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Abstract

We propose a way to derive Bhatnagar-Gross-Krook and Fokker-Planck models of the Boltz-
mann equation for rarefied flows of thermally perfect gases. These models can allow for various
internal energies (rotation, vibration, electronic), which is required for high temperature flows,
like in atmospheric reentry problems. However, our models do not contain any internal degrees
of freedom: instead, they are accounted for by a mesoscopic approach. The molecular velocity
is the only kinetic variable in the models, that makes their computational complexity similar
to that of simple monoatomic gases. Moreover, we prove that these models satisfy conservation
and entropy properties (H-theorem), and we derive their corresponding compressible Euler and
Navier-Stokes asymptotics. gases.
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1 Introduction

Gas flows in high altitude aerodynamics, in low pressure devices, or in micro systems, are often
in a rarefied regime: the mean free path of gas molecules is of the same order of magnitude as a
relevant macroscopic length scale. In such cases, the flow cannot be accurately described by the
macroscopic Navier-Stokes equations. Instead, the Boltzmann equation of gas kinetic theory is a
more relevant model. This equation was first derived by Boltzmann for a monoatomic gas, and
later extended to mixtures [1], then to polyatomic molecules with internal energy and to gases with
chemical reactions [2].

Numerical simulations of rarefied gas flows is a difficult task, due to the large number of degrees
of freedom of gas molecules. The Direct Simulation Monte Carlo (DSMC) is the most frequently
used method for such simulations [3, 4, 5, 6] : it combines deterministic transport of particles
and stochastic collision algorithms that make it partially independent of the number of degrees
of freedom of gas molecules. However, it is interesting to use other methods, especially for the
transitional regime, between rarefied and continuous regimes, in which the number of molecules
can be too large for DSMC. It can also be difficult for DSMC to capture small thermal fluctuations
in gas micro flows due to a large statistical numerical noise. For such problems, it is attractive
to directly solve the Boltzmann equation itself [7]: it gives very accurate numerical methods, but
generally limited to simple monoatomic gases. In particular, simulating polyatomic gases is still
nowadays much too computationally expensive with such deterministic methods.

However, the Boltzmann equation can be strongly simplified: the idea of model equations like
Bhatnagar-Gross-Krook (BGK) [8] or Fokker-Plank models [9] is to simplify the collision process,
while the transport process and gas surface interactions are not modified. In the BGK model,
collisions are taken into account by a relaxation of the distribution function to the Maxwellian
equilibrium. In the Fokker-Plank model, collisions are modeled by a diffusion process of the molec-
ular velocity. With some further modifications [10, 11, 12, 13], it can be shown analytically that
these model equations give the same solution as the Boltzmann equation in the dense regime, and



numerical simulations show that they are often sufficiently accurate in rarefied regimes, for a much
lower computational cost than that of Boltzmann based numerical methods.

These models have recently been extended to more complex gases: polyatomic gases with
rotational [14, 15] and vibrational nonequilibrium [5, 6, 16, 17, 18, 19, 20, 21]. However, these
models are still computationally expensive due to the large number of degrees of freedom induced
by the polyatomic structure of gas molecules. But a very interesting feature of these model equations
is that their mathematical structure permits a reduction of this complexity: the internal energy
variables can be easily eliminated by a simple integration (this reduction was proposed in [22] for
a reduced model in a one dimensional shock wave problem), which leads to a reduced model that
has more or less the same complexity as a model for a monoatomic gas, while it still accounts
for molecular energy transfers between internal modes. These reduced models can then be viewed
as intermediate models between fully kinetic Boltzmann like models and Navier-Stokes like fluid
models.

While mathematical results for existence and uniqueness of solutions of such models is a very
difficult task (see [23] for instance), there is a very simple tool that gives some nonlinear stability:
the so called H-theorem, originally proved by Boltzmann for his equation. This theorem gives a
non linear functional (related to the macroscopic entropy of thermodynamics) that satisfies a local
dissipation law. Since most of BGK and Fokker-Planck like models satisfy such an H-theorem,
reduced models naturally inherit this property: the integration process with respect to the internal
variables is compatible with the H-theorem, since it is mainly based on convexity arguments.

In this paper, we show that these reduced models can be derived a priori, without any reduction
of a fully kinetic model. Here, we only use the functional relation between the internal energy of
the gas and its temperature, which is generally given by statistical physics, thermodynamics or by
measurements. This approach does not require a precise description of the internal structure of
gas molecules: it can then be applied to any polyatomic thermally perfect gas for which degrees of
freedom of rotation or vibration (with harmonic or anharmonic oscillator model) can be activated.
Consequently, these models can now be viewed as direct mesoscopic models, and not only as reduced
models. Moreover, we are able to prove that these models satisfy an H-theorem. This is indeed the
main innovation of our paper: we derive a general entropy functional for our models that does not
require to know the entropy functional of a superior fully kinetic model.

The outline of our paper is as follows. In section 2, we introduce relations between internal
energy of the gas and its temperature, we define a corresponding macroscopic entropy, we define
the distribution functions of mass and energy required to describe the gas at a kinetic level, and
we introduce our kinetic entropy functional on which our models are based on. In section 3 and 4,
we propose BGK and Fokker-Planck models for these distributions. In section 5, we derive the
macroscopic Fuler and Navier-Stokes limits of these models. In section 6, our models are extended
to take into account independent internal energies: the gas is then described with a distribution
function for each internal energy. Our last section 7 is devoted to conclusion and perspectives.



2 Thermally perfect gas: energies, entropies, and distribution
functions

2.1 Some elements of thermodynamics of thermally perfect gases

A thermally perfect gas is a gas satisfying the perfect gas law P = pRT where P is the pressure, p
the density and T' the temperature, with R the gas constant per unit mass. Its energy e depends
on the temperature, either linearly, like for polyatomic rotating molecules, or non linearly, like for
vibrating molecules. Its heat capacities are constant (for linear energy) or temperature dependent
(for non linear energy).

For instance, for rotating diatomic molecules, the specific energy reads e(T') = %RT while for
vibrational diatomic molecules in case of the harmonic oscillator model, it reads e(7T") = %RT +
%, where Tj is the characteristic vibrational temperature. If the electronic energy has to
be taken into account, e(7T') is obtained directly from spectroscopic measurements.

In order to develop general BGK and Fokker-Planck models that can allow for such temperature
dependence of the specific energy in non equilibrium flows, we need to define different tempera-
tures for translational and internal degrees of freedom. Then from now on, we assume a general

temperature law of specific energy e, and we assume that it can be decomposed into
E(T) = etT(T) + 6int(T)7

where e, (T) = %RT is the translational kinetic energy (the energy associated to movement in
the three directions of space), while e;,+(T") is some given energy that corresponds to the internal
degrees of freedom of molecules. Moreover we also assume that e;,; is an increasing function of T,
and hence e is an increasing function too. Consequently, we can define the inverse functions T,
Ty, and T that map any given energy F to the corresponding temperatures. In other words, for
any energy F, we define the temperatures

T’int = T'mt(E)7 T;fr = T'mt(E)y and T = T(E)7 (1)

such that ejn(Tint) = E, en(Tyr) = E and e(T) = E. We shall also need the specific heat
corresponding to the internal energy, which is defined by
: d€‘ t(T)
et () = 2nilt), @

so that the global specific heat is ¢,(T") = dig) = 3R+ c"(T).

We also define the corresponding specific entropies sy and s;p; by

dsiy 1 dsint 1
= d =
dE ~ Tp(B) ™ TdE T Tim(E)’ )

see some expressions for rotational and vibrational case in section 6.4. The global entropy is
defined by ds = dsy + dsine — Rdp/p, and since at equilibrium, T}, = Tjpe = T, these definitions
are compatible with the usual Gibbs relation ds = % — R%.

We now have all the necessary tools to construct our BGK and Fokker-Planck models.



2.2 Reduced distribution functions and local equilibrium

We define F(t,z,v) the mass density of molecules with position z and velocity v, and G(t,x,v)
their internal energy density. In other words, the mass and internal energy of molecules in a volume
element dx around x with velocity in dv around v are Fdxdv and Gdzdv, respectively.

The macroscopic mass density p, velocity u, and energy densities pFy,., pEint, and pE are defined
by

p=(F),  pu=(F),

/1 2 -
PEtr = <2‘1) — u| F>, PEmt = <G>7 (4)

1
o = (Glo—uPF) +(G),
where we use the notation (¢) = [ dv for any velocity dependent function 1. The equilibrium
temperature is defined by

T = T(E). (5)

At equilibrium, the mass and internal energy distributions are Maxwellian: we have F =
MIF, G| and G = €, (T)M[F, G], where

_ u—v]?
MI[F,G](v) = ﬁexp <_2RT> ) (6)

2.3 Reduced vs fully kinetic models

Usually, mass and energy densities F' and G are obtained by reduction of a single mass density
that depends on internal microscopic energy modes. For instance, in case of rotational and discrete
vibrational energy modes, one can define the kinetic mass density F (¢, x,v,e,4) such that

+00 +oo
F(t,x,v) = Z/RS F(t,x,v,e,i)de and G(t,z,v) = Z/R3 (e +iRTy)F(t,x,v,e,1)de.
i=0 i=0

While the fully kinetic distribution F is obviously more accurate than reduced distributions F
and G, we point out other elements of comparisons between both descriptions:

e Macroscopic quantities: the macroscopic quantities p, u, T corresponding to F are the same
as that given by F' and G.

e Computational cost: a fully kinetic model for F requires to discretize a huge phase space: at
least 8-dimensional for x, v, € and 4, and even more in case of electronic energy levels. This is
why a deterministic simulation based on phase space discretization of the fully kinetic model
is still nowadays computationally too expensive, even with modern large scale computers.
At the contrary, using a reduced model for a deterministic simulation is possible, for the
same computational cost as a simple monoatomic gas flow simulation (see [24]): indeed, the
reduced model corresponding to F' and G (see sections 3 and 4) requires to discretize the
usual position-velocity phase space, which is 6-dimensional only.



e Information loss: only higher order moments with respect to the internal energy variables
cannot be defined with F' and G. But these moments are generally not quantities of interest
in practical applications. Moreover, even if some solid wall interaction models with internal
energy exchanges can be taken into account only with a fully kinetic distribution, standard
diffuse and Maxwell boundary conditions are compatible with reduced distributions.

Finally, we mention that the novelty of our approach is that we derive reduced models directly,
without using any fully kinetic model. These models can be viewed as direct mesoscopic models.
Our approach is guided by the macroscopic energy laws of perfect gases, and is independent of
continuous or discrete representations of microscopic energy levels.

2.4 Conservation and entropy

Standard Gaussian integrals (see section B) show that the local equilibrium distributions have
the same moments as F' and G, as it is stated in the following proposition.
Proposition 2.1 (Conservation properties).

(M[F,G]) = p, (vM[F, G]) = pu,
<;|v W’ M]F, G]> — By, {eot(T)M[F.G]) = pEum,

<;’v — u|?M[F, G]> + (eint(T)M|F, G]) = pE.

We now define an entropy functional as a function of F' and G and we state some of its useful
properties in the following proposition.

Proposition 2.2 (Entropy). The entropy functional H(F,G) is

1
H(F,G)=(H(F,G)), where H(F,G)=Flog(F)— Fﬁsmt <§> . (7)
1. The partial derivatives of H are:
G 1 G 1
D1H(F,G) =1+log(F)+———————=Sint | = |, D2H(F,G)=————.
VH(FG) = LHlog(B)+ pr lem e~ /e t<F> 2H(EG) =~ g ey ©

D1 H(F,G)  Di2H(F,G)

2. We note H = (DlgH(F,G) Dy H(F,G)

> the Hessian matriz of H. Its components are

1 G?

DuH(F,G) = = 4

nH(F,G) F+FSC%nt(Tint(G/F))RT?nt(G/F)7

G
DioH(F,G) = Dy H(F,G) = — F2cim (T (G/F))RT2, (G /F)
1

Doy H(F,G) = — '

2H(F,G) ! (Tint(G/F))RT},(G/F)F

Moreover, the second order derivatives satisfy the following equalities:

FD\H(F,G)+ GDyH(F,G) =1,
FD12H(F, G) + GDypH(F,G) =0.

6



3. The function (F,G) — H(F,G) is convez.

Proof. First, note that even if G/F is velocity dependent, it has the dimension of a specific energy,
and hence the expressions s;,+(G/F') and T;n:(G/F) make sense (see equations (1) and (3)). Points
1 and 2 are given by direct computations. The Hessian matrix is positive definite (its trace and
determinant are positive) so that H is convex. O

Remark 2.1. One can note that since s;,; was defined up to a constant, the entropy is defined up
to a linear term, which is proportional to the mass. Since the mass is naturally conserved in our
models, this additional term plays no role in the proof of the H-theorem.

Proposition 2.3 (Minimization of H). Let (F,G) be a couple of reduced distributions, p, pu, and
pE its moments as defined by (4), and T its equilibrium temperature as defined by (5). Let S be
the convex set defined by

1
S= {(Fl,Gl) > 0 such that (F1) = p, (vF1) = pu, <2]v —ul*F + G1> = pE}.

1. The minimum of H on S is obtained for the couple (M[F, G|, eint(T)M[F, G]), where M[F, G|
is the Mazwellian distribution defined in (6), while e;n(T) is the specific internal energy at
temperature T'.

2. The following inequalities hold

0> H(M[F,G),equ(T)M[F,G]) — H(F,G)
> D1H(F,G)(M[F,G] - F) + DoH(F,G)(ei(T)M[F, G| — G)

Proof. First, the set S is clearly convex, and it is non empty, since (M[F,G],eint(T)M[F,G])
realizes the moments p, pu, and pE (see proposition 2.1), and hence belongs to S. Now, we define
the following Lagrangian

E(FlaGbaa/Ba’y) = <H(F17Gl)> - O[(<F1> - p)
1
=5 (wh) = )~ ((Glo—uPFi 4 G ) - o)
for (F1,G1) € S, a € R, B € R3 v € R. The entropy functional H can reach a minimum of S

when L has its first order partial derivatives equal to zero. This minimum is then characterized by
the following relations:

1
DlH(F1>G1):a+B"U+’Y§‘U|2v (10)
DyH(F1,G1) =7, (11)
1
(F1)—p=0, ,(wF1)—pu=0, <2|v—u]2F1—|—G1>—pE:O, (12)

where D1 H and D2 H are defined in (8).



Relation (11) gives T;n:(G/F) = —1/(R~) and hence - is non positive. Since T}, is a one-to-one
function, this gives G/F = ejn:(—1/(R7)). Then relation (10) shows that there exists real numbers
a, b, and one vector ¢ € R?, independent of v, such that:

Fy =aexp (c-v+blv—ul?).

It is then standard to use equations (12) to get Fy = M[F, G| and Gy = ejnt(T)MIF, G].
Finally point 2 is a direct consequence of the convexity of H and of the minimization property.
O

3 A reduced BGK model for thermally perfect gases

3.1 The model

The evolution of mass and energy distributions can be simply modeled by the BGK approach [8, 25]:
we assume that F' and G relax to their local equilibrium M[F, G] and e, (T) M[F, G] with the same
relaxation time 7, and this gives

HF +v-VF == (M[F,G] - F),

— |
—~
—
w
S~—

8tG +v- va = ;(e,mt(T)M[F, G] — G),
where p, u, T, and M[F,G] are defined in (4-6).

We mention that similar models were recently obtained to take vibrational energy into account:
the same reduced model can be found in [26], and a microscopic (non reduced) ES-BGK model is
proposed in [19]. In this last case, if the model is reduced and the Prandtl number is taken as 1,
we get the same reduced BGK model as (13). However, in these papers, the authors are not able
to prove any H-theorem (only a local entropy dissipation can be proved). This is due to the fact
that their models are derived from a microscopic model with continuous vibrational energy that
does not has any entropy functional. Here, our derivation allows us to prove a H-theorem, as it is
shown below.

3.2 Properties of the reduced model

System (13) naturally satisfies local conservation laws of mass, momentum, and energy. Moreover,
the H-theorem holds with the entropy functional H. Indeed, we have the

Proposition 3.1. The reduced BGK system (13) satisfies the H-theorem
OH(F,G)+ V- (vH(F,G)) <0,
where H(F,G) is the entropy functional defined in (7).

Proof.



By differentiation we get

OH(F,G) +V, - WH(F,G))

= (D H(F, G)(O,F + vV F) + Do H(F,G)(8,G + vV, G))
1

<o

(DL H (F,G)(MI[F,G] — F) + DyH(F, G)(esmu(T)M[F, G] — G))

where we have used (13) to replace the transport terms by relaxation ones, and point 2 of propo-
sition 2.3 to obtain the inequality. O

4 A Fokker-Planck model for thermally perfect gases

Here, we derive a reduced Fokker-Planck model, by analogy with the reduced BGK model (13)
and by using our previous work [15] on a Fokker-Planck model for polyatomic gases. We remind
that the original Fokker-Planck model for monoatomic gas can be derived from the Boltzmann
collision operator under the assumption of small velocity changes through collisions and additional
equilibrium assumptions (see [9]). In practice, the agreement of this model with the Boltzmann
equation is observed even when the gas is far from equilibrium (see [12], for instance).

4.1 A reduced Fokker-Planck model

Now, the evolution of the mass and internal energy distributions F' and G is governed by the
following model
WF +v-V,F=Dp(F,QG),

8,G +v- V.G = Dg(F,Q), (14)
with
Dp(F,G) = = (Vo (v —w)F + RTV,F)), 15)
T 15
Da(F,G) = 1 (V- (v~ )G + RTV,G)) + 2 (ei(T)F — G,

where the temperature is defined in (4). The elastic collisions are accounted for by the drift-diffusion
terms that make F and G relax to the local equilibrium, while the energy exchanges induced by
inelastic collisions are accounted for by the relaxation term.

4.2 Properties of the reduced model
Using direct calculations and dissipation properties as in [15] we can prove the following proposition.

Proposition 4.1. The collision operator conserves the mass, momentum, and energy:
1
((L,v)Dp(F,G)) =0 and <2|v|2DF(F, G) + D¢ (F, G)> =0,

the entropy functional H(F,G) satisfies the H-theorem:
OH(F,G)+V, - (vH(F,G)) =D(F,G) <0,



and we have the equilibrium property
(Dp(F,G) =0 and Dg(F,G) =0) < (F = M[F,G| and G = ey (T)M[F,G)).

Proof. The conservation property is the consequence of direct integration of (15). The equilibrium
property can be proved as follows.

To make the notations simpler, M[F, G| will be simply denoted by M in the following. Then
the collision operators can be written in the compact form

1 F
Dp(F = —“Vu- M voar |
= (.5
1 G 2
Dg(F, G) =—Vu- <MVU> + — (emt(T)F — G) .
T M T
For Dp(F,G), a simple integration by part gives

(prrar) = (v wwfr),

and the integral in the right-hand side is a positive definite form. Consequently, if Dp(F,G) = 0,
we necessarily have V,(F/M) = 0, and hence F = M.
For the equilibrium property of G, the proof is a bit more complicated. First, we have

(Potr. 6, 3r) = et <<V”A§>TM Vﬂi> # (2 mmr -6 ).

Consequently, if Dg(F,G) = 0, the right-hand side of the previous relation vanishes, and since
F =M, we get

emtl(T) < (VU]\C;)T MV”ACEI> - <(emt(T)M e %(C;)M>

— 9 <(€mt(T)M - G)’ ent(lT)M>

< 2 (eint(T)M = G) = 2p(eint(T) — Enr).

+2(eim(T)M — G)

Now we can observe that pe;n:(T) — Fine = 0. Indeed, note that F' = M implies Ey. = ey, (T), and
therefore we have

eint(T) — B = (eznt(T) + et'r(T>) - (Eint + Et'r)a
=e(T)—FE=0,

by definition of T' (see (1)). Consequently, we obtain

1 a\7T G
S — — )<
em(T)<<v,,M> MV,,M>_O,

and again this gives G = e€;,,4(T") M, which concludes the proof of the equilibrium property.

10



The proof of the H-theorem is much longer. First, by differentiation one gets that the quantity

D(F,G) = 0OH(F,G) + V4 - (vH(F, G)) satisfies:

D(F,G) = (DiH(F,G)(0,F +v-VoF) + DyH(F,G)(0,G +v - V,G))

— (D\H(F,G)Dp(F,G) + DyH(F,G)Dg(F, @),

(16)

from (13). Then the proof is based on the convexity of H(F,G): while for the BGK model we only
used the first derivatives of H, we now use the positive-definiteness of the Hessian matrix of H. To

do so we integrate by parts D(F, G) and multiply it by 7 so that:

3
TD(F,G) =—> ((0y,F)D11H(F,G) ((v; — u;)F + RT9,,F))
=1

3
Y {(05,G) Do H(F,G) ((vi — w;)F + RTO,,F))
=1

3
— Y {0, F)D12H(F,G) ((vi — w;)G + RT0,,G))

i=1

3
=) " {(05,G) D22 H(F, G) ((v; — u;)G + RT,,G))
=1

—2 <(6mt(T)F - G)}W>

To use the positive definiteness of the Hessian matrix H of H, we introduce the following vector:

V= ((Uz — ’U,Z)F + RTaviF, (Ui — uz)G + RT@UIG)
so that the partial derivatives of F' and G read

1 Vi — Ug Vi — Uy
(00, F 00:6) = Vi = (T B —pp

G).

This is used in (17) to get

D(F,G) = 23: < (”i U F> D11 H(F,G) ((v; — ui)F + RT&UZ.F)>

(vi — Ui G> Do H(F,G) ((vi — ;)G + RT&WG)>

i <(em(T)F - G)}W> .

11



Now this expression can be considerably simplified by using property (9), and we get

D(F,G) = 23: <<”Z'R_T“"> ((v; — ug) F + RT&WF)>

i=1

3 . 1
—;Vi HY; — 2 <(emt(T)F - G)RTM(G/F)> .

Then the first two terms are simplified by using an integration by parts to get

3
2 3 -~ Y, — , o

By using (1), the first term is equal to 25 p(eint(T) — Eint) = 757 (€mt(T)F — G) (this is equivalent
to E = e(T'), which is true by definition of T'). The terms with the Hessian are clearly negative,

since H is positive definite (see the proof of proposition 2.2). Then we have

D(F,G) <~ (eim(T)F — G) — 2 < (eom(T)F — G)

1
- RT R’]I‘mt(G/F)>’

that can be factorized to find

D(F,G) < 2 <(emt(T)F e (J;T - W» |

We can now prove that the integrand of the right-hand side is non-positive. Indeed, assume for
instance that the second factor is non-positive, that is to say % — m < 0. Then T >
Tint(G/F), and since e;,; is an increasing function of the temperature (see section 2.1), we get
eint(T) > €int(Tinte(G/F)) = G/F. This is equivalent to e;,:(T)F — G > 0, that is to say the first
factor of the integrand is non-negative. We get the same result in the opposite case. Consequently,
we have proved 7D(F,G) < 0, which concludes the proof. O

5 Hydrodynamic limits for reduced models

With a convenient scaling, the relaxation time 7 of the reduced BGK model (13) and the Fokker-
Planck model (14)) is replaced by Kn 7, where Kn is the Knudsen number, which can be defined as
a ratio between the mean free path and a macroscopic length scale. It is then possible to look for
macroscopic models derived from BGK and Fokker-Planck reduced models, in the asymptotic limit

of small Knudsen numbers. For convenience, these models are re-written below in non-dimensional
form. The BGK model is:

OF +v-VoF = —— (M[F.G] - F),
0G + v VuG = o (ein(T)MF,G] - G),

where M[F,G] can be defined by (6) with R = 1. Similarly, the relations in section 2.1 between
the translational, internal, and total energies and the temperature, have to be read with R =1 in

12



non-dimensional variables. The Fokker-Planck model is

WF +v-VoF = Dp(F,G),

UG +v- VoG = D(F,G), (19)
with
Dp(F,G) = ﬁT (Vo ((v=w)F+TV,F)), 0
Da(F,G) = 12— (Vo (0~ w)G + TV,G)) + oo (el TV — G).

The conservation laws are obtained by multiplying the equation for F' in (18) by 1, v, and %]v|2
and then by integrating with respect to v. The equation for G is simply integrated and added to
the last equation. Conservation property 2.1 then gives

Op+V-pu=0,
O(pu) + V- (pu@u)+ V- P(f) =0, (21)
HE+V -Eu+ V- (P(flu)+V-q(f) =0,

where € = (3|v|2F + G), is the total energy density, P(f) = ((v —u) ® (v —u)F) is the pres-
sure tensor, and ¢(f) = (3|v —ul*(v —u)F + (v — u)G) is the heat flux. The same conservation
equations are obtained for the Fokker-Planck model (19), for which we use proposition 4.1.

Then with standard asymptotic analysis, we can prove that two asymptotic macroscopic models
can be derived from our kinetic equations. These models are presented in the following two propo-
sitions: the first one for the compressible Euler asymptotics, the second one for the compressible
Navier-Stokes asymptotics. These two propositions are proved in appendix A.

Proposition 5.1. The mass, momentum, and energy densities of the solutions of the reduced
BGK (18) and Fokker-Planck (19) models satisfy the Euler equations up to O(Kn):

op+V-pu=0,
Opu+V - (pu®u)+ Vp=0(Kn), (22)
€+ V- (E+p)u=0Kn).

The non-conservative form of these equations is

op+V-pu=0,

p(Opu + (u- V)u) + Vp = O(Kn), (23)

T +u-VT +

T
gy Ve u = O,

where ¢, (T) = %e(T) is the heat capacity at constant volume.

Proposition 5.2. The moments of the solution of the BGK and Fokker-Planck kinetic models (18)
and (19) satisfy the compressible Navier-Stokes equations up to O(Kn?):

Op+V-pu=0,
dpu+V - (pu®u) +Vp=V -0+ O(Kn?), (24)
HE+V - (E+pu=-V-q+V-(ou)+O(Kn?),
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where the viscous stress tensor and the heat flux are given by
2
a:,u(Vu+(Vu)T—§V-uI) +(V-ul, and q=—kVT, (25)

and the values of the viscosity and heat transfer coefficients (in dimensional variables) are:

p=1p, and k= pucy(T) for BGK,
(26)

1 2
p= TP, and k= gMCp(T) for Fokker-Planck,

while the volume viscosity coefficient is ( = ,u(% —a), with a = gzgg — 1 for both models, and

ep(T) = L(e(T) + p/p) = co(T) + R is the heat capacity at constant pressure. Moreover, the

corresponding Prandtl number is

T
Pr= Hep(T) =1 for BGK, and g for Fokker-Planck. (27)

K

6 Extension of the model to different internal energies

6.1 Internal energies, distributions and entropies

We assume gas molecules have n different and independent internal energies, and we denote by
e}nt, ..., ep, the corresponding specific internal energies of the gas (like rotational, vibrational,
electronical energies, for instance). Each eﬁnt is supposed to be an increasing function of the
temperature. The total energy is defined as e = e + > 1 e%nt, and is also an increasing function
of the temperature.

Consequently, we can define the inverse functions ’]I‘ﬁm and T that map any given energy E to

the corresponding temperatures. In other words, for any energy FE, we define the temperatures

T = Ti(E), and T =T(E), (28)
such that e ,(T¢ ) = E and e(T) = E.
The corresponding specific heats are Ci,mt(T) = %%(T). We can also define entropies s} ., ..., s,
. dst (E) 1
ted t h by —i2b— = — .
associated to each energy by —4& T (B)

Then we define by F the kinetic mass distribution while G',...,G™ are the distributions of
internal energies. The macroscopic mass density p, velocity u, and energy density pE are obtained
through F and G',...,G" by

n

p=F),  mu=GF), pE= (Gl uPF)+ 3 (6, (29)

i=1

Now it is possible to write a reduced entropy functional as a function of F and G',...,G", as
it is shown in the following proposition.

Proposition 6.1 (Entropy). We define for F, G',... G™ the following reduced entropy functional

H(F,G',...,G") = (H(F,G',...,G")), (30)

14



where

n 1 ) i
H(F,G',...,G") = FlogF = = F5int <i> : (31)

i=1
1. The partial derivatives of H computed at (F,G',... ,G") are:

1, (G
DFH =1+ lOg + Z (RTZ Gz/F) Esgnt (F)) )

int
1

" RTL (GI/F)’

int

DgiH =

2. The second order derivatives of H, computed at (F,G',...,G") are
2

G?
DFFH - = + Z . )
vmt(GZ/F)RTint (GZ/F)
’ F2 vznt(Gz/F)RTi t (GZ/F)
1
DG”‘,G?H = 5‘j

v znt(GZ/F)RTZnt (Gl/F)
Moreover, we have the following equalities:
n
FDppH+Y» G'DpgH =1, and FDpgH+ G DgigiH =0, (32)
i=1
for every 1.
3. The function (F,G',...,G") — H(F,G', ... ,G") is convex.

4. Let F be a given mass distribution and G = (G',...,G™) a n-uple of n distributions of
internal energies. Let p, pu, and pE their moments as defined by (29). Let S be the convex
set of distributions that have the same moments, that is to say

S:{(F,G)suchthat <F>:p, <v}3’>:pu, <;|v—u|2ﬁ+§;éi>:pE}.

The minimum of H on S is obtained for (M[F,G), el (T)M[F,G],... e ,(T)M[F,G]) with
p v —ul?
M[F,G] = ———=exp <— ) . (33)
V2rRT" 2RT

5. The following inequalities hold:
OZH( [FG]v znt( ) [FG] c znt( ) [FG])_H(FvG)

> DpH(F,G)(M )+ Z Dgi H(F, G) (¢l (T)MIF, G] - G7).
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Proof. The proof is the same as the one with one internal energy, except for point 3, for which
the proof that the Hessian matrix H of H is positive definite is more difficult. Note that H is a
(n+1) x (n+ 1) matrix whose block H(2 : n 4+ 1,2 : n + 1) is diagonal with positive coefficients.
Then Sylvester criterion ensures that H is positive definite if its determinant is positive. This
determinant can be easily computed and we find

det(H) = DppH [[ DgigiH — Y (DpeiH)? [ Das i H.
i=1 i=1 i#j

Then we note that (32) imply

G 1 "L G?
DpgiHl = ——DgigH and  DppH =4 |1+ > = Deii |,
=1

and we find

1 n
det(H) = — H1 Dgi i H
i
which is clearly positive, so that the Hessian is positive definite. O

6.2 BGK model
The extension of our BGK model (13) to this new framework is readily obtained: we set
1
OF +v-VoF =~ (M[F,G",..,G"] - F) , (34)
, 1 .
0G' +v- VoG = —(eju(T)M[F, G',..,G" - G"), fori=1ton (35)

where the reduced Maxwellian is

2
MIF 1 G = P _”U—U’
[F,G,..,G"] \/Wgexp( SET )

and the macroscopic quantities are defined by

p=(F), pu = (vF), pE:<;v—u\2F> Z<G7’ (36)

and T is defined by (28).
System (34-35) naturally satisfies local conservation laws of mass, momentum, and energy.
Moreover, the H-theorem holds, as it is stated below.

Proposition 6.2. The BGK system (34-35) satisfies the H-theorem
OH(F,G',....,G") + V, - (vH(F,G',...,G")) <0,
where H(F, G, ...,G") is the entropy functional defined in (30).

Moreover, we can prove that this BGK system has the same compressible Euler and Navier-
Stokes asymptotics as that given in Propositions 5.1 and 5.2 for the model with one single internal
energy. The proof is a simple extension of that given in appendix A.2.1 and is left to the reader.
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6.3 Fokker-Planck model
By analogy, we propose the following Fokker-Planck model:

OF +v-VoF =Dp(F,G,....G"), (37)
oG +v-V,G' = Dgi(F,GY,...,G"), fori=1ton (38)

with

Dp(F,G',...,G") = = (V- ((v—u)F + RTV,F)),
(39)

Dgi(F,GY,...,G™) = = (V, - (v —w)G' + RTV,G")) + % (el (TVF — G,

where the macroscopic values are defined as in (36) and (28). Using direct calculations and dissi-
pation properties we can prove the following proposition.

Proposition 6.3. The collision operator conserves the mass, momentum, and energy:
1
{((1,v)Dp(F,G",..,G") =0 and <2]v|2DF((F, GY,...,.G") + Dg:(F, G, ...,G”)> =0,

the entropy functional H(F,G',...,G™) satisfies the H-theorem:
HH(F,G',....,G") +V, - (vH(F,G',...,G")) <0,
and we have the equilibrium property

(Drp(F,GY,...,G™) =0 and Dgi(F,G*,....,G™) = 0)  for every i
& (F=M[F,G,....G"] and G* = ¢.,,(T)M[F,G",...,G™))  for every i.
The proof is a simple extension of the proof of Proposition 4.1 and is left to the reader.
Moreover, we can prove that this BGK system has the same compressible Euler and Navier-
Stokes asymptotics as that given in Propositions 5.1 and 5.2 for the model with one single internal
energy. The proof is a simple extension of that given in appendix A.2.2 and is also left to the
reader.

6.4 Example: rotational and vibrational cases

We briefly explain how to apply our framework to a diatomic gas for which translational, rotational
and vibrational energies are taken into account, as defined by

RTy

= T (40)

3
Cr (T) = §RT, Erot (T) = RT, em;b(T)

According to section 6.1 (we set n = 2 and we replace the index i = 1 by rot and i=2 by vib), the
associated macroscopic entropy for the internal degrees of freedom are

E E 4+ RT{ E E
Srot(E) = RIH(E), Sm'b(E) = <’_TO + R) In (;TOO> - T() In <RT0> 9 (41)
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which leads to the following kinetic entropy functional

H(F, Grot’ Gvib)

grot Grot Svib Gvib
<Flog(F)—F . ( . )—FR ( - >>
F RT\F Gvib Gvib
= (Flog(F)+ Fln| — Fl . 1 . .
< og(F) + Fln <Grot> +In (RTOF—FGWZ’) + RT, 1 (RTQF—FG””’

This is the same functional as that obtained in [21] for an ES-BGK model: however, in [21], the
functional was obtained through the reduction of a model with velocity and internal energy variables
(continuous rotational energy and discrete vibrational energy levels). Also note that in the case
of rotational energy only, we also recover the entropy functional of [14], also obtained through the
reduction of a fully kinetic model.

7 Conclusion and perspectives

In this paper, we have proposed to different models (BGK and Fokker-Planck) of the Boltzmann
equation for thermally perfect gases. These models can be viewed as intermediate models between
fully kinetic equations (with a kinetic variable for each degrees of freedom) and macroscopic equa-
tions, since they are based on distribution functions with only velocity as a kinetic variable. As
opposed to already existing models obtained by reduction of kinetic equations, our models do not
require any superior kinetic model. They can be obtained as soon as internal energies are known
as function of the temperature. Our model has been proved to satisfy conservation laws, and we
have been able to propose an entropy functional for which our models satisfy an H-theorem.

The low complexity of the reduced BGK model can make it attractive to be implemented in
a deterministic code, while the Fokker-Planck model can be easily simulated with a stochastic
method. Of course, since these models are based on a single time relaxation, they cannot allow for
multiple relaxation times scales. However, we believe it should be possible to extend these models
by using the ellipsoidal-statistical approach, like in [14, 13, 15, 20, 21].

Finally, we note that these models should be sufficiently accurate to simulate rarefied flows
with usual equilibrium inflow boundary conditions and Maxwell reflection at a solid wall. For more
complex boundary conditions with energy exchanges between different modes, a fully kinetic model
will be required.

A Derivation of the hydrodynamic limits

A.1 Euler limit

When Kn is very small, if all the time and space derivatives of F' and G are O(1) with respect
to Kn (we exclude any initial layer and assume that the gradients lengths are larger than the
mean free path), then (18) implies ' = M[F,G] + O(Kn) and G = e;n(T)M[F,G] + O(Kn) so
that P(F) = P(M[F,G]) + O(Kn) = pI + O(Kn) , where I is the unit tensor, and ¢(F,G) =
q(M[F,G], eint(T)M[F,G]) + O(Kn) = O(Kn), which gives the Euler equations (23). The same
analysis can be applied for the reduced Fokker-Planck model (19). Finally, the non conservative
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form is readily obtained from the conservative form. We also get the internal energy equation:

(1)

atemt (T) +u- Vemt (T) + T o (T)

Ve -u=O0(Kn).

A.2 Navier-Stokes asymptotics
A.2.1 BGK model

The usual Chapman-Enskog method is applied as follows. We decompose F' and G as F' = M[F, G|+
Kn Fy and G = e (T)M[F, G] + Kn G, which gives

P(F) =pl —Kn P(Fy), and q(F,G) = Knq(F1,Gr).

Then we have to approximate P(F}) and ¢(F1,G1) up to O(Kn). This is done by using the previous
expansions and (13) to get

Fy,=—7(0:M[F,G]+v-V,M[F,G]) + O(Kn),
G1 = —7(0eimt(T)M[F,G] + v - Vyein(T)M[F,G]) + O(Kn).
This gives the following approximations
PF)=—-1{v—u)® (v—u)(OM[F,G|+v- -V, M[F,G])) + O(Kn), (42)

and

q(F1,G1)=—1 <(v — u)%\v — u\2(8tM[F, G]+v-V,MIF, G])> (43)

— 7 (v —u)(Oeint(T)M[F, G| + v - Vyeine(T)M[F,G])) + O(Kn).
Now it is standard to write 0; M [F, G] and V,M[F, G| as functions of derivatives of p, u, and T,

and then to use Euler equations (22) to write time derivatives as functions of the space derivatives
only. After some algebra, we get

p vT
OM[F,G]+v-V,M[F,G] = EMO(V) (A . ﬁ + B : Vu> + O(Kn), (44)
where

v—u 1 V|2

V= , My(V) = . —
\/T 0( ) (271_)% exp( 9 )

_ (VP 5 _ (11 s (D)
A-( 5 5 V, B=V®V cv(T)2|V| + eo(T) I.

Then we introduce (44) into (42) to get
Pyj(Fy) = —7pT (V;V; B Mo) Oz up, + O(Kn),

where we have used the change of variables v — V in the integral (the term with A vanishes due
to the parity of My). Then standard Gaussian integrals (see appendix B) give

P(Fy) = —p(Vu+ (Vu)' —aV-ul) +O(Kn),
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with = 7pT and o = zzgg — 1, which is the announced result, in a non-dimensional form.

For the heat flux, we use the same technique. First for e;,.(T)M[F, G] we obtain

. vT -
O (egiM[F,G]) +v -V (e M[F,G]) = %MO(V) (A . ﬁ + B Vu> + O(Kn), (45)
2
where T
A=ep(T)A+ VT, (T), and B = e (T)B — me;m(T)I.

Then ¢(F1,G1) as given in (43) can be reduced to

qi(F1,G1) = —7p <T <;V|2ViAjMO> — <Vi/~1jM0>> 0q,T.
Using again Gaussian integrals , we get
q(F1,G1) = —kVT,
where k = pc,(T).
A.2.2 Fokker-Planck model
Here, we rather use the decomposition F' = M(1+ Kn F}) and G = e;,; M (1 + Kn G1), which gives
P(F)=pl —KnP(MF;) and ¢(F,G)=Knq(MF,enMG),

in which, for clarity, the dependence of M on F' and G has been omitted, and the dependence of

eint on T as well. Finding F; and G7 is more complex than for the BGK model: however, the

computations are very close to what is done in the standard monoatomic Fokker-Planck model

(see [13] for instance), so that we only give the main steps here (see appendix B for details).
First, the decomposition is injected into (19) to get

1
Dp(F,G) = ;MLF(Fl),
1
Dg(F,G) = ;ethLG(Fl, G1),
where Lr and Lg are linear operators defined by

Lp(F1) = %(V’U : (TMVUF1)>,

) (46)
La(F,Gh) = ~ (vv (TMV,Gy) +2(F — Gl)).

Then Fokker-Planck equations (19) suggest to look for an approximation of F; and G7 up to O(Kn)
as solutions of

OM +v-VoM = %M[F, GlLe(F)

1
ateintM +v- vmeintM = ;eintM[Fy G]LG’(Fh Gl)
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By using (44)-(45), these relations are equivalent, up to another O(Kn ) approximation, to

vTr T (- VT ~
Lp(Fl) =T A~+B:Vu), and Lg(f1,Gp) = (A~+B:Vu>, 47
o) =7 (4T a(h G = = (-2 ()
where A, B, A, and B are the same as for the BGK equation in the previous section. Now we have
to solve (47) for F} and Gj.
First, we rewrite Lp(Fy) and Lg(Fi,G1), defined in (46), by using the change of variables

V:%toget

LF(Fl) =-V -VyF,+Vy- (VvFl),
Lg(Fl,Gl) = LF(Gl) + 2(F1 — Gl)

Then simple calculation of derivatives show that A, B, A, and B satisfy the following properties
Consequently, we look for F; and G as solution of (47) under the following form

VT i - VT b
Fl=raA- = 4+ 7bB:Vu and Gi=r—A4."— 471
\/T €int \/T €int
and we find & =a = —1/3 and b=b = 1/2.
Finally, using these relations into P and ¢ and using some Gaussian integrals (see appendix B)
give

B:Vu,

P(MFy) =—u (Vu + (VU)T —aV- uI) and q(MFy,epn:MG1) = —kVT,
D

where @ = E— —1, u=35pT, and k = % pep(T'), which is the announced result, in a non-dimensional
form.

B Gaussian integrals and other summation formula

In this section, we give some integrals and summation formula that are used in the paper.
2
First, we remind the definition of the absolute Maxwellian My(V) = # exp(—‘v?l). We
2m)2

denote by (¢) = [z #(V)dV for any function ¢. It is standard to derive the following integral
relations (see [1], for instance and note that some computations are redundant), written with the
Einstein notation:

(Mo)v =1,

(ViViMoyy = b5, (ViPMo)y =1, ([VI’My)y =3,
(VEVPMo)yy =1+268;5,  (V;iV;ViViMo)v = 650k + didj + 0l
(ViViIVIPMo)y =565, (|V|"Mo)v = 15,

(ViVi|[V['Mo)y = 3505, (|[V|°Mo) = 105,

while all the integrals of odd power of V are zero. From the previous Gaussian integrals, it can be
shown that for any 3 x 3 matrix C, we have

(ViViCrViViMo)v = Cij + Cji + Ciidij.
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