy particles and first-order drift-diffusion equations for the electrons. We
also prove that our choice of referential is essential in order to reach this expansion
level. In Section E, we establish the formal existence and uniqueness of a solution
to the Boltzmann equation. The multicomponent transport coefficients are then
calculated in terms of bracket operators whose mathematical structure allows for
the sign of the transport coefficients to be determined; in particular, the Kolesnikov



KINETIC THEORY OF PLASMAS: TRANSLATIONAL ENERGY 5

effect, or the crossed contributions to the mass and energy transport fluxes coupling
the electrons and heavy particles. The explicit expressions of the transport coef-
ficients can be obtained by means of a Galerkin spectral method [@] disregarded
in the present contribution. Finally in Section E, the first and second principles
of thermodynamics are proved to be satisfied by deriving a total energy equation
and an entropy equation. Then, we establish, from a fluid standpoint, a conser-
vative formulation of the system of macroscopic equations. We also identify the
mathematical structure of the purely convective system. Hence, we demonstrate
that kinetic theory shall be used as a guideline in the derivation of the macroscopic
conservation equations as well as in the design of the associated numerical methods.
Beyond the obvious interest of such a study from the point of view of the ap-
plications and design of numerical schemes, the present contribution also yields a
formal kinetic theory of mixtures of separate masses, where the light species obey a
parabolic scaling whereas the heavy species obey a hyperbolic scaling. The original
treatment of the two different scalings for fluid flows was first provided by Bardos
et al. [ﬂ] In their study, the purely hyperbolic scaling yields the compressible gas
dynamics equations, whereas the purely parabolic scaling leads to the low Mach
number limit. These scalings are quite classical and both of them can be used for
various asymptotics such as the Vlasov-Navier-Stokes equations in different regimes
investigated by Goudon et al. [@, @] Yet, a rigourous derivation of a set of macro-
scopic equations in the situation where the hyperbolic and parabolic scalings are
entangled in the same problem is an original result obtained in the present work.

2. BOLTZMANN EQUATION

2.1. Assumptions.

(1) Our plasma is described by the kinetic theory of gases based on classical
mechanics, provided that: a) The mean distance between the gas particles
1/(n°)/3 is larger than the thermal de Broglie wavelength, where n° is a
reference number density, b) The square of the ratio of the electron thermal
speed V0 to the speed of light is small.

(2) The reactive collisions and particle internal energy are not accounted for.

(3) The particle interactions are modeled as binary encounters by means of
a Boltzmann collision operator, provided that: a) The gas is sufficiently
dilute, i.e., the mean distance between the gas particles 1/(n°)!/3 is larger
than the particle interaction distance (¢°)!/2, where ¢ is a reference dif-
ferential cross-section common to all species, b) The plasma parameter,
quantity proportional to the number of electrons in a sphere of radius equal
to the Debye length, is supposed to be large. Hence, multiple charged par-
ticle interactions are treated as equivalent binary collisions by means of a
Coulomb potential screened at the Debye length , @]

(4) A plasma is composed of electrons and a multicomponent mixture of heavy
particles (atoms, molecules, and ions). The ratio of the electron mass mg

e
to a characteristic heavy-particle mass m} is such that the nondimensional

number & = \/mY/m} is small.

(5) The number of Mach, defined as a reference hydrodynamic velocity divided
by the heavy-particle thermal speed M}, = v°/V), is supposed to be of the
order of one.
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(6) The macroscopic time scale tV is assumed to be comparable with the heavy-
particle kinetic time scale ¢ divided by €. The macroscopic length scale is
based on a reference convective length L0 = v9¢9.

(7) The reference electrical and thermal energies of the system are of the same
order of magnitude.

The mean free path [° and macroscopic length scale L allow for the Knudsen
number to be defined Kn = [°/L°. Tt will be shown that this quantity is small,
provided that assumptions ([])-(f) are satisfied. Therefore, a continuous description
of the system is deemed to be possible.

2.2. Inertial frame. The choice of an adequate referential will prove to be essential
in the following multiscale analysis. Two referentials are commonly used in the
literature. Degond and Lucquin [@, @} work in the inertial frame, as Ferziger and
Kaper [@] The second referential is presented in the following section. Considering
assumptions (ﬂ)-(ﬁ), the temporal evolution of the velocity distribution function f*
of the plasma particles ¢ is governed in the phase space (x*, ¢f) by the Boltzmann
equation [L3, pA]

(2.1) 2 (f7) =43i, i€s,

where symbol S is the set of indices of the gas species. Dimensional quantities are
denoted by the superscript *. The streaming operator reads

*
(22) I =00+ el Do f o (BT € aB) 0 [, P €S,

3
in an inertial frame. Symbol t* stands for time, E*, the electric field, B*, the
magnetic field, m}, the mass of the particle i, and ¢, its charge. The collision
operator is given by

(2.3) =Y 35 (F.f), ies,

jJeESs

with the partial collision operator of particle j impacting on particle @
(2.4) 33 ( *,f-*) = / (ﬁ*lfj*/ — [ 1) i — ¢flojdwde;, 0,5 €.

After collision, quantities are denoted by the superscript /. The differential cross-
section oy =07 [u3jle; — 5|/ (kpT?), w-€] depends on the relative kinetic energy
of the colliding particles and the cosine of the angle between the unit vectors of
relative velocities w = (¢’ —¢}')/|c;’ — ¢} and e = (¢} — ¢})/|c; — ¢}|. Quantity
i = mimy/(m;+m3) is the reduced mass of the particle pair, 77, a reference tem-
perature, and kg, Boltzmann’s constant. Therefore, the differential cross-sections

are symmetric with respect to their indices i, j € S, i.e., 07; = 07;.

2.3. Noninertial frame. Sutton and Sherman @], as Chapman and Cowling [@],
have proposed a noninertial frame based on the hydrodynamic velocity

(2.5) /m et frdes,
JES

where the mixture mass density is defined as p* = jes Py Symbol pf = nim}
stands for the partial mass density, and n} = [ f*de}, the partial number density.
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It is a convenient choice since it is the referential associated with the definition of
the peculiar velocities

(2.6) C’ =ci—v*, i€8,

K2

induced from the usual momentum constraint. We infer from definition (R.5) that
the global diffusion flux vanishes

(2.7) > / m}CP* frde; =0,
Jj€S
that is, the standard momentum constraint.
Given the strong disparity of mass between the electrons and heavy particles,
a frame linked with the heavy particles appears to be a rather natural choice for
plasmas, as fully justified in the following detailed multiscale analysis. Thus, we
define the mean electron velocity and mean heavy-particle velocity

(2.8) prvs = [micipact, g =Y [mie;frac
JjeH

where the heavy-particle mass density reads p; = > jen pj- In the v} referential,
the free electrons interact with heavy particles whose global movement is frozen
in space. A similar viewpoint is commonly adopted in the quantum theory of
molecules when the Born-Oppenheimer approximation is used to study the motion
of the bound electrons about the nuclei [ﬂ] Based on the following definition of
peculiar velocities

(2.9) Cr=c —v}, i€s,

K2

the heavy-particle diffusion flux is shown to vanish

(2.10) Z/m;Cj*Jg*dc; = 0.
jeH
For now, we defer the choice of the referential velocity. Therefore, we use the
symbol u* to define the peculiar velocities C}** = ¢f — u*, i € S. Then, the
Boltzmann equation is expressed in a frame moving at u* velocity by means of the
latter change of variables. Hence, the streaming operator (R.2) is transformed into

the expression

(2.11)
D) = O 7+ (O ) B [+ 71 (B 4 (O ) nB] D ff

i
Du*
~ pp G i - g [ @G 18 u”,

where D/Dt* = 9;+ 4+ u*-85-. The partial collision operator (R.4) is found to be

(212) 35 (f5 ) = / (FXfr = F ) IC — Cf*lojdwdCy™, i, € S.

In a noninertial frame, the velocity distribution function f}, the differential cross-
section 07, = of; [ |C** — C}**|?/(kgT?), w-e], as well as both the unit vectors
w=(CM*=C")/|C"* —C*"*| and e = (C** — C}**) /|C** — C;**| depend on the
peculiar velocities. Nevertheless, for simplicity reasons, notations are unchanged
with respect to the inertial frame, where the previous quantities depend on the

absolute velocities. Moreover, we define collisional invariants.
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Definition 2.1. The space of scalar collisional invariants Z“* is spanned by the
following elements

’l/)uﬁj* = (myéij)iesv .] € Sa
(2.13) R (e I ve{l,2,3},
gt = (GmiCH M) s

where symbol 7° denotes the cardinality of the set of species S.
Besides, a scalar product is introduced
(2.14) (&, )™ = Z/g;@@-* dcy,
j€S

for families £* = (£f),cq and ¢* = ((});cq- Symbol © stands for the maximum

3
contracted product in space and symbol ~ for the conjugate transpose operation.

Ergo, the collision operator J* = (d7),.q defined in eq. (E) obeys the following
property.

Property 2.1. The collision operator J* is orthogonal to the space of collisional
invariants T%*, i.e., (&', H*}}u* =0, foralll € {1,...,n°+4}.
Proof. The projection of the collision operator J* onto ¥ [ € {1,...,n°+4}, is
shown to be

*! pk * px JAx Ax o sl Ll x wx Ux| _*x wx wx
I /(ﬁ = B gt = e el | O — O o dwd GG,

i,j€S

see for instance Chapman and Cowling [@] The latter expression vanishes for all

le{l,...,n°+4}. O

Finally, the macroscopic properties can be expressed by means of the scalar
product of the distribution functions and the collisional invariants

(fr ) P, i€,
(fr Ty = pr (v — ), ve{1,2,3},
() = prer + ot (0" —ut)-(v* — ),

where quantity e* stands for the gas thermal energy per unit mass.

2.4. Dimensional analysis. A sound scaling of the Boltzmann equation is de-
duced from a dimensional analysis inspired from Petit and Darrozes [@] First,
reference quantities are introduced in Table EI The characteristic temperature,
number density, differential cross-section, mean free path, macroscopic time scale,
hydrodynamic velocity, macroscopic length, and electric and magnetic fields are
assumed to be common to all species. The nondimensional number
0
(2.15) Mo

0
mp

™
I

quantifies the ratio of the electron mass to a reference heavy-particle mass. Ac-
cording to assumption (H), the value of € is small. Consequently, electrons exhibit
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TABLE 1. Reference quantitities.

Common to all species

Temperature T°
Number density n?
Differential cross-section o?
Mean free path 1°
Macroscopic time scale 10
Hydrodynamic velocity v°
Macroscopic length L°
Electric field E°
Magnetic field B
Electrons Heavy particles

Mass md my

Thermal speed %A %

Kinetic time scale t2 9

a larger thermal speed than that of heavy particles

k10 kpT©
0 B 0 B 0
(2.16) Vez,/mg, Vh:‘/mg — V0.

Moreover, the electron and heavy particle temperatures may be distinct, provided
that eq. () does not fail to describe the reference thermal speeds. The differential
cross-sections are of the same order of magnitude ¢°. Hence, the characteristic mean
free path 1° = 1/(n%?) is found to be identical for all species. As a result, the
kinetic time scale, or relaxation time of a distribution function towards its respective
quasi-equilibrium state, is lower for electrons than for heavy particles

0 ¢

ZO

(2.17) = —, 1 =— ==
R AC Vo e
Assumption (f]) states that the macroscopic time scale reads
tO
(2.18) =21,
€

It is shown in Section ff that this quantity corresponds to the averaged time during
which electrons and heavy particles exchange their energy through encounters. In
addition, the macroscopic temporal and spatial scales are linked by the expression

(2.19) LY = %",

where the hydrodynamic velocity is determined by the Mach number M, = v°/V.
Given assumption (f]), the Mach number is of the order of one. Hence, the Knudsen
number

1 e

2.2 Kn=— = —
(2.20) "= 5=

is small. Finally, following assumption (f]), the reference electric field is such that

(2.21) ¢"E°L® = kpT"°.
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The intensity of the magnetic field is governed by the Hall numbers of the electrons
and heavy particles

0 R0 0 R0
q'B _ q'B
tg = 51 ba 6]74 = 0 t% = 5567

0
mo my,

(2.22) 8, =

defined as the Larmor frequencies, ¢° B’ /m, for the electrons and ¢°B%/m for the
heavy particles, multiplied by their corresponding kinetic time scale. The magnetic
field is assumed to be proportional to a power of € by means of an integer b < 1.
The physical interpretation of the b parameter appears at the end of Section E

The dimensional analysis can be summarized as follows: a) Two spatial scales
were introduced, one spatial scale at the microscopic level and one spatial scale
at the macroscopic level; b) Whereas three temporal scales were defined, two time
scales at the microscopic level, respectively for the electrons and for the heavy
particles, and one time scale at the macroscopic level, common to all species.

Nondimensional variables are based on the reference quantities. They are de-
noted by dropping the superscript *. In particular, one has the following expressions
for the particle velocities

(2.23) c: =Vle., c; =V0le;, ieH,
where symbol H stands for the set of indices of heavy particles. Both the reference

hydrodynamic velocity and mean heavy-particle velocity are equal to v°. Indeed,
the hydrodynamic velocity defined in eq. (E) is found to be

(224) (ph + €2pe)Mh’U = ppMpvp, + €2pe’067

whereas the mean electron and heavy-particle velocities given in eq. (E) read
1

(2.25) PelVe = — /cef3 dee, prMpv, = Z /mjcjj}- de;.
€ ot

The peculiar velocities are given by the relations

(2.26) CY = ¢, — eMpu, C"=c¢;— Mpu, 1¢€H.

K2

Usually, they are associated with the momentum constraints of the mixture, so that
the natural choice is w = v. In such a case, we get the following relation

Z/mjcj?’f;dc;’ +s/C§JgdC§ = 0.
jeH

However, the hydrodynamic velocity of the mixture, electrons included, can also
be expanded in the € parameter and thus receives contributions at various € orders
in the Chapman-Enskog method. Since the change of referential should not differ
depending on the expansion order, we could mimic the approach of Lucquin and
Degond [@, @, and take v = 0, which means working in the inertial framework.
However, we follow a different path not only by choosing the mean heavy-particle
velocity as referential velocity, u = vy, but also by defining the peculiar velocities
based on this quantity, as opposed to Petit and Darrozes [@] The rationale for
such a choice is threefold: a) This quantity does not depend on ¢ while still being
a perturbation of the hydrodynamic velocity of the complete mixture up to second
order in ¢

(2.27) (pn + €%pe) My (v — vp) = E/C:hﬁdcg’h,
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since quantity [ CY" f. dCS* taken on a perturbation of a Maxwell-Boltzmann dis-
tribution will be of O(e) in the framework of the Chapman-Enskog expansion pre-
sented in Section ; b) It will prove to be the natural referential in which the heavy
particles thermalize in the context of the proposed multiscale analysis; ¢) It will
also prove to be the only available choice for electron thermalization and successive
order resolubility, thus making the proposed change of referential optimal and lead-
ing to a rigourous framework as well as a simplified algebra. In the sequel, since
there is no ambiguity, we will drop the v; superscript in the use of the peculiar
velocities C;" and C}*, i € H.
Consequently, the heavy-particle diffusion flux vanishes, as shown in eq. )

(2.28) Z /m]CJf] dC] =0.
jeH
Thus, the Boltzmann equation (@) can be expressed in nondimensional form,
respectively for the electrons and heavy particles, as

(2.29) Oif + - (Ce + eMpvp)-0a fo + =g, [(Co + eMyvi)aB]-c, fo

eMyp,
+ (0B — eMy 52 ) 9c o — Bc, fooCoilavn = L,

(2.30)  Oifi + 51 (Ci + Mywp)-8zfi + &' " 2= [(C; + Myvp)aB]-9c, f;

+ (ﬁhr‘;—E . MhDS’th) Bc,f; — Bc, f Ci:dgvn = L3;, i €H,

where the collision operators read

(2.31) Je=10cc (for o)+ D _8ej (for i)
jeEH

(2.32) i =18ic(f, £)+ D8£, 5), ieH
jeH

The collisional invariants (2.1) depend on the mass ratio as well, as shown in their
nondimensional form.

Definition 2.2. The space of scalar collisional invariants Z is spanned by the
following elements ¢! = (¢, ¢!), 1 € {1,...,n°+4}, with

Yl = &%y, v = (midi3) o JES,
(233) wgs-H/ = Ecveu’ ZS+V = (miQV)iGH’ Ve {1’253}3
S ns
Pt = GG, n = (3miGiG) oy

It is worth noticing the influence of the hierarchy of scales; whereas the scaling
does not introduce any structural change in the mass and energy collisional invari-
ants, the electron contribution disappears from the momentum collisional invariant
vector in the limit of ¢ tends to zero. A similar behavior can be observed for the
total mass; however, the single species collisional invariants are not affected.

Let us underline that eq. () for the light species is typical of a parabolic scal-
ing, which corresponds to the low Mach number limit for the electron gas, whereas
eq. () for the heavy species is typical of a hyperbolic scaling, which corresponds
to the compressible gas dynamics for the heavy-species gas mixture [E] The present
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scaling is thus intermediate between the usual cases and the mathematical structure
of the resulting system of macroscopic equations has to be identified.

For a family £ = (§;),.g, we introduce two separate contributions: &, concerning
the electrons, and &, = (&;),cyy, concerning the heavy particles. Hence, the scalar
product between the families £ = (&)ies and ¢ = (()ies defined in eq. (R.14) is
decomposed into a sum of partial scalar products with different scales

(2.34) (&, O = (& Cehe + (R, Sy
given by the expressions
@) (e6), - [aetac,  (aa), =X [6eGac,

Finally, we introduce the collision operator J. = (], %3 n), where eq. () has
been multiplied by a factor €2 corresponding to a coherent scaling of the two Boltz-
mann equations. Then, we derive the following property.

Property 2.2. The collision operator J. is orthogonal to the space of collisional
invariants T, i.e., (WL, d.) =0, for all 1 € {1,...,n°+4}. Furthermore, the terms
of (¥',dc) cancel by pair of interaction, i.e.,

(2.36) (W8, dee)e = 0,
(2:37) D (e deide + (hs dnel), = O,
(2.38) Jett Z (¥, 3n), =0,

jeH

respectively for the electron, electron heavy-particle, and heavy-particle interactions.

Proof. The projection of the collision operator J. onto i, 1€ {1,...,n°4+4}, is
given by the expression

(08, 8e) = (W Becd + 2 D (ks Bese + (0 Bnel + 2 2 (Who B

The terms of this sum are examined by interaction pairs

1
{ ia gee»e = 1 /(st/f;ll — fefa )(1/’}3 + wil - 1/,}3’ - ill)|Ce — Ce1/|0ee1dwdCedCer,

> (e desde + (0hs neh
el 1 ! gl l l l l
=530 [~ £ 0 = il = WG~ G loesdwdCidC,

JjeH

> (b I,

jen 1
-y /(J;'fj’ — 58 (4w — o — 4 |G — Gyloydwd CidC;.
ijeH
These expressions vanish and thus the sum (¢!, J.)) = 0. O

The multiscale analysis occurs at three levels: a) In the kinetic equations (R.29)
and (R.30); b) In the collisional invariants (R.33) and thus in the conservation
of the associated macroscopic quantities; ¢) In the collision operators. Actually,
encounters between particles of the same type are dealt with as usual, whereas the
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collision operators between unlike particles depend on the £ parameter via their
relative kinetic energy and velocity, and the vectors w and e. The scaling of these
operators is investigated in the following section.

3. PRELIMINARY RESULTS

3.1. Electron heavy-particle collision dynamics. The study of the electron
heavy-particle collision dynamics yields the dependence of the peculiar velocities
on the € parameter. First, we express the momentum conservation in terms of
the peculiar velocities. Considering a collision of a heavy species, i € H, against
an electron, the peculiar velocities after collision C; and C. are related to their
counterpart before collision C; and C;

’r € mg € .
(31) Ci_mi+€2 e+mi+€2 Cq, +Sm|50i—ce|w, ’LEH,
. 2
3 EmM; m;
C. = C ‘*—~ C; —s——— |eC; — C,|w
¢ om;+e? eiji—i—EQ ’ Smi+€2| i Cefw,

where the direction of the relative velocities after collision is defined in their center
of mass by

eC! - C!

W=ST—~; -

|ECi - Ce|
Symbol s stands for an integer either equal to +1 for the collision operator J;e,
i € H, or —1 for Je;, ¢ € H. This notation allows for the interaction considered
in eq. (£:13) to be distinguished. We are now able to expand the crossed-collision
operators.

3.2. Expansion of the collision operator J;e. The dimensional analysis yields
the following expression of the nondimensional collision operator J;e, i € H,

Tl
|#(CDE(C) = F(CE(C)] dw dC,

where the relative kinetic energy and the vector e are expressed by means of the
vector v, = s(eC; — Co) /(1 + &2 /m;)/2.

We then introduce the generalized momentum cross-section [[4] in a thermal
nonequilibrium context

(3:2) Bl 2C) = [ (11 € -

(3.3) Qgé)(|'ye|2) = 271'/ Tio(|7o|%, cos0)(1 — cos' §) sinf df, i € H,
0

where symbol 0 stands for the angle between the vectors w and e. For [ = 1, this
cross-section represents the average momentum transfered in encounters between i
heavy particles and electrons for a given value of the relative kinetic energy.

Theorem 3.1. The collision operator J;, i € H, can be expanded in the form

(34) Jic(fi, Jo)(Ci) = €dio(fi Jo )(C)+Toe(fi, S )(C)+7T5 (i, £:)(Ci)+ O ().

The zero-order collision operator 3%,(f;, f.)(C;), i € H, vanishes. The first-order

term Jl., i € H, reads

1
(35) 3L £)(C) = ~-005(C) [ QY () el k(o) ds i€ B
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The second order term 2., i € H, is found to be

ie’

(3.6) H?e(ﬁ,J‘é)(Ci)=——8c (fi (C) /Q(l) Vel YelOc, fo (Ve)@Ve dYe

+ e (C / Q2 (eI rel(ha T = 3v,70) e (70) dve

m 5ccfz /Q (e relveeveke (Ve) de-

Finally, the third-order term J2., i € H, is given by

e’

(3.7) H?e(ﬁ,fé)(ci) - iacx%f; CinC)o / QD (el) el02, 0 f (ve) e dve

+5 acﬁ /Q (YD) VelVe®Ver 00, fo (Vo) d7e

. (9c, f; (Ci)oCy)® /Q(” Vel Ve Vo2V, fo (Vo) dve

Z

8c(8cﬁ( )5Ci)® / Q2 (eIl (7el?T = Bveeve) 20, o (o) dve

1
B —4mzaaciciﬁ<ci>® / QL (e P el (eI veeve) ek () doe
L () 2 2
— 29600 f(C)O | Qi (el ) el (eI = 3veeve)eve e (ve) dve

4

1 3
+ 5208004 (C)E / QR (eI el BIe’T = 5veemve)evede (ve) dve

3
+ 2—77%3118(-]"; ’ fs )(Q)

Proof. The change of variable dC, = —(1+¢2/m;)3/2d~, allows for the differential
cross-section dependance on ¢ to be eliminated

Bl 2 = [ ie (el o) el (1 4 2 m)”
[/ (CDE(CH = £(CE(CY)] dw dy,, i€l
Then, the peculiar velocities are expanded in a power series of &
C/=C;+ 5%@1 - EBﬁal + 0(eh), a; = —,+ [V, |w, i€H,

= —[Yelw+eCi+e7-ar+ O(eY),  as = =7, + 3l7clw,
Ce— 'Ye+EC — € _’Ye+0( )

Hence, the distribution functions are found to be

ﬁ(C'/>:ﬁ(C> =00, f; (Ci)-a1 + €23 8ccfz( 1):a10a1
+e aCccﬁ( Oa1ea18a1 — &3 acﬁ( -a; +O(h), i€H,
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F(C) = o (~relw) + 200, f (—elw)-Ci + 2302 6 f (—e|w):CiaC;
+e?Loc . (—yelw)-as + €3302, ¢, ko (— |7 lw)©CiaCinC;
+ 3102 6 o (—elw):Civas + O(Y),

F(Ce) = fo (=) + €00, f (—7e)-Ci + 2308, 0. /e (—7e):CiwC;
- 522LmaCefe (776).‘76 + Egéag’cCCCcfe (776>®Ci®cl®cl

— 50,0, Jo (—7e):Cizye + O(c*).
0

Combining these equations, the zero-order term J;,, ¢ € H, is thus given by

905 £)(C) = £(C) / oo (7. wre)

Vel [ (= 1elw) = £ (~Ivele)] dw de dlyl.

Intertwining e with w, the integral is shown to vanish. Then, eqs. (B.5)-(B.7) are
obtained after some lengthy calculation. [

Theorem admits three corollaries.

Corollary 3.1. The first-order collision operator JL.(f;, f.), i € H, vanishes when
fo is an isotropic function of the velocity Cs.

Proof. Expression (@) immediately yields that the integrand is an odd function of
v, if f is isotropic in the mean heavy-particle frame, so that the first-order collision
operator vanishes. O

Remark 3.1. So far, we note that this property is strongly related to our choice
of referential. For example, such a property is not satisfied when w = 0. Thus, the
structure of the expansion of collisional integrals depends on the initial choice of
referential. We will come back to this point in Section @

A collision frequency is defined as a Maxwell-Boltzmann averaged momentum
cross-section

1 .
o= - [ QU ) v, i€
e
where £2(7,) = ne exp [~veve/(2T0)] / (27T0)*”.

Corollary 3.2. If f0 = neexp [~C.-C./(2T%)] / (27rTe)3/2, the second-order colli-
sion operator reads

(3.8) Pl BC) = 5 (9 (£ C) + 2Aak), icH
Proof. A direct calculation of g2 (f;, f°)(C;) given in (B.6) immediately yields ex-
pression (B.§) if £ = neexp [-C,-Ce/(2T,)] / (27rTe)3/2. O

Corollary 3.3. The third-order collision operator 32,(f;, f.), i € H, vanishes when
fo is an isotropic function of the velocity Cs.

Proof. Expression (E) immediately yields that the integrand is an odd function
of v, if f is isotropic in the mean heavy-particle frame, so that the third-order
collision operator vanishes. O
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3.3. Expansion of the collision operator Je;. The dimensional analysis yields
the following expression of the nondimensional collision operator Je;, i € H,

(3:9) Bl £)(C) = [ 0u(E52L we) €, - <G
[ (CDE(C) = £ (CIH(C)] dw dC.

The original set of variables {Cs, C;,w} is retained. We introduce the momentum
cross-section

(3.10) QM (c.? )—27r/ 0ei(|Cu|?, cos0)(1 — cos§) sin 6 do, i € H,
0

representing the average momentum transfered in encounters between electrons and
heavy particles + € H. It is equal to the cross-section QZ(-el).

Theorem 3.2. The collision operator Je;, i € H, can be expanded in the form
(3.11) deilfe, fi)(Ce) = oi(fo, fi)(Ce) + edai(fo, £ )(Ce) + €285 (fe £ )(Ce)
+%3%(fe s f)(Co) + O(e).

The zero-order term J°

(3.12)
B )G = [ 16 dC [ ou(1C wy) G [£(Culw) ~ £(C)d

oir U € H, is given by the expression

The first-order term JL., i € H, reads

e’

(3.13) du(fk, f)(Ce) = (/ﬁ<C>C ac;)-

{oc. [au(CP Grali (€ - LI C.l dw

+ [ a0 1) — e £(Co) do .

The second order term J>

(3.14)
B2, £)(Co) = /f )dC; + LKP(C) :/ﬁ(Q)Q®Q ac;,

i € H, is found to be

with

K2NC) = 0c [ ou(1Cul G)(C. = [Culw) |l 1 Cilo)

- |Ce|Ce'/aCcUei(|Ce|2a ‘Ci|w) [fe(lce|w) - fé(ce)] dw,
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and

Kgf(ce) = a%'cCc /Uei(|Ce|27 |CZ| w)|ce| [fe (Ce|w) - fe (Ce)} dw

v 2/50 oul|C.l2, G

+iel [oadicr

+olC| /aei(|Ce|2’ G ) Gy o (| Colew)

w)|Ce|) e[, fo (Ce) — g, fo (|Celw)] dw

[60 c fe(Ce) — a%’cccfe (|Ce|w)] dw

Proof. The relative velocity and peculiar velocities after collision are expanded in
a power series of . For ¢ € H, we have

Ce = eCi| = |Ce| = 7&-Ci + b1 + O(?),
C!'=C; +5miia4 — g2 Eag, +(9(€ ),
C. = |Ce|w + cas + €% (7-as + as) + O(e?),
with by = gk [|(z-|2 (&-C) } as = Co—|Cilw, a5 = C;— &1 -Ciw, ag = hw.
Hence, the distribution functions are found to be
5i(C)) = £i(Ci) + e5-00, /i (Ci)-as + €% 515 08,¢, /i (Ci):as0a4
— 5000, fi (Ci)-as + O(e*), ieH,

1
(€)= £:(|Ce|w) + €0, fe (ICe|w)-as + 5523éecefe (|Ce|w):aszas
+ 200, (ICelw): (7-as + ag) + O().

Combining these equations, we obtain eqs. (B.19)-(B.14) after some lengthy calcu-
lation. g

Theorem @ admits three corollaries. First, we define the entropy produced at
order €° in collisions between electrons and i heavy particles

3/2,,0
= /3 féaﬁ ) (27‘-)70”](8(06) dCea 'l'EHa
Qe
where Q¥ = (2rmkgT®/h})3/? is the translational partition function of electrons.
Symbol hp stands for Planck’s constant. The zero-order operator describes the
relaxation of the electron populations towards an isotropic distribution function in
the mean heavy-particle frame.

Corollary 3.4. The zero-order collision operator 3% (f., f;), i € H, vanishes when
fo is an isotropic function of the velocity C.. Moreover, the zero-order entropy is
nonnegative, that writes Y%, > 0, i € H, and the inequality is an equality if and
only if f, is an isotropic function of the velocity Cs.

Proof. If f, is an isotropic function of G, we have f, (|Cslw) = f (Ce) for any
w in the unit sphere, so that expression (B.19) implies that % (£, f;) = 0. The
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zero-order production entropy production reads

1% =i [ 0ulIC wy) G [£(Culw) - £(C)

(27.‘.)3/2710
In [Q—f (©)] aIC.jd-Grd,
and intertwining % with w,

Lz

10 = 5 [ oullCuPw i) 1GLR(£(Cw). £(C)ACuId G

where Q(z,y) = (x — y)In(z/y) is a nonnegative function. We then obtain that
Y9 i € H, is nonnegative and equal to 0 if and only if £, is isotropic in the mean

e’

heavy-particle frame. (I

Corollary 3.5. The first-order collision operator JL,(f., f;), i € H, vanishes when
fi is an isotropic function of the velocity C;.

Proof. Expression (B.13) immediately yields that the integrand is an odd function of
C;, 1 € H, if f; is isotropic in the mean heavy-particle frame, so that the first-order
collision operator vanishes. (I

Corollary 3.6. Considering f° = neexp [—Ce-Ce/(QTe)]/(QﬂTe)3/2 and f° =
nimf/Q exp [-m;C;-C; /(2T3)] / (27rTh)3/2, i € H, the second-order collision oper-

ator 3%,(f2, £9)(C.), i € H, reads
(315) @4 £)(C) = (T~ T) 2 Lol

9e.-(Q (©)C) + (1= 1GE) el €)]-

Proof. A direct calculation of 32 (f°, f;)(C.) given in (B.14) immediately yields
expression (B.15) if £ and f° are the Maxwell-Boltzmann distribution functions
given in the assumptions of corollary B.6 g

3.4. Electron and heavy-particle collisional invariants. In the asymptotic
limit ¢ — 0, the space of collisional invariants Z defined in eq. () splits into two
subspaces naturally associated with our choice of scaling.

Definition 3.1. The space of scalar electron collisional invariants Z, is spanned by
the following elements

i
= 1,
(3.16) {1/}2 )
P2 = LC.C..

Definition 3.2. The space of scalar heavy-particle collisional invariants Z, is
spanned by the following elements
ol = (miéij)ieHa Jj€eH,

(3.17) = (miG) ve{1,2,3},

i€H’
~ H

n +4 _ 1 ...
h - (QmZCZ CZ)ieH’

where symbol nf' denotes the cardinality of the set H.
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The decoupling of the collision invariants is clearly identified in the proposed
scaling. More precisely, the definition of the electron linearized collision operator
(given in Section [) will involve the electron partial collision operator Je. and the
mixed partial collision operators g%, i € H, satisfying the following important
property.

Property 3.1. The partial collision operators 3%, i € H, are orthogonal to the

space of collisional invariants T, i.e., { Aé,Hgi»e =0 for alll € {1,2}.

Proof. The projection of the collision operator §°,, i € H, onto 1/32, 1 €{1,2} reads

(06, 88N = ni/O‘ei(|Ce|2,w-%) ICe|3[fe (ICelw) = £ (Co) |l d|Ce|dwd G

Intertwining w with %, the projection (¢!, J%) . 1s shown to vanish for all I €
{1,2}. O

We underline that the partial collision operators §°;, i € H, are not orthogonal

for the scalar product ((-,-)), to the space spanned by the electron momentum. It
is the reason why the vector C, does not belong to Z.. In contrast, the definition of
the heavy-particle linearized collision operator (given in Section E) will only involve
the heavy-particle partial collision operators d;;, 4,7 € H.

Subsequently, using the newly defined collisional invariants, the orthogonality
property @ of the cross-collision operators can be rewritten

(3.18) Y (W dei)e =0, (hdney, =0, i€H,
jeH
for mass conservation,
~ H
(3.19) €Y (Covr8ei)e + (W) T, 8ne))y, =0, ve{l,2,3},
jeH
for momentum conservation, and

(3.20) ST e e + (D T e

JjeH

0,

for energy conservation. This set of relations is essential since it corresponds to
the conservation of mass, momentum, and energy in the electron heavy-particle
interactions through the various orders in e of the Chapman-Enskog expansion.

Then, the macroscopic properties are expressed as partial scalar products of the
distribution functions and the new collisional invariants

(3_21) {«fe)djel:»e = Pe;
(fe, 92N = pece,
and
(s i)y = pis i € H,
(3.22) (o, DY, = 0, v e {1,2,3},

(B4, = onen

Symbol e, stands for the electron thermal energy per unit mass and ey, the heavy-
particle thermal energy per unit mass. It is important to mention that the later
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quantities are defined in the mean heavy-particle frame. Furthermore, the de-
coupling of the collisional invariants is also consistent with the expression of the
macroscopic properties. In particular, the electron momentum is not a collision in-
variant in the proposed asymptotic limit, the electron mass flux is not constrained
in the mean heavy-particle velocity referential.

Moreover, translational temperatures are introduced as averaged thermal ener-
gies in the mean heavy-particle frame.

Definition 3.3. The electron and heavy-particle translational temperatures are
given by

(3.23) To= (e 920
2 ~ H
(3.24) Th = %«fh, n s

where the heavy-particle number density reads n, = jen M-

Consequently, the energy can be rewritten

3

(fer92he = neTe,

for the electrons, and

(o B3, = ST

for the heavy particles. Moreover, it will be shown in Section @ that both temper-
atures are generally different.

4. CHAPMAN-ENSKOG METHOD

We resort to an Enskog expansion to derive an approximate solution to the
Boltzmann equations (R.29)-(R.30) by expanding the species distribution functions
as

(4.1) =1 +eq +2¢7 +%¢%) + O0(e?),
(4.2) =1 +ep +%7) + O(e?), i€ H,

and by imposing that the zero-order contributions f and f? yield the local macro-
scopic properties

(4.3) (25 = (o 0D le{1,2},
(4.4) (A2 PR = (s PhDns Le{1,... n'+a}.

Hence, based upon the dimensional analysis of section @, the electron Boltz-
mann equation () appears to be

(45) T7(f0) + e TN h) + DU o 62) + DL e, 8 )
=232 +e719. + 30+ €3l + O(e?),
where the electron streaming operators read at successive orders
27%(£2) = 841¢e(CenB)-0c, 12,
D ) = D () + 4e(611CenB)-Bc, (f e ),
DIN) = 15 Cer 0 f + ge (7-E' + 000 CenB)-dc, £2,
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DU e, 82) = DAL, ) + 4e (01 CenB)-De, (£ 42),
DAL ) = 0 f) + - CoBa(£20 ) + 00 £’ — (8, £2Ce): Dz v,
+ ge (60 MpvpnB + 8y_1)CenB)-0c, f
+4e (51 E' + 00CerB) -0, (£ ),
DL o, 02, 60) = DL (S ,¢e,¢3) + e (001CenB)-8c, (£7¢7),

D o 82) = Ou(0 ) + 5~ Co-Ba(£102) + w10 (£ 0 )
- MhM ¢ [ — (0c. ([ )oC.):0,v),
+ ge (5b(—1)MhUh/\B + 51)(_2)06/\3)-806]20
+ e (S0 MpvAB + Sy(—1)CenB)-0c. (f2 )
+qc (7 E' + 60CenB)-8c, (£767),

with the electric field expressed into the mean heavy-particle frame E' = E +
oM ,%thB . The electron collision operators are given by

= BeeldBT) + D LT,
jeH
for ease of readability in Sections @-@, we strike through the collision operators

that vanish when f° and £, i € H, are isotropic functions,

3t = Jee( 20, £2) + Bec(£2, f200)

+Za (£ 1) + ILUSAT) + BT

jEH

= Joc (202, £2) + Joe (f20 , 20 ) + dee (£2, £202)

+Za (f042, 1) + 80,(£2£787) + 82,

jEH
= 8 ') + Ba e T + 38 (1), £ ) + 82, (K 1),
jEH

= gee(fo ? fo) + 8ee(f0¢525 feo(ﬁs) + gee(.]go% ) feo(b ) + gee( f0¢3)

53700 £9) + 80U + B,

JjeH
8= 30 {80 (002, 100y ) + 0%, (S0 £007) + B, CRLGZTY) + 3L, (0 £ )
LU PR + (£ £ + B 1)+ B0 1O}

Likewise, the heavy-particle Boltzmann equation ) is found to be
(4.6) 22+ (o) =79+ + <0l +O(?),  ieH,
where the heavy-particle streaming operators read at successive orders

2(1)) = 0 f? + (3 Citon) -0xf + 2 (51~ E' + 0 CinB)-9c, f

— M B2-0¢, f° — (8¢, f0oC:;):0zvn,
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2 6) = 0:(f°0) + (51~ Citon)-82(f %)
+ L6 [(Cit-Myvp)aB-0c, ) + L (5 E' + 61 CinB)-8¢, (/%)

B MhDD&t'aCi (f;o ) - (BCZ(f; Q )®C¢):8mvh.

The heavy-particle collision operators are given by

37" =D ) + BT,

jeEH
3 =" 35 (F20 1) + 3 (£ £0y) + Ll T + 32,
jEH

j? = gzle( ioa feo(be) + gzge( iov -]20)7
3 =8 (F87 1) + 8K d 1) + i (£ £ 9)) +W+ 3,

jeH
I} = (b, £00) + AU LOR) + T (00 1) + TS 1) + BT
In the Chapman-Enskog method, the plasma is observed at successive orders of

the € parameter equivalent to as many time scales. The micro- and macroscopic
. . . . A
equations derived at each order are reviewed in Table .

TABLE 2. Chapman-Enskog steps.

Order Time Heavy particles Electrons

€ t2 Expression of f°
Thermalization (T¢)

et 7 Expression of f°, i € H Equation for ¢
Thermalization (T7) Zero-order momentum relation
el 10 Equation for ¢;, i € H Equation for ¢?
Euler equations Zero-order drift-diffusion equations

First-order momentum relation

€ = Navier-Stokes equations First-order drift-diffusion equations

4.1. Order £ 2: electron thermalization. We resolve the electron Boltzmann
equation (@) at order £2 corresponding to the kinetic time scale t2. The electron
population is shown to thermalize in the mean heavy-particle frame to a quasi-
equilibrium state described by a Maxwell-Boltzmann distribution function at tem-
perature T,. In contrast, heavy particles do not exhibit any ensemble property at
this order.

Proposition 4.1. The zero-order electron distribution function f°, solution to
eq. (@) at order €72, i.e., D7%(f°) = 372, that satisfies the scalar constraints
(B) is a Mazwell-Boltzmann distribution function at the electron temperature

(4.7) f=n ! 3/2ex ,Lc.c
: e — Tle o, p 2T, e'Le | -
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Proof. Multiplying the equation Z:2(f°) = g2 by In [(27)*/2n° £2/Q0] and inte-
grating over dC, yields the entropy production

Tge + Z ng + 5b1Qe/(Ce/\B)'BCe]20 In |:(27T)3/2n0fé0/Q2} dC, =0,
jeH
with Yo, = — [Jee(f2, £2)(Ce) In[(27)*2n°£9/Q%] dC.. Using the equality
¢, fOIn [(2m)32n0 f2/Q0] = B¢, {f2In [(2m)*/2n° £2/Q1] — f0} and integrating
by parts, the entropy production is found to be Y9, + ZJEH ng = 0. Moreover, a
well-established derivation yields

1
Tge = Z /Q(feoféol’ eOI e01I)|Ce - Cel|0881deCedCe1 > 0.

Using corollary B4, we first obtain that Y9, > 0, 7 € H, so that both terms Y%, = 0
and Y9 = 0, i € H. Then, corollary B.4 implies that f° is isotropic in the mean
heavy-particle frame. Seeing that Y%, = 0, In £° is thus a collisional invariant, i.e.
is in the space Z,. By using the macroscopic constraints, expression (@) is readily
obtained. O

The choice of the referential velocity in which electrons thermalize will turns
out to be crucial for the rest of the resolution. In the u = vj frame, the quasi-
equilibrium electron velocity distribution function is isotropic and the electrons
follow the bulk movement associated with the hydrodynamic velocity of the mixture,
following a physically relevant scenario. As already mentioned, the mean heavy-
particle velocity v;, does not depend on the small ¢ parameter while still being
close to the actual hydrodynamic velocity v of the entire mixture; this property is
essential in order to conduct a rigourous multiscale analysis in the framework of the
present Chapman-Enskog expansion. The relevance of such a choice of referential
will be thoroughly investigated in section @

4.2. Order £~ ': heavy-particle thermalization. We resolve the heavy-particle
Boltzmann equation ([L.)) at order e~! corresponding to the kinetic time scale ).
The heavy-particle population is shown to thermalize in the mean heavy-particle
frame to a quasi-equilibrium state described by a Maxwell-Boltzmann distribution
function at temperature T},.

Proposition 4.2. Considering f° given by eq. ([1.7), the zero-order family of heavy-
particle distribution functions £ solution to eq. (l.6) at order e71, i.e., 3;1 =0,
i € H, that satisfies the scalar constraints (Q) is a family of Mazwell-Boltzmann
distribution functions at the heavy-particle temperature

o\ 3/2 .
(4.8) 2 =n <2;njih> exp (;HT:LCZCZ) , 1€l

Proof. As the zero-order electron distribution function fU is isotropic in the mean
heavy-particle frame, corollary @ yields that the heavy-particle Boltzmann equa-
tion ([.6) reads at order e~*

> 35 1) =0, ieH

JjeH
After some classical algebra ], we obtain expression (E) for the zero-order heavy-
particle distribution functions. O
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Thus, propositions and @ allow for electron and heavy particles quasi-
equilibrium states to be obtained at different temperatures.

4.3. Order £ ': electron momentum relation. We conduct the resolution and
derive a momentum relation based on the electron Boltzmann equation (f.J) at
order e~ ! corresponding to the kinetic time scale ). We then emphasize an original
property of the Chapman-Enskog expansion at this order associated with both the
absence of momentum constraint in eq. and the multiscale analysis.

With the previously obtained Maxwell-Boltzmann electron distribution function,
we first define the electron linearized collision operator in the case.

Definition 4.1. The electron linearized collision operator ¥, reads

Telde) =~ 5 [Bee (R0 1) + e (12, £000) + 30 8% (0 10)].
jEH
where f0 is given by eq. (J.7) and £ by eq. (E.9).

The kernel of this operator is given in the following property.

Property 4.1. The kernel of the linearized collision operator F is the space of
scalar electron collisional invariants Z.

Proof. The linearized collision operator F, is rewritten in the form
Fe(tr) = _/feo1 (& 4+ ¢l — d — ¢1)|Ce — Cer]oeer dwdCi

=y [ o (G oy ) IC (6 (1Cule) — . (Cu)) o

jeEH

We then obtain that the space Z, is in the kernel of F,. Reciprocally, if Fo(& ) = 0,
multiplying Fe (¢ ) by f°4 and integrating over dC, yields

/ P00 (A 4 8 — o — 6 ) 1Co — Cor|Geer dwdCodCiy

3 m [ o (1G w0 ) [CUE (@ (Cle) - . (C) dwdC =,

JeH
so that ¢, is in the space Z. (I

Based on corollaries B.4 and B.§, the electron Boltzmann equation ([.5) is found
to be at order ¢!

(4.9) FFe(e) + 61ae8c, (£ )-CenB = =7, (£),
with the constraints
(4.10) (£, 9y, =0,  1e{1,2}.

The terms ¢, (f2¢% )-CerB and Z71(f0) are orthogonal to the kernel of F, for
the scalar product {(-,-)o- Consequently, no macroscopic conservation equations of
mass and energy are derived at this order.

In fact, for any value of w, defining the shifted Maxwell-Boltzmann distribution

w0 1 i 1 2
(4.11) LY =ne 5T exp —ﬁ(Ce—Eth) :
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we can expand it as a function of ¢

M M? C.w)?
(4.12) fw0 = fo (1 + ET:CQ-’UJ + &2 275:} —w-w + (eTw)}) + O(e%),
which still yields, at leading order, the same distribution as defined in eq. (@)
We then realize that the Chapman-Enskog expansion can be rewritten in a different
way at this order :

(4.13) B +ed +2¢7) = (1 +e@?” +2¢") + O(e?),
with
(4.14)
_ w % 2 _ w2 % w Ml% (Ce"LU)2
(% - ¢e + Te Ce w, ¢e - Ve + Te (Ce w)¢e + 2Te w-w + Te

It is interesting to notice that, whatever the choice of w, the part of the hydro-
dynamic velocity of the full mixture

(pn + 2pe) Mpv = pp Mpvy, + €2 peve,

associated with the electrons p.v. will be splitted into two parts at the same order
of the multiscale expansion

Ve = Mpop +V, + O(e) = Mp(vp, +w) + V.Y + O(e), V¥ =V, — Mpw,

e

with p V¥ = [ C.f2°¢*dC.. Thus, as opposed to the classical expansion, since
no momentum constraint is to be found for the electrons, the definition of the mix-
ture hydrodynamic velocity does not allow to uniquely define the electron diffusion
velocities. In any case, the hydrodynamic velocity of the mixture is v}, at order e 1.
It is then necessary to properly delineate the possible choices for the w velocity,
which should not be confused with a change of referential, since it only influences

the electron Chapman-Enskog expansion.

Lemma 4.1. In the chosen frame of reference, any velocity w leads to a new
definition of @3 for which property @ is preserved and thus leads to an equivalent
resolubility condition for ¢ as for ¢ . Moreover, the resolution of ¢ is completely
equivalent to the resolution of ¢, .

Proof. Tt is sufficient to note that the difference §¢* = ¢* — ¢ = —M,Co-w /Ty is
orthogonal to the collisional invariants (£°0¢%, L), =0, 1 € {1,2}. O

It is interesting to note that for our choice of moving frame u = vy, the electron
thermalization naturally occurs in the “appropriate” referential in close connection
to the physics of the problem and there is no need to use the abovementioned
property in order to conduct the resolution at order e~!, therefore, we take w = 0
in the following. We will also have to check the validity of such a strategy at higher
orders; we will come back to this point in Section @

As mentioned earlier, the partial collision operators g%, i € H, are not orthogonal
to the space spanned by the vector C,. However, an electron momentum relation
is obtained by projecting eq. (@) onto this space. First, the electron pressure,
diffusion velocity, mean velocity, conduction current density in the mean heavy-
particle velocity frame, and conduction current density in the inertial frame are
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defined as

(4.15) pe = neTe,

(4.16) V- [aradc,  v= MotV
(4.17) Je =neeV,  Je = Neeve.

Then, we have the following proposition.
Proposition 4.3. Considering f° given by eq. (@) and f°, i € H, by eq. (@),
the zero-order momentum exchanged between electrons and heavy particles reads

1 e
(4.18) D (3 (£, £, Col, = §-Oape ﬁjE S14onB.

JjeH

Proof. Equation (@) is projected onto the space spanned by the vector C,

—~(Fe(d), Co)o = (P, Co)o + 014 (D, (£ )-(CenB), Co)),.

Then, eq. ({.1§) is readily established by simplifying the left-hand-side by means
of eq. (-36), (Cs,dec)), = 0, at order ¢ and by integrating by parts the right-hand-
side. O

The zero-order momentum exchanged between electrons and heavy particles is
thus expressed in terms of the electron pressure and electric force. In addition, the
following lemma allows for the momentum exchanged between heavy particles and
electrons to be calculated at order zero.

Lemma 4.2. Considering f° given by eq. (£.7) and f°, i € H, by eq. ([(.9), the net
zero-order momentum exchanged between electrons and heavy particles vanishes,
i.e.

(4.19) «HflLe (fh?a ﬁeo(%) nh+y nt Z 32] fe %, f ) » =0,
forve{l1,2,3}. Jen

Proof. Equation ([.19) is derived from eq. (B.19) at order 2 based on corollaries

B-1,B-2, B4, and B.4- O

Moreover, the zero-order momentum exchanged between heavy particles and
electrons can be directly calculated after introducing the average force of an electron
acting on a heavy particle ¢ given by

(4.20) F, /Q (IVel) [velve £2(ve)de (7o) dve, i € H.

Lemma 4.3. Considering f° given by eq. (L7) and £°, i € H, by eq. ([1.9), the
zero-order momentum exchanged between heavy particles and electrons reads

(421) <<8he (fh ) fo¢e) nh+y = Z niEeua

i€t
forv e {1,2,3}.

We will see that the average forces F,,, i € H, contribute to the heavy-particle
diffusion driving forces and, in particular, yielding to anisotropic diffusion velocities

for the heavy particles in the case b = 1.
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4.4. Order ¢%: heavy-particle Euler equations. We derive Euler equations
based on the heavy-particle Boltzmann equation (@) at order €° corresponding to
the macroscopic time scale t°. First, a linearized collision operator is introduced
for heavy-particles.

Definition 4.2. The linearized collision operator Fj, = (F;);en reads
1 .
g'i((bh) - _FZ[HU(.](;O@’.]L;O)"_H?,_]( iOa.]L}O(bj ):|a 2 EHa
1 jEH
where f°, i € H, is given by eq. ([.§), for a family ¢, = (¢;)icn.

The first non-vanishing term of the partial collision operator Jje is not included
in the linearized collision operator since it does not exhibit any property of orthogo-
nality to Zj, for the scalar product (-, -)),. The kernel of F}, is given in the following
property, the proof of which is omitted since it is a well-established result @]

Property 4.2. The kernel of the linearized collision operator Fy, is the space of
scalar collisional invariants Iy, .

Furthermore, we define the heavy-particle pressure, p;, = n;Th, the mixture
pressure, p = pe + pn, the heavy-particle charge, npq, = ZJEH n;q;, the mixture
charge, ng = nege + nnqn, and the total current density In = npqn v + NegeVe/ M.
The energy exchanged between heavy particles and electrons reads at order zero

(4.22) ABp = (@ (5 I, 00,

This quantity is of the order of the thermal energy divided by the macroscopic time
scale, n"%kpT°/t°. A more accurate expression is calculated by means of corollary p.9

0 _ Vje
(4.23) AEY = (T, Th)j;{n] s
Then, the heavy-particle Euler equations are derived in the following proposition.
Proposition 4.4. If ¢}, is a solution to eq. (@) at order €°, i.e.
(4.24) 1Fi(on) = ~20(f) + 8. i€,

where O is given by eq. ([.2), £°, i € H, by eq. (£.8), and ¢ by egs. (L9)-(f.10),
and if fP¢n = (f°¢; )icu satisfies the constraints

(4.25) (flbn, 0y, =0, 1e{l,...,n" 44},

then, the zero-order conservation equations of heavy-particle mass, momentum, and
energy read

(426) 8tpi + Bm-(pivh) =0, 1€H,
(4.27) O¢(prvn) + O (prvneUE + ML}QLpH) = MLﬁan + 0p1IgaB,
(428) 8t(ph€h) + Oy (phehvh) = 7ph8m~’0h + AE]?

Proof. Fredholm’s alternative [ represents the solvability condition of eq. ()
(23 dnDn = (3 i
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I € {1,...,n! +4}. Integrating by parts the left-hand-side and simplifying the
right-hand-side based on theorem @ and corollary @, one obtains eqs. ({.24),
(E:29), and the following momentum conservation equation

(4.29)

Dvy, 1 1 / 1 (f0 0 Pnptv
*MhPhD—t - Eamph + EnthE + <<3he (fh ) fe ¢e) 7( hh )ue{1,2,3}>>h =0.
Simplifying the latter equation by means of the heavy-particle mass conservation
equation d;pp, + 8- (prvn) = 0 and lemma [£.9, yields eq. ([£.27). O

4.5. Order €°: zero-order electron drift-diffusion equations. We derive zero-
order electron drift-diffusion equations and a momentum relation based on the
electron Boltzmann equation @) at order €% corresponding to the macroscopic
time scale t°. We also prove, at this order of the resolution, that any nonzero shift
introduced at the previous order leads to a series of difficulties at the present order.
It thus demonstrates that the initial choice of referential leads to a quite natural
resolution at sucessive orders.

With the previously obtained Maxwell-Boltzmann electron distribution function
in eq. ([L7) we introduce the electron heat flux

1
(4.30) q. = / 5 CeCeCe 24 dC..
The energy exchanged between electrons and heavy particles reads at order zero
(4.31) AES =Y (32,0 1)),
jeH

The latter expression is calculated by means of eq. (B.20]) at order &2
(4.32) AE] + AE) =0,

where AEY is given by eq. () Then, the zero-order electron drift-diffusion
equations are derived in the following proposition.

Proposition 4.5. If ¢2 is a solution to eq. ([L5) at order 0, i.e.
(4.33) [2Fe(6) + 001400, (£ 6)-CenB = —=DU(f ) + doe (£, SO0 ) + 32,

where f0 is given by eq. (7)), £, i € H, by eq. (£]), ¢ by egs. ([£.9)-[10), and
&, i€ H by egs. (.24)-([1.29), and if f0¢? satisfies the constraints

(4.34) (£03, 0. =0, 1e{1,2},
then, the zero-order conservation equations of electron mass and energy read
(4.35) Orpe + O (pevn + 5-pe V) = 0,

(4.36)  Oi(pee) + Oz (Pe€cVh) = —PeOgz-vp, — Miham-qe + ]VLI’IJQ-E’ + AEL.
Proof. Fredholm’s alternative [ represents the solvability condition of eq. ()
«an"/;é»e = <<gg’¢i>>e’ le {152}'

Integrating by parts the left-hand-side and simplifying the right-hand-side based

on theorem B.4 and corollary B3 yields egs. ([£.35) and ([.36). O
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Lemma 4.4. In the chosen frame of reference, any velocity w leads to a new defi-
nition of ¢*2 in eq. (), for which property E 1s preserved, and thus leads to an
equivalent resolubility condition for g2 as for ¢?. However, the resolution of ¢*?
is not equivalent to the resolution of ¢2: in particular, the expansion corresponding
to w # 0 yields a non standard Chapman-Enskog expansion where the second-order
distribution perturbation does not satisfy the scalar constraints ({.34)).

Proof. The difference between ¢*? and ¢? reads ([L.14)

My, M?
047 = 47 = & = — 7~ (Cow)de + 72

(G,

[w-w + .

The projection of §¢*2 onto the collisional invariants is given by

(L2562, da), = Henew-(Mpw — V),
(£056:2,92), = Mpw-(2Mpnew — -q.).

The difference §¢*? is then orthogonal to the collisional invariants if and only if
w = 0. To conclude, the resolution of ¢¥? yields a linearized Boltzmann equation
where the right-member is orthogonal to the collisional invariants—a direct calcu-
lation shows that F(6¢2?) + dp1¢.0c. (0¢2%)-CenB is orthogonal to the collisional
invariants—whereas the scalar constraints on the unknown function ¢*?2 are not
Z€ero. O

Consequently, for the reasons invoked so far, we will not try to shift the center
of the Maxwell-Boltzmann distribution for electrons and stick with w = 0 at any
order.

Then, we define the electron viscous tensor, second-order electron diffusion ve-
locity, and second-order current density

(4.37) I, — / C.sC. %, dC.,
1

(4.38) Vi=— / C.f2¢? dC.,
Ne

(4.39) JZ = neq. V2.

A first-order electron momentum relation is given in the following proposition.

Proposition 4.6. Considering f° given by eq. (L), 0, i € H, by eq. %Q by
eqs. (@)-(), ¢, i€ H, by egs. ()—(), and ¢2 by egs. ()-( ), the

first-order momentum exchanged between electrons and heavy particles reads

(4.40) > (3% (62, 1), Ce), + (82, Ce) = 5502 The — (804 + 501 J2) AB.
jeH
Proof. Equation () is projected onto the space spanned by the vector C,
—(L0Fe(82), Ce) + (32, CeY o = DL, ) + 014 (D, (62)-CenB, Co)),.

Then, eq. () is readily established by simplifying the left-hand-side by means of
eq. (:36), (Ce,dee)), = 0, at order €2 and by integrating by parts the right-hand-
side. 0
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The first-order momentum exchanged between electrons and heavy particles is
thus expressed in terms of the electron viscous tensor and electric force. Besides,
the following lemma allows for the momentum exchanged between heavy particles
and electrons to be calculated at order ¢.

Lemma 4.5. Considering f° given by eq.ﬁ), 12, i € H, by eq. (%@ by
eqs. (L9)-([E10), &, i € H, by egs. (£24)-(I25), and ¢2 by egs. ([1.33)-([.34), the
net first-order momentum exchanged between electrons and heavy particles vanishes,
i.e.,

(4.41) (3h, G0+ D (0GR 1), Can), + (32, Car)e = 0, v € {1,2,3}.
jeH
Proof. Equation (4.41]) is derived from eq. (B.19) at order £? based on corollaries

B.1B.4 g

4.6. Order e: heavy-particle Navier-Stokes equations. We derive Navier-
Stokes equations based on the heavy-particle Boltzmann equation (@) at order €.
First, we introduce the diffusion velocity and mean velocity of species ¢ € H,

1
(4.42) ‘/; = TL_ /sz;o(@ dC;, v; =vp+ ﬁh‘/{, i € H,
the heavy-particle viscous tensor,
(4.43) I, =y / m;C;oC; f¢; dC;,
jeH

the second-order electron mean velocity,

(4.44) v2 = Mywy, + V. + V2,
the heavy-particle heat flux,
1
(4.45) q, = Z/§ijJ'CjCjJ§0¢j dcy,
JjeH

the heavy-particle conduction current density in the mean heavy-particle veloc-
ity frame, the heavy-particle conduction current density in the inertial frame, the
second-order electron conduction current density in the inertial frame, and the total
current density,

1
. .2 2 . -2
(4.46)  Jn = ZWQ;"@ In = anijja Jo = NeQeVe, I=7y + SV
jEH jEH
Furthermore, we define the energy exchanged between heavy particles and electrons
reads at order ¢

(4.47)  AEL = (@ (S0, f20 ), DTN, + (3 (A2, L2 ), ),

+ (e (Bn - ). 03,
The first term can be calculated by means of theorem @
(4'48) <<3}11e(f}?@’b ) feo(be )7 A}?h+4>>h = Z nj‘é'Fg“e’
jeH
and the two other terms will vanish. Then, we establish the following lemma used
in the derivation of the heavy-particle Navier-Stokes equations.
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Lemma 4.6. Considering f° given by eq.ﬁ), f2, i € H, by eq. (%@ by
eqs. (9)-(E10), i, i € H, by egs. (24)-(E25), and ¢ by egs. (.33)-(|t.34), the
mass exchanged at order € between heavy particles and electrons vanishes, i.e.,
(4.49) (@ D)y =0, Te{1,...,n}.

Proof. Equation ([L49) is readily derived from eq. (B.18) at order £3. O

Proposition 4.7. If ¢? is a solution to eq. (R.3() at order €', i.e.
(4.50) RFAG) ==2H S d) + D 35(f0h, [Pe) + 31, i€,

JjeEH
where f2 is given by eq. (@), 12, i € H, by eq. (%(ﬁe by egs. (@)—(), @,
i € H, by egs. (L24)-[21), and ¢? by egs. [(£33)-(L34), and if f287 = (£°67)icn

satisfies the constraints

(451) <<fi?@3a1[}§z>>h =0,1¢€ {17"'anH+4}a

then, the first-order conservation equations of heavy-particle mass, momentum, and
energy read

(4.52) Opi + Oz (pivn + ﬁ}lpi‘{) =0, 7€H,

(4.53)  Oy(prvn) + Oz-(prvnevs + ﬁﬁpﬂ) = fM%QLBW(Hh +1II,) + ﬁﬁan
+ [0p0Xo + 01 I]AB,

(4.54) at(pheh) + aw-(pheh’vh) = —(ph]I + EHh):am’Uh — Mihaw-qh + MLth-E/
+ AE) +eAE}.

Proof. The Chapman-Enskog method allows for the following conservation equa-
tions to be derived

<<‘@}(L)a T/JZ»}L + €<<-@}1, T/JZ»}L = <<3?w 1/’51»}1 + €<<3}1w 7/151»}”
I € {1,...,n! +4}. Integrating by parts the left-hand-side and simplifying the
right-hand-side based on the proof of heavy-particle Euler egs. (f.26)-([.29), propo-

sition 1.6, lemma .5, and lemma [£.§, one obtains eqs. (f.59)-(4.54).
([

Remark 4.1. When one single type of heavy particles is considered, the first-order
energy exchange term, heavy-particle diffusion velocities, and conduction currrent
degenerate, AE} = 0, V[ =0, i € H, J, = 0, the total current is simplified
as well, I = nquy, + neq.V,/My,. Therefore, we retrieve the formalism of Degond
and Lucquin. In such a case, the Navier-Stokes system can be coupled to the
system of drift-diffusion equations for the electrons obtained at order £° in the
previous section. Since no energy exchange occurs at order £!, there is no need
to resolve the electrons at order €' to obtain a conservative model which insures
the positivity of the entropy production. However, this oversimplified case hides
the details of the complex interaction between the electron and the heavy-particle
mixture which is exhibited by the previous system of conservation eqs. (t.52)-(%.54).
For a multicomponent mixture of heavy particles, thus, we have to extend the model
obtained so far for the electron one order further, as done in the following section.
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4.7. Order ¢: first-order electron drift-diffusion equations . We derive first-
order electron drift-diffusion equations based on the electron Boltzmann equa-
tion ([£3) at order ¢!

Then, we define the second-order electron heat flux

1
(4.55) ¢ = [ je-ccic,

The energy exchanged between electrons and heavy particles at order ¢ is caculated
by means of eq. (B.20) at order &3
(4.56) AE! + AE} =0,

where AFE} is given by eq. (.47). Moreover, we establish the following lemma used
in the derivation of the first-order electron drift-diffusion equations.

Lemma 4.7. Considering f° given by eq.ﬁ), 12, i € H, by eq. (%{;ﬁe by
eqs. (.9)-([10), &1, i € H, by egs. (24)-(1.25), and ¢ by egs. (.33)-([t.34), the

mass exchanged at order € between electrons and heavy particles vanishes, i.e.,
(4.57) (deve)e = 0.
Proof. Equation (.57) is readily derived from eq. (B.1§) at order 3. O

Proposition 4.8. If ¢3 is a solution to eq. ([L5) at order €', i.e.

(4.58)  f2F(02) + 0010, (£262)-CenB = —DE(f2, v, &2) + dee (f202, [0 )
+ Jee (£, £002) + 32,

where f0 is given by eq. (7). £°, i € H, by eq. (E9), & by egs. (@)—(@), ®i,
(A H7 by €qs. ()'(); ¢e2 by €qs. ()'(@)7 and (b%; i€ H7 by €qs. (@)'
(IL51), and if f9¢2 satisfies the constraints

(4.59) (82,0 =0, le{L2},
then, the first-order conservation equations of electron mass and energy read
(4.60) Bipe + - [pe(vh + e (V + svf))}

(4'61) at(peee) + Og- (peeevh) = _peaac"vh - MLhaac (qe + qu)
+ MLh (Je + EJeQ) -E' 4 SpoeMpJovpnB + AE? + e AE!.

Proof. The Chapman-Enskog method allows for the following conservation equa-
tions to be derived

(20, 0N e + e Ze,0ide = (00, 0eNe +(de, 0N, 1€ {1,2).
Integrating by parts the left-hand-side and simplifying the right-hand-side based
on lemma [£.7, one obtains eqs. (.6()-(f.61). The added terms associated with
the perturbation of the mean electron velocity at order ! do not bring in any
contribution to the conservation equations. (I

Before switching to Section E in order to evaluate the expression of the transport
fluxes, we briefly come back to question of the influence of the choice of the initial
frame of reference.
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4.8. About the necessity of conducting the expansion in the v; frame.
As mentioned earlier, the mean heavy-particle velocity frame is not commonly
adopted in the literature to conduct the Chapman-Enskog expansion. We have
already underlined that the natural choice of the hydrodynamic velocity frame
is not appropriate insofar as the global hydrodynamic velocity v depends on the
parameter €. Besides, the choice of the inertial frame provides a vanishing mean
velocity of the electrons. In fact Degond and Lucquin [@} and Lucquin [, @]
reach such a conclusion. However, since the expansion of the collision operators in
terms of € depends on the initial choice of referential (see remark @) and since the
choice of the inertial frame prevents some terms from vanishing (such as g3, (£, £7)),
we will first show that these authors compensate the presence of non-zero terms
in the integro-differential equations by the help of the w velocity on the electron
introduced in Section @ This is affordable for the resolution of ¢, as proved
in the following. We then investigate if such an approach can be extended to the
resolution of ¢2.

Let us review the Chapman-Enskog expansion in a general frame. Considering
a frame moving with the velocity u, the peculiar velocities are given by

(4.62) CY = ¢, — eMpu, C"=c¢;— Mpu, 1€H.

K2

The space of scalar electron collisional invariants T is spanned by the following
elements

Pt = 1,
1/;::‘,2 = %C:'C:a

the space of scalar heavy-particle collisional invariants Z;* by

pd = (Midij),cqp0 JjeH,

~ H

#,n +v _ (mlqzut)zeH’ v E {1,2,3};
~ H 4

£ = (G CY)

and the macroscopic properties are expressed as partial scalar products of the dis-
tribution functions and the collisional invariants

{(( e = pe,
(TARISHNES

|
3
o
o3

and

<<fhu7 A;:J»h
<<fhu7 A:7HH+V>>h pth(vhl’ - uV)a ve {17 25 3}7
(7 A;:’nHJA»h = %nhTh + %Mﬁph(u —vp)-(u—vp).

Similarly to the low Mach number approximation for neutral gases, we decouple for
the electrons the thermal energy from the mixture kinetic energy.

Then, we reword the Chapman-Enskog expansion of Section | in the u frame.
First, let us now formulate two propositions from the begining of this section.

Pis ZGH’

Proposition 4.9 (Order e~2: electron thermalization). The zero-order electron

distribution function f°, solution to eq. (IH) at order €72, i.e., I72(f0) =
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952, that satisfies the scalar constraints (f*0, L), = (f*,%L),, | € {1,2}, is a
Mazxwell-Boltzmann distribution function at the electron temperature

1 3/2
(4.63) fu0 = n, (2777“ ) exp < & .ce“) .

Proof. The proof is identical to the one of proposition @ O

Proposition 4.10 (Order ¢~!: heavy particle thermalization). Considering f*°
given by eq. (), the zero-order family of heavy-particle distribution functions
h“O solution to eq. (@) at order €71, i.e., 8;1 =0, i € H, that satisfies the scalar
constraints ({ huo,z/;%))h = ((fh“,z/;é))h, 1€ {1,...,n14+4}, is a family of Mazwell-
Boltzmann distribution functions at the heavy-particle temperature

(4.64)

e\ 3/2
0 =n, (27r711h) exp( o7, [C” Mh(vh—u)]-[Ci”—Mh(vh—u)D, i€ H.

Proof. Multiplying the equation J; ' = 0 by In [(27)3/2n° £#0(m3Q%)], where the
heavy-particle translational partition function reads Q9 = (2rm9kpT?/h3)%/2, in-
tegrating over dC;, and summing over the heavy particles yields the entropy pro-

duction
R SR

i,j€H i€H

where the partial entropy production terms read

Ty = /az-j|ci — G| QU™ [, f0£40) dCidCydw, i, j € H,

0
Tie

1)3/2,,0 £u0 .
| ac /Q (vel®) Ivelve £ dve, i € H.

Integrating by parts, the terms Y%, i € H, vanish and we conclude as usual. ([

At this step, two properties appear: the electron thermalization takes place in
any velocity frame, whereas the zero-order heavy particle distribution functions do
not depend on the selected frame. Indeed, we clearly have f%9 = f0 i € H, for all
velocity u.

Considering then the Boltzmann equation at order e !, the electron first per-
turbation ¢* satisfies the linearized Boltzmann equation

1

o
M,

+3 n h@éi (|C212)|C2|(vy, — u)-CX,

i€H

(4.65)  TFo(¢) + 001geOcn (&*)-CenB = — )

with the constraints

(4.66) (f0gd e =0, le{1,2}.

The right-member of eq. (4.6) satisfies the constraint to be orthogonal to the
collisional invariants, that is the solvability condition. Moreover, in order to avoid
treating the newly introduced term in the integro-differential equation, one can use
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the absence of momentum constraints on the electron distribution function and
introduce a velocity shift w = v;, — u and notice that [Bq]

1 u u| u
(467) anQ( ) |C )|Ce |Ce )
i€H
we thus obtain that the conduction of the Chapman-Enskog expansion in the w
frame is equivalent to that in the vj frame with
M
" (vp — w)-C™.

(be - Te

As already mentioned in Section @, the electron velocity v, can be splitted into
two parts at the same order of the multiscale expansion v, = Mpu + V,* + O(e),
with V* = V. + Mj,(v), — u). We have thus provided a nice interpretation of the
algebra proposed in Lucquin [Bg] where the use of w = v, allows to eliminate the
presence of the term -, g 385 (20, £0) in the integro-differential equation for ¢*
obtained when working in the inertial frame u = 0.

As a conclusion, it amounts to “coming back” into the mean heavy-particle veloc-
ity referential. Let us underline at this point, that the set of equations obtained for
the heavy-particle Euler equations coupled to the zero-order electron drift-diffusion
equations is identical to the set obtained in Lucquin [B]. While still equivalent
at this order of the expansion to our study and yielding the same macroscopic
equations, it leads to an artificial complexity. This is a first step in the justifica-
tion of the choices made in Section @ in terms of the referential and associated
simplified algebra. However, at order ¢, which yields heavy-particle Navier-Stokes
equations coupled to first-order electron drift-diffusion equations, we realize that
such a compensation used through the velocity shift w has a nasty influence on the
structure of the expansion at the next order (see Lemma [£.4) and hence will make
the resolution of ¢? difficult. Concerning the heavy-particle Boltzmann equation
at order €°, the first-order perturbation functions ¢*, i € H, satisfy too eq. (),
that implies that ¢* = ¢, ¢ € H.

Finally, the second-order electron perturbation ¢%? satisfies

(4.68) Fe(g?) + 5b1QeaCe(¢eUQ)'Ce/\B = qu 70(£40, 4
B 00 B + oy 30 [ah (e )+ 8 (. 1)
¢ jeH

with the constraints

(4.69) (g2 ey, =0, Le{1,2}.

In the general case, the right-member of eq. () is not orthogonal to the collisional
invariants, and the solvability condition is not satisfied. More precisely, the two first
terms Z0(£40, ™)/ £40 and Jeo(LE04%, £404%)/ f40 satisfy the constraints for all
velocity w, whereas a lengthly calculation yields that the projection of the last term
over the collisional invariants 7,/;;”, 1 € {1,2}, does not vanish, except for u = vy,
As a conclusion on this matter, if the velocity w is not equal to vy, that is to say
if the selected frame is not the mean-heavy particle velocity frame, the structure
of the expansion of the collision operators in terms of £ prevents from solving for
“2 Moreover, the “trick” used in Degond and Lucquin at previous order for

e
¢ also brings in additional difficulties at subsequent order through the residual
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terms associated with w. The choice of the mean heavy-particle velocity frame not
only yields a simplified algebra—the parity properties of the distribution functions
are in accordance to the expression of the multiscale collisional operators— but
is mandatory in order to obtain the well-posed second-order problem for electron
distribution, second-order electron diffusion velocity, and heat flux being crucial to
balance the global energy equation. This statement fully justifies the choices made
in this contribution.

5. TRANSPORT COEFFICIENTS

In this section, we investigate the electron and heavy-particle perturbation func-
tions in order to obtain the expressions of the transport fluxes. We only treat the
case b = 1 corresponding to a strong magnetization (inducing anisotropic trans-
port coefficients), the case b = 0 corresponding to a weak magnetization will be
investigated in a forthcoming publication.

5.1. Extra notations for anisotropy. We introduce some extra notations in
order to conveniently express the solution to the Boltzmann equation in the presence
of a strong magnetic field. First, we define a unitary vector for the magnetic field
B = B/|B| and also three direction matrices

0 -B B
Ml =BegB, M'=1-BgB, M°=| B 0 -B],
-B, B 0

so that we have for any vector « in three dimensions
:B”:M”:B:ac-ﬁB, zt=M'tz=x— 2B B, x® = M®x = Bax.

In the (x, B) plane, the vector !l is the component of  parallel to the magnetic
field and ' its component perpendicular to the magnetic field. Thus, we have
x = xll + &', The vector ® lies in the direction transverse to the (z,B) plane.
The three vectors !, 1, and ® are then mutually orthogonal. We will show
that the transport properties are anisotropic. In the weak magnetization limit, the
transport properties are identical in the parallel and perpendicular directions and
vanish in the transverse direction.

5.2. First-order electron perturbation function. The first-order perturbation
function ¢ is a solution to eq. (@)

(5.1) Fe(ge) +Qeacc(@)'CeAB = W,

and satisfies the constraints (fL.10), where W, is given by the expression ¥, =

— D79/ £0 and £O by eq. (7). After some algebra based on the expression of
19, the quantity W, is transformed into

h 1
(5.2) o= —po WP d, — 020, ().
T
where the electron diffusion driving force d, is defined by the relation
1 e
(5.3) de = —Bape — LB,
e Pe
and with
1 ) 1 /5 1
(5.4) P = G o = E(ETG - 5ce-ce)ce.
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The right-hand-side of eq. (@) does not depend on the heavy-particle driving
forces. Therefore, the first-order electron perturbation function is decoupled from
the heavy-particles.

The existence and uniqueness of a solution to eq. (5.9) is given in the following
proposition.

Proposition 5.1. The scalar function ¢ given by

(5.5) ¢ = *pe%{M”(pEc(l)+(ML+IM®)SOEC(2)},de
) 3 1
— I, s Ae(1) 1 Oy, Ae(2)] .
R[MI Q20 4 (M- 1)) )] aw(Te),

15 the solution to eq. (@) under the constraints (), where the vectorial functions

cpg”(l), 905”(2), wg‘”(l), and goé‘°(2) are the solutions of the problem
(56) Te(pt!t) = w,

(5.7) (Fe +1/BIFE) (@) = @,

where Fee(u) = geu, under the constraints

(5.8) (Rt g =0, e {12},
(5.9) (£t®) 9l), =0, le{1,2},

with 1 € {De, Ao}

Proof. By linearity and isotropy of the linearized Boltzmann operator F, the de-
velopment @) of W, can be followed through for ¢, as well

G = —pedp-de — P10, (Ti)

The functions ¢4, u € {De, Xe}, are now vectorial and satisfy the equations

(510) g:e((bg) + que/\B'achbg = ‘Ilgv
and the scalar constraints
(5.11) (£l L), =0, 1ef1,2}.

We seek a solution ¢f in the form
P! = otV C, + ¢PCnB + ¢"P C.-B B,

where ¢t ¢ and ¢ are scalar functions of Cy-Cy, (C.-B)? and B-B, since
¢! must be invariant under a change of coordinates. Substituting this expansion
in (), and using isotropy, eq. ) splits into three separate coupled equations

(5.12) Fo (o VC,) — g B-Bo'P C, = B,
(5.13) Fo (D CnB) + gtV CAB = 0,
(5.14) Fo(¢*3C.-B B) + ¢.C.-B¢H? B = 0.

Further simplification is now obtained if, instead of three real quantities ¢4 (1), o @

and @b (3), we introduce one real and one complex unknown defined by

ot =0t + BB, ot® =gt 41 Blet®.
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Upon introducing <p§(1) = @5(”08 and 905(2) = @5(2)06, eqgs. (5.19), (), and
(5.14) can be conveniently rewritten in terms of these new functions

(%) Fe(t) = WL,

() (Fe +11BITE) (9t?) = w1,
Furthermore, the constraints (.11]) are easily rewritten in the form
() (Rt dede =0, 1e{1,2},

B9 (Rt dihe =0, Le{1,2}.

Moreover, expression (E) for ¢ is immediately obtained using the recombination
formula

ot = Mt 4+ MR (ph?) — MOT (1),
0

The structure of the integral equation (f.q) under the constraints (5.§) is clas-
sical and the structure of equation (@) under the constraints @) is similar in a
complex framework. More specifically, the operator F, +1|B|F% and the associated
bilinear form a(u, v) = ((u, (Fe +1|B|F)v)),, defined on the proper Hilbert space
of complex isotropic squared integrable functions associated with the scalar product
[-,], are such that |a(u,u)| > [u, u], which yields existence and uniqueness thanks
to the constraints. Moreover, from the isotropy of the operator F,, the expressions
ot and p4® cannot be functions of (C,-B)? as shown in [2F).

We further introduce the electron bracket operators [-, -], and ((-,-)), associated
with the two operators F, and Fde. For any & and (., we define

|I§67 Ce]]e = <<feO§ea ?E(CE)»ea ((567 Ce»e = |B| <<f:eO§ea ?ge (Ce)»e'

These bracket operators develop into

[ORA RS o / 06; (|Col2,w-€)| Cul £2(|Cule)

jeH

[Se(ICele) = &e(|Ce|w)]O[Ce(|Cele) = Ce(|Ce|w)] dw de d|C|
+i/0ee1|Ce*Ce1|L0L%

(ge + €el - gé - Eél)G(Ce + Cel - Cé - él) deCedCela

and

(€0rC). = |Blac / 2600, dC.

The bracket operator [-,-], is hermitian [, (], = [Ce, &e],, positive semi-definite
[€e; €], > 0, and its kernel is spanned by the collisional invariants, i.e., [£e,&], =
0 implies that & is a (tensorial) collisional invariant, or in other words, all its
tensorial components are in the space Z.. The bracket operator ((-,)), is hermitian

(e, Ce))e = (Ce»&e)), and negative definite (&, &), < 0 if & # 0.

Remark 5.1. In the limit case B tends to zero, expression (@) for the first-order
electron perturbation function reduces to an isotropic form. We prove indeed that,
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for p € {De,xe}, gog(l) does not depend on the magnetic field and that <p§(2)

converges to @b ™ for a vanishing magnetic field.

The expression of the electron diffusion velocity is given in the following propo-
sition.

Proposition 5.2. The electron diffusion velocity V. reads

e

(5.15) V, = —(Dl.d! + DLds + D2dP)

ee e
— (0N @ InTo)l + 05 (85InTe) = + 05°(8,InT)?),

where the diffusion coefficients and thermal diffusion coefficients are given by

Dl = IpLudy [02 D P VL, 0 = 1y [, o]

e’

(516) DeLe _ 3peT M, [[Cpe ,<Pe De(2 )]] Hgl = 1M [[ D (2),‘~Pe (2 )]]

e’ e’

D = —LlpuMy(2 @ @2 @) 60 = 1M (9P @, o)),

Note that the previous expressions are real, in particular for 05+ and 05°, although

Do) g o)

Proof. Using definition ([.1q) of the diffusion velocity V; and expression (f.4) of
WPe yields

functions e are complex.

D,
% = Tth«lI’e ’féo% >>e'
Further substituting expansion (@) into the latter equation, and using isotropy, we
obtain expression (p.15) for the diffusion velocity V,, where the transport coeflicients

are defined by Dl = 1p.T, Mh« 0 0 gDey gl — 1Mh(( l @e () gley |
D +1D% = Ep LMy (0@, WD), 058 +1050 = — LM (f002° ), wDe)),.
Eqgs. (p.) and (5.7) for p = D, classmally yields [ﬁ @]

DII - %peTth[[ De(l)’(peDe(l)]]e’

D& +1D% = kpTMy ([922, PP =192, o)), ),
92” _ _th [[Soé\e(l), ‘PeDe(l)i]e’
0 4102 = —10 ([2 @, 2], —1((2 @, 9P, ).

As the bracket operators [-, -], and ((-,-)), are hermitian, we immediately conclude

for expressions of D, DL DE and 0 ”. Concerning 05+ and 65©, we use the

ee’ e

imaginary part of eq. (@) for p € {D., )\e}, so that
S) [(Sfe +1|B|3"ge)(<pg<2>)} =0, pe{Der}

Taking the scalar product of the previous equation with ¢ @ , U E {De,xe} yields
the four following relations

[ReP® @], 4 (Rp2® Rl = 0,
[Sle® S 1. + ((%903(2),%905”(2) e =0,
[992°, 3@ ], + (ReP?, 302 P), = 0,
[392® Rl ], + (R, 02 @), = 0
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Then, a direct calculation implies that

R[pPe®, 2], = 20t R(p® 2@, = 200,
S[pP @, p2?]. = o, 3(p*® g, = 0,

so that 65+ = —2 Mj e De (2),902‘°(2)]] and 05° = 2 M, (e De(2) 902‘0(2))) . O

e

An alternative form of the diffusion velocity is given by
(5.17)
v, = =Dl (dl + xN@a1T)) = D (df + xeH (@alnT)* + XE© (8 T.)® )
— DE (d? + X (8 InTe)® — x2©(95InT.)" ) |

where the real thermal diffusion ratios XZ”

(5.18) 92” = D!elel, 96J‘ +10°¢ = (DJ‘ + 1D®)(Xe +1x89).

Then, the viscous tensor is calculated in the following proposition.

, XS, XS© are defined by the relations

Proposition 5.3. The electron viscous tensor vanishes, i.e.,

(5.19) I, = 0.
Proof. Using definition ([.37) of the stress tensor and expression (5.§) of ¢, one
readily obtains that I, = 0. O

The electron heat flux is given in the following proposition.

Proposition 5.4. The electron heat flux q, reads
(5.20) g, =~ [A(BT) + A (9aTe)* + A2 (8,T.)°
—pe (0l + 05 d +0:°d2) + peheV,
where the partial thermal conductivities are given by
Al = 3T2Mh [[cp’\ (1) ge(l)]] 7

(521) S\é = @Mh II(pec 2 ,‘Pé\ (2)]]67

5 =~ (o2 2,

Proof. Using definition ([L.30) of the heat flux g, and expression (f.4) of \Il} yields
q. = peheV, — Mh<<‘1’é\e, f De-

Further substituting expansion (@) into the latter equation, and using isotropy,
we obtain expression ) for the heat flux g, where the transport coefficients 6 ”,
6+, 65© are given in eq (b.16]) and the partlal thermal conductivities Al, AL, A©

are defined by Al = 3T2 My (£ X o TN AL 10O = 3Tth«fo 2e(2) 2
Egs. (F.4) and (5.79) for = Ao classmally yields [R5, P71
)\H M, [ \(1), (pgc(l)]]

e’

3T2

S0 = g M ([0 @, 02, = 1(02°® 02 )), ).
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As the bracket operators [-, -], and ((-,-)), are hermitian, we immediately conclude
for the expressions of 5\!, AL, and A9, O

Using the thermal diffusion ratios defined in eq. (f.1§), the electron heat flux is
rewritten

(5:22) g, =~ [N(0aT) + 2 (8.T0)" + 2 (02T2)°

+pe (VI + XV V) 4 pehe

where the thermal conductivities )\!, AL, A are real quantities given by

P
A =M = = Dlxdx
e
L se D
A+ = AT F1A = 2 (Dog +1D) (e +1xe”) (e +1x¢”)-
e

The positivity properties associated with the heat flux and the diffusion velocities
can be written with the help of the mass-energy transport matrices

T 5l ell T. 51 el T. 30 e®
Gas) A= (i ) A= (pﬁ oi)’ Al = (p);) 96@)'
o Dl oL DL :© DO

1

Proposition 5.5. Considering any two-dimensional real vectors !, x*, and x®,

the two following inequalities are satisfied
(5.24) (lal,zl) > o,
(5.25) (Afat zt) + (AT2®, 2%) + (A%2t, 2°) — (A92® 1) > 0.

Proof. Introducing z!l = (x!,xg), xt = (21,29), and x© = (27, 25), expressions

(6.14) and (p.21) for transport coefficients yield

(Alal al) = B[y (1), y O],

(ATat xt) + (AT2® 2°) + (A%t 2°) — (AQz® 2t) = p—”Tth [¥®, 4]

e’

with

y) =P — Lo,

y® = (a7 +1a5)e® — S (o e,
Inequalities () and (p.25) are then obtained thanks to the positivity of the
bracket operator [-,-].. O

Remark 5.2. In the limit case B tends to zero, the behavior of the transport
coefficients can be investigated. We formally prove that the matrix A! does not
depend on the magnetic field, that Aé‘ converges to A!, and that A? vanishes. So
that we obtain in the limit case the same contribution as with zero magnetic field
(b = 0) for the electron diffusion velocities and heat flux [Bd).
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5.3. First-order heavy-particle perturbation function. The first-order per-
turbation function ¢, = (¢ );cy is solution to eq. (|£.24), i.e.,

1
A

and satisfies the constraints (i.25), where ¥; = —29(f°)/f°, i € H. After some
lengthy calculation based on the expression ([L.§) of £, the Euler eqs. ({.26), (E29),
and ([.29), theorem B.1], and corollary B.9, one obtains

971((;5}1) =V, + ﬁ?, 1€ H,

. 3 1
(5.26)  Fi(on) = —0]:0pvy, —pr Y W d; — U, (—) — (T — Th),

jeH T
where
v! = 5 (CieC; - 5Ci-Cl), i€ H,
lIlZDj = ﬁpi((ﬁj - %)Ci i,j € H,
(5.27) v = (3T, - tmiCC)C, i€ H,
W = A(f - T (T - niCeC), ie

Quantity p; = n;T} stands for the partial pressure of species i € H. A linearly
independent family of diffusion driving forces is also introduced
(5.28) d, = L o,p — Mgy i
bn bn bn

The average electron forces acting on the heavy particles belong to the category of
the diffusion driving forces and allows for a coupling between the heavy particles
and electrons. Expression of ¢, given in eq. (.5) and definition ([£20) implies that
FE,, ¢ € H, is proportional to the electron diffusion driving force and the electron
temperature gradient. Thus, the heavy-particle transport fluxes to be derived are
also expected to be proportional to the electron forces.

The existence and uniqueness of a solution to eq. (p.26) is then established in
the following proposition.

Ee?

t € H.

Proposition 5.6. The scalar functions family ¢, = (¢ );cyy, given by
1

(5:29) & = 0 Davr — 1 3 S -d; — B0, <Th

JjeH

) —¢2(T, — Ty), i€H,

is the solution to eq. (5.26) under the constraints (§.25), where the tensorial func-
tions family ¢y, = (@;),cy, the vectorial functions families qbfj = (gbzpj)ieH, jeH,

and (]52 = ((b?‘h)ieH, and the scalar functions family ¢3 = (d)?)zGH are the solutions
of the problems

(5.30) Ti(gf) = Wi, icH,

under the scalar constraints

(5.31) (R opN, =0, Led{l,...nt+4},
with u € {n, (Dj)jeH,Xh,@}.
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Proof. By linearity and isotropy of the linearized Boltzmann operator F;, the de-
velopment of ¥; can be followed through for ¢; as well

N 3 1 o )
¢ = —@l:0zv —pn Y P, d; — ¢ D (—) — ¢ (T —Tn), i€H,

jeH T
where the functions families ¢, for u € {n, (D;);jen, s O} satisfy eq. (5.30) under
the scalar constraints (f.31]). We seek a solution in the form

¢! =V, i€H, pe{(D))en M},
¢! = ¢!V (CioC; - LC-C) ieH.

Quantities (bf(l), u € {n, (Dj)jeH,Xh}, and ¢ are scalar functions of C;-C;, for
i € H, since ¢}, p € {n, (D;)jemn, Xh, O} must be invariant under a change of coordi-
nates. Uniqueness of the solution is readily proved based on the linearity property
of the operator Fy, its kernel given in property , and the constraints ()
satisfied by ¢y,. (I

We further introduce the heavy-particle bracket operator [-, -], associated with
the operator JF},. For any &}, (j, we define

&, Culy = Cfns Fn(Cn)) -
The bracket operator develops into
[6n, Gl =1 D / B (EtE-E-€)0(G + § — ¢ = (ICi=Cjlojdwd C,dC;.
i,jeH
The bracket operator [-, -], is hermitian [£5, (4], = [Cn, &n],,, Positive semi-definite
€n, €], > 0, and its kernel is spanned by the collisional invariants, i.e., [&4,&n], =
0 implies that &, is a (tensorial) collisional invariant, or in other words, that all

its tensorial components are in the space Zj,. The expression of the heavy-particles
diffusion velocities is given in the following proposition.

Proposition 5.7. The diffusion velocity of species i € H reads
(5.32) V, ==Y Dyd; - 0!dsInT),
jeH
where the diffusion coefficients and thermal diffusion coefficients are given by
D .
Di; = spnTuMuley #;,'1,, i.j € 1,
oF = —iamep . 0], i€H

Proof. Using definition ({.49) of the diffusion velocity and expression (5.27) of ¥,
i € H, yields

(5.33)

D; 3
V, = T, Mp (%)%, fon)),, i€H.
Further substituting expansion (p.29) into the latter equation, we obtain expres-
sion (5.39) of the diffusion velocities. O

In particular, the heavy-particle diffusion velocities are thus proportional to the
electron driving force and electron temperature gradient through the F,, contribu-
tion to d;, © € H. Kolesnikov [@] has already introduced electron heavy-particle
diffusion coefficients and thermal diffusion coefficients and ratios to couple the
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heavy-particle diffusion velocities to the electron forces. Therefore, we propose

to refer to this phenomenom as the Kolesnikov effect for the heavy particles.
From the properties of the bracket operator, we infer that the diffusion matrix

D is symmetric. Moreover, an alternative form of the diffusion velocities is given

by

(5.34) v.--3 D, (d]— + x?amlnTh) , e,
JjeH

where the thermal diffusion ratios are defined from the relations

> Dyxl=0F icH,

jeH

)

jeH

(5.35)

Then, we introduce the tensor
S = [001 + (Davn)"] — 2 00ron I
in order to express the viscous tensor in the following proposition.
Proposition 5.8. The heavy-particle viscous tensor reads
(5.36) I1;, = —miS,

where the shear viscosity is given by

Ty,
(5.37) = 15lon oil-

Proof. Using definition ([.4J) of the viscous tensor and expression (f.27) of ¥7
yields

I, = Th (P}, fon),-

Further substituting expansion (p.29) into the latter equation, we obtain expres-
sion (p.36) of the viscous tensor. O

The expression of the heavy-particle heat flux is given in the following proposi-
tion.

Proposition 5.9. The heavy-particle heat flux reads
(5.38) an = —M0zTh — pu Z G?Jj + Z pihiV;,
jeH jeH

where the partial thermal conductivity is given by
. 1 5 5
(5.39) M = =z Mi ", 33" ],.-
3T}

Proof. Using definition (E43) of the heavy-particle heat flux and expression ([.27)
of \Ilf‘h yields
qp = —Mp{( @), f06n), + gTh > V.
jeH
Further substituting expansion (p.29) into the latter equation, we obtain expres-
sion (p.3§) of the heat flux. O
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Using the thermal diffusion ratios defined in eq. ), the heavy-particle heat
flux is rewritten

(5.40) an =0T +pn > XV, + > pihi Vi,
jeH jeH
where the thermal conductivity is given by
(5.41) An = Ap —np Z 9?)(?
jeH
The positivity properties associated with the heat flux and the diffusion velocities
can be written with the help of the mass-energy transport matrix

-
A, = ;hf)\h [(07)ien]™\
(0)ien  (Dy;)ijen
Proposition 5.10. The heavy particles mass-energy transport matriz A;, is sym-

metric, positive semi-definite, and its kernel is onedimensional and spanned by the
vector [0, (pi)ien]”

Proof. We consider a vector & written in the form & = [z, , (z;)ien]? and introduce
the family y;, = (y,),cy given by
D; 1 X
Yi = ij(bi = —rr, ¢

= prTh

Expressions (.33) and (f.39) for transport coefficients yield

(Apz, x) = %PhTth [y, ynli-
The positivity is then obtained thanks to the positivity of the heavy-particle bracket
operator [-,-],. Moreover, using the scalar constraints (), that imply that y,

is orthogonal to the collisional invariants, the quantity (A, x,x) vanishes if y,, is a
collisional invariant, consequently if y;, = 0. Finally, the linear rank of the family

(gb?h , gbzpl, ey qb?"’H ) is exactly n'! because it is the rank of the corresponding right
member (\Ilf‘h, 111?1, . ,lIl?”'H). We then conclude that y;, = 0 if and only if « lies
in the space spanned by the vector [0, (p;)icn]” - O

5.4. Second-order electron perturbation function. The second-order pertur-
bation function ¢? is a solution to eq. ({.39), i.e.,

(5.42) Fe(d?) + ¢e0c, (¢2)-CenB =V,
and satisfies the constraints ([£.34), where
1 A A
W= 25 (000 @) + e 0 00) +32).
e
Introducing second-order heavy-particle diffusion driving forces d? =-n;V,,ie€H,
one obtains after some lengthy calculation

U2 = —W:0v, —pe »  WDd; — V2,
icH
where @g is a scalar function of C,-C,, and
{‘P’JC ~ F (G- oG,

(5.43) , .
ol = Lo cPC|c., ien.
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The coupling of the electrons with the heavy particles occurs in the integral equation
for the second-order perturbation function through the d? forces, i € H. Thus,
the second-order electron transport fluxes to be derived are also expected to be
proportional to the heavy-particle forces.

The complete resolution of eq. (p.42) is not necessary since we only need to
express the second-order transport fluxes %2 and g2 in terms of bracket operators.
Consequently, we only have to examine the contribution of the two vectorial terms
Ol and WP i e H

Proposition 5.11. The scalar function ¢, given by

(5.44) 67 = @l :Bavn — pe 3R MDD 4 (M 1M )PP -d? — G2,

i€H

is the solution to eq. (5.43) under the constraints ([£.34). The vectorial functions

gagi(l), cpeDi@), i € H, are the solutions of the problems

(5.45) Te(pe V) =,

(5.46) (. +1|BITE) (92 2) = WP,

under the constraints

(5.47) (£eZ D, gy, =0, le {12},
(5.48) (K2 ), =0, Le{l,2}.

The tensorial function ¢l° verifies
gje(gbgc) + qeacc(gbgc)'ce/\B = ‘Pge,
and the function ;53 is a scalar function of C.-C,s and (Cs-B)?.

Proof. The proof of this proposition is identical to the one of proposition @ since
eqs. (b.1]) and (5.49) for ¢ and ¢? only differ with their second members. O

The expressions of the second-order electron diffusion velocity and heat flux and
of the average electron force are given in the following proposition.

Proposition 5.12. The second-order electron diffusion velocity %2 is given by
(5.49) V2= - (Dhdll + D5dH + DSd).
icH
The second-order electron heat flux q2 reads
(5.50) a2 =-p. Y (61" + 05- a2+ 0;°d°) + poh V2.
icH

The average electron force F,,

acting on heavy particles © € H is given by

(5:51) F.= -4 (Dhdl + Did; + D3dg)

— 2 (6 (DanTy)| + 05 (8, InT) - + 05 (B 1nT) ).
h
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The diffusion coefficients and thermal diffusion coefficients read

(5.52)
Do(1) D1
D!i = %peTth [pe ( )7906 ( )]]

e’ 2

9?” _ *%Mh [[(PeDi(l), 902\5(1)]19, i€H,

DL ip T M, [[soeD”(Q),soeDi(Q)]]e, ot = 1M, [[cp?i@),goé‘”(?)]]e, ieH,

DG = —pTeMp(9l* P, o), 07 = 1My (9P, 0P, ien.

Note that the previous expressions are real, in particular for DX, D 0+, and

o et ei’
Ae(2) De(2) (2)

, 1 € H, although functions pe®*”, e and go?i

e®
0; are complez.

Proof. Using definition ([£.3§) (respectively (f.55) and ([£2())) of the second-order
diffusion velocity %2 (respectively the second-order electron heat flux g2 and av-
erage electron force E, i € H), the same proof as that of proposition @ yields to

e
conclude. O

Remark 5.3. The term ¢/*:9,v}, of eq. (p.44) contributes to a second-order elec-
tron momentum relation not investigated here.

Remark 5.4. To the authors’s knowledge, it is the first time that such second-
order transport coefficients are rigorously derived from a multiscale analysis. The
second-order electron diffusion velocity and heat flux are thus proportional to the
heavy-particle diffusion velocities. That is the Kolesnikov effect for the electrons.
However, it is important to mention that the second-order electron transport fluxes
shall not be confused with the Burnett transport fluxes appearing in second-order
macroscopic equations @]

6. CONSERVATION EQUATIONS

We review the heavy-particle Navier-Stokes eqs. (.59)-([.54) and electron drift-
diffusion egs. ([£6]) and (f.61)). We also derive a total energy equation and an
entropy equation. Then, we introduce a conservative formulation of the system of
equations.

6.1. Mass. The species mass conservation equations read

(6.1) Dupo+ Ba [po(vn + - (V, + V)| =0,

(6.2) Oupi + O [pi(on + 7 V)| =0, i€l

Summing eq. (6.9) over i € H and using the constraint > jen PiV; = 0 given in
eq. (), a heavy-particle mass conservation equation is obtained

(6.3) Otpn + O (prvr) = 0.

The heavy-particle mass is conserved in the mean heavy-particle velocity referential.
Then, adding the electron drift eq. (b.1) to eq. (f.3) and using eq. (£.27), i.e.,

pv = pron, + &% pe(vn + 31— (Vo + eV?)),
a conservation equation of global mass p = pp, + £2p, is also established
(6.4) Orp + B+ (pv) = 0.

The global mass is conserved in the hydrodynamic referential, although the trans-
port fluxes are calculated in the mean heavy-particle velocity referential. It is the
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only place where the difference between the global hydrodynamic velocity and the
mean heavy-particle velocity, of the order of €2, plays an essential role. It is another
evidence of the coherence of our formalism compared to other approaches found in
the literature.

6.2. Momentum. The momentum conservation is expressed by
(6.5) at(phvh)+aw-(phvh®vh+M%gpﬂ) = —Migaw-nﬁMLGqEJr[ébOIOMMI]AB.

A flow kinetic energy is obtained by projecting the previous equation onto the mean
heavy-particle velocity

(6.6) O¢(3pnlvnl?) + Oz [vh(%ﬁ'h|vh|2 + ﬁﬁp)} = ﬁsp Az-vn — yp VR Oz Iy
+ M%%an'vh + vp,- (80X + I I)AB.
6.3. Energy. The electron energy equation reads

(6.7)  Or(pete) + Oz (pe€e¥n) = —pe@z-vh — MLham' (Qe + €qg)
+ 1 (Je +€J2) -E' + bp0eMpJe-vinB + AE] + eAE],

and the heavy-particle energy equation reads

(68) 8t(pheh) 4+ 8m~(phehvh) = 7([)}1]1 =+ EHh):am’Uh — Mihaz-qh + MLthuE/
+ AE) +eAE}.
So that a global energy equation is derived by summing egs. (@) and @)

(6.9) Oi(pe) + Bz (pevy) = —(pl + ellp,): 0z v — ﬁham-g
+ ML;L (Je + EJe2 + EJh) 'El + 550€MhJe~’Uh/\B,

where quantity @ = q, + £q2 + £q,, is the total heat flux. Finally, a total energy
equation is derived by adding eq. )

(6.10) O4(E) + By (Hvp) = =85 (Tp-vp) — 31-02-Q + LE,

where quantity £ = pe + M7 pj, 5|vs|? stands for the total energy and H = p& + p,
the total enthalpy. The term I-E of eq. () represents the power developed by
the electromagnetic field. It has the form prescribed by Poynting’s theorem. Hence,
the first principle of thermodynamics is satisfied.

6.4. Electron and heavy-particle entropy equations. In addition to the ther-
mal energy, we introduce other relevant thermodynamic functions. First, the species
Gibbs free energy is defined by the relations

n; nO

(miTh)*"* QY

0
(6.11)  poge = neTe In 2672” . pigi = n;Tp1In , 1€H,
T22QQ

where the translational partition functions read
27rmngT0 3/2 2rmOkpTO 3/2
o1 Qv (Pl T gp - (BT
P P

Then, the species enthalpy is given by

5 5
(6.13) pehe = §neTe, pih; = §niTh’ 1€ H.
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Finally, the species entropy is introduced as

he — hi —gi .
e — Je S; = g i € H.

6.14 = [ ’
( ) Se Te 9 Th

Therefore, the mixture entropy reads ps = ) jes Pisi- The thermodynamic func-
tions exhibit a wider range of validity than in classical thermodynamics, introduced
for stationary homogeneous equilibrium states [@] Indeed, they are interpreted
in the framework of kinetic theory by establishing a relation between the thermo-
dynamic entropy and the kinetic entropy. The latter quantity is based upon the
distribution functions

)2
(615 Skzn Z/ﬁ{ [2 )33Q00f5‘|}

jeH
7r3/2n0
Jafon[E e

Proposition 6.1. The kinetic entropy and the thermodynamic entropy are asymp-
totically equal at order €2, i.e.,

(6.16) Sk = ps + O(e?),

provided that the distribution functions follow the Enskog expansion given in egs.

(D) and (9.

Proof. Using definition (B.15) and expansions ([L]) and (f.9), the kinetic entropy
is found to be

/f0{11 [(2”)3350 O@]}dcj+/ﬁ0{1ln[(2ﬂgg2 Ofo]}

)3/2p0 3/2,,0
+e3 [ o l%ng fg]dC v [ o m {%fﬂdc

jeH

jEH

+ O(e?).

The first-order term vanishes seeing the constraints ( and () Then, using
expressions @ and @ and definition - eq. ) is readily obtained. O

Consequently, a first-order conservation equation of thermodynamic entropy can
be used instead of a conservation equation of kinetic entropy to ensure that the
second principle of thermodynamics is satisfied. First, we introduce the heavy-
particle entropy prsn, = > jen PisSj and derive the entropy equations.

Proposition 6.2. The electron and heavy-particle entropy equations associated
with the macroscopic conservation equations @)-@) read

(6.17) By (pese) + Oa- (pesevn) + B (T +e ) = T +e X,
(6.18) Ot(pnsk) + Oz (prSrvR) + an-.jhl = T,? + ET,%,



50 BENJAMIN GRAILLE, THIERRY E. MAGIN*, AND MARC MASSOT

where the electron and heavy-particle entropy fluzes are given by

1 1 2
— Pe eV 5 e — — Pe e‘é )
T (e — pPege Vi) J. PegeV.")

1
(6.20) Jl = T (qh - j;{pjgﬂé),

and the electron and heavy-particle entropy pmduction rates by

(6.19) TP =

2
T (qc

6.21) YO = TLAEOf Pe 4oV — ——8,InT.-(q, — peheV),

e MhT e e MhT
1
6.22 T = —AE! - d, V?—
(6.22) e T, e MhT e MhTe

1
(6.23) YY) = —AEh,

——0,InT,-(q% — pchVJ?),

1 Dh 1 /
T = —AE — —1II,:0 — —(Oxp; — niq; E")-V,
=T, Ty heGaUh MyTy, zeZH Dh ( b =i ) !
(6.24) - M L7 T (qh > pihi V)
1€H

Proof. Based on the relations

e 3”6 i 3”1 .
Je ) _ 20t al 24 = an. H
pPed <Te> dne 2Tedle, pid (Th> dn; — th, 1 € H,

and definition (6.14), one obtains
1
at(pese) + 0z (pesevh) = T [at(peee) + 0z (peee'vh)] +ne0z-vn

- [atpe + Oz (pe'vh)] %a

e

1
O¢(pnsn) + Oz (prsnvn) = T [0¢(pnen) + Oz (prenvn)] + npdz-vi

=" [0ep; + Bo- (pjon)) 2

jeH

Then, using egs. (B.1), (@), 67, (6-9), and the relations

e h i h 1 -
d (g—) = 2dT + dpe, d <9_> = 2dTh + dpza 1€ H7

Te T Ty, T7 mip;
we readily obtain egs. () and (6.19), with the entropy fluxes given in eqs. (f.19)
and (p.20) and the entropy production rates given in eqs. (B.21))-(5.24). O
Adding egs. () and (), a global entropy equation is found
(6.25) Ot(ps) + Oz (psvp) + 8T =71,
where the global entropy flux is given by
(6.26) T =T+l +eT;,

and the global entropy production rate by
(6.27) T ="+ + 710+



KINETIC THEORY OF PLASMAS: TRANSLATIONAL ENERGY 51

Proposition 6.3. Defining x, = (80T}, d,,...,du)7, xl = (8T, dlhT
and - = ((8xInTy)L, d5)T, where

3 De Th
d, = d, P (DEAS + 05°(84InT.)®),

the global entropy production rate Y defined in eq. ) can be rewritten in the
following form

(Te — Th)2

2 T =
(6.28) T,

Z;—u]e+nhs S+te (A, xh, 1)

jen

MT

4P <Anmn )+

M, T,

where the matriz AL

/\J_ HEJ‘ p Th 96@98@ D®9e®
1 _ e
Ach = ( eeL DL) o ph T Z Dz]nlnj DgozeG DGDG)

is a perturbation of the mass-energy transport matriz Ae defined in eq. () In
particular, the global entropy production rate is nonnegative provided that € is small
enough and the collision frequencies v, i € H, are nonnegative.

Proof. Expression (p.2) is obtained after some lengthly calculation based on the
expressions of the diffusion velocities V;, V.2, V/, i € H, heat fluxes q., g2, q;,, vis-
cous stress tensor Ilj, energy exchange terms AEO AE1 AE?, AE}, and average
forces F,,, i € H, given in Section B.

The positivity of the collision frequencies v;e, ¢ € H, (respectively the viscosity

nr) immediately yields the positivity of the first term (Te—1%)?/(TeTh) > :c iy T Vje /M)

(respectively the second term 7,S:S). Moreover, propositions and ensure
that both the following terms 2%-(A,xn, xn) and <A”me,me> are nonneg-

ative. Finally, introducing y = dL®LpD «(2) (8mlnTe) ®cpg\ =(2) , the last term is
expanded as

(6.29) (AG,xt,zr) = [y,y], —clz 2],
with
. D; .
Zi = %peTth Z n; ((ya (peDJ (2)))e®¢i Jv 1€ H.
JjeH
We conclude after noticing that the classical term [y, y], is nonnegative and van-
ishes if and only if y = 0 thanks to the scalar constraints (f.§) and (F.9). O

In the whole general case, we are not able to write the entropy production rate
as a sum of nonnegative contributions independently of the value of €. However, it
is the case for vanishing magnetic field, the last term (A5 zt, zt) g1ven in (p.29)
being nonnegative as soon as the magnetic field disappears—the matrix Aeh reduces
then to AZ—and that for any value of «.

The nonnegativity of the global entropy production rate implies that the second
principle of thermodynamics is satisfied. This statement could be equivalently
formulated by means of a H-Theorem. Besides, the electron and heavy-particle
temperatures must be equal when an equilibrium state is reached. Provided that
the collision frequency v;e, i € H, is positive, the quasi-equilibrium states described
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by the Maxwell-Boltzmann distribution functions given in egs. (@) and (@) create
some nonnegative entropy expressed by the term (T, —71},)%/(TeT}) > jen NjVie/m;.
The latter term vanishes when the electron and heavy-particle temperatures are
identical.

6.5. Plasma magnetization. We recall that the intensity of the magnetic field is
expressed by means of the b parameter used to define the scaling of the nondimen-
sional electron Hall parameter ¢° Bt /mQ = ¢!~*. Three categories of plasmas are
reviewed in Table . A value of b < 0 corresponds to unmagnetized plasmas, b = 0,
weakly magnetized plasmas, and b = 1, strongly magnetized plasmas.

TABLE 3. Magnetic field influence.

b  Conservation equations Transport properties
<0 — —
0  Bulk magnetic force Electron bulk magnetic driving force

Electron magnetic force

1 Bulk magnetic force Electron bulk magnetic driving force
Electron magnetic force Heavy-particle bulk magnetic driving forces
Heavy-particle magnetic force Anisotropic electron transport properties

6.6. Mathematical structure. The system of mass, momentum, total energy,

and entropy egs. (6.1)), 6-2), (6:3), (b.10), and (5.27) is conservative from a fluid

standpoint in the variables

U = [pe, (pi)ict, pnon, &, ps)”,
that reads
(6.30) U + 0y F + 8y F = Q,

with the convective fluxes

1
F = [povn, (pi)ica®n, pnvnevy + —=pl, Hop, psvp)’,

M}
the diffusive fluxes
Pe 2y € € 3 1 T
F= A \A s ’LV i 5 —II ) —1II- FVER ) )
[Mh(e+€e)7Mh(p z)GH M}% h M]% hvh+MhQ j]

and the source terms

Q= 0,0, %E + (600 + 61 I)aB, LE, T
h

Then, we extract a purely convective system from eq. (6.3(])
(6.31) U + 05 F =,

where the convective source terms are given by
ngq

, M]%E+ (6s0 + 0p1)I'AB, T-E, Y'|T,

Q' =100,0
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with the current I’ = nqvy,, and the entropy production rate

T, 7Th)2 T,
T = (67 V.
T.Ty, Z Vi

The purely convective system given in eq. (p.31)) is rewritten in a quasi-linear form
(6.32) OW + A0, W = Qp,
by means of the variables
W = [pe, (pi)ictt, Vhs Pes Phl"
the source terms

1
=100 —F B+ (G +6u)UrB, 3AED, 3AEQ)T,
h

M3 pn,
and the Jacobian matrices
(6.33)
Vhy 0 peef 0 0
0 vnu(dij)ijen (pi)iene, 0 0
A, =10 0 vl e gpo-es |, ve{l1,2,3},
0 0 ypoel Vhy 0
0 0 Yphey 0 U

where the specific heat ratio reads v = 5/3 and symbol e, stands for the unit vector
in the v direction.

For any direction defined by the unit vector m, the matrix n-A is shown to be
diagonalizable with real eigenvalues and a complete set of eigenvectors. There are
two nonlinear acoustic fields with the eigenvalues vy -n + ¢, where the sound speed
is given by ¢ = p/(ppM}), and linearly degenerate fields with the eigenvalue v, -n
of multiplicity n® 4+ 3. Thus, the macroscopic system of conservation equations
derived from kinetic theory in the proposed mixed hyperbolic-parabolic scaling has
a hyperbolic structure, as far as the convective part of the system is concerned.
Such a property is far from being obvious since the obtained sound speed involves
the electron pressure and seeing that the rigourous derivation of the momentum
equation of the heavy particles involves many ingredients throughout the paper.

7. CONCLUSIONS

In the present contribution, we have derived from kinetic theory a unified fluid
model for multicomponent plasmas by accounting for the electromagnetic field in-
fluence, neglecting the particle internal energy and the reactive collisions. Given
the strong disparity of mass between the electrons and heavy particles, such as
molecules, atoms, and ions, we have conducted a dimensional analysis of the Boltz-
mann equation following Petit and Darrozes [@] and introduced a scaling based
on the ¢ paramter, or square root of the ratio of the electron mass to a charac-
teristic heavy-particle mass. The multiscale analysis occurs at three levels: in the
kinetic equations, the collisional invariants, and the collision operators. The Boltz-
mann equation has been expressed in the mean heavy-particle velocity referential
to allow for the resolubility of the first- and second-order electron perturbation
function equations, as opposed to the inertial referential chosen by Degond and
Lucquin [@, @] Then, the resolubility of the electron and heavy-particle pertur-
bation functions has been classically based on the identification of the kernel of the
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linearized collision operators and space of scalar collisional invariants of both types
of species. The system has been examined at successive orders of approximation
by means of a generalized Chapman-Enskog method. The micro- and macroscopic
equations derived at each order are reviewed in Table E Depending on the type
of species, the quasi-equilibrium solutions are Maxwell-Boltzmann velocity distri-
bution functions at the electron temperature or the heavy-particule temperature,
therefore, allowing for thermal nonequilibrium to occur. At order e!, the set of
macroscopic conservation equations of mass, momentum, and energy comprises
multicomponent Navier-Stokes equations for the heavy particles, which follow a
hyperbolic scaling, and first-order drift-diffusion equations for the electrons, which
follow a parabolic scaling. The expressions of the transport fluxes have also been
derived: first- and second-order diffusion velocity and heat flux for the electrons,
and first-order diffusion velocities, heat flux, and viscous tensor for the heavy par-
ticles. The transport coefficients have been written in terms of bracket operators;
both electron and heavy-particle transport coefficients exhibit anisotropy, provided
that the magnetic field is strong. We have also proposed a complete description
of the Kolesnikov effect, i.e., the crossed contributions to the mass and energy
transport fluxes coupling the electrons and heavy particles. This effect, appearing
in multicomponent plasmas, is essential to obtain a positive entropy production.
Besides, it contains, as degenerate case, the single heavy-species plasmas consid-
ered by Degond and Lucquin for which the Kolesnikov effect is not present. The
properties of electron and heavy-particle mass-energy transport matrices have been
established by using the mathematical structure of the bracket operators. In partic-
ular, the properties of symmetry and positivity implies that the second principle of
thermodynamics is satisfied, as shown by deriving an entropy equation. Moreover,
the first principle of thermodynamic was also verified by deriving a total energy
equation. Finally, the system of equations was found to be conservative and the
purely convective system hyperbolic, thus leading to a well defined structure.

The proposed formalism remains valid for collision operators of Fokker-Planck-
Landau type. These operators can be used to model the charged particle interac-
tion, instead of Bolztmann operators associated with a Coulomb potential screened
at the Debye distance. Besides, the explicit expression of the diffusion coeffi-
cients, thermal diffusion coefficients, viscosity, and partial thermal conductivities
can be obtained by means of a variational procedure to solve the integral equa-
tions (Galerkin spectral method [[4]). The expressions of the thermal conductivity,
thermal diffusion ratios, and Stefan-Maxwell equations for the diffusion velocities
can be derived by means of a Goldstein expansion of the perturbation function, as
proposed by Kolesnikov and Tirskiy [@] Finally, the mathematical structure of
the transport matrices obtained by the variational procedure can readily be used to
build efficient transport algorithms, as already shown by Ern and Giovangigli [@]
for neutral gases, or Magin and Degrez [@] for unmagnetized plasmas.
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