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Construction of BGK Models with a Family of Kinetic
Entropies for a Given System of Conservation Laws
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We introduce a general framework for kinetic BGK models. We assume to be
given a system of hyperbolic conservation laws with a family of Lax entropies,
and we characterize the BGK models that lead to this system in the hydro-
dynamic limit, and that are compatible with the whole family of entropies. This
is obtained by a new characterization of Maxwellians as entropy minimizers
that can take into account the simultaneous minimization problems correspond-
ing to the family of entropies. We deduce a general procedure to construct such
BGK models, and we show how classical examples enter the framework. We
apply our theory to isentropic gas dynamics and full gas dynamics, and in both
cases we obtain new BGK models satisfying all entropy inequalities.

KEY WORDS: Conservation laws; BGK models; hydrodynamic limit; kinetic
entropy; space of maxwellians.

1. INTRODUCTION

The rarefied gas dynamics is described by the kinetic Boltzmann equation

5,f+v~fo=%f) (1.1)

where f(¢, x,v)>0 is the particle density in the phase space (x,v)e
RY x R¥, ¢ is the mean free path and Q is the Boltzmann collision operator.
This integral operator acts in the velocity variable v only, satisfies the
moment relations

[ 40) 201)(0) o =0 (12)
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¢ € Span(1, v;, |v]?), and the entropy inequality

[0 f(0) 0()(w) dv <0 (13)

These properties ensure the local conservation of mass, momentum and
energy by integrating (1.1) with respect to v,

a,qu(v) fdv+divva¢(u) fdv=0 (1.4)
¢ € Span(1, v;, [v|?), and the decrease of entropy
a,jfln fdv+divquf1nfdv<o (1.5)

Another striking property of Boltzmann’s equation is that Q(f)=0 if and
only if f is a Maxwellian, that is

S(0)=M(v)= e lomuPT (L6)

_r
(2nT)V?

for some p=0, T>0, ueRY. When time and space dependence are
allowed as in (1.1), p, T, u can depend on ¢, x also. When ¢ >0 in (1.1),
[ therefore goes formally to a maxwellian of parameters p(z, x), T(¢, x) and
u(t, x), which satisfies the conservation laws (1.4), and entropy inequality
(1.5), with f given by (1.6). This system is the Euler system of monatomic
perfect gas dynamics.

In their paper,® Bhatnagar, Gross, and Krook introduced a simplified
Boltzmann-like model (called the BGK model) which satisfies all the above
cited properties. It is written under the form (1.1) with

of)=M,—f (1.7)
and
M, (0) =21 oo, (18)
(2nT,)N?

1 N
Pr <1, U 5 |uf|2+5 Tf> =[(1, v, |v]?/2) f(v) dv (1.9)
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The existence of a global solution to the BGK model has been proved in
ref. 37, and regularity properties are given in ref. 40. It is important to
notice that the entropy inequality (1.5) is closely related to a minimization
principle that asserts that for given (p, u, T'), the maxwellian M in (1.6)
realizes

min jf(u) In f(v) dv (1.10)
f(v)=0
(Pf, Ur, T/)Z(Ps u, T)

and that the corresponding value #(p, u, T') is a convex entropy for the
system of gas dynamics.

We have to mention that the kinetic BGK equation can also appear
under a time discrete form, that is described in Section 2.3. With a space
discretization overall, it leads to the so called kinetic or Boltzmann
schemes. Many words have been devoted to the use of BGK models in
numerical methods for gas dynamics, and to the possible generalizations, in
order to provide a natural kinetic description of other hyperbolic systems
of conservation laws, see refs. 42, 43, 19, 32, 31, 6, 5, 38, 39, 16, 25, 47, 17,
26, 24, 33, 3.

In the previous papers, only a single entropy is taken into account, as
in the above described model, and the main tools used in order to obtain
a minimization property such as (1.10) are Lagrange multipliers and sym-
metrization of hyperbolic systems.

On the other hand, for scalar conservation laws, it is known that it is
possible to have a minimization principle for all entropies at the same time.
This has been proved in refs. 7, 8, 18 and 41. It is also the case for systems
considered in refs. 9, 10. These two families of systems of conservation laws
admit a so called kinetic formulation, that is an equation like (1.1), but
with ¢=0, in the sense that f is a maxwellian and the right-hand side
is replaced by a suitable term, see refs. 27, 9. However, as we shall see,
the property of having a BGK model with a large family of entropy
inequalities is quite independent of the property of having a kinetic for-
mulation. Other systems have a kinetic formulation, but which is not
“purely kinetic”, in the sense that the transport coefficient is not a function
of v only, see refs. 28, 22.

BGK models can be seen as a subclass of the general class of relaxation
models, described in refs. 29, 14, 13, 36. These have been intensively studied
in recent years, for example in refs. 21, 1, 34, 45, 23, 20, 2, 35, 46, 44.

The aim of this paper is to provide a general framework for BGK
models, that describes nearly all the known ones, and also some relaxation
models that can be interpreted as BGK models with finitely many velocities,
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as described in ref. 2. We assume to be given a system of hyperbolic conser-
vation laws and a family of Lax entropies, and we describe BGK models
compatible with this whole family of entropies, in the sense that there exists
a corresponding family of kinetic entropies. An important point is to take
vector valued kinetic functions f. Then, known scalar models enter the
framework by the property that f takes its values in a one-dimensional sub-
manifold (at fixed &). We call this a rank-one model. Similarly, models with
two functions such as those of ref. 39 correspond here to rank-two models,
and the discrete-velocities relaxation models are merely full-rank models.
General full-rank models have been introduced by Serre in ref. 44. The
general framework is presented in Section 2.1.

The corner stone of this paper is the reformulation in Section 2.2 of
the simultaneous minimization problems corresponding to each entropy of
the family by first order linear partial differential equations and inequations.
These were already written down in refs. 11 and 44, and the inequalities
give natural stability conditions generalizing the so called subcharacteristic
conditions in the case of finitely many velocities. This reformulation is based
on elementary properties in optimization theory, and avoids symmetrizing
the system, which is undesirable here because the new variable would
depend on the entropy. The characterization of the space of maxwellians
allows to give a practical method to build models with many kinetic
entropies.

In Section 2.3 we briefly explain how to write time discrete models,
while in Section 2.4 we perform the so called Chapman—Enskog expansion.
In Section 3 we show how classical examples enter the framework. Then
we apply our theory to isentropic gas dynamics (Section 4) and full gas
dynamics (Section 5), and obtain new BGK models satisfying all entropy
inequalities. The appendix is devoted to some basic properties on bilinear
forms and duality that are used in the paper.

Since the present paper is mainly intended to study very general
models, the results provided are not completely rigorous. Technical
arguments should be examined somewhere ¢lse, depending on the model
considered. In particular, we never discuss measurability or integrability of
functions.

2. THE BGK FRAMEWORK

We consider a system of conservation laws

N5
Ot Y, == Fyu)=0 (2.1)

j=19%;
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where x = (x,.., xy)€RY, u=u(t,x)e# a convex subset of R”, and
F;: % — R? are given (smooth) functions. We recall that an entropy for
(2.1) is a function 5: % — R such that there exist functions G;: % — R
satisfying

G)=n'F), j=1.,N (2.2)

Here and all throughout the paper, prime denotes differentiation with
respect to the conservative variable (u here). With this definition, # is not
necessarily convex. We recall that (2.2) ensures that any smooth solution
u to (2.1) satisfies

uMz
Q)‘QJ

0,[n(w)] + G (u)=0 (2.3)

J

which is obtained by left-multiplying (2.1) by #'(u). The existence of func-
tions G, satisfying (2.2) means that the differential forms »'F; are exact, and
this can be characterized by the property that the (7'F})" are symmetric
(see Appendix). Since (#'F})" = (F})"n" +#n'F7, this can be written as
(F})'n" is symmetric, j=1,.,N (2.4)

or equivalently as the well-known condition that #"F; is symmetric. If # is
strictly convex, an interpretation of (2.4) is to say that F; is self-adjoint for
the scalar product defined by #". Then, for any direction weR", 3, w,F;
is also self-adjoint, and is therefore diagonalizable. Thus, we recover the
wellknown result that says that if (2.1) admits a strictly convex entropy,
then it is hyperbolic.

Another result that we shall use in applications is how (2.4) is trans-
formed by a change of variable v = ¢(u). Equation (2.1) becomes (for
smooth solutions)

G0+ Y A Ai=0, A =g/ Fw ) (25)
j=1

J

while (2.2) becomes by denoting n=#(¢ ~'(v)), G;=G;(¢ ~'(v)),

2,G,=(3,1) 4, (2.6)

and again this can be characterized by asking that 0,((0,7) 4;) = Atawiy +
(0,m)(0,4,) is symmetric.
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In the following section, & denotes a non-empty family (7),cs of
convex (smooth) entropies for (2.1). For technical reasons we assume that
& is separable, that is it contains a countable set which is dense in a
suitable topology, that we are not going to precise. In particular, & can be
just a single convex entropy.

2.1. Axioms for Vector Models

This section is devoted to the general setting of our BGK framework.
It generalizes those proposed in refs. 35, 2, and 44. We assume to be given
a system of conservation laws and a non-empty family & of convex
entropies, as described in the previous paragraph. A BGK model will
consist in an equation

M;—f
0,f +a(&) -V, f=— (2.7)
where >0, x e RY,
telr, a measure space with measure d¢ (H1)
f(t, x, &) e R? is the unknown,
a:5— RN (H2)

is the velocity, a(&) -V, =3, a;(¢) 0/0x;, and
M,(t, x, &)= M(u(t, x), &), u(t,x)=jf(t, x, &) dé—k (2.8)

where the equilibrium state M: % x5 — R? is assumed to satisfy the
moment equations

jM(u, &) dé =u+k, ueu (MO)

[a(&y M, &y de=F )+,  wew,j=1,..N (M)

Here k, k',..., k'y € R? are arbitrary constants. In (2.8), we have to assume
that

u(t, x) €U (2.9)

and this could be obtained by an a priori estimate, but in general this will
be a difficult question to say whether or not (2.9) holds.
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It is quite obvious that (MO), (M1) are the necessary consistency rela-
tions for the hydrodynamic limit ¢ - 0 to coincide with (2.1). Indeed, if a
solution f, with average u, is bounded independently of ¢, and if u, — u,
then we get formally from (2.7) and (2.8) that Mf,— M(u, &) and
fo—™ M(u, &). Then, since by integrating (2.7) with respect to ¢

2, ff(zxf df+z j (&) fit, x, &) dE=0 (2.10)

we get (2.1) at the limit by using (M0) and (M1).

Now, before introducing axioms for kinetic entropies, we have to
remark that the kinetic equation (2.7) leaves invariant any family of convex
sets indexed by &. Actually, if we choose for each ¢ a convex set D, R?
such that

ae. & Yuel M(u,¢)e D, convex, (H3)
then we have that
Vi=0 ae. x,¢& f(t,x, &) eD; (2.11)

as soon as it is true at =0 (which is the case for example if we take
FOx, &) = M(u%x), &) for some initial state u°). We now assume that such
sets D, are chosen, and it is always possible, for example take D=
conv, ., M(u, &).

Let us now postulate that for any # € & there exists a kinetic entropy

H,(f, &) satisfying
ae. ¢ H,(-,¢): Ds— R is convex (EO0)

[ H M, &), & de=nw)+c,,  ueu (E1)

for any f: 5Z— R? such that a.e. £ f(£)e D, and ufzjf(é) dé —ke,
[ H (M, €), 8 de <[ 1,(£1(0), ¢) e (E2)
These properties are sufficient to obtain the Lax entropy inequalities in the

hydrodynamic limit. Indeed, multiplying (2.7) on the left by 0, H,( f(1, x,¢), &)
and using (E0) we get

M, f

OLH,(f. &)1 +al&)-V.[H,(f.E)]1=0,H,f. &)
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Here we need H, to be at least C 1 but this condition should be relaxed if
we just retain the last inequality. Then, integrating (2.12) with respect to &
and using (E2), we obtain

00 [ H((1, %, ), &) de+div, [ a(&) Hy(f(1, x,8), € dE<0 (213)

Finally, if as above we put f, and let ¢ - 0, by (E1) we end up with
0,[n(u)] +div,G(u) <0 (2.14)

with
Glu) = [ a(¢) H,(M(u, &), &) dz (2.15)

By the way we get that if there exists H, satisfying (EO), (E1), (E2), then
n is necessarily an entropy for (2.1), with flux given by (2.15) (and the rela-
tions (2.2) will follow from the analysis of Section 2.2). we have to notice
also that # is necessarily convex, because by (E1) and (E2),

n(u) +c,= min fH (8, ) d (2.16)
f(&)eD;
up=u

and thanks to (EO) this is a convex function of u (see ref. 30, §8.3).

Remark 2.1. One can always add to H, an arbitrary function of
¢ only, (EO), (El), (E2) will remain valid. Also, we can transform a
BGK model into another by defining M = M + ¢(&) with (p(f ) an arbitrary
function Then f=r+0(&), Di=D:+ (&), k=k+[p(&)dé, kj=k,+
ja &) dé. Therefore, it is always possible to reduce to the case k 0

Example 2.1.

1. If #(u) = cst, we can take H,=0.

2. If n(u)=7u, with /€ (R?)’, we can take H,(f, {)=/f.

3. In the case of the scalar model presented in the introduction, we
have é e.: =R" with the Lebesgue measure, a(&)= f M(u, &)=(1,¢,
[€1%/2) G(u, &), with G the gaussian defined by (1.6), and f(¢, x, &) =
(1, ¢, |§|2/2) g(t, x, &) where g solves (1.1). Here D= (1, ¢, [E]?2) R, is a
half-line. We call this a rank-one model.
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From now on, by BGK model we will mean a model as above. This
can be summarized by equations (H1), (H2), (H3), (M0), (M1), (E0),
(E1), (E2).

2.2. Characterization of the Space of Maxwellians

This section is devoted to the analysis of the entropy axioms (EO),
(E1), (E2). Let us assume that (%, d¢), a, M and D, are given satisfying
(H1), (H2), (H3), (MO), (M1). The problem is to find kinetic entropies H,
satisfying (EO), (E1), (E2).

If we want just a single entropy, a possible strategy is to find a non-tri-
vial function H( f, &) satisfying (EO) and (E2), and then to define # by (E1).
As noticed in the previous paragraph, # is then a convex entropy for (2.1).
This was done in most of the previous works (see the introduction) by
reformulating (E2) by saying that for any ue%,

inf [ H,(f(6), ) d¢ (2.17)
f(f)GDé

uf=u

must be attained for f(&)= M(u, &). This can be characterized by writing
Lagrange multipliers (see ref. 30, §8.3-4), and together with (MO0), (M1), it
is possible to determine M(u, &) if H is given. However, since here we want
to have this property for each H,,#n e &, this formulation is bad because
the minimizer will depend on H,, which is not acceptable. Therefore, we
rather consider M to be given, and we are going to characterize the exist-
ence of functions H,, satisfying (EO), (El), (E2).
Let us first introduce the “microscopic entropy”

Gy(u, )= H,(M(u, &), ) (2.18)

With this notation, (El) can be written
[ Guw &y de=n)+e,  uew (2.19)

We define the vector space of maxwellians
ME={M:U - R”;Nnee (M')" n" is symmetric everywhere in #}  (2.20)
and the convex cone of nondecreasing maxwellians

M ={Me . M*Nne& (M) n" >0 everywhere in %} (2.21)
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Here, we assume implicitly some regularity for M, and “symmetric” has to
be understood in the sense of the appendix. The main result of this section
is the following.

Theorem 2.1. Let us assume that % is open, and that for a.e. € 5,
M(-,&)eCNU) and D;=conv,., M(u, &). We also assume that either
condition (CH1) or (CH2) below is satisfied. Then, the existence of func-
tions (H,),.¢ satisfying (EO), (E1), (E2) and such that the G, defined in
(2.18) are C' in %, is equivalent to

ae. fex M(-, &) e’ (2.22)
Moreover, if this is true, we have
ae. & Yueu Gy(u, &) =n'(u) M'(u, &) (2.23)

The convexity assumptions (CH1) and (CH2) are defined as follows.

(CHI1) For 7 in a dense subset of &, #” >0 and #'(%) is convex.

(CH2) For ae. & M(-,&) is a C! difftfomorphism from % onto a
convex open set (that is necessarily D).

We have to remark that these assumptions are rather technical, even
if (CH2) is natural for full-rank models (i.e., dim D, = p); this assumption
is made in ref. 44. Actually, if they are not satisfied, Theorem 2.1 could fail
only with severe geometric pathology. Indeed what could only occur is that
some function has nonnegative hessian, but is not convex, this is possible
if its domain is not convex. Thus we could say that nevertheless, the
theorem is true locally. It is also possible to replace (CH1) or (CH2) by
other conditions, see Remark 2.7.

Let us postpone the proof of the theorem, and make some comments.
It is noticeable that the minimization problems (EO0), (El), (E2) can be
written as (2.22), a condition that is written at fixed £ Only the depen-
dence in u is involved, while it is the ¢ dependence that is found by the
Lagrange multipliers method. Thus we only need to know what are .#¢
and .#° . The space .4 is defined by linear first-order partial differential
equations with variable coefficients, and there are as many as #s in &. Here
we see that if & is very large, there will be many conditions, and we can
hope to describe .#¢ in a simple way. On the contrary, if & is just a single
entropy, then .#¢ is very large and condition (2.22) will be useless. In this
case the classical approach should be preferred.
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Now, since .#¢ is a vector space and .#?_ is a convex cone, we see by
(2.22) and (MO0), (M1) that we must have F;e .#* and Id € . %, . By defini-
tion of .#% and .4°_, this means exactly that # is an entropy of (2.1) and
is convex.

We have to notice that (2.20) can be interpreted by asking that any
n e & needs to be an entropy for the one-dimensional system

0,u+0[ M(u)]=0 (2.24)

In (2.22), M(-, ¢) has to satisfy this property for a.e. £, and (2.23) exactly
says that G,(-, {) is the associated entropy-flux. This property can be used
to rewrite (2.22) in new coordinates (see (2.5) and (2.6)).

Concerning .# % , we have an important characterization.

Proposition 2.2. Assume that & contains at least a strictly convex
entropy #,, and let Me.#¢ be of class C! on %, assumed to be open.
Then, for all ue %, M'(u) is diagonalizable (and thus has only real eigen-
values). Moreover, M e ./, if and only if

Yue  o(M'(u))<[0, o[ (2.25)

where ¢ denotes the spectrum.

Remark 2.2. Condition (2.25) is independent of &, and justifies
the terminology “nondecreasing maxwellian.” It generalizes the conditions
introduced by Natalini®® in the scalar case.

Remark 2.3. In (2.25) it is not obvious that .#% is a convex cone.

t ”n

Proof of Proposition 2.2. For any ue, M'(u)" ng(u) is symmetric,
which means that M'(u) is self-adjoint for the scalar product #g(u). Thus
M'(u) is diagonalizable. Moreover, M'(u)" ng(u) =0 if and only if M'(u) is
self-adjoint nonnegative for this scalar product, ie., (M'(#)) =R, . Thus
the condition is necessary. Conversely, if a(M'(u)) =R, then for any ye &
and e >0, M'(u)" (5" (u) +eng(u)) is symmetric, M'(u) is self-adjoint for the
scalar product #"(u)+eng(u). Since by assumption o(M'(u)) <R, , we
conclude that M'(u) is self-adjoint nonnegative for this scalar product,
M'(u)* (n"(u) +eng(u)) =0, and we get that M'(u) n"(u) =0 by letting
e—0. |

From Theorem 2.1 and Proposition 2.2, we deduce the following
practical procedure in four steps to build BGK models for given &.
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1. Find the general solution of the (possibly infinite) system of first-
order linear partial differential equations which define .#¢ in (2.20), or at
least a subspace of it (as large as possible), containing Id and the func-
tions F;. On the contrary, it is not necessary that this subspace contains the
constants (see Remark 2.1). This space will be described by arbitrary
parameters and functions.

2. Introduce in these arbitrary parameters and functions a depen-
dence in &, and look for a measure space = and a function a: £ — R" so
that the moment equations (MO0) and (M1) are satisfied. This should be
possible since 1d, F;e.#°.

3.  Write the stability condition (2.22), or equivalently (2.25). It deter-
mines the validity domain of the model. Then, after having eventually
reduced %, try to check the a priori estimate (2.9). This is the most difficult
step.

4. Eventually, compute G,, by (2.23), find D, satisfying (H3) and try
to explicit H,, from (2.18).

This procedure is used in Sections 4 and 5. We have to notice that in
practice, the regularity assumptions of Theorem 2.1 will often not be
satisfied. Then, one should directly check (EO), (E1), (E2).

The remainder of this section is devoted to the proof of Theorem 2.1.
It is obtained in several steps. Let us first recall the definition of the sub-
differential of a convex function. If H, satisfies (EO), € Z and f, € D,

OrH,(fo0, &) =1{/e(R?);VfeD:H,(f, &)= H,(fo, &) +/(f—fo)}  (2.26)
Of course, if H, is strongly differentiable at f, it reduces to a single point.
Proposition 2.3. If H, satisfies (E0) and if
NYuea ae. & O0H,(Mu &), &)an'(u) (2.27)
then (E2) is satisfied.

Proof. By the definition (2.26), (2.27) writes

Vued ae. l NfeD, H,(f¢)=H,(Mu,¢),<)+n'(u)(f—Mu))
(2.28)

Now, taking u=u, and f = f(&), we integrate this inequality with respect
to ¢ and obtain (E2). |

We have also a converse result.
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Proposition 2.4. If (EO), (E1), (E2) are satisfied, and if either
any f: Z— R” such that a.e. ¢ f({) e D, verifies uye % (2.29)
or
4 is open (2.30)

then (2.27) holds.

Proof. We have for any function f as in (E2)

| H(1(6), &) dz = n(uy) — e, >0 (2:31)

and it is an equality if f(&) = M(u, &) for some u € %. Therefore,

[ B0, &) de— [ H(M(, &), &) deZnup) —n(w)  (232)

For any 0 <7 <1, let us apply this inequality to (1 —¢) M(u, &) + tf(£). We
obtain thanks to the convexity of H,

‘ < [ m,(1(0), ¢y de— [ H(M(w, 0), ¢) dé) > (1= 1) u+tuy) = n(u)
(2.33)

Then, dividing by ¢ and letting ¢ — 0, this yields
[, ¢y de— [ B, (M. &), &) de =) u,—u)  (234)

or equivalently

f [H,(/(£), &) —H,(M(u, &), &) —n'(u)(f(&) — M(u, £)) ] dE =0 (2.35)

Now, if (2.28) is not verified, there exists a set A with meas(4) >0, and for
any e A a vector f.e D, such that

H,(fe &) <H,(M(u, $), &) +1'(w)(fe — M(u, £)) (2.36)

By setting

f if Zed,

M) i E¢A (2.37)

18) ={
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we obtain a contradiction with (2.35) in the case where (2.29) holds. In the
case of (2.30), we take

M(u, &) +1(f:—Mu, &) if Ced,

M(u, &) Y (2.38)

18) ={

so that

wp=utt | (femM(u, &) dg (2.39)

and we get that u e % if ¢ is small enough. But for xe 4
H,(f(£), &) — H(M(u, ), &) —n'(u)(f(&) — M(u, £))
<UH,(fe. &) —H, (M(u, §), &) —n'(u)(fe — M(u, £))] <0 (2.40)

and this contradicts (2.35). |

Corollary 2.5. Under either condition (2.29) or (2.30), we can
replace (EO0), (El), (E2) by (EO0), (El), (2.27).

This result indeed is a particular case of the following one. Consider
the problem

inf J(f) (2.41)

Lf=u

with J convex and L linear. Then a family (M(u)),, satisfying the constraint
LM(u)=u, and such that

n(u)=J(M(u)) 1is differentiable (2.42)

is a family of minimizers for (2.41) if and only if
Yu J'(M(u))s#y'(u) L (2.43)
The proof can be obtained by following the one above, and is indeed a
variant of the sensitivity property (ref. 30, §8.5). Let us give also a more

simple proof of the necessary condition if J is differentiable. Since M(u) is
a minimizer, the value of (2.41) is #(u) and we have

v J() =n(Lf) =0 (2.44)
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and it is an equality for /= M(u). By writing that the derivative of (2.44)
with respect to f at M(u) vanishes, we get J'(M(u))=#'(u) L, which is
(2.43).

Remark 2.4. It is important in (2.27) not to assume H, differenti-
able, because it is only defined in D,, which has empty interior in many
applications. If D, is a submanifold of R? of dimension r (the rank of the
model), and if H, is C Lon it, then (2.27) is equivalent to

Vued ae & VOfeTD, Hy(M(u,&),E)of =n'(u)df  (245)

where TD, is the tangent space of D, which does not depend on the point
considered since D, is convex.

Remark 2.5. The classical approach of (2.17) by Lagrange multi-
pliers is to assert that there exists A(u) € (R?)" such that

Vuel ae & O.H,(M(u &), E)si(u) (2.46)

The proof of the sufficiency of this condition is the same as that of Proposi-
tion 2.3. From Proposition (2.4) it is obviously also necessary, indeed the
sensitivity property exactly says that we must have A(u) =7'(u).

Proof of the Necessary Condition in Theorem 2.1. Let us assume
that (H,), satisfies (E0), (El), (E2) and that G, in (2.18) is C'. Thanks to
Proposition 2.4, (2.27), i.e., (2.28), holds, and let us take in it f = M(v, &),
ved. We get Yueu, ae. &, Yveu,

P(0) = G,(v, &) = Gy (u, ) —n'(u)(M(v, ) = M(u, £)) =0 (2.47)

and by continuity in u, we can replace Yue % a.e. £ by ae. & Yue . The
function ¢ is C', nonnegative, and cancels at u. Writing that its derivative
must vanish at u, we get

Gy(u, &) =n'(u) M'(u, <) (2.48)
that is (2.23). Then, we have
@'(v) =G (v, &) —n'(u) M'(v, <)

=(n'(v) —n'(u)) M'(v, )
=" w)v—w) ] M'(u, &)+ o (u—u) (249)

v—ou



128 Bouchut

This proves that ¢’ is differentiable at u, with

@"(u) = (M"(u, &))" 1" (u) (2.50)

Now Schwarz’ theorem says that ¢”(u) is symmetric, and since ¢ has a
minimum at u, we have ¢"(u) >0, thus (M'(u, &))" n"(u) is symmetric non-
negative. Finally, we obtain (2.22) by replacing Vy € & a.e. £ by ae. Ve
(this is possible because & is separable). ||

Remark 2.6. The previous proof also gives that
ae. & Vuvel Gy (0,8)=G,(u, &) +n'(u)(M(v, &) —M(u, )  (251)
By exchanging u and v, it yields the necessary condition
ae. & Yuvel (n'(v)—n'(u)(Mv,E)—Mu,&))=0  (2.52)

Proof of the Sufficient Condition in Theorem 2.1. Let us now
assume that (2.22) holds. Thus we can define for any €& a function
G,(u, &), which is C' in u, such that

ae. & Yuel Glu,&)=n'(u) M'(u, &) (2.53)

(see the remarks on the system (2.24)). Let us assume for a moment that
(2.51) holds true with this G,. Then we define for any f'e R?

H,(f, &) =sup (Gy(u, &) +n'(u)(f = M(u, £))) € ]—o0, 0] (2.54)

ue
It is easy to see that H,(-, {) is convex, and thanks to (2.51),
YwelU H,(M(v,¢E),¢)=G,(v,l)< 0 (2.55)

By convexity, H,(-, &) is therefore finite on conv M(-, {) =D by assump-
tion, thus (EO) is true. Then, by definition of H, and by (2.55), (2.27), i.e

(2.28) is obviously satisfied, and Proposition 2.3 ensures that (E2) is true.
Finally, thanks to (MO),

0| Gylu, &) de= [ Gyfu, &) de
= [ () M, &)

=) | M(, &) d
=) (2.56)
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thus (E1) holds for some constant c,. Notice also that a computation
similar to (2.56) but using (M1) gives

ﬁufaj(f) G(u, &) d=n'(u) Fi(u) (2.57)

which means that G in (2.15) is an entropy-flux associated to 7.

Now, in order to complete the proof, it only remains to prove that
each condition (CHI) or (CH2) imply that G, defined through (2.53)
verifies (2.51).

Let us first assume (CHI1). It is enough to obtain (2.51) for # in a
dense subset of &, and thus let us assume that #” >0 and #'(%) is convex.
Since #” >0, ' is a C! diffeomorphism from % onto an open set ¥~ of R?,
which is convex by assumption. Now take u, ve %, and define v(¢) and
(1), 0<t<1, by

n'(v(2))=(1—1)n'(u) + m'(v) (2.58)
@(1)=G,(0v(1), &) — G (u, &) —n'(u)(M(v(1), &) — M(u, £)) (2.59)
Then

@'(1)=(n'(v(2)) —n'(u)) M'(v(2), &) v' (1)
=t(n"(v(1)) v'(1)) M'(v(2), &) v'(1)
>0 (2.60)

because M(-, &) e 4% . Therefore, ¢(1) = ¢(0), which is (2.51).
Assume now that (CH2) holds, and let u, ve %. We define ¢(¢) as in
(2.59), but with v(¢) defined by

M(v(t), E)=(1—1) M(u, &)+ tM(v, &) (2.61)
Then
@'(t) = (' (v(2)) — 7' () M'(v(2), &) v'(1)
= (n'(v(2)) =" (u))(M(v, &) — M(u, £)) (2.62)
@"(1) = (n"(v(2)) V'(2))(M(v, &) — M(u, <))
=(n"(v(2)) v'(2)) M'(v(1), &) v'(2)
=0 (2.63)

because M(-, &) e #% . Thus ¢'(1)=¢'(0)=0, and ¢(¢) = ¢(0), which is
(2.51). 1
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Remark 2.7. As the above proof shows, the optimal sufficient con-
dition which should be checked instead of (CH1) or (CH2) is that (2.51)
holds, with G, defined by (2.23). Another possibility is also to find directly
a function H, satisfying (2.18), with G,, defined by (2.23), and to check
(E0) and (2.28) (here (E1) is automatically satisfied, see (2.56)).

Remark 2.8. In the case of assumption (CH2), H, is given by

H,(1, <) =G,(U(f, <), <) (2.64)

where G, is defined by (2.23) and U(-, ¢) is the inverse of M(-, &), and it
is easy to check that H,(-, ¢)e C? Indeed, the definition of H, by (2.64)
provides a shorter proof, that is given in ref. 44, of the sufficient part in
Theorem 2.1 under (CH2). Just differentiate (2.64) to obtain (2.27) and
(EO), while (2.56) gives (E1).

2.3. Discrete Times

There exists an alternate time discrete form of the BGK models, which
is used in numerical methods for solving systems of conservation laws. It
appears in the literature as the transport-collapse method,® and leads to
kinetic or Boltzmann schemes (see the introduction). Let us write it down
in the context of the assumptions of Section 2.1, ie., (H1), (H2), (H3),
(MO), (M1), (E0), (E1), (E2).

The algorithm gives u"*!(x) in terms of u"(x), providing an approxi-
mation of the solution to (2.1) u(¢,, x) ~u"(x), where (¢,) is an increasing
sequence of times.

In the transport step, we solve

0, f+a(&)-V,f=0 in Jt,, ty[ XRYXE (2.65)
with initial data

Sty %, &) = M(u"(x), &) (2.60)

Indeed the solution is given by

f(t9 X, f)zf(tnix_(t_tn) a(f): f)s tn<l<tn+1 (267)

Then, u"*+! is obtained by

W) = [ [l =%, &) dE—k (2:68)
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where f(t,,,—,-)=lim f(¢,-) when t > ¢, ,, t<t,.,. The collapse step,
or projection step, consists in the averaging procedure (2.68) followed by
the reconstruction (2.66).

We see easily that with these definitions and "= f(¢,,-), f" =
f(t,—,-), we have

0 f+a&)-Vof=3 ot—t,)(f"—f"7)

n=1

= f 3t —t,)(Mpm-—f"") in 0, 0[ xR¥x =
n=1 (2.69)

Thus if ¢,,,—t,=4t, since Aty ,o(t—t,)—1 when 4t—0, (2.69) is

similar to (2.7) with ¢ = A4t.
In order to obtain discrete entropy inequalities, we write

OLH,(f,O)1+al)-V.LH,(£E)]= ) o(t—t,)H,(f"E)—H,(f", &)
n=1 (2.70)

and after integration with respect to &, thanks to (E2),
0, Hy(f: &) de + div, [ a@) Hy(£: &) de
:E =t [ M &)= [ e <0 271)
We have to notice that here the entropy production takes the form
| H Mo, &y de— [ H(f7,8) de

=f [H,(M(u", &), &) —H,(f", &) +n'(w")(f"~ —Mu", £))] dS
(2.72)

and the integrand is nonpositive thanks to (2.27), or more explicitly (2.28).
The integration of (2.71) on a time interval leads finally to time discrete
entropy inequalities.
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For space discretization by finite volume methods, we also integrate in
x over a control domain, and we obtain at lowest order the following flux
decomposition. For any w e RY, if

Fo(u) = il o, F,(u) (2.73)
then from (M1)
Zwk’ Fo*(u) + F* (u) (2.74)
where
Fo* (u) :Lw.a@>o‘“'“(é)M(”’ &) de (275)

and we observe that since M(-, £) belongs to the convex cone .#% by
Theorem 2.1 we have also

+Fo e dl” (2.76)

which is a required property for stability. Decompositions of the type
(2.74), (2.76) were studied in ref. 11.

2.4. Chapman-Enskog Expansion

Let us consider a solution f to (2.7). We have seen in Section 2.1 that
when ¢ — 0, the moment u of f tends (at least formally) to a solution of
(2.1). The so called Chapman-Enskog expansion consists in writing the
higher-level terms in ¢. Writing f and u instead of f, and u, in order to
simplify notations, we have the following result.

Proposition 2.6. Up to terms in &2, we have

N o9 0 ou
0 — F.(u)= — | D, 2.
,u+j§1 %, (u) 81@%@ 0x][ f’(”)ax,} (2.77)

with

Dji(u) = Qji(u) — Fj(u) Fi(u), Qij(u)=jai(f)aj(f)M(u,é)df (2.78)
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Proof. Since M,— f =0(¢), we have from (2.7)

M;—f=e0,M;+a(l) -V, M)+ 0(&?) (2.79)
and thus

[a, (&) fde=1[a)&) Myde—e [ a))0,M,+a(&) -V M,) d + O(2)
= Fy(u) + k) — & 0,(F)(u) + k}) — Z Q,, u)+0(e2)  (2.80)
Putting this in (2.10) this yields
6u+Z—F gz { u)—f-z Qﬂ o(?)  (2.81)

and since

o, O(e) (2.82)

OLF(u)]=Fj(u)0,u=— ZF ax

we get

6u+2 —eZ (Q4(u) — Fi(u) Fi(u)) — |+ 0(*)  (2.83)

] i

and the proof is complete. |

Remark 2.9. The approximation is second-order in ¢ if and only if
for any smooth solution to (2.1) we have

0
. = 2.84
25 u)) + Z Qv (284)
J J
We see that we need all the components of the F; to be entropies of (2.1).
It is the case for scalar multidimensional equations, or for the models of
ref. 9.
An important property is that the reduced system (2.77) obtained by
dropping terms in &2 is still compatible with the family &.

Theorem 2.7. The reduced system (2.77) 1is dissipating all
entropies 7 € &, and the tensor of operators of Z(R?, (R?)") defined by

Dy(u)'n"(w),  1<i, j<N (2.85)
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is symmetric nonnegative, in the sense that

0y=0j (2.86)
Yuy,..., Uy € R? Y ;00,20 (2.87)

Proof. Here we are not going to use (EO), (El), (E2), but rather the
characterization (2.22). If u is a smooth solution to (2.77) and 7€ &, we
have by left-multiplying by #'(u)

0,[n(u)] +div, G(u)

ou } ou ou

0
:62 ax{n’(u) Dj,-(u) ox —gznn(u) a Dj (u)a (2.88)

X;

i i Xi

where we have used the notation (A.7). Thus we only need to prove (2.86),
(2.87), which is equivalent to the fact that we have a bilinear form which
is symmetric nonnegative on (R?)%. This bilinear form can be written for
0= (01,0, Vy) €(RP)N, w = (Wy,..., wy) € (R?)V,

GUW=) 0,00 W,
i

= [~ Fitw) Fyu)] n'(w) vy w,
—ZU (&) a; (&) M (u, &) " (u) dE— Fi(u) Fi(u) n"(u) | -v;-w,

=fM’(u,f)’f7”(u)' a(&)v-a(&)wdl— ZF )" 0" (u) - v;- I(w)
(2.89)

with
a(&)w= Z a;(&E)w,, I(w) =Z Fi(u)w, (2.90)
Now since F;e ./ ¢ Fi(u)" n"(u) is symmetric and
X F 7)oy 00) = 2 0 o ) 00) -0
j

= "(u) - I(w) - I(v) (2.91)
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so that
gv-Ww= f M'(u, &) n"(u)-a(E) v-a(E) wdé —n"(u)-I(v) - I(w) (2.92)

Now since M(-, &) e #¢, this expression is symmetric in v and w. Thus

o is symmetric. Let us now take w=v. Since M(-, &)e .4 , we have in

(2.92) the difference of two nonnegative terms. But by applying the
Cauchy-Schwarz inequality twice

n"(u) - L) - 1(v) = f M (u, &) 5" (u) - I(v) - a(&) v dE

< (M@, &) () - 1(0) - 1))
X (M (1, €)' " () - a(€) 0+ al(&) ) 2 dE

1/2
<| [ M ey 1) 10 |

12
| [Mrw e avag ot @)

and the first term between brackets is #"(u) - I(v)- I(v), which proves the
needed inequality. ||

Remark 2.10. Let us define the linear operator D(u): (R?)Y —
(R")™ by

(D(u) v),=Y D;(u) v, (2.94)

where v =(vy,.., vy) € (R?)Y. If & contains a strictly convex entropy 7,
then (2.86), (2.87) mean that D is self-adjoint nonnegative for the scalar
product on (R?)" defined by

(w/v) =

J

No(u) -v;-w; (2.95)

1

I M=

Therefore, D has nonnegative real eigenvalues, and (2.77) is parabolic
(possibly degenerate).
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3. CLASSICAL EXAMPLES

In this section, we show how classical examples enter the model
presented in Section 2.1.

3.1. Gas dynamics with Single Entropy

Here we write down models with a single entropy, as they were settled
down in refs. 38, 5, 39 (see also refs. 16, 47, 3), by using the method of
Lagrange multipliers: we find H satisfying (E0), then we write (2.46) to
have (E2), and together with (MO0), (M1) this determines M. Finally, (E1)
is read as a definition of 7.

3.1.1. Full Gas Dynamics. The first BGK models were those of the
Euler system of perfect polytropic gas dynamics

El

0,p +div,(pu)=0
0, (3.1)
0

O pu) +div,(pu@u+ p1d)
0, E+div ((E+ p)u)

where xe RY, p=>0, ueR"Y, p=0, E= p |u|?>/2+ p/(y—1), y> 1. Here the
state is u=(p, pu,,..., puy, E). Let us define the number d of degrees of
freedom by

2
N+d=——-: (3.2)
y—1
We assume to be in the physically relevant case d > 0. We take
E=(v,[)eRVx[0, o, dé =dv eyl dI (3.3)

with ¢, =2n%%/I'(d/2). If d is an integer, I can be interpreted as the
modulus of a variable in RY then ¢,/¢~' dI is the Lebesgue measure in R?
for radial functions. When d =0, the variable / is not necessary, one should
replace formally ¢, /¢~ dI by 6(I). We define

a()=v (34)

and set
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Thus (H3) holds as soon as M, > 0. Next, we choose

H(f.&)=S(fo).  f=K(&) foeD; (3.7)

where S is a given strictly convex function on [0, co[. Then, H is differen-
tiable on K(&) R*,

OrH(f, &) of =S'(fo) ofo if fo>0,  of =K(&) dfoe TD; (3.8)
while on the boundary the subdifferential (2.26) is given by
9, H(0, &) ={1e(R?); AK(£) < S'(0)} (3.9)

Writing down (2.46) (under the form (2.45) in K(&) R*), we obtain the
conditions

S'(Mo(u, &) =Au) K(C) if Mo(u, &) >0

(3.10)
S'(0)=Aw) K(&)  if My(u,&)=0
Thus we can take
M(u, &) = R(A(u) K(S)) (3.11)
(87w if y>8(0),
R(y)—{o it y<s(0) (3.12)

Finally, A(u) is chosen so that (MO0), (M1) are satisfied, and this is possible
under technical assumptions.®® Now all assumptions are satisfied, we
only need to define # by (El) (it remains to check (2.9), this is done
in Section 5). By the way we can check that Theorem 2.1 is verified.
Here M(u, &) =R(n'(u) K(¢)) K(&) since A(u)=1n'(u), and M'(u, {) du=
R (n'(u) K(&))(n"(u). du-K(&)) K(&),

M'(u, &) " (u) - du - dv=R'(n'(u) K())(n"(u) - du - K(E))(n"(u) - dv - K(E))
(3.13)

which is symmetric nonnegative. Also the eigenvalues of M'(u, &) are 0 with
multiplicity N+1 and tr M'(u, &)= R'(n'(u) K(<))(n"(u) - K(S) - K(£)) = 0.

Example 3.1. Take S(f,)=foIn fy. Then S'(fy)=1n f,+ 1,

Mo(u, €)= exp(i(u) K(&)—1) =W em(vmu+rh2m (314
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with p=pT, n(u)=p In(p/TV" =) = p(1 +1n27)/(y - 1),

In27 u 1> (3.15)

o _ 14 2
) =) = (s~ 2T+ 1 - 2

Example 3.2. Take S(f,) = f"*+!/(m+1), m>0. Then S'(f,) = /™,

B . p |U—M|2+12 1/m
My(u, &) = (A(u) K(g))l-{ =1 T]/(yl)< _2T(y/(y—1)+1/m)>+ (3.16)
with
_ Y I\ 170" L(y/(y— 1)+ 1/m)
1= 2 <y—1+m>} F(Tm+ 1) G147
and
__ P
n(u) =1 i <TW1)> (3.18)

An interesting limit exists when m — oo,

y —1/(y—1) y p
Myu, &) == (271 o 1> F<yl> TG—D Vo wl+ P <219/ — 1)1
(3.19)

which gives a model that does not enter our framework, one should replace
the minimization of | H(f, &) d¢ by that of ess sup, fo(¢). This model is
studied in ref. 25. It has the interesting property to give the maximum prin-
ciple on the specific entropy, and has indeed a family of degenerate (and
singular) entropies, but which cannot be embedded into our framework.

3.1.2. First Model for Isentropic Gas Dynamics. A similar model
can also be built for the isentropic case, which is

d,p+div, (pu)=0,
o’ g (3.20)
O (pu)+div (pu®@u+rp?’1d)=0

where xe RY, p =0, uc RY, and k >0, y > 1. The state is u = ( p, puy,..., puy).
Let us first assume that d defined in (3.2) satisfies d>0. We take 5=R"
with Lebesgue measure, a(&)=¢,

M(u, &) = Mo(u, &) K(&), K(&)=(1,¢h0Cy), De=K(E R, (321)
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thus we need that M,>0. We choose

1+2/d

I 1+ 2/d

H(f. &)= /o |§|2/2+ S =K(S) foe D (3.22)

for some constant ¢, >0. A computation similar to the one above gives
that

Mo(u, &) = e2(24u) K(&) —E[*)%? (3.23)
Next, we want to obtain 5= pl|u|?>/2 +xp?/(y —1), thus we put i(u)=

=((y/(y =1)) xp” =" — |u|*/2, u), we can check that the moment equa-
tions hold if

29 \ VO I(y/(y—1))
2= <y— 1> A2(dR2+1) (3.24)
Thus we obtain
2y dj2
My(u, &) =c, <K,0V_l—|f—u|2> (3.25)
y—1 +

We notice that this function is not that of the kinetic formulation (in one
dimension), the normalization is different (see Section 4.1).
It is also possible to treat the isothermal case, by taking

H(f, &)= folEPR2+xfoln fo,  Mo(u, &)= elemue(306)

p
(2mic)N?
N/2).

Then 7= p |u|?*/2 +x(p In p— p In(27K)

3.1.3. Second Model for Isentropic Gas Dynamics. Let us finally
give another model for the same system (2.20) of isentropic gas dynamics,
which works for d>0. We take = and « as in (3.3), (3.4), and

M(u, &) =My(u, $) K(C),  K(&)=(1,vy,.., vy) (3.27)
but now

Dy =K()[0, ;5] (3.28)
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for some ¢;>0. Thus we need 0 < M, < c;. Then we choose

|v|2 4 1%

H(f.&)=fo g —

J=K(&) foeD; (3.29)

and we can check that the subdifferential at endpoints is given by

@H(f,@:{Ae(W>';AK(f><'”'2“2} it f=0

2
(3.30)
" o]+ 17 :
OrH(f, &) =1 4e(R?); AK(O) >— if f=c;K(S)
Therefore, in order to satisfy (2.46), it is enough to take
M(u, f)=C31]|u|2+12—2/1(9)1((¢)<0 (3.31)

As above we want to get n=p |ul*’2+xp?/(y—1), thus we take
AMu)=n'(u), and the moments are satisfied if

b —1/r—1)
3= < ”VK> r <y> (3.32)
y—1 y—1

M(u, é):cfiﬂ|v7u|2+12<[xpv_12y/(y71)] (3.33)

Therefore, we obtain

The previous model in Section 3.1.2 is actually related to this one, it can be
obtained by integration in / with respect to the measure co /¢~ dI.

3.2. Models with Finitely Many Velocities

Some relaxation models have been written in refs. 2 and 44 under the
form of BGK equations with finitely many velocities. We briefly explain
here how it enters the framework.

Following the general method introduced in Section 2.2, in order to
find BGK models with a large family of kinetic entropies, we need to find
a subspace of .#¢ containing Id and the F;. The most simple way to
achieve that is to take linear combinations of these functions. Thus we look
for M under the form

N
M(u, &) =oo(&) u+ Y, a;(&) Fy(u) (3.34)
j=1
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with ay,..., oy real. Then the moment equations (MO0), (M1) are realized as
soon as

foco(é)df=1, jaj(f)&:o
(3.35)
[ao@ g de=0,  [a(&)a0)de=3,

for 1 <i, j< N. The stability condition (2.25) writes

ae ¢ Vu o<oc0(f) Id+ % 2,(¢) F,'.(u)>c [0, oof (3.36)

and the microscopic entropies are given by
G,(u, &) = ao(&) n(u) + Z () Gi(u) (3.37)

where # is any convex entropy of (2.1), and (Gy,..., Gy) is its associated
entropy-flux. Here we can take for & the set of all convex entropies of (2.1).
If we exclude the value 0 in (3.36), the kinetic entropies H, are then given
by (2.64). We have to precise that it is not possible to check condition (2.9)
in general. A possible issue is to study invariant domains, as is done in ref. 44.

It remains to find = and « so as to verify (3.35), and a possible choice
is as follows. We take = to be a set of N+ 1 elements with the uniform
probability, and (a(¢))s;.z are N+ 1 independent vectors of R" in the
affine sense. Then (3.35) determines ay,..., &y In a unique way.

Example 3.3. Take N=1, 5={—1, 1}, a(&) =&, ¢ > 0. This yields
ao(&) =1, 0y(&)=¢/e,

M(u, f)=u+§F(u) (3.38)

The BGK equation is
00 f(1, %, &)+ Ec 0 St %, &) = @um+éﬂ( »—ﬂhn@) (3.39)
u(t, x) = [ f(1, x, &) de

=%[f(t, x, 1)+ f(t,x, —1)] (3.40)
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By defining v(z, x) = (¢/2)[ f(¢, x, 1)— f(t, x, —1)] we get the equivalent
formulation

O,u+0,0=0
1 341
o,v+c* 0 u=—(F(u)—v) ( )
&
while the stability condition (3.36) becomes
o(F'(u)) <[ —¢, c] (342)

The system (3.41) was studied in ref. 21, and (3.42) is known as the sub-
characteristic condition. However, as noticed in ref. 2, in higher dimension
N the model is different from that of ref. 21.

3.3. Scalar Equations

The case p=1 of a single equation in (2.1) has been the object of a lot
of studies, especially in ref. 35 where discrete BGK models are written
down. We here give more general models which enter the framework of
Section 2.

We assume % to be an interval, it can be the whole real line for example.
Since all functions are entropies, we take for & the set of all globally
Lipschitz convex functions. Then .#¢ contains all functions # — R, and
% contains all the nondecreasing ones. Therefore, a BGK model is
provided by the knowledge of 5, a(¢) e RY and M(u, ¢) nondecreasing in u,
and satisfying the moment equations

jM(u, EVdE=u+k, ja(g) M(u, &) dé = F(u)+ k' (3.43)

By Theorem 2.1 we know that if we have enough regularity, the monoto-
nicity of M in u ensures the existence of kinetic entropies H,, for any 7, with
D:=conv, .y M(u, &). In the case when M(-,¢)e C' and M'(u, &) >0, we
have D.=M(%,¢) and H, is given by H,(f,$)=G,(U(f, &), <), feDe,
with U(-, &) the inverse of M(-, &) (see Remark 2.8), and

Gy(u, &) =1'(u) M((u, €) (3.44)

In general, the microscopic entropy G, is still defined by (3.44), and
H, can be obtained by an integral formula. Let us first consider a Kruzkov
entropy

ny(u) = |u—v| (345)
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We have
G(u, &)= |M(u, &) — M(v, &)| — | M(v, )| (3.46)

(the constant |M(v, £)| is not really necessary, see Remark 2.1), and we can
take

H(f. &) =1/ —M(v, O)| — [M(v, )| (3.47)

This yields for any 7

H,(1,¢) =%J(|f—M(v,f)I — | M(v, &))" (v) do+ 3(n'(—c0) +7'(+0)) f
(3.48)

One can check directly (EO), (E1), (E2) or (2.27) with this formula. For
example, we can prove (E2) for a Kruzkov entropy as in ref. 23,

| H(M(uy,€),6) dé = [ G (uy, &) d
:j {sgn(u,—v)[ M(uy, &) — M(v, &)1 — |M(v, &)|} dé
=sgn(u,—v) [ [M(u, )~ M(,&)] dé — [ |M(0,¢)] dé
=y —o| = [ |M(v, &)| de
U[f vé]dé‘ [ 170, &)1 ae
<[ 1A©) = M(w, &) — |M(v, )] de
= | Hf&), &) de (349)

Actually from the monotonicity of M,S |M(u, &) — M(v, &)| dé = |u—v|.
In order to have (2.9), it is enough to have the maximum principle.
Let us assume for example that initially u,, <u®(x) <u,,, where u,, and
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u,, are constants. Then from the monotonicity M(u,,, {) < M(u®(x), &) <
M(uy., £), and therefore by convexity (we can take D.=[M(u,, &),
M(uy,, £)]), we have for any time

M(u,,, &) < f(1, x, &) < M(uy, €) (3.50)

By integration in & we get u,,+k <u(t,x)+k<up+k, which is the
needed a priori estimate.

The model also satisfies the good properties of scalar models. For
example, the contraction property can be obtained, as in ref. 23, by taking
two solutions f(z, x, £) and g(¢, x, £), and by writing down the equation
satisfied by |f —g]|,

1
o, 1f—gl+al&)-V,.|f—gl = sgn(f —g)(M;—f—M,+g)

_ MM\~ If —g]

(3.51)
&
Integrating with respect to ¢ this gives
0, [ 1/~ gl de +div, [ a(¢) |/ — gl de <0 (3.52)
and thus
a dé dx <0 3.53
SIS —glde dx< (3:53)
In particular, if we take g(¢, x, &) = f(t, x + h, &), it yields
d
1t s b= fex, &) de dx <0 (3.54)

and by choosing / = de; with e, the ith basis vector and A — 0, we obtain
the TVD property

d
di

H’ P 1, x, é)’ dz dx <0 (3.55)
ox;
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Example 3.4. The model of ref. 41 is obtained by taking Z=R
with the Lebesgue measure, a(&) = F'(&), and M(u, &) = x(u, &),

x(u, &)= 3[sgn(u—¢&) +sgn(é)]

1 if O0<é<u,
={—1 if u<&<0, (3.56)
0 otherwise

We have then M'(u, £)=(& —u)=0. Here M is not C!, but it is possible
to check directly (EO), (E1), (E2) and (2.27), with D, =[0,sgn ] and H,
given by (3.48), which gives

H,(f,.&)=n'(&) f (3.57)

Indeed, our approach provides with Proposition 2.3 a new proof of
Brenier’s lemma,” which is exactly (E2). We only need to prove (2.28),
which writes (7' (u) —#5'(&))(x(u, £)— f) =0, and since it is linear in f, it
is enough to consider the endpoints f=0 or f=sgn¢, and both are
obviously satisfied since #' is nondecreasing.

The previous model naturally converges to the kinetic formulation of
ref. 27 when ¢ — 0. However, in the case of a general maxwellian, we have
all entropy inequalities, and thus we have an approximate kinetic formula-
tion, that can be obtained as follows. Let us define m(z, x, v) by

_Zm(t’ X, U) :J‘ {at[Hv(f(ta X, é)a é)] +a(f) : Vx[Hv(f(ta X, é)a 6)]} df
(3.58)

Then m >0, and
o] o, [ ri s x 0.0 |

+divx{ —al,ja(f) H,(f(t,x,¢&),&) df} =20,m (3.59)

Since

O [H,(f, &)= —[sen(f—M(v, {)) +sgn(M(v, &) ] M'(v, &) (3.60)
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we obtain
0, [ Asen(f(t, x, €)= M(v, €)) +sgn v] M'(v, &) dé

+div, [ a(¢) STsen( (1, x, &)= M(v, ) +sgn v] M'(v, &) dé =,m
(3.61)

When f is a maxwellian f(¢, x, &) = M(u(t, x), &) in (3.61), we recover the
kinetic formulation

O x(u(t, x), v) ]+ div, [ F'(v) y(u(t, x), v)] =0,m(t, x, v) (3.62)

4. ISENTROPIC GAS DYNAMICS

In this section we apply our general method to find BGK models
having many kinetic entropies to the one-dimensional system of isentropic
gas dynamics, in either Euler or Lagrange coordinates. In each case we
obtain a new BGK model satisfying all entropy inequalities. The model is
global for the Euler coordinates, while in the Lagrange case it is only
defined on a bounded positively invariant region. Both systems can be
handled by the following result which is valid for square systems that are
“symmetric” in the sense defined below.

Theorem 4.1. Let us consider a square system (2.1) with p=N+1,
and let us denote u = (uy,..., uy) and Fy(u) =u. If the system if symmetric
in the sense that

FP=FY, 0<i, j<N (4.1)

where F}i) denotes the ith component of F;, then whatever is the family &,
the space .#¢ contains all functions

M=(M,,.., My): U - RV+! (4.2)

such that M, is an entropy of (2.1) and (M,,.., M) is its associated
entropy flux.

Proof. Let nq,74,.., 1 @ system entropy, entropy-flux. This means
that we have the relations

m=noFj;,  0<j<N (4.3)
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and the property for 5, to be an entropy writes

0

! ’ m a ! !
B VO F) ™ =5 = 0o F)) ", 0<l m<N (44)

m

and this must hold for 0 < j< N. More explicitly, it is equivalent to the
property that

jzv: 62’70 aFJ('n)

w_o Ou;0u, Ou,,

is symmetric in [, m (4.5)

Let now M,, M,,..., M, be another system entropy entropy-flux. We have

N 527] aMn N 6277
2 auaz o = L auaz
n=0 ! n m 0 1

3 % 1, < N oM, aF;f>>
B n \,;—0 Oou; du,,

J

(Mo F,)™

= aM"(i gt aF;j)> (4.6)
_j=0 Ou; \ =g Ou;0u, 0Ou,, .

and since by (4.1) and (4.5) the last expression is symmetric in /, m, we get
that (M')" " is symmetric. ||

Under the assumption of symmetry, the first step of our method
described in Section 2.2 is now achieved, it is enough to take for & the set
of all convex entropies, and for the subspace of .#¢ all systems entropy,
entropy-flux (as far as they are known explicitly). Notice that by symmetry,
this space contains Id, Fi,..., Fy.

4.1. Euler Coordinates

The one-dimensional system of isentropic gas dynamics in Euler coor-
dinates can be written

0,p+0,(pu)=0,
p+0,(pu) @)
0 pu) +0(pu* +1p”) =0

with p>0, ueR, and «>0,y>1 are constants. The eigenvalues of the
system are

mu— S, dp=ut Sl (438)
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and the (strong) Riemann invariants w; <w, are given by

2 2
wi=u——— /e pUTIR oy =mut —— e pOTD2(49)
y—1 y—1

Thus the system can be written under nonconservative form

0w+, 0,w=0,
(4.10)
0wyt A, 0,wy=0

Since the system is symmetric in the sense of Theorem 4.1, let us take
for & the family of all convex entropies. Then it contains at least one that
is strictly convex, the physical energy

n:pu2/2+yf—1py (4.11)

which entropy-flux is given by G=(n+xp’)u. As suggested by
Theorem 4.1, we take M =(M,, M,) with M, an entropy and M, the
associated entropy-flux. Actually, it is possible here by using a general
approach which is detailed in Section 5 to prove that .#¢ exactly coincides
with the space of such couples. Moreover, it is still true if we take for & the
set of only the weak entropies that are considered in ref. 28.

For the characterization of .#%_, we have the following result.

Proposition 4.2. The couple entropy, entropy-flux (M,, M,)
belongs to .# % if and only if

oM, oM,
=
0w, 0 and ow,

<0 (4.12)

Proof. We take w,, w, as new variables. By (2.6), the property for
(M,, M;) to be a couple entropy, entropy-flux writes

oM, _, oM,  OM, _, oM,
_ "y

ow, 7 ow,’ ow, ow, (4.13)

Thanks to Proposition 2.2, we only have to write that a(M') < [0, oo[. Let
us denote

B=0, ., w2>=/1)<_22 1) (4.14)
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Then
oMy/ow, OM,/ow
BM'B~'=pB(_ "% "1 0 2>

<6M1/6w1 oM, /0w,

1 <8M1/6wl — A, OMy /oW,  OM, /oW, — A, 8M0/6wz>

_p aMl/aWI_il aMO/an aM1/6W2_il aMo/aM}2

212—/11 <—5M0/8w1 0 > (4.15)
p 0 oM, /ow,

and the result follows. ||

Remark 4.1. We have diagonalized M’ in a basis which is indepen-
dent of the choice of (M, M,). In particular, it diagonalizes F'. Moreover,
wy, W, are common Riemann invariants for all systems 0,u + 0,[ M(u)] =0.

Now, in order to build a BGK model which is compatible with all
convex entropies, it is enough to find (My(p, u, &), M(p, u, £)) couple
entropy, entropy-flux for each ¢&, satisfying (4.12) and such that the
moment equations (MO0), (M1) are verified. Moreover, a sufficient condi-
tion to preserve the positiveness of p is that the first component k, of k in
(MO) vanishes and

Mo(p,u, &)=0 (4.16)

because then we can choose D:<{(fy, f1); fo=0}, and thus (2.9) is
satisfied. Moreover, the commutation of M’ and F' (see Remark 4.1)
ensures that M(%, £) is convex (see ref. 44).

Let us now assume that y <3. Then we have a solution to all these
constraints, which is given by the fundamental solution of the weak
entropies used in ref. 28 (see also ref. 12). We take == R with Lebesgue
measure, a(&)=¢ and

(4.17)

with

4 A
N e S @18)
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y—1 N dyrc | THVO=D
0 _ 1 — J
2> R s :

y—1
. (4.19)
L= =2V de=n'P T2+ 1T+ 3)2)
—1
We have the moments
[ Mode=p, [ M dz=pu
(4.20)

[eMode=pu, [ M, de=pud+rp?

so that (MO0), (M1) are satisfied, and since

Mo(p,u, &) =c, L(wy—ENE—w )T (4.21)

the monotonicity conditions (4.12) are fulfilled provided that y <3. On the
contrary, if y >3, M, is not monotone with respect to w, or w,, and this
construction does not work. One can also obtain the same conclusion by
computing the diffusion matrix D of the Chapman-Enskog expansion
defined in (2.94), which is

D(p, u) =if yicp? 1 1d (4.22)
Notice also that if y =3, we have M, =E&M, and the model is the one of
ref. 10, which has already be written down in Section 3.1.3, with the
domain D= {(fy, £f0); 0< fo<(2/3x) 7.
Let us now express the kinetic entropies for this model if y < 3. We are
in the full-rank case of Remark 2.8. Actually

D§={(f0’f1)€R2§fo>0 or fo=f1=0} (4.23)

and the relation (fy, f1)=(My(p, u, &), Mi(p,u, &)) can be inverted at
fixed &, the solution is (if f,>0)

1 O_QV
o= 2ol

4yxc —r=1 filfo—¢ 2 . iy—=1)
piro=| 2| (PR (e )

(4.24)
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The kinetic entropy is given by

H, (1, &) =G,(p(f. &), u(f. <), <) (4.25)

and it only remains to compute the microscopic entropy G,(p, u, {), by
G,=n'M'. Let us give the result for the weak entropies #¢ defined by

Ns(ps )= | #(p, v—u) S(v) do (4.26)

where S:R— R is an arbitrary convex function. We write Hg=H, ,
Gs=G, to simplify. Since 74 is defined through a kernel, it is also true

for Gg, and we have
Gs(p, u, &)= [ @(p, u, &, v) S(v) do (427)

with @ defined via the Riemann invariants (4.9) by

1—0)* ¢,
(1-07c, .

9 J wi<&E<w, “wi<v<w,
A

¢(pa u, éa U) =

)= v Y; a(z(wy, wa, & 1))

(E+v)(wy+wy) —2(wyw, +Cv)
(wy—wy) [E—v]

(4.28)

Z(Wl» Wi, éa U) =
Ylfl(z):’[ (yz—l)'l*ldy, z>1
1
The relation G's=#'sM’' can be obtained from (4.27), (4.28) by using the

identity

4wy = E)E—wi)(wy —0)(v—wy) + (wy — Wl)2 (&— U)2
=[(E+0)(w, +wy) —2(w,wy +E0)]? (4.29)

Finally, Hg is given by
Hy(f. &) =f (1, & v) S(v) dv (4.30)

where ¥(f, &, v) =P(p(/f. &), u(f. <), & v) and p(f, &) and u(f, ) are given
by (4.24), or equivalently @(p, u, &, v) = Y(M(p, u, &), &, v).
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We notice that @ is nonnegative, symmetric in &, v

D(p,u, &, v)=D(p,u,v, <) (4.31)

and that

[ @(p.u & 0)do=Mo(poue)  [v(poucv)do=Mi(pu&) (432)

For example, for the physical energy (4.11), which is obtained for
S(v) =v?/2, the associated kinetic entropy is

0 & 0 flret 0
1_

2 = —— - 2 —_—
Hig2(f, &) 1—92f0+2c;,/’}€ 1/X+1+1—02f1/f0 eéfl (4.33)

On the contrary, in the case y =3, we have a rank-one model, M(-, &)
is not invertible, but we have directly

Hg(f, &) =S(&) fo (4.34)

with f=(fo, Efe)€De=(1,8)[0,(2,/3x)""], and 7g is still given by
(4.26) for any convex S. Formula (4.30) is still valid with ¥(f, &, v) =
o(&E—v) fy, and (4.27) is true with @(p,u, & v)=¥Y(M(p,u, &), & v)=
& —v) x(p,u, ).

Approximate Kinetic Formulation. Let us again assume that
y < 3. When ¢ — 0, the above BGK model does not tend to the kinetic for-
mulation of ref. 28 because there the kinetic velocity is not purely kinetic.
However, the property of having a complete set of kinetic entropies
enables, as in the scalar case, to have an approximate equation which tends
to the kinetic formulation. In order to obtain it, let us write down the equa-
tion satisfied by P(f(1, x, &), &, v) at fixed v,

M;—f
L &0 +EQIPVLED] =P (L&)~ (439)
Integrating with respect to & we get
M. —
6| VLo deva, [ eV e v de= ] V(L E )~ Lae

= R(1, x, ) (4.36)



Construction of BGK Models 153

We have for any convex S

Mf_

sz(z, x, v) S(v) dv:” (£ &, ) / S(v) dv dé

Mf_fdf
—d

S LAVAS

<J Hs(M;, E)S*Hs(f, S) e
<0 (4.37)
thus
R(t, x,v)= =02 myt,x,v), m,=0 (4.38)

&

and (4.36), (4.38) is an approximate kinetic formulation. When ¢— 0,
f becomes a maxwellian in (4.36), and we obtain with = M(p, u, &)

P(f. & 0)=WY(M(p,u, &), & v)=P(p, u, &, v),

[ e de=] @p,u & v)de=rp,uv) (4.39)

[ewir e v de=[ed(p,u & v)de=[(1=0)u+00] 1(p, uv)

and (4.36) becomes

Olx(psu, )]+ 0. A[(1=0)u+0v] y(p,u,v)} =—02m, m=0 (4.40)

Remark 4.2. The kinetic formulation only takes into account the
weak entropies, while the BGK model is compatible with all entropies.

Maximum Principle. The system (4.7) has the property to verify
the maximum principle on the Riemann invariants, which is

Winin S W1 S Wy < Woae (441)

with w;, w, defined by (4.9) and w_;, <w.. given such that (4.41) holds
true initially.

The above BGK model (with y<3), has a kinetic counterpart of it,
which can be obtained as follows. Let us first define the domain

ﬁé = {fe D5 Wenin < wif, Q) <wo(f, &) < Wmax} (4.42)
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where w,(f, &) and w,(f, &) are defined by (4.9) and by replacing p, u by
p(f, &) and u( f, &) defined in (4.24). A different formula has to be taken for
y=3, ﬁf ={f€Ds;0< fo(&) <x(Wmin> Wimax» €)}. It is possible to check
that 55 is convex (this can also be seen by Remark 4.1 and by the results
of ref. 44), and thus the property f{(¢, x, &) eﬁé is preserved if it is satisfied
initially. Thus we can conclude and obtain the bounds on w; and w, with
the following lemma.

Lemma 4.3. Let f(&)=(fo(&), f1(£)), £€ R be a function satisfying

ae. & f(&) eﬁf (4.43)

Then w,, w, defined by (4.9) with

p=[100rdz,  pu=| &) de (444)

satisfy (4.41).

Proof. We have by (E2) for any convex S

ns(p,u) < | Hy(f(2), &) d (445)

But thanks to (4.43), suppe, P(f(&), & 0) S [Wins Wmaxl®» and from
(4.30), Hg(f(&), &) vanishes if & ¢ [ W, Wmax] OF if S is identically 0 in
[ Wimins Wmax |- From (4.45) and since #5>=0, #4(p, #) vanishes as soon as
S vanishes in [Wpy,, Wmax |- But thanks to (4.26), this implies that
supp, x(p, v—u) [ Wiin> Wmax ], and thus (4.41) holds. |

Remark 4.3. The flux splitting (2.74), (2.75) associated to the
model presented here has already be obtained in ref. 11.

4.2. Lagrange Coordinates

Let us now consider the one-dimensional system of isentropic gas
dynamics in Lagrange coordinates, or p-system,

(4.46)
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with p>0, ue R, and x>0, y>1 are constants. It can be obtained from
(4.7) by a change of variables. Indeed the first equation in (4.7) ensures
that there exists a function mi(z, x) satisfying

o,m=p, d,m= —pu (4.47)
and by setting
T=1, y=m(t, x) (4.48)
we have the relations
0,=0,+ud,, ayzll)ax (4.49)

and we obtain (4.46). This change of variables also enables to obtain the
entropies of (4.46), which are given by

E= (4.50)

n
p
with 7 an entropy of (4.7), and its entropy flux is G —nu, with G the
entropy flux of #. Moreover, the convexity of E in the variables (1/p, u)
is equivalent to the convexity of # in (p, pu). The (strong) Riemann
invariants wy, w, for (4.46) are still given by (4.9), and the eigenvalues are
now Fc(p), with

c(p)=+/yx p7*r (4.51)

We again take for & the family of all convex entropies, and since the system
is “symmetric” in the sense of Theorem 4.1 (replace the second equation by
its opposite), we take M = (M, M) with M, an entropy for (4.46) and M,
the opposite of its entropy-flux.

Proposition 4.4. The couples entropy, opposite of entropy-flux
(My, M) belongs to 4% if and only if

<0 d
ow, an ow,

>0 (4.52)

Proof. Since M, is the opposite of the entropy-flux of M,, we have

ow, ar ow,’ ow, =y ow,
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By defining

c(p) 1>
B=0 = 4.54
l/p,u(‘Vh‘VZ) <—C(p) 1 ( 5 )
we get
B oM y/ow, OM,/Ow
’ 1__ 0 1 0 2
BM'B _B<6M1/8w1 8M1/6w2>

_ <55M1/c'5w1 +c(p)OMy/Oow, OM, /0w, + c(p) 8M0/8W2>
T \OM, Jow, —c(p) OMyjow, OM, [dw, —c(p) OMy/Ow,

_ OM /0w, 0
=2clp )< 0 —6M0/6w2> (4.55)

and we conclude by Proposition 2.2. |

Now, if y <3, we can build a BGK model by taking == R with the
Lebesgue measure, a(¢) = p,,&, for some constant p,, >0, and

1
MO(pa u, f): [X(pmaoa f)_)((ﬂs u, é)]
PP

, (4.56)
My(p.ty E)=1(pms 0, €) pi+f (& —u) 7(pu, &)

m m

and y is still defined by (4.18), (4.19). Then, from the characterization
(4.50), M, is the opposite of the entropy-flux of M, and (MO0), (M1) are
satisfied since

fModfz , ledfzu

1
Pon

|-

(4.57)
| Py dz = —u, | Pty dz=xp?

It is easy to check that the stability conditions (4.52) are satisfied provided
that

2 2
VP RS Swa o= T (4.58)
y— y—

The big difference between this model and that provided in Section 4.1 is
that we have now a parameter p,,>0 and that the model is only valid in
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the domain defined by (4.58). Therefore, D, is a non-trivial convex set; one
of its extremal points is (0, 0(p,,) "' Ex(pm» 0, ¢)). However, this model
satisfies all the good properties of the preceding one. In particular, the
maximum principle on Riemann invariants ensures that (4.58) remains
true, and the a priori estimate (2.9) is satisfied (here % is defined by p >0
and (4.58)). For the weak entropies Eg=1#g/p, with 5g defined in (4.26)
and S any convex function, the microscopic entropy Gg(p, u, &) is now
given by

G L 0?
Gslp ) =0 2= [ S(0) 5=
X {1]w1<§<wziﬂwl<v<w2 |f—l)|21+1 YA(Z(Wla Wo, éa U))} dl)
b 0!
+Eg(p,u) X(”';"K) (4.59)

Example 4.1. If y=3, (4.59) gives
1

Zﬂpm

1 w2
Lo (7)< = D) + S0 10, e,
(4.60)

GS(p’ u, ‘f) =

In this case, the model is full-rank, but condition (CH2) in Theorem 2.1 is
not satisfied.

Remark 4.4. There is no change of variables that transforms the
BGK model written above into the one of Section 4.1.

5. FULL SYSTEM OF GAS DYNAMICS

In this section we apply our method to the full Euler system of perfect
polytropic gas dynamics, in one dimension to simplify, but this could be
done also in multidimension. We obtain a large class of models having a
complete set of kinetic entropies. All these models were unknown, except
those with finite velocities. Unfortunately, these models are defined on
domains that are not positively invariant. Thus they are inappropriate for
theoretical studies, because depending on initial data, the solution could
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leave the domain in finite time. However, these models can be used in
numerical methods, because in this situation it is possible to adapt the
parameters of the model to the computed solution. Indeed in this context
it is possible to choose the parameters of the model at each cell interface
where a numerical flux has to be computed, as is done in ref. 15, and
moreover, this technique has the advantage of being able to minimize the
numerical diffusion.
The system can be written

0.p+ 0,(pu)
0, pu) + 0, (pu* + p)
0,E+0,(Eu+ pu)

>

0
0, (5.1)
0

with p=0,ueR, p=>0 and E=pu?2+ p/(y—1), where y>1. Let us first
give a criterion which ensures that p and p remain nonnegative. It
generalizes the argument used in the classical models of Section 3.1.

Proposition 5.1. Assume to be given a BGK model for (5.1), in
the sense of Section 2.1, such that the constant k of (MO0) vanishes and such
that the maxwellian M(p, pu, E, &) =(M,, M, M,) satisfies
Vp=0 VYueR Vp>=0 aeé My=0, My>0, |M,|>?<2M,M, (52)
Then this model preserves thee positiveness of p and p.

Proof. The set D of all (f,, fi, f») € R® such that f,>0, f,>0 and
| 117 <2f, f- is convex (because |f,|%/f, is a convex function of ( f,, f1))
Thanks to (5.2), we can thus take D.< D, and (H3) will be satisfied.
Therefore, the solution f of the BGK equation will satisfy f(z, x, ) e D at
any time, and we conclude with the following lemma.

Lemma 5.2. Let f=(fy, f1, />): £ — R? satisfy

ae.l  fo(&)=0, fo(&)=0, |f1(EI><2/(E) f2(E) (53)

and let us define p, u, p by

p=|fode,  pu=|fidc 2p|u|+ = hde (54)

Then p>0 and p>0.
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Proof. Of course we have p>0. If p=0, then f,=0 a.e., and f; =
a.e. thanks to (5.3). Thus (5.4) gives that p>0. Let us now assume that
p>0. Then by the Cauchy-Schwarz inequality

o2l =|[ 1y

|l =
<] Ml e

>0 fo f0>0
<2 frde | fod
, 2
=p? |ul +71 PP (5.5)

and this yields p >0. |

We now introduce the variable
w=— (5.6)

which is a function of the specific entropy. It is well-known that the func-
tions

Ng=pP(w) (5.7)

are entropies of (5.1) for any function ¢.

Lemma 5.3. The function 7,4 is convex with respect to the conser-
vative variables if and only if

¢'<0 and ¢">0 (5.8)

The proof of this lemma will be provided below, together with the
proof of Theorem 5.4. We choose now the family & of all entropies #4 of
the form (5.7) with ¢ satisfying (5.8), we introduce another variable

g=p'~V (5.9)

and we take o, u, w as new variables.



160 Bouchut

Theorem 5.4. The general solution M=(M,, M,, M,) of the
equations (2.20) defining .#¢ is given by

1
Moo, u, w)="[(1=1/y) 0,y(a, u) +1(w)]

M, (o, u, w)=uM (o, u, w)+0,y(o, u), (5.10)

2

My(o, u, w) =% Moo, u,w)+0 0, Y(o,u)+ud,y(o,u)— (o, u)

where (o, u) and i(w) are arbitrary functions, and the couple (y,1) is
defined up to a constant times (o, —(1 —1/y)). The associated flux G,
defined by Gy =#5; M’ is given by

Gylo,u, w)=M(a, u, w) p(w) + Y(w), Y'(w)y=—¢'(w)'(w) (5.11)

The identity Id is obtained for y/(o, u) = ¢”/?~1, 1(w) =0, and F is obtained
for Y(o, u) =a”"~Du, i(w) =0. Moreover, M € .#*_if and only if

0,My<0, 0Z,4>0, 0,y+My=0, (324)*<0Zy(0.,y+M,)
(5.12)

The conditions (5.2) are satisfied if and only if
My=0, a0, = =0, (0,)°<2My(a 0,4 —) (5.13)

Proof. Since here we have no symmetry such as in Section 4, we are
going to use a very general method to obtain .#¢. We have to write that
the bilinear forms (M’')" 5y are symmetric (see Appendix) for all ¢e&
(respectively symmetric nonnegative for .# 9 ). We write the matrix of this
bilinear form in the basis corresponding to the variable v = (o, u, w),

matrix((M') 13) = (2,M)' (2,1y) = 0,1 0, M)~y 02,M  (5.14)

This formula is actually true for any change of variables, and in order to
compute the last expression, we just need to differentiate with respect to v
the product 7, d,M, and to drop the second order derivatives of M. We
have to recall that prime denotes differentiation with respect to the conser-
vative variables. Here one can check that

1\ 1
ny=¢(w)(1,0, 0)+q5’(w){—w(1,0, 0)+<1 —y>0(u2/2, —u, 1)} (5.15)
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Therefore,

Ny 0,M = p(w) 3,M,

N1 /u?
+¢'(W){—W 0, Mgy + <1 —y> <u260M0—u5,)M1 +6UM2>}
o

(5.16)
and by (5.14) we obtain

1 2 d
=) (1= (% vty —wat, +ant, ) 0

+;(dM0®(udu)—dM1®du)}

2
+¢”(W) {—W dM0+<1_}1)>i_<u2dMO_udM1+dM2>}®dW
(5.17)

Now in order to prove Lemma 5.3, we just take M =1d, and wet get

1 Y do 1gV0=1
"_ A 1_7 _ 1/(y—1)d D d d
14 ¢(W)< y>{ G—12° OE T @ u}
n
+¢"(w) a0 L e gy (5.18)
w

This gives obviously the result. Then, for Theorem 5.4, we have to write
that (M')" ny in (5.17) is symmetric (respectively symmetric nonnegative)
for any ¢ satisfying (5.8). It means that both bilinear forms

2

1\ 1
{—de0+<1 —y><u2dM0—udM1+dM2>}®dw,
g
(5.19)
u? do
g
must be symmetric (respectively nonnegative). Let us denote
u2
M3=M1_MMO, M4=M2_MM1+7M0 (520)

2
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Then

2
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dM 5= dM, —u dMy— M du, dM4=dM2—udM1+%dM0—M3 du

and the bilinear forms of (5.19) can be written
1\ 1
—wdMy+ (1 ——)—(dM,+ M5 du) ; @ dw,
v)a
do
(dM 4+ M, a’u)®;+(a’M3—i—M0 du) ® du

Thus we obtain the symmetry conditions

N1
—vv@c,M0+<l —>80M4=0
y) o

N1
_‘VauMo‘}_(l _y>o'(auM4+M3):O

0 M, =0,  8,M;=0,
auM4+M3=O-aD.M3

(5.21)

(5.22)

(5.23)

This gives that M;= M,(o,u), My= M,(o,u). Then the last condition

gives
1
0.,(0,M5) =0, ( aaM4>
ag

thus there exists a function ¢(o, u) such that

1
aaM?’:au(pﬂ 760'M4:aa¢
g

Therefore, there exists (o, u) such that
aalp =, aulp = M3
and we obtain

aaM4:O-az2m'lp:aa'(a aa'lp_‘//)s
auM4=aao'M3_M3=Gaiu¢_au‘p=au(aadlp—¢)

(5.24)

(5.25)

(5.26)

(5.27)
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By eventually adding a constant to iy, we can assume that M, =0 0, — .
Together with (5.26), the relations

My=0,, My=00,y—y (5.28)

with (o, u) arbitrary, give the general solution to the two last lines of
(5.23). Finally, the two first equations of (5.23) give

Og(WwMo)=(1=1/y) 05,0, O (wMo)=(1=1/p) 2%  (5.29)

which general solution is
wMy=(1—1/y) 0,4 + 1(w) (5.30)
with 1(w) arbitrary. By using (5.20), we finally obtain (5.10). Concerning

positiveness, we have to write that the bilinear forms of (5.22) are non-
negative. The first gives 0,, M, <0, while the second gives the matrix

(0 avim) 531

and the conditions (5.12) follow. The remaining assertions are left to the
reader. ||

Proposition 5.5. Let M(o, u, w, &) be such that M(., &)e.#? for
ae. {e€Z, a measure space, with corresponding functions (o, u, &) and
1(w, &) obtained by Theorem 5.4. Then the moment equations (MO0), (M1)
are satisfied with constants k = (kg, k1, k,), k' = (ky, ki, k%) if and only if

f W(a, u, &) dE = "7~V Z kg [ul22 + kyu—ky+ Lo
fz(w, &) dé =lkow—£(1—1/y)
(5.32)

Ja(i) Yo, u, &) dé =" Du—ko [ul?2+ Kyu—ky+/'o

fa(f) 1w, &) dE=kow—"(1—1/y)

for some constants / and /’.
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Proof. Let us denote
Vo, )= [W(o,u &) de,  Hw)=[i(w, &) d
Then (5.10) gives

1
[ Myde=—1(1=1/)0,¥+1]

jM1d§=ufModf+auqf

2
JMzdéz%JModf+aaaY’+u6u¥’—¥’
and (MO) is equivalent to

L0 1) 0# =000 £ 1] =k,

5,45”:](1—](01/!,
. 1 |ul?
00, (P—0""" V) +ud,¥—(¥—0o’ ))zkz—k07
The two last equations give
au(ﬁy—()'y/(y_l))=kl—kou,
1 4 Jul?
GO(¥P—a"0= V) — (¥ —g" ’)=k2—k1u+k07

and the general solution is given by

Y(o,u)—c”" " V= —k,+kyu—kqy|ul*2+/c

Bouchut

(5.33)

(5.34)

(5.35)

(5.36)

(5.37)

with ¢/ arbitrary. This yields I(w) =k,w — /(1 —1/y) by the first equation of
(5.35). The two last equations in (5.32) are obtained in a similar way. ||

The results of Theorem 5.4 and Proposition 5.5 describe all the BGK
models having a whole set of kinetic entropies. The only difficult task is
then to find one such that the stability conditions (5.12) (and also (5.13),
but we have not proved that these conditions were really necessary) are
satisfied in a reasonable domain. As announced in the beginning of this

section, we have a negative result.



Construction of BGK Models 165

Proposition 5.6. There is no BGK model compatible with the
family & which is defined on a domain % of the form (o, u) € Q, w e I with
I an interval which is not bounded on the right.

Proof. Let us assume that such a model exists. The condition
0,,My<0 in (5.12) ensures that M(a, u, w, &) tends to a limit L(a, u, &)
when w— oo. Then the constraint 02 (o, u, &)+ My(o, u, w, &) >0 in
(5.12) implies that L(o, u, £) is finite, and that

2 (o, u, &)+ L(o, u, &) =0 (5.38)
But from the first equation in (5.10), we get that

1(w, &)

w

—— L(o, u, ¢) (5.39)
and thus L(o, u, &) = L(¢). Thanks to the monotonicity of M in W, this
yields

pl/y
LE <Moo uw. &), [LEde<|Mode=P+ky  (540)

and by letting w — o0,

jL@nﬁ<ko (5.41)

Now thanks to the first equation in (5.32), we get | 02,¥/(a, u, &) dé = —k,,
thus

[ (@2,0(0, 1,8+ L(&) dE <0 (5.42)

Together with (5.38) we obtain 92 (o, u, &)+ L(E) =0, and by letting
w— oo in the last inequality of (5.12) this gives 02 (g, u, &) =0, which
contradicts the third equation of (5.32). ||

Remark 5.1. The above proof indicates more precisely that we
must have a bound on w at fixed (o, u) in the domain where a BGK model
exists. Unfortunately, in (5.1), we do not have any such a priori bound; the
maximum principle only gives the converse inequality w > w,;, if it is true
initially. Thus (2.9) will not be satisfied.

In order to illustrate our purpose, let us finally give a concrete exam-
ple of such a BGK model satisfying all entropy inequalities (other than
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those with finitely many velocities that are described in Section 3.2). We
take &= R with Lebesgue measure, a(&) =¢, ((w, ) =0, and

A+1
0 1 4yic o (& —up? (5.43)

l/j(a’u’é)zc%lcz/l-l-l (V—l)zKlil/y_ .

where x > 0 is a constant, and 0, 4, ¢, . are defined in (4.19). One can check
that (5.12) holds provided that y <3 and

1/y
w <% (5.44)

The other variables only have their natural limitations ¢ >0, ueR (and
w>=0). One can also verify that k =0 and that the inequalities (5.13) also
hold under the same limitation (5.44), ensuring the positiveness of p and p.

In the case y =3, this model takes a more simple form. The stability
condition becomes

w<w, (5.45)

with w,, = x>0, and we have o = p*3, w=p'?/p,

1 1
M(O-auawy)é):iiﬂ —u)l<3w, o
0 2./ 3w, W (Cmuy<3wn
w w
M0, u,w, &) = { <1 —) w2 4 Mo(o,uw, &) (546)
W Won

My(a, u, w, &) ={<l —W> u2+w52} My(a, u,w, &)

Wn) 2 w, 2
We can take
2
De={(for fie ) fo 0210 fy= 120, o= h 45 fy=0 0 {(0.0.0))
(5.47)

and for any function ¢ such that ¢’ <0 and ¢”" >0

H¢(.f0! fls .f23 é)

= /oo <min {W) W { TRy (—f:ff_l if(();/Z) f;))} }>
(5.48)
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APPENDIX: BILINEAR FORMS AND DUALITY

In this appendix we recall some basic facts in linear algebra, and we
introduce notations that are used in all the paper.

Let E be a finite-dimensional real vector space, and E’ its dual space.
We denote by 4(E) the space of bilinear forms on E, and by Z(E, E') the
space of linear operators £ — E'. Then Z(FE, E') and #4(E) are isomorphic,
via the relation between ue £ (E, E') and b e #4(E) given by

u(x)-y=>b(y, x), x, yeE (A.1)

With this correspondence, in any base e of E, u and b have the same
matrix,

matrix(«) = matrix(b) (A.2)

where e* denotes the dual base of e.
For any ue Z(E, E'), we can define its transpose u‘e L(E",E')=
ZL(E, E'), by identifying E” and E. Thus it is defined by
u(y)-x=u(x)-y, x,yekE (A3)

By (A.l), the corresponding notion of transposition for bilinear forms is
therefore

b'(x, y)=b(y, x), x,yeE (A4)
and this corresponds to the usual transposition for matrices. Then, we say
that u (respectively b) is symmetric if 4’ =u (respectively b’ =5b). We also
say that u is symmetric nonnegative if the corresponding b is, that is
u'=u and u(x)-x=0, xeE (A.S)
For example, if u(x)=/¢,/,(x), for some /,,/,€E', then b(y, x)=
£1(y) £5(x), which is denoted by b=¢,®7/,, and b*'=/,®/,. Thus u is
symmetric nonnegative if and only if

/1=0 or ly=M1, 120 (A.6)

We also use the notation

u(x)-y=u-x-y, x, yeE (A7)
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where ue #(E, E'), and this yields for any 4 € #(E, E)
u-x-Ay=Au-x-y (A.8)

where A'e #(E', E').

Finally, let us recall that a differential form we CY(Q, E’), with Q an
open subset of E, is (locally) an exact form (that is w=dV for some
Ve C*,R)) if and only if dwe C(Q2, L(E, E')) is symmetric everywhere
in Q, in the sense defined above. Moreover, V is (locally) convex if and
only if dw is symmetric nonnegative.
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