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Abstract A general framework for the kinetic modelling of non-relativistic polyatomic gases is proposed,
where each particle is characterized both by its velocity and by its internal state, and the Boltzmann collision
operator involves suitably weighted integrals over the space of internal energies. The description of the internal
structure of a molecule is kept highly general, and this allows classical and semi-classical models, such as
the monoatomic gas description, the continuous internal energy structure, and the description with discrete
internal energy levels, to fit our framework. We prove the H-Theorem for the proposed kinetic equation of
Boltzmann type in this general setting, and characterize the equilibrium Maxwellian distribution and the
thermodynamic number of degrees of freedom. Euler equations are derived, as zero-order approximation in a
suitable asymptotic expansion. In addition, within this general framework it is possible to build up new models,
highly desirable for physical applications, where rotation and vibration are precisely described. Examples of
models for the Hydrogen Fluoride gas are presented.
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1 Introduction

The purpose of this paper is to propose a consistent general Boltzmann—type model for a polyatomic gas,
able to include the kinetic models already exploited in the pertinent literature, but also to give rise to more
accurate descriptions of internal energies of polyatomic molecules. The construction of a reliable mathematical
model for polyatomic gaseous particles is highly desirable in view of physical applications, since the main
constituents of the atmosphere are polyatomic. A review of possible problems involving monoatomic and
polyatomic species, possibly undergoing also chemical reactions, may be found in [IL2]. For this reason, in
last decades the investigation of polyatomic particles has gained interest not only in the frame of kinetic
theory, but also in Extended Thermodynamics [3] and in the derivation of accurate schemes for fluid-dynamics
equations [41[5].

In kinetic theory, non—translational degrees of freedom of polyatomic particles are usually described by
means of an internal energy variable, that may be assumed discrete or continuous. The basic features of
the model with a finite set of discrete energy levels may be found in [7[8]; the gas is considered as a sort
of mixture of monatomic components, each one characterized by its energy level, and particles interact by
binary collisions preserving total energy, but with possible exchange of energy between its kinetic and internal
(excitation) forms, allowing thus particle transitions from one energy component to another. The kinetic
model based on a continuous internal energy parameter I has been proposed by Borgnakke and Larsen in [9]
and then extensively investigated in [IOII]; the gas distribution function turns out to depend also on this
energy variable, and macroscopic fields and Boltzmann operators involve integrations in dI with an associated
integration weight ¢(I). This measure ¢(I) d! is a parameter of the model, and different options for it allow to
reproduce any desired number of internal degrees of freedom. With the commonly adopted choice ¢(I) = I¢,
this number of internal degrees of freedom is independent of the temperature of the gas (describing thus
polytropic gases). On the other hand, the set of discrete internal energy levels proposed in [6l[7] allows to
obtain a temperature-dependent number of degrees of freedom [12], with a specific heat at constant volume
which resembles the physical laws of statistical mechanics [13]. Both formulations with discrete and continuous
energy turn out to be well suited also in presence of simple chemical reactions (see for instance [7l[I1]) and
discrete energy levels are also well adapted to problems involving complex chemistry since real molecules
actually have discrete energy levels [g].

Since Boltzmann equations are quite complicated to deal with, simpler kinetic models have been proposed,
mainly of BGK or ES-BGK type, both for gases or mixtures with discrete energies [T4L[I5LI6] and for the
continuous energy description [I7[I8[19}20]. Hydrodynamic limits of kinetic equations have been performed,
at Euler or Navier—Stokes accuracy, in order to build up consistent fluid—dynamic equations for the main
macroscopic fields, focusing the attention on the transport coefficients, especially on the bulk viscosity or,
equivalently, on the so-called dynamical pressure, a correction to the classical scalar pressure due to the
polyatomic structure of molecules [211[22[23]. Such kinetic or hydrodynamic equations have been applied to
simple physical problems, as the existence of shock-wave profiles [241251[26l127], the Poiseuille and thermal
creep flows [2829], and suitable boundary conditions have been derived in order to allow the investigation of
flow problems with solid boundaries [30].

The main drawback of these kinetic models is the fact that they wish to describe all internal features of
polyatomic molecules by means of a single internal energy parameter (discrete or continuous). In order to
improve the applicability of Boltzmann equations to real problems, more accurate models would be needed,
able to separate the vibrational degrees of freedom from the rotational ones. More precisely, since the gap
between two subsequent discrete levels is much lower for rotational energy than for vibrational energy [31], a
reasonable way of modeling could approximate the rotational part by means of a continuous variable, keeping
the vibrational part discrete. This is the main motivation for the present work; indeed, we would like to merge
the existing discrete and continuous energy models in a general (abstract) framework, in order to combine
their strength and obtain a full description of both rotation and vibration. Models with discrete vibrational
degrees of freedom and continuous rotational states have long been used in the literature in order to analyse
vibrational state-to-state non-equilibrium phenomena [132]. Some attempts to distinguish vibrational from
rotational energy have been performed also at kinetic level: in the discrete energy formulation, this aim could
be achieved by choosing discrete energies depending on several discrete indices [8], but also other models have
been proposed, of BGK or Fokker-Planck—type [33l[34] or in the frame of Extended Thermodynamics [35]
(involving two continuous energy variables). The idea of introducing two different temperatures (translational
and internal) in the kinetic model for a polyatomic gas, investigating then their influence on volume viscosity
and other transport coefficients, has been developed in [IL[36L[37]. Moreover, a proper rovibrational collision
model has been built up in order to study the internal energy excitation and dissociation processes behind a
strong shockwave in a nitrogen flow [38].

We propose here a general kinetic framework for the description of a single polyatomic gas, in which each
particle is characterized, in addition to its position and velocity, also by a suitable internal state {. The space
of all admissible internal states £ is endowed with a measure p. In other words, instead of considering a
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continuous or a discrete variable to describe the internal state of a given molecule, we use a single parameter
¢, and integration over the continuous variable or summation over the discrete one are replaced by a single
integration over ¢ against the given proper measure p. Moreover, we clearly distinguish the state of a molecule
and the energy function £(¢), which associates to each state a suitable energy value.

The continuous and the discrete energy models may be included into this framework by choosing £ = R
and £ = N, respectively. We prove that, even keeping the space £, the measure p and the energy function
£(¢) generic (not explicit), the collision rule determining post-collision velocities may be defined, and the
corresponding Boltzmann equation fulfills the expected consistency properties. More precisely, the Boltzmann
H theorem holds in the generic framework, and collision equilibria turn out to be provided by Maxwellian
distributions depending on the internal energy function £(¢). The technical steps of the proofs rely essentially
on the conservation of momentum and of total energy, therefore there is no need of fixing from the beginning
the microscopic energy structure of particles. We remark that our framework describes isotropic gases, where
polarization effects due to external fields acting on (non ionized) polyatomic gases may be neglected [39].

In more detail, the content of the paper is organized as follows. In section [2} we introduce the framework
and its assumptions, and we make the collision rules explicit. Our method is inspired by [TO,IT40], with
some necessary modifications, since the procedure in such references is specifically designed for a continuous
or discrete internal variable. Section [3| focuses then on the Boltzmann collision operator and on some of its
main properties, as the weak formulation and the characterisation of collision invariants. In section [4 we prove
the validity of the Boltzmann H-theorem, and we investigate the equilibrium Maxwellian distribution and
the thermodynamic number of internal degrees of freedom. In section [5] the hydrodynamic Euler equations
corresponding to our general model are derived. Sections |§| and |Z| are devoted to modelling: we explain how to
recover the monoatomic, continuous and discrete formulations, and we give insights on how to build consistent
new models within our framework, including a description able to separate rotation and vibrations of poly-
atomic particles; examples of possible models are provided and commented on, with reference to the pertinent
gas—dynamics literature. In Section 8, we show how is possible to reduce models fitting the general setting to a
one-real-variable description with a suitable measure, similar to the continuous model with integration weight.
We address the problem of computing this measure from the general setting, and show that the combination
of a continuous model with weight and a discrete model reduces to a continuous model with a different weight
that can be made explicit, allowing an easier treatment for numerical applications. Finally, section [9] contains
some concluding remarks and perspectives.

2 General setting and collision rules

We consider a gas composed of one species of molecules, which mass we denote by m € R} . Each molecule
is microscopically described by its velocity, denoted by v, and its internal state, denoted by (. The latter is
usually related to rotation or vibration that occurs inside the molecule. We assume that there exists a set of
all possible internal states £, and that this set is a measure space. All molecules, being of the same species, are
related to the same space €. Secondly, we assume that to each internal state ¢ € £ corresponds an energy, that
is, there exists an internal energy function € : £ — R. The energy of a molecule with velocity v and internal

m
state ¢ is then equal to 5|v|2 + £(¢), the sum of its kinetic and internal parts.

Definition 2.1 We call space of internal states a non-empty measure space (€, A, u), with p(€) # 0.

To clarify here, £ is the space of internal states, A is a o-algebra on £, and p is a (non-negative) measure on
(€, A). In the following definition, Bor(R) is the set of Borelians of R.

Definition 2.2 We call internal energy function a (A, Bor(R))-measurable function € : £ — R.

In our framework, we only require two assumptions on (&, 4, 1) and &, which both physically make sense. The
first is to assume that € admits an infimum.

Definition and assumption 2.3 We denote by £ the essential infimum of € in R on £ under the measure
1, that is

" := inf ess, {e} = sup {R ER, st. ule <R) = O}, (2.1)
and assume that % € R.
Definition 2.4 We define the grounded internal energy function € by

g:=¢—¢°. (2.2)
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Note that by definition of °, inf ess,{¢} = 0.

Remark 2.1 The reader shall remark that in this paper, the value of €% has no importance. Indeed, £° represents
the fundamental energy of configuration of the molecule, and it plays a role only when chemical reactions are
involved.

The second assumption is the well-definedness of the partition function.

Definition and assumption 2.5 We define the partition function Z, for all g > 0, as
2(9):= [ e#9 au(c), (23)
£

and assume that for all 5> 0, Z(8) < co.

The choice of € instead of simply ¢ in the definition of Z is explained in Remark [£:2] Assumptions [2.3]and [2.5]
imply that VR € R, u(e < R) < oo, which itself implies that p is o-finite.
_dkz

Proposition 2.1 Z isC* onR7 and for allk € N and 8 > 0 and, denoting its derivatives by Z(k)(ﬁ) = 5

we have

70(8) = /g (—2(0)) 55O dp(<). (2.4)

2\ k
Proof Remarking that for all z € Ry and k € N, e > (i,) , we get the inequality z* e~ < 2¥ kle™%. Since
€ > 0 p-a.e., we get for all k € Nand 8 > 0, fg E(O)*F =75 du(¢) < 400 and the result comes by dominated

convergence. O

We consider a binary collision and define the collision rule. The states (velocity and internal state) of the
pre-collision molecules are denoted by (v,{) and (v, (), and the states of the post-collision molecules are
denoted by (v, ¢’) and (v}, (}). In each collision momentum and total energy are conserved

mv + mu, = mv’ + muv, (25)
m m m m .
S WP +e(Q) + Sl +e(G) = S0P +e() + Sl + ().
The parallelogram identity yields
v —val? =2 (0] + |vs]?) = Jv + v
4
= o = ol + —(e(¢) + (¢ —(¢) — (&)
We set 1 1
A (U,U*7C,C*,</,<;) = Z"U - U*‘2 + E(E(C) + €(C*) - E(C/) - E(C;))7 (26)
we then have 1
7|’UI_U:<|2 :A(U:U*7C7C*7Clv<;)' (27)

4
We deduce that the collision can occur only when A is non-negative, and in this case, by a classical argument,
there exists w € S? (two-dimensional unit sphere) such that

v —D+U*+\/ZTUJ{U_U*]

2 |[v — vy (2.8)

ol —”J”J*—x/ZTw[”_”*]

2 [v — vy
where T,, is the symmetry with respect to (Rw)™,
YV es?t T,[V]:=V-2w-V)w €S~

It is not required to extend formula (2.8]) to the set {(v,v) s.t.v e R3}, since it is negligible.

From the previous computation, it is clear that not any collision is possible. If, before collision, two molecules
are in low energy internal states with close velocities, they cannot reach too much high energy internal states
after collision. For this reason, we fix at first the pre- and post-collision internal states, and then we consider the
space of pre-collision velocity pairs that make the collision possible. In the following definition, E[(, s, (', (1]
is the set of pre-collision velocity pairs (v, v.) so that a collision (v, (), (v«, () = (-, '), (+, (L) is allowed.
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Definition 2.6 For all (, (., (', (. € £, we define

EIG G ¢'s ¢l = {(002) € R X B st A0,00,6,60 ') 2 0 (29)
where A is defined by (2.6).

It can be proved that for all ¢, (., (', ¢, € &, the interior of E[(, ¢, (', (.] is non-empty, unbounded and arcwise
connected.

Now we can define the transformation linking the pre and post-collision velocities.

Definition 2.7 We define for all ¢, (., (', ¢, € £ and w € S?,

E[¢, ¢, ¢ = B¢, ¢ ¢ G
Su[¢: ¢, ¢'5 Gl (0,0) = v+ vy VAT, | P v—i—v* _ VAT, (2.10)
T 2 Yo — vyl |v—v*| '

Lemma 2.1 S,[(, ¢, ¢, (] is well-defined and a bijection, with

(SwlC, Gy ¢ CD T =8I ¢ G G-

Proof Let (, (., (' ¢, € €, w € S2. First, we show that the transformation is well-defined. We fix (v,v,) €
E[C,C., ¢!, Cl]. We have that A(v,v., €, ., ¢', 1) > 0. We define (t/,01) = S,[C, G C', C1)(v, v,). Then
AW 0 €L G G = ! = el + —(o(¢) + £(¢1) = 2(0) — (6.)
2
= 1 (VAL CLT D) + o (e(0) +e(6) = =(0) — ()
= A0, 6,6 €€  (o() () — £(0) — £(62))

1
= Z|va*|2 > 0.

Thus (v, v.) € E[{’, (., (, ). The application is well-defined.

Let us now prove that the transformation S,,[(, («, ¢, ¢}] is a bijection. We fix (v',v}) € F[{’, ., ¢, (] and define
(v,v6) = S,[¢", €L, ¢, G (v, v,). First, we just proved (with inverted notations) that (v,v.) € EI[(, (., ¢, (]

and A(U ’U*,C C*aC C*) =

4| — v, |%. Now we also remark that

v+ =0+,
and
) U — Uy —7. |1, v — vl :U/,v;7
v — v |v vl v — v}
because T, is a symmetry. Since A(v, vy, ¢, C, ¢, CL) = |v — v/ |?, we deduce that
'U+’U*+\/A C( C c’) V — VUx U’+Ui+1|, ,|'U/—,U; ’
(v, V4, C, s, = —|v" — vl =0
[v — v 2 2 [/ — v,
Analogously,
v—l—v* \/A ARAALS v — vy v 40l 1|, ,|v’—vi ,
- vv*, *9 * = — S|V — U, = Uy
v — v 2 2 |v" — v,

so that S, [¢, ¢, ¢', L] (v, v4) = (v, v)), which ends the proof.

([l
Lemma 2.2 The Jacobian of the transformation S,[C, C«, ¢, (L] is given by the formula
1 [v" — v
J[Sw[CaC*aC7C*H (U,U*) = |1)*U | 5 (211)

where (v, = Swl¢, G, ¢, CL] (v, vs).
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Proof This proof is based on that one of Lemma 1 in [I1]. We decompose the transformation in a chain of
elementary changes of variable. For the sake of clarity, we fix ¢,(,,(’,¢. € € and w € S?, and denote the
transformation S,[¢, C«, ¢, ¢{] by simply writing

(v,v5) = (v, 0L).

First, we pass to the center-of-mass reference frame. The transformations A; : (v,v.) — (g, G) where g = v—u,,
G = (v+w4)/2, and By : (¢',G") — (v,v)) have both Jacobian equal to 1. Since G = G’, we are led to
study the transformation C; : g — ¢’. Now, we pass to spherical coordinates for g and g’. We perform the
transformations As : g — (|g],9/lg|) and Bs : (|¢'|,¢'/|¢']) — ¢, and finally we study the transformation
Cs: (lgl,9/1g]) — (I¢'l,d'/1g'|) taking into account the determinant |g'|?/|g|? of the Jacobian coming from As
and Bs. Since T, is a symmetry, we have

J[(gwj) <\/|g|2 (©) +e(c.) - “')E(C"‘”’TwMN

=J lgl H2\/ lg1? + —(e(¢) +e(¢) —&(¢ )—E(CL))]

_ %\gl _ lal
VAR + 2 EQ +e(6) —e (@) —ecr) 19

Multiplying by |g'|?/|g|?, we finally obtain

9" _ o' =]

J[Sva C*:Q./,CLH (’U,’U*) = ?| =

where (v, v}) = Su[C, ¢+, ¢, C(v, vs). O

v — v’

3 Boltzmann model

We consider a distribution function f that represents the density of molecules of the studied gas. This density
depends on 4 parameters:

— 2 macroscopic parameters: the time ¢t € R, and the position in space z, typically x € R3 or T3
— 2 microscopic parameters: the velocity v € R? and the internal state ¢ € £

As a distribution function, f is non-negative, so that we study f(¢,x,v,{) € Ry. Moreover, we assume that
for all (t,z), f(t,,-,-) € LY(R? x €, dvdu(C)). The evolution of this distribution function is governed by the
Boltzmann equation

Of(t,x,v,Q) +v- Vo f(t,z,v,0) = B(f, )t z,v,), (3.1)
where B is the Boltzmann collision operator we define in a following subsection.

If ¢ defined on R® x £ is a microscopic extensive quantity (test function, often called molecular property),
then the associated macroscopic quantity is

[ 6.0 ftt..0.6) avautc).
£ JR3

Typical choice for the molecular properties are ¢ = m, ¢ = mv and ¢ = %MQ +¢(¢), giving the mass density

p, velocity u and total energy density e, respectively, namely
plta) = [ [ mfit.a0.0)dvducc)
& Jr3

1
ult,z) = e / mo f(t,,0,¢) dvdp(C)
elt,) TP +EQ) fltw,v.0) dvdu(Q).

]R‘%
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We can also define the temperature by

1 m

T(t,z) :=6"" ( / / (— lv —ul? + E(()) flt,z,v,¢)dv d[L(C)) , (3.2)
p(t,x) Je Jrs \ 2

where we recall that by definition (equation (2.2)) & = £ — ¢, while © : R, — R is a suitable function

related to the integral of the specific heat at constant volume (the precise definition will be given later, in

equation (4.8) in Section .

3.1 Boltzmann collision operator

The Boltzmann operator, representing the effect of collisions on the change of velocities and internal states of
each molecule, is composed by a loss and a gain term

B=B,-B_.

We focus on the microscopic aspect and put temporarily aside the variables ¢ and x. When two molecules
collide, not all possible post-collision states are equiprobable. This idea is translated in the concept of the
collision (or scattering) kernel b, which encapsulates the information on the interaction potential (for example
a hard sphere or Lennard-Jones one). As well known, the collision kernel is related to the differential cross
section ¢ through the formula b = |v — v.|o.

In this paper, for a purpose of generality, following the line of [41] we make as few assumptions as possible on
the collision kernel b.

Definition 3.1 The collision kernel b is a measurable function

:{R3XR3><E><£><E><£><82%]R+ (3.3)
(v, 05, €, G, ¢ Gy w) = B(0, 04, (G, ¢ G w).
Assumption 3.2 Symmetry. For a.e. v,v, € R3, for p-a.e. ¢, (s, (', ¢, € £ and a.e. w € S?,
b(v, Vs, (G ¢ G w) = b(v,vs, G G G ¢ w) = b0, 0, G, G L L w). (34)
Assumption 3.3 Micro-reversibility. For a.e. v,v, € R?, for p-a.e. (,(,, (', ¢, € £ and a.e. w € S?,
[v = 0| (0,04, €, G ¢ Gy w) = " = WL BV, 0, ¢ L € Gy ). (3.5)

where (', v)) = Su[C, G, ¢/, ¢ (v, v).

Definition and assumption 3.4 We denote by S?[v, vs, ¢, («, ¢, (1] the subset of S? such that for all w € S?,
w € 80,04, G, ¢, (L] = (v, 04, ¢, G ¢ CLw) > 0.
We assume that for a.e. v,v, € R3 and p-a.e. ¢, (., ¢, L €&,

(v,v.) €E[C, 6, L] = S?[v,v.,¢, G, ¢, CL] has positive measure,
S\ S?[v, w4, ¢, ¢, ¢, €] has zero measure. (3.6)

This assumption [3.4] has the following meaning: if a collision is possible, then there exists a non-negligible
set of angles w for which the kernel is positive; if, on the other hand, a collision is not allowed, then the
corresponding kernel is zero. Finally, if the collision is elastic, then the set of angles w for which the kernel is
positive is the whole sphere S? (minus a negligible set). We thus allow, for inelastic collisions, the kernel to
be zero for a non-negligible set of angles. This is an important feature, already present for example in [41] for
the case of reacting spheres.

Note that the symmetry and micro-reversibility assumptions are not in contradiction with the positivity
assumption, due to the fact the the function 14>¢ also has symmetry and reversibility properties. Moreover,
setting (v',v}) = Su[¢, ¢, ¢, ¢L](v, vy), the symmetry and micro-reversibility assumptions imply

S?[ve, v, G, ¢, L ¢ = SP[v, 04, G, G ¢ G = P, 0L, L L G G

We are now ready to define the Boltzmann collision operator. The loss term of the collision operator expresses
the fact that a collision involving a molecule with state (v, () causes a change of the state. Thus for all states
(v,¢) € R? x &, and recalling that b is null for not admissible collisions, the loss term reads as
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B1.00.0 = ([ [ ] 50080 )b ¢ ) i an® €L (3)

The gain term of the collision operator expresses the production of the state (v, () by collisions. Thus the gain
term is obtained by considering all collisions for which (v, () is a post-collision state. We have already proved
in Lemma that if (v/,v)) = S,[(, Cx, ¢, CL] (v, v4) then (v,v.) = S,[C7, CL, ¢, ¢ (W, v)), therefore the gain
term will be symmetric to the loss one as expected. In more detail, denoting by x the Dirac mass on R3, the
gain term is defined by

B pw o= [l [l = 6 O el ¢ 6o
dodv’ dul (¢, ¢ G),

where just for convenience we define (,0.) = S,[(, (., ¢, ¢](v',v)), in order to be able to perform the
change of variables (7,%,) = S,[¢", (L, ¢, G (W, vh) (recalling that S,[¢,¢L, ¢, ¢ is a Cl-diffeomorphism on
E[¢', ¢, ¢, ¢, except on a negligible set) leading to

_ ~ ! ! ! ! ! ! —1 ! / ! !
B (f, f)(w, ) —///53 //E[C,C“m;] /S2 X(@ =) f(0', ) F(0l, ¢) T [(Sul¢ ¢ ¢ G TH b 0L, ¢ ¢ G G w)
dw do do, dp®? (¢, ¢, ¢
:///83 /}Ra . FOL O FL, ) T [(Sul¢, ¢ GG T b, v, ¢ ¢ ¢ G w) dwdo, du®3 (¢, L G,

where in last line we went back to the original notation, changing @, to v,. The Jacobian of (S,[¢/,¢L, ¢, ¢]) 7! =

Swl¢, s, ¢, ] is given by equation (2.11)), and it provides

Bt N0 = [l [ ] e T b ¢ g e dm e ¢ L)

Using now the micro-reversibility condition on b, Assumption we finally get
B w0 = [ [ ] 0w bt 66 ) oo, 46 ¢, (38)
g8 Jrs Jg2

where we recall that (v/,v]) = S,[(, ¢, ¢, (.](v,v.). Since f and b are non-negative measurable functions,
the gain and loss terms are always defined. In order to define the full collision term, we impose the following
assumption on f.

Assumption 3.5 For a.c. v € R? and for p-a.e. ¢ €&,

B*(fv f)(%C) +B+(f7 f)(%C) < o0.

Writing b(-) = b(v, v, (, ¢+, ¢, (L, w) to lighten the notations, the full Boltzmann collision operator writes, for
allv e R? and ¢ € &,

5000 = [ [ [ (#0000 = 0.0 0.0)) b6) deodi an® (€. (9)

where (v, v}) = S,[¢, ¢, ¢, (v, v4).

Remark 3.1 Alternatively, one can define the Boltzmann collision operator using transition probabilities in-
stead of b, see [g].
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3.2 Note about degeneracy

The concept of degeneracy appears when the internal description is done through the direct consideration of
energy levels. For instance, in a quantum description, different proper states can sometimes have the same
energy. The number of proper states sharing the same energy level is called the degeneracy of this energy level.
When degeneracy is considered in kinetic theory, it usually appears in the micro-reversibility condition of the
collision kernel (see for example Section 4.2.4 in Giovangigli [42], equations (4.2.7) and (4.2.8)), and ultimately
in the formulation of the Boltzmann integral. We show in this subsection that, without loss of generality, it
is possible to assume no degeneracy in the micro-reversibility condition and take this into account through
the measure p. Note also that if the internal description is done through the proper states instead of directly
through the energy levels, there is no degeneracy to consider.

The degeneracy is a measurable positive function on the space of internal states
a:&—R;.

The micro-reversibility condition taking degeneracy into account writes (see Section 4.2.4 in Giovangigli [42],
equation (4.2.8))

[v = 0| b(0, 04, ¢, G ¢ G w) alQ)al(Ce) = [v" — v (', 0%, ¢ ¢ € oy w) a(C)a( L) (3.10)

Classical symmetry condition for cross-sections should be valid only if the molecular states are non-degenerate
[43]. However, Waldmann [44] has shown that semi-classical Boltzmann modelling is indeed admissible for all
molecules, even with degeneracy properties, provided the quantum mechanical cross-sections are replaced by
suitably degeneracy averaged cross-sections [44145]. Symmetry property may be obtained owing to the
invariance of the Hamiltonian under the combined operation of space inversion and time reversal [44L[46]. We
remark that in the classical model with a continuous internal energy variable I [9[T0LI1], the weight function
©(I) in the Boltzmann kernel plays the role of the degeneracy function a(-).

With the same reasoning as in the previous subsection [3.1} the collision term writes in this case

///gg /R /S ( a(c* ( Wi, ¢l) — (v,C)f(v*,C*)> b(-) dw dv, du®(Ca, &', C1).

Let us now define

b(U,U*, C, C*7 Clv Civw)
a(¢')a(cl) ’

B(U7 v*vC? <*7</7<;7w) =

Then b verifies the assumptions of our framework. Now let us set

B0 = I [ ] (F0OF0h¢) = Fw. 0 i) B dwdv. (¢,

8000 = 5 [, [ [, (RO TOOICC)) b atcpatc) dwdn. du(cnc' )

///53 /Rs /S ( ,C;(é F' ) (vl ¢L) = flu 7C)f(v*,c*)> b(-) dw dv, du®3(C,, ¢, CL)

a(lo B, £)(0,).
It follows that
B F) (0. Oda(0) = B A0, Oa(Odn(€) = B, )(w: aulc)
and
F(0,0d(¢) = (lof(v )a(Q)du(¢) = F(v, O)du(C).

Thus it is equivalent to study the model (£, A, 1) with the kernel b and degeneracy a, and the model (€, A, fi)
with the kernel b and no degeneracy. In our framework, degeneracy can be simply included in the measure on
the space of internal states, and does not appear in the micro-reversibility condition.
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3.3 Weak formulation

In this section, we study the weak formulation of the collision integral that will later enable us to deduce the
conservation laws and collision invariants.

Proposition 3.1 Let 9 : R? x &€ — R be a measurable function such that

/ / B_(f, ))(0.0) [(w, )| dvdp(¢) + / / B (f, )(0,€) [0, Q)] dvdp(¢) < oo
£ JR3 £ JRr3

Then

L[ s neoveomae =3 Il 1L (6o - s osw. )

) [0, ¢) (0 €)= (0. ) = (0, )| b() dwdv e du®H(C G (' CL)
where (o', 0}) = SL[¢. o ¢ (v, 02).

Proof First we have, thanks to the symmetry conditions on b and Fubini’s Theorem,

[ [ B-0.p. 0w, dvducc)
£ JR3

:////54 //(RS)2 . F@, O f (v, G) (v, Ob(v, 04, ¢, G, ¢, ¢ w) dw dv dos du®H (¢, G, ¢ CL)

:////54 //(RS)2 . F(0a, G F(0,0) (04, C)b(v, v, o, €, ¢ ¢y w) dw dw dv dp®* (G, ¢, L, ()
= ////54 //(R3)2 . F@, ) f (02 G) (02, G)b(0, 04, €, G, ¢ € w) dw dv duvs A G ¢ L),

thus

// B_(f. f)(v, Q)tb(v, ¢) dvdu(()

=5 ML L w00 e 1.0 + e 1) dedvan, duc ., ¢
Now by renaming all the variables, we get
[ [ B-.w0ute.0 dvano
s L D W0 ) + 9(at OB 0 €' €l Gy o) o e, A (¢, €, o).

We now perform the change of variables (v,v.) = S,[¢’, (L, ¢, ¢ (v, v)), use the formula for the Jacobian
(2.11) and the micro-reversibility condition and obtain

/ / B_(f, )0, Q)v(v, ) dvdu(C)
////54 // ()2 /S L C) () + (L, COTb(v, s, G, G, ¢ ¢ w) dw dv dos dp®H(C G -

where (v',v)) = S,[(, C«, ¢, (L] (v, v.). We deduce that

/ / B_(f, )(w,C)b(v,C) dvdu(C)
£ JR3

=L L L (O OB )+ 0 I+ Fw O ) [0 ) 4 80,

b(-) dw dv dv. du®*(¢, ¢, ¢, ¢L).

where (v, v) = Su[C, ¢+, ¢, CL(v, v.).
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On the other hand, since

Bt 000 = [ [ 500 b0 €€ ) A G )

where (v',v}) = Su[C, G, ¢, ¢L)(v, v4), we have

/ / B (f, )0, (v, ¢) dvdu(C)

= I L L 1000w b ¢ v, G ).

Applying the change of variables (v',v.) = S,[(, C«, (', CL](v, v4) using the formula for the Jacobian, equation
(2.11), together with the micro-reversibility condition on b, Assumption we obtain

/ / B (f, )(w,O)b(v, ) dv du(()

FL, C) (v, ) bV, v, ¢ ¢ € Gy w) dw do’ dv), dp®H (¢, L, ¢ G
£+ JJ(R3)2 sz

where v in the last integral is defined by (v,v.) = S,[(’, ., ¢, ¢](v',v)). By simply renaming the variables
(exchange of prime and non-prime), we get

/ / B (f. )0, )eo(w, ¢) dvdp(()
£ JR3

2////54 //(RS)Z /82 F0,0) f(vs, GV, ) b(v, 04, ¢, Gy ¢ ¢ w) dw dv do, dp®H (G, ¢ CL)

where v’ is defined by (v',v}) = S,[(, ¢«, ¢, (4] (v, v.). By using the same arguments as previously, we get

/ / B (f, )(w,C)(v, ) dv du(C)

////54 //]Ra)z /Sz Fl, G [(v, Q) + 1 (va, GOl + f(0,O) f (vs, Go) [0(0, 1) + 1#(”@@)])

b() dw dv do, du®4(<7 C*a C,: Ci)

where (v',v]) = S,[(, C«, ¢, (L] (v, v). Putting the previous results together yields

[ Lssaeoveomao=—3 Il 1L (6w - s osw. )

X |:¢(1)/, C/) + ¢(U*7 C*) - ¢(Uv C) - ¢(U*v C*)] b() dwdv dv* d/u®4(§.7 C*v C/a Ci)

3.4 Collision invariants

Definition 3.6 v is a collision invariant if and only if for y-a.e. ¢, (i, (', (L € €, ae. (v,v.) € E[(, i, (', (]
and a.e. w € S*[v, s, (, G, ¢, ¢,

¢(v/7<l) +1/)(U;7Ci) :1/)(1},4‘) +1/}(’U*7C*)7 (311)
where (v',v}) = Su[C, G, ¢, Gl (v, v).

First, we immediately deduce from the conservation laws (2.5)) that if there exists « € R, 3 € R* and v € R
such that for a.e. v € R® and p-a.e. ¢ € &,

0,0 =atpotq (5P +0),

then v is a collision invariant. In this subsection, we prove that all collision invariants verifying a certain
integrability assumption have this form.
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Lemma 3.1 For all( € £ andw € S?,

B R3 x R? — R3 x R3
Sul€: ¢, ¢, ¢ =S, : v+ v v — vy v—uve | vtv. |v—ou v — Uy
%) Tw 9 - Tw
(v, v) > T v — vl 2 2 [v — vy

Proof For any v, v, € R3,

Ay02,6,6,6,0) = 40 =0l - ((0) +£(0) — =(Q) () = glo — v 2 0

so that
EIG6¢ ¢ = {(0,0) € RS X B st Av,0,,¢,C.(,¢) 2 0} = R® xR,

Now let (v,v,) € R3 x R3. We set (v/,v),) = S,[(,¢, ¢, (](v,vs). Then

U/Zv—gv*-i-\/mﬂ,{v_v*]

o .|
:v+v*+|va*|Tw v — U, 7
2 2 [v — vy

and analogously

Thus we indeed have

R3 x R® — R3 x R®
5,1¢,¢,¢,¢] - v vl |v— v V= | v |v—u v — Uy
w) T, , — T, .
(v, v) 2 T v — v 2 2 v — vl

The following Theorem is the well-known characterization of collision invariants in the elastic case.
Theorem 3.1 Letrg >0 and ¢ € L' (RS, e~ Iv*/mo dv) such that for a.e. (v,v,) € R? x R® and w € S?,
BV (v, Vs, w)) + GV} (v, V4, w)) = B(v) + B(vs).
with (V' (v, V4, w), V. (v, V4, w)) = Su(v,v.). Then there exists (o, 3,7) € R x R® x R such that for a.e. v € R3,
o) = a+B-v+ Sl
Proof For the proof, we refer the reader to Bouchut and Golse [47], Chapter 2. O

The following Theorem characterises collision invariants in the general setting.

Theorem 3.2 Let ) be a collision invariant, such that for p-a.e. ¢ € € there exists r¢ > 0 such that ¢¥(-,() €
Lt (]R?’7 e~ Iv/me dv). Then there exists (o, ,7) € R x R? x R such that for y-a.e. { € € and a.e. v € R3,

(0,0 =a+p v+ (F P +0).

Proof Let us denote by € the set such that (£\&) = 0, and for all ¢ € £, there exists 7 > 0 such that (-, ¢) €
Lt (R?’, e*|”|2/7“<dv) and for all ¢,,¢’,¢. € &, ae. (v,v.) € E[(, (s, ¢, ¢ and ace. w € S2[v, 0., ¢,y ¢, CL,

¢(U/a C/) + w(via Ci) = ¢(Ua C) + ¢(U*a C*)7

where (v',v}) are defined by (v/,v}) = Su[(, ¢, ¢, L] (v, vy).

First, we consider the equality for ¢ = ¢, = ¢’ = ¢, € £. From Lemma Assumption (in our framework,
all angles are allowed in elastic collisions) and Theorem there exists (ag, 8¢,7¢) € R x R? x R such that
for a.e. v € R3,

00,0 = ac + vk (51 (312
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Let us now consider again the equation (3.11)), using formula [3.12)), ¢ = ¢, € £ and ¢’ = ¢/ € . It writes, for
a.e. (v,v4) € E[¢,¢, ¢, ('] and a.e. w € S?[v, v, ¢, ¢, ¢, (],

1 1 1 1
2a¢ + Bc - (v+v.) + (2lvl2 + Qv*l2> = 2a¢ + fer - (v +0)) + ¢ (2|v’2 + 2lw;2)
where (v/,v},) = S,[¢, ¢, ¢, ('](v,vs). By assumption at fixed v, vy, ¢, ¢’, the set of angles w for which the

above equation holds, S?[v, v, ¢, ¢, ¢, ¢'], is not negligible. Using the conservation equations (2.5), we thus get
1 2 2 /
for a.e. v, v, such that Z|U —u]* > = (e(¢") — £(€)),
m

2 (ac —ag = 2 (e(¢) = £(0))) + (B = ) - (v+v2) + (o =) (;w - §|) ~o.

A polynomial that vanishes on a set of infinite cardinal must have all its coefficients equal to zero, hence

V¢ =Y
B¢ = B¢
£(¢) £(¢’)
ac—")/(/ m :a(/—’)/c/ m .

We conclude that there exists (o, 3,7) € R x R? x R such that for a.e. v € R? and for all ¢ € é (thus p-a.e.
(€8,

b, =a+ 8 vty (TPl +e0).

4 H Theorem and collision equilibria

Theorem 4.1 H Theorem. Let f : R? x £ — Ry be a measurable function such that for a.e. v € R? and
p-a.e. ¢ €&, f(v,¢) > 0. We assume that

/ / B_(f, £)(0, ) n(f) (v, )] dvdu(C) + / / B (f. £)(0:¢) n(f)(v,0)] dvdu(C) < .
£ JR3 & JRr3

Then
[ B 0m) 0.0 dvduo) <0 (4.1

and

/g / B0 () (0,¢) dv () = 0

()
B(f, f)(v,¢) =0 for a.e. v € R® and p-a.e. { € E

)

In(f) is a collision invariant.

Proof This proof is highly inspired by a proof which can be found in [47], Chapter 2. First we define, for p-a.e.
C7C*7CI7<L € E,', a.e. (1)7’[)*) € EK?C*?CI7C;] and a.e. w € 827

PUI0: 01 €€ = U O D) - £, ot (LI

f(0,0) f(vs, 6)
where (v/,v}) = Su[¢, ¢, (', ] (v, v.). Now by remarking that
Ve >0, (z—1)n(z)>0,

F@.Q)f(0:,C)

we have, since f > 0 and considering x = > 0,

PLI 0,00 G Ger € Co0) = 7 (0,0 f (e, G) (2 = Dinz) 2 .
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Using Proposition with ¢ = In(f),

/ [, B @m0 dvdn(0)

_////£4 //(R3)2 SzP[f](”:”*,@(*v(v(iv“) b(-) dw dv dv, dp®*(¢, ¢, ¢, C).

Now from b > 0 and P[f] > 0

/E/RS B(f, f)(v,¢) In(f)(v,¢) dvdu(¢) <O0.

Let us now focus on the case of equality. Since the integrand P[f] b is non-negative, it must be equal to zero.

[ [ B DOm0 w6 dvdntc) =
£ JR3

= ////54 //E[QC*,C’-,CL] o PLf](v, vs, C, Coy ¢, Ly w) b(-) dw dw dwy, dpu®H(¢, G, ¢, CL) =0

P[f](”v”*vaC*aC/7<i7w) b(”a”*v(vC*vg/>Ci>w) =0 forae. Ua”*anC*vC/vgivw
P[f](v,’l]*, CaC*aCI7C;7W) =0 for p-a.c. CaC*a CIaCi € 57 a.e. (’U,’U*) € E[C’C*’C/’ C’:‘]
and a.e. w € S*[v, v, C, G, ¢, (L,

where we recall that the set S?[v, v, (, C«, (’, (] is defined by Definition Now since f > 0 and
Ve >0, (z—1Dn(z)=0—= z=1,
we finally obtain, writing S?[-] = S%[v, v4, (, (&, (', (.] to lighten the notations,

Plfl(v,vs, ¢, G, Cw) =0 for prace. &G, (', CL € E, ae. (v,v,) € B[¢, 6, (¢, ¢] and a.e. w € S?[/]
— [, ¢)f (0L, ¢ = F(0,Q) f (vs, Co) for prace. €, ¢h, ¢ CL € E, ace. (v,0.) € E[(, ¢, (', (L, ae. w e SP[

= In(f) is a collision invariant.
Note also that

In(f) is a collision invariant

= f(0,¢) (0L, ¢L) = F(0,Q) f (s, G) for prace. (G, ¢ CLEE, ae. (v,0.) € E[(, G, ¢, (L, ace. w e SP[
— B(f,f)(v,{) =0 forae. vcR>and p-ae €&

— / [ BUD @m0 dvdn(c) =0,

which ends the proof. O

Let us assume that there exists f € L'(R? x £, dvdu(¢)) such that f verifies assumptions of Theoremuand
In(f) verifies the hypotheses of Theorem (3.2 . From Theorem J(a, B,7) € R x R? x R such that for a.e.
v € R3 and p-ae. ( €E,

In(f)(v:¢) = a+B-v+7 (%W +(0)) -

Since f € L'(R? x &, dvdu(¢)), we have v < 0. Let us now set

1 2
T:—i, u:—ﬁ7 A:eXp Q_ﬂ ,
kpy my 2myy

where kg is the Boltzmann constant. Then

ﬂquA@m<_mWW2_dO).

2kpT kT

and it can be easily checked that u is the average velocity of f, while T" will provide its temperature (see
below). Note that indeed f € L'(R3 x &, dvdu(¢)) thanks to Assumption We define the density p

p—//nﬁ ¢) dvdpu(©).
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Then, almost everywhere,

f = M[pvuvT]v
where, for all (v,() € R® x &,
o (1?2
2kgT kT
Mipu, T)(v,¢) = £ — g ,
m 2rkpT / _E(C*) d (C )
m e P\ T ) S
which we can rewrite
Mipon Tl(0.0) = p /2 (k)2 2 (L) exp (e =P _ EC) (4.2)
P, U, ) P B kBT Y 2]€BT k’BT ) .

where € and Z are defined by equations (2.2)) and (2.3)).
First, note that by definition of p,

[ m Ml T, dvan(@) = p > 0.

Also,

1/ m v M(p,u, T)(v,¢) dvdp(¢) = m*/? (27rkBT)‘3/2/
£ Jmrs

2
v exp (_m|vu|> dv = u.
p R3

2kpT

The total energy density at collision equilibrium writes

“1fu, 7] = /S / (Bl +£(0)) Mo, TI(w, ) dvdp(<)

£(¢)
e(¢) exp <—> dp(C)
= m32(2nkpT) /2 / ﬂ|U|Qexp —M dv-i-/'g - hnl )
R3 2 2kBT' 5(() d
/geXp *kBiT N(C)

and is finite thanks to Assumption[2:5]and Proposition[2:-1} The term associated with the velocity is well-known,
and a classical computation gives

_ m mlv — ul? m 3
m>?(2rkpT)~3/? /3 5|U|26Xp ('2]{311) dv = 5\u|2 + EkBT.
R

/56(0 exp (—ij),) du(¢) L /EE(C) exp (-ZS%) du(¢)

— E + — b
[ew (—;g) (<) Jew (—,jf}) (<)

where we recall that € = inf essy{e} and € =¢ — €%, see equation (2.2).

Remark that

Definition 4.1 We define the (thermodynamic) number of internal degrees of freedom § by
- £(¢)
~% g
5 /66(4) exp ( kBT) (<)
kgT / < s(<)>
exp | — d
P\ T 1(C)

We notice that, since £ > 0 p-a.e., § > 0.
The total energy density at collision equilibrium finally writes

3+ 8(T)
2

5(T) = (4.3)

e“u, T) =€ + g|u\2 + kpT.

34 6(T) is the total (thermodynamic) number of degrees of freedom at temperature T, provided by the sum
of the 3 translational degrees of freedom and of the number of internal ones §(T').
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Definition 4.2 We define the specific heat at constant volume cy, for all T' > 0,

ey (T) = “fD(TX (4.4)
where
D(T) = d(szsT(T))

Remark 4.1 We recall that, from Proposition the partition function Z defined by equation (2.3) is C*°.
Remarking that

T5(T) = —ki (n(2))’ (chlT) ,

B
then the function T +— T'6(T') is C*> on R and D is thus well-defined.

In the following propositions we show various mathematical properties of the function §(7).
Proposition 4.1 If u(e = £°) > 0, then

0(T) — 0 and D(T) — 0.
T—0+ T—0+

Proof First, note that pu(e =% >0 = u(é =0) > 0. Since p-a.e., & > 0, we then have for k € N

 \* £(¢) ~ £ \" £(¢)
/g (kBT) eXp< : T) A(C) = Lo X (= 0) + / . <m> exp (—kBT) dp(©)-

Now remark that for all y > 0, e?/2 > 1+ 4+ yg. Thus

ye ¥ < 2¢7¥/2  and erfy < 8eY/2,

g £ g (9
o TopT P (w) W , / Rt P (w) du(c)
/ exp (—g(o> du(Q) B wE=0)
. kT

Thus it comes

™)

F ) du(o)

, which implies
du(¢)

£ exp (

We can prove that (see proof of Proposition 0<D(T)<2 Je (kBT) exp<( S

0<D(T) <2

:\ 2(¢)
Lo (z) oo (igr) a0 16 )
0) /§>0exp (— )du(C)‘

(€ =0) T ouE= 2kpT

Now for all ¢ € {& > 0}, e *(©) — 0. Since (¢ + e~ *5(9)),~ ¢ is a non-decreasing family of positive functions,
Tr—r0o0

we get by monotone convergence

T—00

/ e du(¢) — 0.
£>0

£(¢) ; -
It follows that /€_>0 exp < QkBT) du(Q) TEL 0, and thus, since p(& = 0) > 0,

4 (<)
<ot < st [ oo (“gigr) 90 2,0

ogD(T)<L/ eXp( _(O>d © 0

and

2kgT

so that finally

o(T) —, 0 and D(T) v 0.
T—0
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Proposition 4.2 For all T > 0,
1 (T
o(T) = —/ D(T")dT".
T Jo

T
Proof We have for T}, T5 > 0, D(T")dT' = T26(T2) — T16(T1). We thus want to prove that T6(T) v 0.
T —0
We proceed by disjunction of case. First, if u(e = %) > 0, then from Proposition o(T) v 0, so
—

we also have T6(T) v 0. If on the other hand u(e = €) = 0, then since e* = inf ess,{c}, we have
—0

p(0<é<r)=p(E <e<e®+7r) >0 for all r > 0. Then from Lemma in Appendix, for all » > 0,

T—r00

ad [ O = [ e Odu0 +o ( [ o du(C)) .

Since p({0 <£<r}) > 0and € > 0 prace., [ £(¢)e **) du(¢) > 0, so that

£(¢)e - F(¢)e—E©Q) o 5(C)e—E©)
[0 aue / Qe dp(¢) + ( / © du<<>),

Tr— 00

L5000 ~ [ d0e O auc).
& e<r

Also, u({€ < r}) > 0 implies [._ e~**(©) du(¢) > 0, so that

[ Oaue) ~ [ e odu)
£ e<r

TrT—r00

Hence

Je £(Q)e O du(¢) fggr £(¢)e===() du(¢)
Jeem ¥ @D du(Q)  woeo [, em¥(O du(C)
Thus there exists x, > 0 such that for all z > z,,
JeEQe* O du(Q) _, Jor 5OV du(O)
fg e~ =¥ du(¢) ~ e e~¥ Odu(¢) — 7

Since it is true for all » > 0, we finally get

Je 8(¢)e© dp(()
fg e—E(Q) d/j,(() xjo

0<

It follows that in any case
5(¢)
= "k BT (d

= —
£(¢)
R O

O

Remark 4.2 This Proposition [£.2] along with Remark (1] justify our choice to define the partition function

by /86755(0 dp(¢) (with €) instead of simply /geiﬁg(o dp(¢) (with €). Indeed, if the second definition were

0

. 9 / 1 . 2¢e .
taken, and § were still defined by — =7 (ln(Z)) (kB—T), then € # 0 would imply 6(T) o BT which is

non-physical. On the other hand, choosing € in the definition always yields T'6(T") P 0, and thus the formula
—
1 (T
5(T) = T / D(T')dT’, which is physically coherent.
0
As a consequence of Proposition -2} the total energy at the equilibrium may be cast as
m T
e“u, T) =€ + §|u|2 —|—/ ev(T') kpdT".
0

A probabilistic interpretation may also be provided for the functions §(7') and D(T). Indeed, for T > 0, we
define the Gibbs (probability) measure v on (€,.A4) by

dvp . 1\’ £(0)
TE(C) =7 <M> exp <_k'BT> ) (4.5)
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where Z is the partition function defined by equation (2.3)); then for all T > 0, (£, A,vr) is a probability
space. Since € : £ — R is (A, Bor(R))-measurable, it is a real random variable on (€, A, vr).

Proposition 4.3 For allT > 0,

5
§(T)=2E,, | —|, 4.6
() =280 |57 (19
and ~
g
4.7
o @)
where E,,. and Var,, are respectively the expectation and the variance under the probability vr.

D(T) = 2Var,, [

Proof The following computations are possible thanks to Assumption 2.5 The first part of the proposition
comes from

fe&@exp (<54 ) an) 1y 20 i :
T [e02 (7)o (-19) ) = [0 w0 =5

For equation (4.7), we remark that from Proposition

S O ((EH) 8O _ -7 o) e (-89) du©) 27 ()
vr €] = — = T R vr |E = — — T .
Je exp (— zl(;%> du(¢) 4 (m) Je exp (— Zf;%) du(¢) Z (m)

It follows that

a2 2 (7276 (-7 ()
D(T)—2deT<Z(I;)>_(kBT)2 Z<]€1)_<Z(1@:1T )

kT

)
- ﬁ (B [€%] = (B, [)%) = ﬁ\/arw [£] = 2 Var,,. |:k'BET:| .

Corollary 4.1 For allT >0, D(T) > 0.
Proof Tt is an immediate consequence of Proposition O
Corollary 4.2 If there exists R € R such that ¢ < R p-a.e., then

o(T) e 0, and D(T) e 0.

Proof Necessarily R > €%, and from Proposition

0 < 6(T) = 2E,,, [ £ } < 2(R — %)

kBT k‘BT T—o00
and )
£ € 2(R — &%)?
0<D(T)=2Var,, |—=| <2E,, || —= 0.
- ( ) alvr |:k'BT:| - <kBT> (kBT)Z T— o0
O
We define now the function ©, for all T' € RY, as
T
o(T) ::/ ey (T") kg dT”, (4.8)
0

such that m
eu, T] =€ + §|u|2 +6(T).

Proposition 4.4 O is continuous on R, can be extended by continuity to Ry, setting ©(0) = 0, increasing
on Ry, with O(T) e and thus a bijection from Ry to Ry.
—00

3
Proof The result is immediate, since from Corollary H we have cy > 3 O

r=o (%[ [ (G-l o) s 0a0ano).

which explains and rigorously justifies the definition of temperature stated in equation (3.2)).

We then have
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5 Euler limit

Let us assume that there exists f solution to the Boltzmann equation (3.1)) such that for all ¢, z, f(¢,z,-,-) is
a Maxwellian, that is

f(tv T, U, C) = M[p(t, ‘r)a u(t7 .73), T(t7 I)](Uv C)

Since
atf(t7x7 U7 C) + v : v;(;f(t, m? U? C) = B(f? f)(t7'r7v7 C)
and
m
// muv B(f,f)(t,(E,’U,C)dUd/L(C):0,
£ Jw \ mpof2 1 2(0)
we have

N (/g - m f(t,z,v,() dUd/J,(C)) + div, (/g /]RS muf(t,z,v,() dvdp(()) =0
Oy (/ muf(t,z,v,Q) dvdu({)) + div, (/ mvuf(t,z,v,() dvdu({)) =0
e Jrs e Ju

R®
&(/g/RS (%Iv@ +s(<§)) ft,z,0,0) dvdu(4)> +divz< L (%W +5(<)) f(t,z,0,0) dvdu(C)) —0.

Since f(t,z,v,¢) = Mp(t, z),u(t, z), T(t, z)](v, (), we have from the definitions of mass, momentum, and total
energy

Op + divy (pu) =0
O (pu) + div, (/ mv®UM[p,u,T](v,()dvd,u(C)) =0
& JRs3

Oy (pgo + %p|u‘2 + % 3+T5(T) kBT> + div, </g /}R3 v (%M? + s—:(()) M]p, u, T)(v, ) dvdu(ﬁ)) =0.

We are left with two terms to compute. First, by a classical argument (see [47], Chapter 2),

& e <_miv—ul2) d
XP v

/ mv @ v Mlp,u, T|(v,¢) dvdu(¢) = pm'/? (2xkpT) %/
& JR3 2/€BT

R3

:pu®u+£kBTId,
m

where Ig is the identity matrix. Also by a classical argument,

o (Zof? + e(¢)) Mlp,u, T](v, €) dv dp(C)
/E/Rd (2 )

2kpT

(<)
) Je=(@yexp (=55 du(©)
:fp|u\2u+£kBTu+£§kBTu+£ il u
2 m m 2 m

Jeexp (=55 ) dn(o)

a2
= pm!/? 2nkpT) /> /RS”U%"UF exp (_m|vu|> dv—l—/g/RBvs(C)M[p,u,T}(v,C) dvdu(¢)

1 o(T
= fp|u\2u+ L kT u + L 3_'—7()1@9Tu+ L g% .
2 m m 2 m
We set 3 5(T(t
p(t,x) := L kgT(t,z) and 0(t,x):= MI@T(LJE).
m

Remarking that 9;(pe®) + div, (p gl u) =& (8tp + div, (p u)) = 0, we obtain the compressible Euler set of
equations, with p the density, u the velocity, p the pressure and € the specific internal energy density.

Op +div, (pu) =0
O (pu) +divy (pu®@u) + Vep =0 (5.1)

1 1
O fp|u|2—|—£9 + div, fp|u|2u+£9u+pu =0.
2 m 2 m
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6 Equipartition Theorem

In this section we show how is possible to combine different measure spaces of internal states into a unique
kinetic model for the considered polyatomic gas.

Theorem 6.1 Equipartition Theorem. Let L € N*. Consider (&, Ay, pu)i<i<r, and for all 1 <1 < L,
e (&, A)) = (R,Bor(R)) measurable such that Assumptions [2.3 and [2.5 hold for all (p,e;). Let us define

5:51><---><5L, A:A1®"'®AL7 H=p1 Q- Qg
and

L
VC=(Cen G €E Q) =) alQ)

Then Assumptions and hold for (u,€), and for all T > 0, the Gibbs measure defined in (4.5) turns out
to be
VT:le“®"’®V'1é

and moreover one has

L L
T) :Z&(T% D(T) :ZDZ(T)
=1 =1

Proof Let T > 0. Let us first prove that vy = vt @ --- @ vk. We first remark that £(¢) = Zle €1(¢;). Let
A= (Al,...,AL) € Ay x ---x Ap. Then

[ow(-29 )= [ [ <exp (Z;BT“))) an(G1) - dus (o)
= ﬁexp _ala) dpa(Cr) .- dur(Cr)
fof, (e (57

=1
L
51(@))
= exp | — dpi (¢Gr)-
ll:[/Al ( T 1(G)
Since this also holds for A =& = &; x --- x £, we then have

L[y, exp (—%) dp(Gr)

121 e, exp( E’(Cl)> dw(G)  i=n

l/T(A) =

that is vy = vk @ - - @ vk,

Each ¢; (thus also &;) can also be seen as a real random variable on (€, 4, vr), by setting €,(¢) = &,(¢;). It

follows that .
g
§(T) = 2E.,, [kBT] =2E,, [ kBT _2ZEVT [ ] Zéz

Finally, since €1,...,er are independent under vy (vr is tensorized and they each depend on a different
variable),

D(T) =2 Var,, { } = 2 Var,,,

3
kT

L _ L L
Z kBlT] _le_:VarVT l:k T:| :;DZ(T).

We show now the results relevant to some particular options.
Proposition 6.1 Let C;,C2 > 0, 8 > 0 and o > —1. Denoting by Bor(R) the set Borelians of R, we consider
(€. A,du(¢)) = (R, Bor(R), C1|2|* dz),  e(2) = Calz|”.

Then for oll T > 0,
2(a+1)

3(1) = D(T) = =5
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Proof Set T > 0 and « > —1. Performing the change of variables x = Cs|z|?, and then y = z/(kpT), we get

C’2|Z|B> 26’10% o0 x o 1-8
Cslz|Pexp [ -2 Czadz:72/ rzexp| ———= ) 2% 277 dx
[ e (-SEL) il S [Trew (5

B
a1 1 .
= 720122 (kBT)%'H (a; 1) / y%_le_y dy.
0

Analogously, performing the same changes of variables

Cg|z|ﬁ> 20,0, 7 /°° ( z ) o 15
exp | — Cilz|*dz = ——=— exp| ———= | x?P 277 dx
/R p( T ) C1F] 5 Jo TP\ TkpT

a—1
QClcQT /Oo atl g ( T >
== T B exp| ——— | dz
/B 0 p kBT

a—1

B oo
= ng? (kBT)“T“/ y T e vdy.
0

We deduce that .
o JeCalelPexp (~G4F) Culzivdz o 4
D = 7 Calz|? B
B Jg exp (— s ) Cilz|*dz

2(a+1)

Since ¢ does not depend on T', we have D(T) = §(T') = 5

Corollary 6.1 We consider ay,...,aq > 0 and
d
(&, A,du(Q)) = (R, Bor(RY),dz),  e(2) =Y a2},
1=1

Then for oll T > 0,
(T)=D(T) =d.

Proof This Corollary is a consequence of Proposition [6.1] with &« = 0, f = 2, and Proposition with
(&1, A, dpy) = (R,Bor(R),dz) and g/(z) = a; 2% for 1 <1 < d. O

7 Models within the framework
7.1 Existing models

In this subsection, we show that our framework encapsulates various existing models. The parameters to choose
in order to build the model are (£, A, i) and e.

The monoatomic gas

The model for the monoatomic gas is the classical Boltzmann model, which considers elastic collisions only.
We refer the reader to [47]. To recover this model in our framework, simply set £ = {0}, A = P(€), u({0}) =1
and £(0) = €% € R. Then the state of a molecule is described by (v,¢) € R? x {0}, thus simply by v € R3. The
conservation laws become

mv + mu, = mv’ + muv,
S0 40+ Do 420 = TP 40+ Tl + <,
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which simplify into the conservation laws of an elastic collision

v+ v, =0 40
[ + o * = [o'[* + ol 2.

From there, the classical post-collision velocities

P e vV — U,
v T “ v — vs
o _vtue vy U — Vs

* 2 2 e

are recovered. The number of internal degrees of freedom and heat capacity at constant volume associated

with this model are, as expected,

3
6=0 and v =3,

reproducing that fact that an atom has only the three translational degrees of freedom.

The weighted model with one continuous variable

This model was originally proposed by Borgnakke et al. in [9] and completed with the introduction of a weight
¢ of integration by Desvillettes et al. in [IOJII] in order to accurately describe polyatomic gases with the
introduction of a single parameter I related to the internal energy of the molecule. The state of a molecule is

described by (v,I) € R? x Ry, and the associated total energy is %|v|2 + 1

To recover this model in our framework, set £ = R, A the set of Borelians of Ry, du(l) = ¢(I)dI, and for
I € Ry, e(I) = I. The conservation laws of a collision write, when the collision is possible, as

mv + mu, = mv’ + muv,
Sl T4 o+ L= SR+ + ol + I
m 9 I
Since [ is a continuous parameter, in [I1], Desvillettes et al. introduce e = Z"U —v|*+I+1L,r= T

o — ol ?

and R = . Using these parameters, the post-collision velocities write in their formulation

o= VReT, | S

2 |[v — vy

, V4 Vs UV — Vs
v, = —VReT,

2 [v — vy

Our formula for post-collision velocities is equivalent and writes, for allowed collisions,

, v+ Uy 1 5 1 vV — Uy
= ~|v— v, —(I+L-I'-1)T,

v 5 +\/4v V| —l—m( + ) .

, U+ Uy 1 9 1 UV — Uy
= - - — Ux 7-[ I*_I/—ILT

vl 5 \/41} V| +m( + )T FE—

The main technical difference between the two approaches is that the authors in [I1] fix all the pre—collision
parameters (velocities, internal energies, r and R) and study then the transformation

Sy : (v, v, 1,17 R) — (W', 0., I' I, 7", R)

defined on R® x R? x R, x Ry x [0, 1] x [0,1], while, in our framework, we fix pre—collision velocities and all
pre— and post—interaction internal energies and we study the transformation

Soll, L, I' 1]« (v, v4) = (V) 0))

defined on E[I, I, I', I].
We are able to prove that the two methods are equivalent. Indeed, we denote by @ the bijection

. -0
| @, vs, I, L, 7, R) = (v, 0., 1,1, T, 1),
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where 2 = (R?)? x (Ry)? x [0,1]* and 2 = {(v,v., 1,1, I, I) € (R®)? x (Ry)*, (v,v.) € E[I, L, I', I]}. Its
Jacobian can be computed and is equal to

J®)(v,vs, I, I.,7, R) = (1 — R)e?,
where we recall that e = %h} —w P+ I+ 1 = %W — VL2 4+ T +1.=¢. Then
Sull, L, I' I (v, v4) = (v, v))
boS,0d v, [,I,,I'T.) = (v 0., I' I, I,1,),
and we remark that (see Lemma 1. in [II] and equation (2.11)))

& -1 /TN ! /2(1_R)|U/_Ui| 1
e L A iy )

/A
M s 1 1 (0,01,

[v — v,
The authors in [IT] consider a kernel B : 2 x §* — R with the micro-reversibility conditions
B(v,vi, I, L, Ryr,w) = B(vg,v, I, [, R, 1 — r,w)
B(U7 U*? I? I*? R7 T? w) = B(U/’ v;’ I/’ I;? R/7rl7w)‘
We define on 2 x S?
B(-,w)od Y (v,v., 1,1, I', I
p(De)e(INe(IL) 7

1
b(’U,’U*,I, I*,I/,I:”(A)) = 672|v - ’U*|71

and set b to zero elsewhere. Then, since e = €/,

b(v,va, I, L, I' I, w) = b(ve, v, L, I, IL, I’ w)

) Tk

|v — | b(v, vi, I, L, I' T w) = [v) — vl b(v' oL, T 1L, 1, I, w),

) Tk

which are the symmetry and micro-reversibility conditions in our framework. It follows that the difference
of approach is purely technical, and does not lead to theoretical discrepancies. The same distribution f and
macroscopic quantities are recovered. Indeed, in this case, with ¢ = I,

56.00.0 = [[[L [ ] (#0006 = £0.0F01.6)) 40 dwodo (€0

:///0R ; /]R /§ (f(v’J’)f(vi,Li)ff(v,f)f(v*,f*)) b(-) dw dv, p(L)o(I')(I%) dI, dI’ dI’

Y o 1 _ _ 1 P
:/SZ /.('Z[v,l] (f(v,I)f(v*,l*)—f(’U,I)f(v*’I*)) 67|v—v*| lB(~7w)OQ§ 1()md’0*dl*dl dI*dw

JoI() 1

-1/ (@0l @ D e 1)) o7 B TEE v an aRaras

—//[0 1]2/}1« /Sz (f(v’,l’)f(vi,fi)—f(v,I)f(v*,I*)) v — v, | (I_R)B("w)ﬁ dwdv, dI, dR dr .

where we recall that J[®](v, v, I, L, 7, R) = (1 — R)e? is the Jacobian of . We denoted by (2[v, I] the set of
(s, L, I, I,) such that (v, v, I, L, I', I.) € £2 and the same for {2. We recover the same macroscopic quantities
as well, for example the density

plt,z) = /g [ mflt.0.0) dodn(0) = /R mf(t,z, v, 1) dv (D) dI.

+ JR3

Remark 7.1 The approach in [9[T1] consists in distributing the energy of the incoming molecules simultane-
ously to the post-collision relative kinetic energy and to the internal states, whereas, in our framework, we
fix the pre and post-collision internal states and consider afterwards the set of pre-collision velocity pairs for
which this collision is possible.

This model is generally used with ¢(I) = I*, with @ > —1. From Proposition we recover that in this case
(6 =1 in the proposition), the number of internal degrees of freedom and heat capacity at constant volume
are

0=2(ac+1) and cvzg—l—a.
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The model with discrete energy levels

In order to accurately describe the vibration inside molecules, a model with a discrete-energy levels description
is proposed by Groppi and Spiga in [7]. The authors consider a finite set of internal energy levels (e,)ncfo,n] €

RNF1. The state of a molecule is then (v,n) € R3 x [0, N], and the associated total energy is %|v|2 + en.
The authors define 51{“} =2y +e—ei—¢j),g=|v—v]and ¢ = [v/ —v.]. A collision is allowed when
[ — 5%1 > 0, with then ¢’ = /g% — 65}.

To recover this model in our framework, we set £ = [0, N], A = P([0, N]), p the counting measure on [0, N]
and for n € [0, N], e(n) = &,. Indeed, note that

1 1
g2 —6?} >0 < Z'D_U*F + E(Ei +ej—ep—e) >0 = A(v,vs,4,5,k,1) >0,
where A is defined in equation ([2.6)). Moreover, the authors give (formula 2.6 in [7])
/
dv' dvl A2’ = 1,05 500 L dvdv, d2,
v g

which corresponds in our framework to the Jacobian of the transformation (v,v.) — (v',v.), see formula
(2.11). The authors in [7] give the following post-collision velocities

vt 1o
= /g —F

v 2 TaVI %

, Ut Uk 1 [ il

Uy = ) _5 g _6ij97

where 2 € S2. Now remark that %, /g% — (5,ikjl = /A(v, V4,1, j, k,[) and there exists (assuming v # v,) w € S?

such that 2 =T, [ Ete ] We then have, like in our framework,

[v—v.]

’ ’U+U*
v =

+ /AW, variy §, k1) T [ A }

=]
/ VU + Vs . V — Uk
= - A *y Uy 7k7l Tw T |-

kl

The authors in [7] define the cross-section o}7,

with the symmetry and micro-reversibility conditions

O'ij N, 0., w) = Ué-lj(v*,v,w)

v —v.Poll(v,v,,w) = v =V, 2ol (v, 0], w).

) * 9
By defining the collision kernel
b(’U, ) i7j7 kv l7 w) = 1g2>5{",1 |U - U*|O'Zl(’l), Vs w)’
>0r]

b verifies the positivity assumption (if JZ- is properly defined) and from the properties assumed for O'k]l we
recover
b(U,U*,i,j,k,l,UJ) = b(v*,v,j,i,l,hw)

[v — va]b(v,vs, 3, 4, k, Lw) = [o" —vL|b(v, VL, K, 1,4, §,w).
Finally, with ({, ., (', L) = (4,7, k, 1),

5000 = [ [ [ (#0000 = 10.0£0.0)) b6) derdin an (€€ C)
= (W k) fF(ui, 1) — f(v,0) f(vs, 5) ) b(v, 04,7, 5, k, 1, w) dw doy
]7kvlezﬂ;) Nﬂ/ /Sz )
= 2] e = o o) (AW)RED = A (0) dudo,
jkiefo,N] ' B

with the notation f;(v) = f(v,7). The same macroscopic quantities are recovered as well, for instance the
density

p(t,:v):/{S Rsz(txv()dvdp /mfztxv
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7.2 Combination of the continuous and discrete models

The continuous and discrete models can be combined in our framework. Let us consider a finite set of internal
energy levels (€n)nefo,n] € RY+1 and a weight function ¢ on R,. We can build the following model

(&, A,du(Q)) = (Ry x [0, N], Bor(Ry) ® P([0,N]), o(I)dI x 1),  e(I,n) = I + e, (7.1)
where 1 stands for the counting measure. The Boltzmann operator writes
( £, H,1,1)
///M L L (A0 A0 = D00, 1)) BC) dirdv (1)L () AT (L)AL

j.k,l€[0,N]

Let us set € = . énigN{en}. From Theorem the Maxwellian writes
N>

-1 —1
) _ 1 1 mlv — ul? I € — ¢
Tlw. I.1) — V2 90k T) 32 7, [ —— 7 _ — -2
Mp,;u, T)(v,1,i) = pm™ /= (2rkpT) \ kpT d kpT exXp 2kgT kT kgT /)’

where Z, and Z, are the partition functions respectively associated to the continuous and discrete parts, for

all B> 0
N

Z:(B) :/R e Bl o(I)dI, Za(B) = 2675(5"760)'

n=0

Finally, again from Theorem [6.1} the number of internal degrees of freedom writes

(en—€°
2 Ju, T (—5ip )4:(1)(11+ 5 Yomolen — exp(— kBT)>
kT Jﬁ+exp(—ﬁgf)gﬂf)d[ kT E:Q;Oexp(,gz;ég)

0(T) = 0c(T) + 0a(T) =

kT

As seen previously, if ¢(I) = I with o > —1, then 6. = 2(« + 1). This model with internal energy described
by two different variables, a continuous and a discrete one, may be used to separate the vibrational energy of
a molecule from the rotational part. As suggested in [3I], the rotational energy may be modelled by means of
a continuous variable, while for the vibrational energy a discrete approximation is more suitable. Note that
the number of internal degrees of freedom turns out to be, as expected, the sum of the vibrational and the
rotational ones.

7.3 Building a model within the framework

In this subsection, we explain how to build a model for a polyatomic gas within our framework, with an
example. Building an accurate model corresponds to giving an accurate description of the internal states of a
given molecule. On this subject, the main field to rely on is Molecular Mechanics/Quantum Chemistry, see for
example [48]. There are various phenomena to be taken into account, typically rotation, vibration, electronic
excitation and nuclei spin, that could also be correlated. For the sake of simplicity of the mathematical model,
it could be enough to take only rotation and vibration into account, and assume them to be uncorrelated, but
there are physical problems where this kind of description is too simplistic. The most appropriate model in a
given situation typically depends on the considered regime and the desired degree of complexity and accuracy.
This is the reason why we wish not to propose one model, but to give examples and insights on how to build
realistic models inside our framework.

Quantum description of the internal structure

To our knowledge, the currently best internal description of a molecule is given by quantum mechanics. Suppose
to have a Hamiltonian operator H. Let {A¢}qeq be the set of its (real) eigenvalues, where @ is a discrete set
(e.g. N,N? ...). We denote by 7, the dimension of the eigenvector space associated to the eigenvalue \,.
The values )\, are the possible measurable energy levels associated to the operator H , and 7y is the so—called
degeneracy of the ¢*™ energy level. We then consider a subset Q C @, the set of energy levels of the bound
states (the physically admissible energy levels), and build the following model

(&, A, n) = (QvP(Q)v (rg)a)s e(q) = Mg,
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where the notation p = (r4), means that p({q}) = rq. As we explained in subsection degeneracy is indeed
included in the model via the measure pu.

We remark that if the set of bound states Q = Q and inf{\s }qeo = 0, then we recover the formula of statistical
mechanics for the partition function (see [49], Chapter 9)

Z(B) = Z e Py, = Tr(eiﬂﬁ),
q€Q

where TY(e_ﬁf{) is the trace of the operator e A8

Remark 7.2 The framework we present in this paper, with the Boltzmann equation [3.1] is "at most" semi-
classical, in the sense that the velocity part is described by classical mechanics. A full quantum mechanical
Boltzmann equation was derived by Waldmann [54] and Snider [55]. In our framework, we assume that the
gas is isotropic (no polarization effects), and other quantum considerations would only appear in the internal
structure (€, A, i), € of the molecule.

Semi-classical description of the internal structure

A possible approach is to consider only rotation and vibration, describing independently rotation with classical
mechanics and vibration with quantum mechanics. The description of vibration is thus exactly the model of
the previous paragraph, with a Hamiltonian describing only vibration,

(5viba~Aviba ﬂvib) = (QaP(Q)a (rq)q)a Evib(q) = )‘Q‘

We assume the molecule to be a rigid rotor, that is, in the description of rotation we assume that no deformation
is induced in the molecule. The rotation-related internal state we consider is thus the angular velocity of the
molecule in a coordinate system attached to the molecule. In general, this angular velocity lives in R, however
when the molecule is linear, being symmetric by rotation around its own axis, the contribution of the angular
momentum’s coordinate along this axis can be assumed to be 0 (this approximation can be found for example
in [50], section 7). Thus, in the case of a linear molecule, the angular momentum, in a coordinate system
attached to the molecule with one axis being the molecule’s axis, would live in R?. Moreover, in the linear
case, the moment of inertia is the same in both directions. This way of modelling leads to the following
framework for the description of rotation

1
d d 2
(Erots Arots dpiror (2)) = (R?, Bor(R?),dz) erot(2) = 5 g T 27,

where Z; is the moment of inertia along the i-th axis, z is the angular velocity in a coordinate system attached
to the molecule, d = 2 and Z; = Z, = 7 if the molecule is linear, d = 3 if the molecule is non-linear. The model
taking rotation and vibration into account then writes

d
(£, A.du(Q) = (B! x Q, Bar(R) @ P(Q), dery),  e(2.0) = 5 D T2 + A
=1

From Theorem [6.1] for all T > 0,

¢ exp (- 525 exp (277
70 v B 'B
"(2) dvg®(q) = [ ] d

dvr(z,q) = dvi z Tq.
2rkpT\1/2 (Agr =A%) 1
= () 2qeg eXP (* koT ) Ty

Moreover, setting \” = inf {\,} (€ R by assumption) and using Theorem [6.1{and Proposition the number
q€@

of internal degrees of freedom turns out to be

(Ag=X%) (Ag=X%)
ZqEQ ipT €XP (_ BT )Tq

Ag—AO
S ey

6(T) = 6rot(T) + (;vzb(T) =d+2
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Ezample: the "HYF gas

As an example, we propose four models within our framework for the Hydrogen Fluoride (1H 19F) gas. We
focus only on rotation and vibration. We propose two semi-classical models and two quantum models. For
the formulas of eigenvalues presented hereafter, we refer to the Chapter Spectroscopy Constants of Diatomic
Molecules in [51].

1. Harmonic semi-classical model. We describe the internal states of *H *°F with a semi-classical approach. Since
this molecule is diatomic, it is linear, so that d = 2 and Z; = Z, in the description of rotation, and has only
one mode of vibration. In this simplified model, the Hamiltonian is assumed to include the harmonic potential
(model of the quantum harmonic oscillator). This leads to the model

1 1
(&,A,du(¢)) = (]R2 x N, Bor(R?) @ P(N), dz x 1) , e(z,n) = §I|Z|2 + heve <n + 2>7
——
rotation vibration
where 7 is the moment of inertia associated with 'H°F, h is the Planck constant (expressed in SI units), ¢ the
speed of light (expressed in cm.s~!) and v, the wavenumber (expressed in cm~1!). Defining Tys = hev,/kp,

the number of internal degrees of freedom writes

) Toiv/T
T) = 61°UT) + 07"(T) =242 — " ——.
51( ) 61 ( ) + 51 ( ) + eXp(Tmb/T) ]

2. Anharmonic semi-classical model. Instead of using the harmonic potential, the Morse potential is a useful
approximation of the actual internuclear potential, since it allows anharmonicity and an explicit computation
of the eigenvalues of the Hamiltonian. The family of eigenvalues is, up to a constant (see Morse [52]),

1 1\’
(hczzE <n+ 2) — hevex, <n+ 2> )

where . represents anharmonicity. Not all eigenvalues correspond to bound states. We thus restrict the family

1
to the set [0, Npax], where Nyao = {
22,

neN

J — 1. With this potential, the model becomes

(£, 4,du(¢)) = (R? % [0, Niaa], Bor(R?) © P([0, Nmaz]), dz x 1),

1 1 1\°
e(z,n) = 5I|z|2 + hcve (n—i— 2) — hevex, (n—i— 2) .
—_———

anharmonicity

The number of internal degrees of freedom writes

5o(T) = 65°H(T) + 657°(T) = 2 4 65°°(T).

3. Simplified quantum model. Here we use a quantum description for both rotation and vibration. To simplify, we
describe independently rotation and vibration, using the rigid-rotor assumption for rotation and the harmonic
potential for vibration. Since *H'°F is a diatomic molecule, there is only one mode of vibration. This leads to
the model

(€, A p) = (Nx N, P(N)® P(N), (2J + 1)(n)en2) » e(J,n) = BJ(J + 1) + hev, (n + 1),
N——— 2

rotation
vibration

where B is the rotational constant associated with 'HF. Defining T, = hcve/kp, the number of internal
degrees of freedom writes

Tvib/T

__ srot vib __ srot _—
05(T) = 057(T) + 85 (T) = 05°(T) + 2 s



28 Thomas Borsoni et al.

4. Improved quantum model. For a better description, we can also take into account the correlation of rota-
tion and vibration, considering non-rigid rotation, and using the Morse potential for vibration to allow for
anharmonicity. This would lead to the model

(57“47 ,lL) = (Q? P(Q)v (2‘] + 1)(J,n)€@) )

5(J,n):(B—a<n+;>>J(J+1)— D[J(J +1))? —l—hcyc(n—&-;)—hcycxc(n—&-;),

centrifugal distortion
rot-vib coupling anharmonicity

where Q is the set of bound states, defined by
Q={(Jn) eN? e(J;n) >e(J —1,n) and e(J,;n—1)>e(J,n)} C [0, Jmaz] X [0, Nimaz]-

We denote by 64 the number of internal degrees of freedom in this improved case, which cannot be written as
the sum of rotational and vibrational parts due to the coupling.

From [51] we know that reasonable data for "H'F are v, = 4138.39cm™!, vz, = 89.94cm™ ', B/hc =
20.95cm™!, a/he = 0.793 cm™! and D/hc = 0.00215 cm™!. The value of Z does not matter in the computation
of the number of internal degrees of freedom. Just for the sake of comparison of our proposed models, we plot
on Fig. [1] the various numbers of internal degrees of freedom d1, d2, d3 and 4 corresponding to these data,
as functions of the temperature (in log-scale), expressed in Kelvin (K). The temperature ranges from 10 to
10 000 K. We see that in this example vibration is negligible for 7" < 1000K, and becomes important around
2000 ~ 3000K. The direct computation of § from the choice of the model can be useful to quickly check the
validity of an approximation in a given regime.

-5
] — 062
- 63
— b4

10! 10? 103 104
T(K)

Fig. 1 Number of internal degrees of freedom in the various models as functions of temperature, with log-scale z-axis.

We plot on Fig. [2| the same numbers of internal degrees of freedom as on Fig. [1} for temperature ranging from
103 to 108 K. The decrease of 6, and &, after T ~ 10*K corresponds to the result of Corollary While the
number of internal degrees of freedom is expected to increase with temperature, this plot is an illustration of
possible limits of validity of the framework. Indeed, high-temperatures considerations such as bond-breaking
are not taken into account in our setting.

8 Reduction to one real variable and comparison with Borgnakke-Larsen

In the previous section, we saw that our general framework allows to build a whole range of models that can
be of great complexity. This possibility can be a strength in regards of the precision it allows in the description
of the internal structure. However, too much complexity can be a weakness in regards of numerical aspects.
Notably, the strength of the model proposed by Borgnakke and Larsen [9] is that the internal structure is
described by a single real parameter I € R, which is highly desirable for numerical simulations. In this section,
we show that any model fitting our framework can, under a condition on the collision kernel, be reduced to
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103 104 10° 106
T (K)

Fig. 2 Number of internal degrees of freedom in the various models at high temperatures.

a one-real-parameter model. This means that all the complexity can be concentrated in a suitable measure
on R,. If this measure has a density, then it can be written as ¢(I)dIl and we recover the model with one
continuous variable proposed by Desvillettes et al. [I0J11], which is suited for numerical applications. While
this weight ¢ in the original approach in [TI0|I] is a parameter chosen a posteriori in order to recover desired
macroscopic properties (e.g. the number of internal degrees of freedom), in our case it is computed from the
physical structure of the molecule, through the reduction process that we present in this section.

Definition 8.1 We define ;¢ as the image measure of i by € on R, for all B € Bor(R, ),

i (B) = (£7(B)).

Theorem 8.1 If the collision kernel b depends on the internal states only through their associated energy (see
Remark below), then the general model

(87 A7 ,u) ) €
can be reduced to the model with one non-negative variable
(}R+,B01V(R+),;f)7 I T+¢&°

Proof First, remark that the set F[(, (., (', ¢.] and the transformation S, [, (s, ¢’, ¢.] depend on the internal
states (, (s, ¢’, C. only through their energy, cf. equations and . It follows that if b and f depend on
the internal states only through their energy, the same holds for B(f, f). Thus, in the deep structure of our
framework, all dependence on ( is in fact a dependence on £(¢) when it is the case for b. From the change of
variable formula, for any measurable function ¢ : R — R such that one of the following integrals makes sense,

/g 6(2(0)) d(¢) = /g (6(+£02)(Qdu(Q) = [ oI + ) dus (D).

Ry

Applying this change of variable to all integrals in this paper ends the proof.

Remark 8.1 We say that b depends on the internal states only through their energy if

b(v, 04, ¢, Gy ¢y CLyw) = b(0, 04, £(C), €(Ch), 6(¢), 6(CL), w).

This trivially holds true for all existing kernels constructed within the existing models presented in Subsection
[7] since for the discrete model there is a bijection between the set of indexes and the set of energy levels,
and for the continuous model with weight, the internal state is the energy: in this case ( = I = ¢(¢). To the
knowledge of the authors, all existing kernel for polyatomic gases considered up to now have this property.
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Theorem [8.1] establishes a link between two points of view. The first, the one of the present paper, is state-
based, considering a space of internal (physical) states £. The second, the one of the reduced model, which
is an extension of the model with continuous energy I and weight ¢ proposed by Desvillettes et al. [10[1T]
(when € is absolutely continuous with respect to the Lebesgue measure, there exists ¢ € L*(R, ) such that
duf(I) = o(I)dI), is energy-based, since the variable of interest is directly the internal energy of the molecule.
Theorem shows that to any states-based model corresponds an energy-based one (that is, a model with
one continuous variable I and measure uf/ weight ¢). Since the measure u®/ weight ¢ corresponds to the
image measure of u by &, it can easily be computed from the state-based model of the molecule, which is a
major difference of approach of that can be found in [I0}[II] where ¢ is computed with a posteriori knowledge
of the number of degrees of freedom of the gas, moreover usually assuming it to be temperature-independant.
In the following propositions we show some examples of this reduction for some physically meaningful models
presented in the previous section, the link with existing models known to be accurate at describing rotation,
and the computation of a weight ¢ describing rotation and vibration, which is, as expected, not of the form
Ie.

Proposition 8.1 Let d € N*. The model

1
(Rd7B0r(Rd),dz), e(z) = 51\2\2
can be reduced to

(R+,Bor(R+), CyT) 1371 dI) . I,
with Cyq(Z) = 25-17-% Lebd_l(Sdfl), where Lebg_1 is the Lebesque measure of dimension d — 1.

Proof We compute u. Let B € Bor(R,).

,U,g(B) = /d 1%I|2\2€B dz = Lebd_l(Sdil)/ 1%1‘,,,2€B réldr = / 1reB Cd(I) I%fldf,
R R

+ Ry
with Cy(Z) = 2227 % Leby_1 (S?1). It follows that
dpf(I) = Cy(T) 151 dI.
O

Remark 8.2 We saw in subsection [7-3] that the value of the moment of inertia of the molecule Z has no impor-
tance at equilibrium, however Proposition [8:I] shows that it should be taken into account outside equilibrium.
We also remark that the reduced version of classical model for the rotation of a linear molecule presented in
subsection is, with C3(Z) = 27",

(Ry,Bor(Ry),Co(Z)dl), I+ 1.

This model, being the the model with continuous variable I and weight ¢(I) = C2(Z), that is the one of
Borgnakke-Larsen [J], is indeed well-known to be accurate in describing rotation for diatomic molecules. On
the other hand, the reduction of the classical model for the rotation of a non-linear molecule presented in
subsection [7.3] can be harder in general, because the computation of the measure relies on the computation
of the surface of a triaxial ellipsoid. Nevertheless in this case, assuming Z; = 7; = Z and with C3(Z) = 41‘5;“ ,
the model reduces to

(R+,Bor(R+), C5(T) ﬁdz) L I,

which is the model with continuous variable I and weight ¢(I) = C5(Z) /I, well-known for the description of
rotation for non-linear molecules.

Proposition 8.2 Let Q) be a discrete set, (e)qeq € R? and (rg)geq € (R%)?. We denote by € = inf{e}oe0
and we assume €© € R and that for all 3> 0 one has ZqEQ e—Bleg—<") rq < 00. Then the model

(Qv P(Q), (Tq)qu)v e(g) = ¢

can be reduced to

<R+,Bor(R+), > X54_60> . I T+é,
q€Q

where X¢,_co is the Dirac mass at €, — €.
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Proof For B € Bor(R), we have °(B) = u(é "Y(B)) = qu logeB = qu 1, e = Z Tq Xeg—eo (B)-
q€Q 9€Q qeQ O

Proposition 8.3 Reduction of a combination. Let (£1, A1, p1), €1 and (2, A2, p2), €2 be two general
models. Then the combined model

(&, A p) = (&1 x E2, AL ® A, 11 @ pia), (€1, CG2) = €1(C1) +e2(C2)

can be reduced to ) )

(R+>BOT(R+)>N? *:U';Z)v I'_)[+5(1)+5(2J>
where x stands for the convolution of measures and we recall that ufi,
;.

i = 1,2 is the image measure of u; by

Proof First of all, note that ({1, () = £1(¢1) + &2(¢2). Thus, denoting by € the image measure of u by &, we
have for B € Bor(Ry)

p¥(B) = / / 1z, () +ea(coyen dua(Cr) dua(G2) = / / 11 11eB duf1 (.Tl)d,ug2 (I) = ufl * u? (B).
&1 /& Ry JR4
Corollary 8.1 The Harmonic semi-classical model for the 'H g gas presented in Subsection
1 1
(&, A, du(¢)) = (]R2 x N, Bor(R?) @ P(N), dz x 1) , e(z,n) = §I|z|2 + heve (n+ 2> ,

can be reduced to

(Ry,Bor(Ry), opr(I)dl), IHI—}—%hcye,
with
1

Proof This is a consequence of Proposition with d = 2, Proposition with @ = N, r, = 1 and
€n = hcv, (n+ %), and Proposition with (&, A1,dpi(¢1)) = (R?, Bor(R?), dz), e1(2) = 37 |2[* and
(gz,Az,lez(Cg)) = (N, P(N), 1), 62(”) = hCV,i (n + %) ([l

This Corollary [B-1]illustrates the use of the reduction process: the model with continuous variable I and weight
wrF corresponds to the model (classical for rotation, Harmonic quantum for vibration) for the g gas.
The reader shall note that ¢y p is not of the form I*. As a matter of illustration, we plot on Fig. [3]the function
PHF-

74 — onell)

Fig. 3 Plot of o p, re-scaled with C2(Z) =1 and hcve = 1.
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Corollary 8.2 Reduction of the combination of the continuous and discrete models. More gener-
ally, let po € L}, (Ry,dI) be non-negative and non identically zero, Q a discrete set and (rq)qeq € (R*_,_)Q.

We denote by €* = inf{e,}4eq and we assume €© € R and that for all > 0 one has quQ e=Blea—<") Tq < 00.
Then the model

(R+ x Q, Bor(R4) ® P(Q), po(I)dIry), e(l,q)=1+¢

can be reduced to

(Ry, Bor(Ry), o(I)dl), I~ I+¢,
with
o) = Lecrveo rapo (I+€ —eg). (8.2)
q9€Q
Proof Again, this result directly follows from Propositions and O

Remark 8.3 Still from Proposition the model with two continuous variables with weights

(R4 x Ry, Bor(Ry) @ Bor(Ry), ¢1(I1) dIy ¢2(12) dl), e(I, ) = I + Iy,

I
can be reduced to the continuous model with weight o1 * 2, where @y * po(I) = / e1(I") po(I = I')dl'.
0

Remark 8.4 If we denote by d, the number of internal degrees of freedom associated with the general model
(&, A, pn), €, we get 5u51*u52 = (5“571 + 5};2 from the Equipartition Theorem Thus p° — 6, is a morphism.
1 2 1 2

A comment on numerical aspects

Not only the process of model reduction links the state-based and energy-based points of view, it is also useful
for numerical considerations. For instance, the space of internal states of the semi-classical model for *H F is
R? x N, whereas it is R, for any reduced model, which is far more efficient to be used for numerical simulations.

In order to construct an approximate model suited and efficient for simulation, one wishes to approximate the
N

measure u by a discrete measure, a finite sum of Diracs, of the form E Tk Xe,- Lhen the numerically-suited
k=1
approximation of the general model

(&, A, ), €

is thus the discrete model

([1, NI, P([L, N, (rr)1<k<n), (e +€%)1<hen,

At fixed N, we suggest to choose the (ry,€x)1<k<n that minimizes a distance (for instance the 1 or 2-

Wassertein distance, explicit in 1D) between the Gibbs probability measures associated with the measures
N

u€ and Zrk Xz, at a temperature coherent with the considered problem. In [53], Magin et al. propose to
k=1

simplify a discrete model for dinitrogen (N2) composed of 9390 rotation-vibration energy-levels by creating

energy bins, and replace the first model with an approximate discrete one composed of only 500 energy levels,

which corresponds to approximating a sum a 9390 Diracs by a sum of 500 Diracs. This binning method can

be extended to the general case. Like in section 2.3. of [53], consider a family of disjoint compact intervals of

R4, (Rk)1<k<n, and define the average energy of the k-th bin by

1 _
e ="+ — [ Idu*(I), (8.3)
Tk Ry

where 7y := p(Ry) is the degeneracy associated with this energy level, with Ry such that 7 is not equal to
zero. The choice of (Ry)1<k<n can be arbitrary, or made by minimizing a distance, like we suggested earlier.
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9 Conclusions

In this paper we have built up a general framework for the kinetic modelling of non-relativistic mono and
polyatomic gases. It is based on a set of allowed internal states £ endowed with a suitable measure u. Each
particle is characterized by a proper state ¢ € £ with associated energy £(¢). Owing only to conservations
of momentum and total energy, we are able to define the collision rule and the corresponding Boltzmann
operator leaving &, p and e(¢) generic (not explicit). The Boltzmann H-Theorem has been proved in this
general setting, and Maxwellian equilibria (depending also on internal energy) have been explicitly recovered.
Also the number of internal degrees of freedom has been investigated, and the fluid-dynamic Euler equations
have been derived. We have shown that usual models such as the monoatomic gas, the continuous internal
energy description with weights [I1], and the discrete energy levels description [7l8] fit into our framework.
Moreover, several different models may be built within the present general framework, as semi-classical models
and quantum description (as main example, we have proposed four models for the hydrogen fluoride).

The main advantage of this general setting is to be able to construct a model from direct physical consid-
erations, since we consider internal states and no longer directly energy. For instance, instead of considering
from the beginning the rotational energy of a molecule, we may start from the angular velocity and construct
the energy by the laws of classical mechanics (owing to inertia tensor). Moreover, thanks to the Equipartition
Theorem, we are allowed to combine any pair of different internal states spaces £ x £ and the corresponding
measures as 41 ® pg thus, as an important consequence, we have the possibility to keep separate the vibrational
and the rotational parts of the internal energy of polyatomic molecules. Indeed, setting the space of internal
states as € = Ry x N and ¢(I,n) = I + e,, we are able to describe the rotational energy by means of a
continuous variable, and the vibrational one by a discrete energy variable, as suggested in [31]. Analogously,
also the options of keeping both kinds of internal energies continuous (as in Extended Thermodynamics) or
discrete are admissible.

Finally we have also shown that, generically, all models that fit our framework can be reduced to a one-
real-parameter model, similar to the continuous internal energy model with weights, at the price of suitably
changing, in a rigorous way, the integration measure. In this reduction procedure the considerations on states
turn out to be summed up into the energy (the reduced model considers the internal energy directly). From
theory to simulation, given a molecule to study, we suggest to first construct the state-based (general) model
of the molecule from its physical description, then compute the associated energy law u® by performing the
reduction process and finally define the numerically-suited approximate discrete model as detailed in Section
Also for the investigation of other interesting mathematical properties of the Boltzmann operator in this
general frame, as the validity of the Fredholm alternative for the linearized operator, and the corresponding
rigorous Chapman-Enskog asymptotic expansion up to Navier-Stokes equations, the original internal states
formulation could be more intuitive to use. We finally remark that even the combination of the continuous
and the discrete energy model finally turns out to be, after the reduction, a continuous model with a weight
explicitly computed in the paper, and this is a quite surprising result.

Of course it would be desirable to include in the kinetic model even more physical features of polyatomic
particles. For instance, the quantum mechanical Boltzmann equation derived by Waldmann [54] and Snider [55]
is able to describe also the polarizations resulting from the effect of external fields on polyatomic gases [39].
Such model admits two vectorial collision invariants, corresponding to momentum and angular momentum,
bearing in mind that polyatomic particles are generally non spherical, and also the corresponding macroscopic
equations include a proper angular momentum conservation equation [46l431[39]. It is well known [46] that
in absence of polarization effects, namely for isotropic gases, the quantum mechanical theory yields the same
formal results as classical or semi-classical approaches considered in this paper, but a general kinetic framework
able to include also possible polarization (and therefore additional collision invariants) could be an interesting
further step in kinetic investigation of polyatomic gases.

We aim also at extending our general way of modelling to mixtures of polyatomic gases, possibly undergoing
chemical reactions. Of course collision rules, and consequently some technical parts of the proofs, would be
much more complicated due to the presence of mass ratios and of the amount of energy produced or consumed
by chemical reactions. The investigation of a suitable general framework for gas mixtures will be the subject
of a future work.
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Appendix

Lemma 9.1 Let r > 0, assume that ({0 <& <r}) > 0. Then

<()e-a5(©) _ ) o )
[0 Ouo < [ dor= a0+ (/Ns(c) dmo)

Proof First, we have that

/g E(0)e5©) du(() / 2O du(0) + />Te‘(c>e*“<<>du(o,

and /6—15(4) dp(¢ / e~ 7€) dp(¢) + / e~ e dg(€).
& e<r E>r

Thus we must prove

[ a0 aue < o [ q0e=0auo)

/ e du(¢) = o( / e—"“’du«))-
E>r T—00 e<r

/ _eTOd(Q) 2 p{E < e

First, note that

Since p({€ <r}) >0, we deduce that [__ e=*5() dp(¢) > 0 and

Jesr €759 du(0) e o) 1 et
0 eE>r x€ d - - z(E(¢)—r) d )
S O du(e) < MEZD) / M= m<m / #()

Now note that, on the set {€ > r},

e~ EO-1) .

r—ro0

Also, (¢ + e *E(Q=))__ 4 is a non-increasing family of non-negative functions on the set {& > r}. By monotone
convergence theorem,

T—r00

/ e *EO= dpu ) — 0.
E>T

We deduce that

for A
fégr e~ dp(C) woe

/ e " du(¢) = o( / e‘"“’du(@)-
E>r T—00 e<r

Concerning the other goal, it obviously holds

that is our goal

/ Qe () z e / GG

and, since p({0 < & < r}) > 0, we deduce that [__ &(¢)du(¢) > 0. Moreover,

[ &©autc) < vutte <) <o
e<r
(last inequality has been shown in Section . It follows that

Jesr EQe™ O _ oo
fégr E(Q)e=edu(¢) — fégr £(0) du(0)

Jouy E(Qem O™ dp(Q)

0< Je<r E(Q) du(Q)

/ Qe O au) =
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Now note that, on the set {€ > r},

E(Q)e O 5 .

T—>0o0

Also, (¢ + &(¢)e~*E(=)), ¢ is a non-increasing family of non-negative functions on the set {£ > r}. By
monotone convergence theorem,

T—00

/ E(Q)eEO du(¢) —s 0.
E>r

We deduce that

oo E(Qe ™ dp(C)
_ 0,
Jee, E(Q)e™™O du(C) A

that is
[ a0 a0 < o [ a0 ano).
E>T T—00 e<r
O
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