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Abstract

This article is devoted to the asymptotic analysis of a system of
coupled kinetic and fluid equations, namely the Vlasov-Fokker-Planck
equation and a compressible Navier-Stokes equation. Such a system
is used, for example, to model fluid-particles interactions arising in
sprays, aerosols or sedimentation problems. The asymptotic regime
corresponding to a strong drag force and a strong Brownian motion is
studied and the convergence toward a two phases macroscopic model
is proved. The proof relies on a relative entropy method.

1 Introduction

1.1 The model

This paper is devoted to the asymptotic analysis of a system of equations
modeling the evolution of dispersed particles in a compressible fluid. This
kind of system arises in a lot of industrial applications. One example is
the analysis of sedimentation phenomenon, with applications in medicine,
chemical engineering or waste water treatment (see Berres, Biirger, Karlsen,
and Tory [5], Gidaspow [13], Sartory [21], Spannenberg and Galvin [22]).
Such systems are also used in the modeling of aerosols and sprays with
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applications, for instance, in the study of Diesel engines (see Williams [24],
[23]).

At the microscopic scale, the cloud of particles is described by its distri-
bution function f(x,v,t), solution to a Vlasov-Fokker-Planck equation:

Ouf + v Vaof + divy(Fyf — Vof) = 0. (1)

The fluid, on the other hand, is modeled by macroscopic quantities, namely
its density p(z,t) > 0 and its velocity field u(z,t) € RY. We assume that
the fluid is compressible and isentropic, so that (p, u) solves the compressible
Euler or Navier-Stokes system of equations:

{ Op + divg(pu) =0

Or(pu) + divy(pu @ u) + Vep — vAu = Fy (2)

(with v = 0 in the inviscid case and v > 0 in the viscous case).

The fluid-particles interactions are modeled by a friction (or drag) force
exerted by the fluid onto the particles. This force is assumed to be propor-
tional to the relative velocity of the fluid and the particles:

Fd = Fo(u((L',t) —’U)

where Fj is supposed to be constant equal to 1 (see Remark 1.1 below). The
right hand-side in the Euler equation takes into account the action of the
cloud of particles on the fluid:

Ff:—/Fdfdv:FO/(v—u(a;,t))f(a?,v,t)dv.

For the sake of simplicity, we assume that the pressure term is given by

p=rp",

though more general pressure terms could be taken into consideration.

This particular Vlasov-Navier-Stokes system of equations is used, for in-
stance, in the modeling of reaction flows of sprays (see Williams [24],[23])
and is at the basis of the code KIVA-II of the Los Alamos National Labo-
ratory (see O'Rourke et al. [1] and Amsden [2]). We refer to the nice paper
of Carrillo and Goudon [11] for a discussion on various modelling issues and
stability properties of this system of equations.

A first issue, when dealing with such a kinetic/fluid system of equations
is the existence of solutions. Global existence results for the coupling of



kinetic equations with incompressible Navier-Stokes equations was proved by
Hamdache in [17]. The existence of solutions for short time in the case of the
hyperbolic system (i.e. no viscosity in the Navier-Stokes equation (v = 0)
and no Brownian effect in the kinetic equation) is proved by Baranger and
Desvillettes in [3]. In [20], we study the coupled system (1)-(2) and prove
the existence of weak solutions (f,p,u) for any v > 3/2 under minimal
assumption (finite mass and energy) on the initial data. Our result is recalled
in Section 1.5.

In this paper we adress the question on the asymptotic regime corre-
sponding to a strong drag force and strong brownian motion. More precisely,
we consider the following system of singular equations:

1.
atfa+v'vxfs+gdlvv((u_v)fe_vvfs) =0 (3)
Ope + divy(peu:) =0 (4>
. 1,.
8t(p€u6) + dlvx(psue ® us) + Vmpz —vAu = g(]a - neus) (5)

where n. = /fe(x, v,t)dv and j. = /vfg(:n,’u,t) dv. Note that large time

behavior in the case of incompressible fluids has been studied previously by
Hamdache [17] and Goudon, Jabin and Vasseur [16, 15].

The main result stated in the present paper is the convergence of weak
solutions (fz, pe, ue) of (3)-(5) to (Mpu, p,u) (My,, denotes the Maxwellian
distribution with density n and velocity u) where (n, p,u) is solution of the
following system of hydrodynamic equations:

On + divg(nu) =0
Op + divy(pu) =0 (6)
d((p+n)u) +divy((p+n)u@u) + Vi(n+p?) —vAu =0

This kind of multi-fluid system is also widely used in the modeling of par-
ticle/fluid interaction (see for instance Laurent, Massot, and Villedieu [18],
or Berthonnaud [7]). Notice that the Brownian effect in the kinetic equa-
tion ends up as an additional pressure term in the velocity equation. The
derivation of (6) from (3)-(5) was first addressed, formally, by Carrillo and
Goudon in [11]. In this paper, we rigorously justify this asymptotic analysis.

Remark 1.1 The choice of drag force Fy = Fy(u — v) may not be the most
relevant one from a physical point of view. In particular, a quadratic depen-
dence in the velocity may be more appropriate in certain regimes. It could



also seem more relevant from a physical point of view to assume that |Fy
depends on the density of the fluid p, such as

Fy = p(u—w). (7)

However, the asymptotic analysis is not valid in those situation, unless we
can establish a priori lower bounds on the density. Indeed, we cannot expect
to have relazation of the kinetic regime toward an hydrodynamic regime with
velocity w on the vacuum {p = 0}.

The main tool in the proof is a relative entropy method. It relies on
the ”weak-strong” uniqueness principle established by Dafermos for mul-
tidimensional systems of hyperbolic conservation laws admitting a convex
entropy functionals [12]. It has been frequently used for system of particles
and rarefied gas dynamics, see Yau [25]. It is the main tool also for the
asymptotic limit of the Boltzmann equation to the incompressible Navier-
Stokes equation, see Bardos, Golse, Levermore [4], Golse, Saint-Raymond
[14], Lions, Masmoudi [19]. See also Berthelin, Vasseur [6] and Goudon,
Jabin, Vasseur [16] for other kind of Hydrodynamical limit. For different
asymptotic problems it is called "modulated energy” method (Brenier [10],

[9))-

1.2 Boundary conditions and notion of weak solutions

As usual, the kinetic variable v (the velocity) lies in RY, while the space
variable z lies in a subset Q of RY. We will be considering two situations:
The case of Q bounded subset with periodic boundary condition (Q = TV),
and the case of € bounded subset of R? with smooth boundary Q. In
the later case, the system (1)-(2) has to be supplemented with boundary
condition along 9€). The natural assumption for Navier-Stokes equations is
homogeneous Dirichlet condition for the velocity:

u(z,t) =0 Vo € 00

To write the boundary condition for the kinetic equation, we introduce = f
the trace of f on 90, and we denote y* f(z,v,t) = f|s;+ where

»E = {(z,0) € UXxRY | £v-r(z) >0}



(r(x) denotes the outward normal unit vector). In this ppaper, our only
requirement is that the boundary condition is such that the following con-
ditions are satisfied:

/IRN(v-r(x))’yf(x,v,t)dv:0 Vo € 0N (8)
and )
/RN (v-r(x)) (’1)2’ + log('yf)> vfdv >0 Ve . (9)

Those conditions are very classical in kinetic theory and they are satisfied if
we consider local or diffusive reflection conditions. Typically, we write such
conditions in the form

vl t) =BOTf) V(v € X,
where the operator B is given by
B(g) = aJ(g) + (1 —a)D(g)  ac[0,1]
with a specular reflection operator J defined by
J(9)(x,v) = g(x, Rzv) Ryv =v —=2(v-r(z))r(z),

and a diffusive operator given by (for example)

D(g)(z,v) = M(v)/ g(z,v)v-rdv,

v-r>0

where M (v) is a Maxwellian distribution satisfying [ _ M (v)|v-7|dv =1
for all r € S2.

Other boundary conditions can be considered (such as elastic reflection
conditions), we refer the reader to [20] for further considerations on those

boundary conditions.

>0

Finally, we recall that (f, p,u) is a weak solution of (3)-(5) on [0,T] if
f(z,u,t) >0 Y(z,v,t) € Q x R® x (0,T),
fec(o,T); LY x R®)) N L>®(0,T; L' N L™( x R?)),

o2 f € L0, T; L' (2 x R?)),



and

p(x,t) >0 V(z,t) € Q x (0,T),

p e L(0,T; 1) N C(0,T]; L (),

we L*(0,T; Hy (), plul* € L2(0,T; L1(2)),

pu € C([0,T; 20D (Q) — w).
Moreover, we ask that (4)-(5) holds in the sense of distribution (Note that
the conditions on f yield n(z,t) € L>(0,T; L%/%()) which is enough to
give a meaning to the product nu in L'((0,T) x 2)), and in the case of

reflection boundary conditions, we ask that the kinetic equation (3) holds
in the following sense:

T
/ / flOp+v-Vop+ (u—v) - Vyp + Ayp| dedvdt
0 QxRN
—1—/ fop(z,v,0)drdv =0 (10)
QxRN

for any ¢ € C°(Q x R3 x [0,T]) such that (-, T) = 0 and
TTe=B"v"¢ onX" x[0,T] (11)

(which holds, in particular, if ¢ is independent of v).

1.3 Formal derivation of the asymptotic model

The formal derivation of the asymptotic model was first investigated by
J. Carrillo and T. Goudon in [11]. We recall here the main steps for the sake
of completness. First of all, assuming that lim. ¢ f- = f and lim._.g u. = u,
(3) formally yields
(u - U)f - vvf =0,

which implies

1 _lu@—v|?
7(271')3/2 (& 2 )

where n(z,t) = [ f(x,v,t) dv denotes the density of particles. Furthermore,
integrating (3) with respect to v yields

f(z,v,t) = n(z,t)

O +divj =0



where
ﬂ%w:/ﬁﬂ%mwwznuwMam

is the current of particles. Finally, multiplying (3) by v and integrating with
respect to v, we are led to:

1
Or(nu) + divy(nu®u) + Vyn = —C /(u —v)fdv, (12)
in which we used the equality
/v@vfdvzu@un—l—n[

(where I denotes the identity matrix). Adding (12) and (5), it is readily seen
that the right hand sides cancel, so that (n, p,u) is solution to the following
system of equations:

on + divy(nu) =0
Op + divy(pu) =0
h((p+n)u) +dive((p+n)u®@u) + Vy(n+p?) —vAu =0

with boundary condition

u(z,t) =0 Vo € 09.

1.4 Entropies

The rigorous proof of the convergence towards the asymptotic equation (6)
relies heavily on the use of energy inequalities and relative entropy methods.
Before we state our main result, we need to review the classical inequalities
satisfied by smooth solutions of (3) and (4)-(5). First of all, setting

’U2
an)= [ (M5 rious) av

it is readily seen (multipying (3) by @ + log f- + 1 and integrating with
respect to x,v) that smooth solutions of (3) satisfy:
d 1 1
[atdes [ [ ot - VP dods
dt Jo e Ja Jry e

o[

w [ e (B s 1) s dote) o
OOXRN

1
:// Ue(ue — v) fo dv de,
g Jo JrRN



where the boundary term is either 0 (periodic boundary condition) or non-
negative (using (8) and (9)). In either case, we deduce

/@@1 fe)dx + = // —V, f€|2 dvd:v
RN
// Ue(ue — v) fe dv de.
RN

Moreover, defining

w1
& =p— v
2(pu) = p= il VA
it is well-konwn that smooth solutions of (4)-(5) satisfy:
d
£Q(p€,u5 dac—l—u/ ]Vzug\de——// e (ue — v) fe dv dz.
dt RN

We deduce the following proposition:

Proposition 1.1 Let (fz, ps,us) be a smooth solution of (3)-(5), then the
following energy equality holds:

d

dt/ [éol(fe) +<502(/?57U5)] dx

1
+// ](ua—v)fg—vvf€\2dvda:+1// |V pue|? de < 0. (13)
€ Jo Jry Je Q

In particular

Els Jul? 1
éa(fvl%u):/R [ f+flogf] dv+p7+ﬁlﬂ

is an entropy for the system (3)-(5).

iJFrom now on, we denote by

_ o fow, Pt
u)—/Q/RN‘(u v)f = Vouf] fdvdx

the kinetic dissipation.

Next, for a given density distribution n and velocity field v we introduce
the maxwellian distribution

no_lu—v?
Muaw = grar 7

8



We know that, for any (f, p,u) satisfying [ fdv + &(f, p,u) < oo, the fol-
lowing minimization principle holds (see Bouchut [8]):

éo(M(n,u)’ P, u) < g(fu P, U),

n(z,t) = /f(x,v, t) dv

In particular, introducing

‘%ﬂ(na pvu) = g(M(n,u)apvu)
U2
= (n+ p)? + po—

where

2
p? +nlogn — 3 log(2m)n,

we have

Hnpo) < E(fopu), i n= / f dv. (14)

Moreover, 7 is an entropy for the asymptotic system (6). More precisely,
we have:

Proposition 1.2 Let (n, p,u) be a solution of (6), and let U = (n,p, P) =
(n, p, (p+n)u). We define
P2

1 2
= Y 1 — —log(2m)n.
A(U) 2(n+p)+'y—1p +nlogn 3og( mn

Then we have

d

P P
—7(U) + divy [F(U)V \Y :|Jrl/ \Y =0,
dt n+p n+p n+p
where ‘Vnﬂ) =2 |0jui|* and with
P p? o 2
FU) = i 1 — —log(2
(U) n+p[2(n+p)+7—1p +nlogn 3og( 7T)7’L:|

In other words, S is a convex entropy for the system (6).

Finally, we recall that given an entropy 7 (U), we can define the relative
entropy by

HAVWU)=#(V)—-2HU)—-Dx#U)V —-U)



where D stand for the derivation with respect to the conservative variables
(n, p, P). A simple computation shows that the relative entropy associated
with (6) is

* ‘u - U*P 1 * *
AU = (n+p)—F5—+ 7_1171(/)\0 ) + pa2(n|n”)
with
pilplp®) = p"—p =p Hp—p")
p2(nln®) = nlogn —n*logn®™ — (logn* +1)(n —n*)

= nlogﬁ*—i—(n* —n).
n

(Note that the p;(+|]-) are the relative entropies associated to pi(p) = p? and
p2(n) = nlogn.)

1.5 Main results

We now have all the notations necessary to state our main results. Through-
out the paper, we will assume that the intial data have finite mass and
energy. More precisely, we assume that fo(x,v), po(x) and ug(x) are such

that
/podaz<oo7 /fodxdv<oo

éa(fo,po,U()) dr < +00
Q

We recall that under those hypotheses, we proved in [20] the following
result:

Theorem 1.1 ([20]) Let fo(z,v), po(x) and ug(x) satisfy (15). Assume
moreover that fo € L>®(Q x RYN) and that

v>0 and > 3/2.

Then, for any € > 0 there exists a weak solution (fz, pe,us) of (3)-(5) de-
fined globally in time. Moreover, this solution satisfies the usual entropy
equality:

1 ' Uu, S 14 ' u, 2 T as
/Qéa(fs(t),ps(t),us(t))d:z:—l—5/0 D(f.,u) ds + /O/QW Pdrd
< / & (fo, po, o) do (16)
Q

10



In this paper, we are concerned with the asynptotic behavior of weak
solutions as € goes to zero. To simplify the analysis, we will assume that the
initial data are well prepared, which amounts to assuming that

no(z) _lug@-vl?
Jo@,0) = Moo = g ryzpe (7
Note that (15) can then be rewritten as
/pgdx<oo, /noda:<oo
Q Q
’U0|2 1 N (18)
(no + ’OO)T + ﬁpo + nglogng dr < co.
0 _

Remark 1.2 Instead of (17), it would actually be enough to assume that
the initial data f§ converges to a mazwellian distribution in the following
sense:

/Q@@(f(;:avauo)dxH/Q%(ﬂo,po,u())da:

Finally, we need to assume that solutions of the asymptotic system of
equations associated to initial value (po,no,uo) stays away from vacuum.
This will be satisfied (at least for small time) if the following condition
holds:

Ao < no(z) + po(z) < Ay Vo € Q, (19)

with Ag and Ag positive constants. Indeed, under this assumption, we have
the following proposition (see Dafermos [12]):

Proposition 1.3 Under hypothesis (18) and (19), there exists T* > 0 and
n*, p*,u* solution of (6) on [0,T*) such that

0<A<n"(x,t)+p"(x,t) <A forallxz e Qte|0,T")

for some positive constants \ and A.

The main result of this paper says that any solutions of (3)-(5) satisfying
the entropy inequality (and thus in particular the solution constructed in
Theorem 1.1), converges, as € goes to zero to (n*, p*, u*):

Theorem 1.2 Assume that no(z), po(x) and ug(x) satisfy (15)-(19), and
let (fe, pe,ue) be a weak solution of (3)-(5) with initial conditions

fs(x,v,O) = fo(m,v), p€($a0) = po(:E), ui(x’o) = UO(ZE)v

11



and satisfying the entropy inequality (16). Assume moreover that
v>0 and v € (1,2).

Then there exists a constant C' such that
T v (T
/ (U |U*) dt + 2/ / IV(uf —u)|* dedt < Cy/e (20)
0 0o JQ

for all T < T* where U: = (ng,pe, P:), ne = [ fe(z,v,t)dv and P: =

(ne + pe)ue.
Moreover, any sequence of functions (fe, pe,ue) satisfying Inequality (20)
satisfies

fe — My+y+ a.e. and Li, (0, T%; L (Q x R3))-strong
ne — n*  a.e. and L}, (0,T*; L1(S2))-strong
pe — p* a.e. and L} (0,T*; LP(S2))-strong Vp < v

VPus — \prut LY (0,T%; L*())-strong.
When v > 0, we also have
ue — u* L2 (0,T%; L%(2))-strong.

We stress out the fact that it is not necessary to have a positive viscosity
coefficient v to carry out the proof of this Theorem.

We now turn to the proof of Theorem 1.2. The next section is devoted
to the central argument of the proof, namely the relative entropy inequality
and its consequences. The (more technical) results needed to complete the
proof (controle of the relative flux and of the kinetics approximation) are
then detailed in the following two sections.

2 Relative entropy: Proof of Theorem 1.2

In this section we derive a relative entropy inequality for the asymptotic
system (6) which is the corner stone of this paper. This inequality is much
more general than the system under consideration and is valid for general
system of conservation laws of the form

AU+ Y Oa A(U) = 3 00, [Big (D)o, (D2(U))], (21)
k k

12



where B(U) is a positive symmetric matrix and D.# denotes the derivative
(with respect to U) of the entropy ¢ (U) associated with the flux A(U) (the
system (6) can be written in this form, see below). The existence of such
an entropy is equivalent to the existence of an entropy flux function F' such
that
D;F(U) =Y Dis(U)D; Ay (U) (22)
1

for all U. Then we have

oA (U) + Y 0, [Fi(U) = Y DjA (U)Byj(U) 0y, Dir (U)]
k ij

+> " Bij(U) 02, DiA (U)] |00, D; 7 (U)] =0,
1,5,k

which in particular gives

d
— < 0.
dt/gyf(U)dx_o

The asymptotic system (6) can be written in this form, with U =
(n, p, P) (we recall that P = (n + p)u) and

nPy nPy nPs 00000
1 pPr pPy pPs 00000
AU) = — Cii Cr2 Ci3 , BU)=v| 0010 0],
P Co1 Co Cog 00010
C31 O3 Cs3 00001

where
Cij = PiPj+ (n+p")(n+ p)di;.

Note that we have

2 2 2
DA (U) = <_“2+10gn+1— 3 log(2m) —%4—%[)7—1 , u)

The corner stone of the method is the following very general proposition:

Proposition 2.1 Consider a system of conservation laws (21) and assume
that there exists a smooth convex entropy € and a corresponding entropy

13



flux F defined by (22). Then, for any be a smooth solution U* of (21) and
for any smooth function V', the following inequality holds:

d «
dt/ﬁ%”(VU ) da

+ / By(V) VDA (V) — VDA (U] VD, (V) — VD, (U*)] da
<4 / 2(Vdx + / By (Vs Dit (V)0 D; (V) da
_ /Q DAV + divg A(V) — B, (B;(V)a, (D, 2(V)))] da
- /Q Jz};axk[ajjf(U*)]Ajk(wU*)dx
+ /Q d;v(B(U*)VD%”(U*))D%”(WU*)dx
_ /Q B(V) — BU")| VDA (U*) [VDA(V) — VDA U] de (23)

where

A(V|U) = A(V) — A(U) — DA(U) - (V = U)
DA (V|U)=DH (V) - DA U) - D*#U)-(V-U)

A similar proposition was first established by Dafermos [12] for general
system of hyperbolic conservation laws, without viscosity (see also [6]):.
This inequality has been extensively used ever since, and proved to be an
important tools in stability /asymptotic analysis of system of conservation
laws.

However, it is the first time, to our knowledge, that such an inequality
is derived when a viscosity term arise in the equation. We believe that the
main interest of this proposition is to show that as long as the viscosity term
is of the form

div[B(U)V (Ds#(U))],

the natural relative entropy inequality (and its consequences) is preserved.
Moreover, it is not very hard to see that a viscosity term of the form

V[EU)div (DU Za [Eij0, (D2 (U))],

could also be added in the system. In particular, the usual viscosity term for
Navier-Stokes equation div(rVu) + V(Adivu) can be used, but more general

14



viscosity term are allowed (in particular with diffusion term involving the
density).

Finally, we observe that in our model, the viscosity matrix B does not
depends on U, so the last term in (23) vanishes.

Proof of Proposition 2.1. First, for any V, U € [C'(R")]?, we have

HVU) = 8(V)— o (U)
~D*#(U)OU - (V —U)
~DA(U)0,V + DA (U)o,U.

Next, we observe that, using (22), we have, for all U € RY:

~" Dy A (U)o, (A (U (V; — T))
4,5,k
+37 85, [DiFL(U)(V: — Uy)]
2,5,k
_ZD% O, [DiAji(U)(V; = Uy)] =
1,7,k

Using this equality, a carefull computation yields:

A (VIU) =

=0 (V) - 0,(U)
—div(B(V)VD# (V) D# (V) + div(B(U)VD(U))D#(U)
—D*(U)[0,U + div, A(U) — div (B(U)V (DA (U))|(V — U)
—Ds#(U)[0,V + div, A(V) — div (B(V)V (D (V)))]
+D%<U>[atv+dwx (U) - div(B(U)V (DA (U)))]
+Zazk i Fi (U Us)]
+Zc%<%” [A(V|U)]

—|—d1v [B(V)VD# (V) — BUNDA# U [DA(V) — DAU)]
+div(B(U)VDA#(U))DA(V|U).

15



Thus, if U = U* is a smooth solution of (21), we get
O (V|U™)
=0 (V) — div(B(V)VDH (V) DA (V) + div, F(U")
—D(UY) - [0,V + div, A(V) — div (B(V)V (DA (V)))]

+ 3705, [ FL(U*) (Vi — UF)]

i,k
+) 03 (U*) 0, [A(V|U)]

7.k
+div[B(V) (VDA (V) — VDA (U] [DA(V) — DA (U]
+div[(B(V) — BU*)VDA#(U*)] [DA(V) — DA(U)]
+div(B(U*)V DA (U*) DA (VIU*).

Integrating with respect to x (using the boundary condition u = 0 on 02
when  is a bounded subset of RY), it is relatively easy to deduce (23). O

We can now write the main proposition of this section:

Proposition 2.2 Let (f, p°,u®) be a weak solutions of (3)-(5) with initial
data satisfying (15)-(19) and verifying the entropy decay inequality (13), and
let U* = (n*, p*, (n* + p*)u*) be a smooth solution of (6). Denote by U® the
macroscopic quantities corresponding to (f€, p%,u®):

U = (nf,p% (n°+p°)u®) with n°= /f‘E dv.
Then U¢ satisfies the following inequality:
t
/%”(UEIU*)(t)dx—i—V/ / IV (uf —u*)|? dads
Q 0 Ja
t
< —/ /Zaxk[aj%(U*)]Ajk(U€|U*)da:ds
0 Ja<
7.k
t
+/ / div(BN D (U*))D#(U|\U") dz ds
0 Ja
t
_ / / DAU*) [BU° + divg(A(US)) — divg(BY DA(US))] dx ds
0 Ja

(where the last integral has to be understood in the distributional sense).

16



Proof of Proposition 2.2. First, we note that since U* is a smooth solution
of (6) and using the expression of B(U), Inequality (23) gives:

d/ A (USIU™) dx + V/ [Vuf — Vu*]? dz
_ d/%(UE)dx+u/ Vee| da
dt Jo Q
_ / S 0,, [0,/ (U Ap(US|U) da
Q57
—/ Ds#(U*)(0,U° + div, (A(U®)) — div(BV D (U*))) dex.
Q
+/ div(BVDs#(U*)) - D (U*|U") dx
Q
Integrating this equality with respect to ¢, we get:
t
/%”(UEU*)(t) dx + ,,/ / [Vu® — Vu*]? dz ds
0 Jo

< /Q (U |U)(0) da + /Q AU () — A da
_ / / S 00, [0, (U)| Ay (U9 U) dx ds
0 JQ ok
- / t / DAY QU + diva(A(UF)) — diva (BY DA(U))) dar ds
0 JQ

+/0 /Qdiv(BVfo(U*))-D%(UﬂU*)dmdS.

Next, we recall that & denotes the entropy associated to the initial sys-
tem (3-5) (see Proposition 1.1) and we write:

H(U°)(t) — A (Uy) = HAU))t) —E(f7,p°%u”)(t)
+&(f%, p°,u)(t) — E(fo, po, uo)
+&(fo, po, uo) — (Vo).

The well-preparedness of the initial data (17) yields
&(fo, po,uo) — A (Uo) = 0,

and (14) gives:
A (US)(t) = &(f%, 07 u”)(t) < 0.
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Moreover, the entropy inequality (13) implies that

/ (S, F u)(t) da — / E(f*, o u)(0) dax <0,
Q

Q

and so

/ AUt — (U] da < 0.
Finally, hypothesis ?17 ) yields
A (U|U*)(0) = 0.
We deduce

§U* x4+ v t uf — Vu*? dzds
/,%”(UU)(t)d + /O/Q[v Vu? dod
<- / /Q %8mk[6j%(U*)]Ajk(Us\U*)dwds
_ / t / DA U + diva (A(UF)) — div(BY DA(U?))) da ds
0 JOQ

+/0 /Qdiv(B(U*)VDjf(U*))-D%(UﬂU*)dazds.

which gives Proposition 2.2. O

It is readily seen that Inequality (20) and Theorem 1.2 follow from Propo-
sition (2.2) if we can prove that the following facts hold (under the hypothe-
ses of Theorem 1.2):

(i) the relative flux is controled by the relative entropy:
/ A (U|U)] dx < C/ A (U\U*) dx for all function U,
Q Q

where the constant C depends on A = inf(n*+p*) and A = sup(n*+p*)
(see Lemma 3.1).

(ii) the term due to the viscosity can be controled by the relative entropy
and the viscosity:

/t/ div(B;(U*)V ;2 (U*) DA (U|U*) da: ds
0 JQ

Au*
for all U = (n, p, (n+ p)u) (see Lemma 3.3).

<C

/%”(U\U*)dx—i—y/ V(1 — )2 de ds
L Jo 2 Ja
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(iii) the asymptotic system (6) is consistent with the original system, in
the sense that

for any smooth function ®(x,t) (see Proposition 4.1).

<CO(T)ve

/ 7 ® [0,U° + div(A(U)) — div(BV.A(U?))] da dt
o/a L1(0.7)

Note that the first two points are concerned with the stability of the asymp-
totic system and will result from an algebraic computation (see Section 3),
while the last point says that (6) is indeed the correct asymptotic system for
(3)-(5) and relies on the dissipative properties of the entropy (see Section
4).

When those three conditions are fullfilled, we can deduce (20). More
precisely, we have (using Proposition 2.2, and Lemma Lemma 3.1, 3.3 and
Proposition 4.1):

Proposition 2.3 Let (f, p°,u®) be a weak solutions of (3)-(5) with initial
data satisfying (15)-(19), and verifying the entropy decay inequality (13).
Let U* = (n*, p*, (n* + p*)u*) be a smooth solution of (6) such that

A<p"+n" <A

Then, there exists a constant C' depending on A\, A, ||Vul|r=, ||0wu||r=,
[|Vu?|| Lo, [|Aul|= and ||V logn||L~ such that

/Q%(U€|U*)(t)dx+;/Ot/Q\V(us—u*)F dz ds

< c/ot/ny(UﬂU*)ddeR(t)

with ||RHL1(O,T*) S C\/g

A Gronwall argument then leads to

/T/%(UeU)(t)dde”/T/ IV (uF — ") dedt < O(T)E
0o Jo 2Jo Ja - ’

which conclude the proof of Theorem 1.2.
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3 Relative flux

In this section, we study the structure of the asymptotic system (6). We
denote respectively by A(:|-) and #(:|-) the relative flux and the relative
entropy associated with the system (6) (see Section 1.4 for details). We
establish the following lemma:

Lemma 3.1 Assume 1 < 7y < 2, then for any positive constants A and A,
there exists C(A\~1, A) such that

/\A(U!U*)]dw < c/ H(U|U") da
Q Q

for any U = (n,p,(n + p)u), U* = (n*, p*, (n* + p*)u*) smooth functions
satisfying
A< p"+n" <A

Proof of Lemma 38.1:
First, we check that the relative flux is given by

(a—a”)(p+n)(ui — uf)
AUIUY) = (B=B")(p+n)(ui —uj)
(p+n)(ui —ui)(uj — uj) + pr(plp*)di;
with o = nL-&-p’ o = n*”i;p*, 0= n%;p and B* = n,f’iip*, and we recall that the
relative entropy satisfies
* ‘u — u*‘Q 1 * *
AW = (04 9+ i)+ palnln’).
with
* *Y— Y -
pilplp") = p"=p7 = p—p") = > (=)
11
p2(n|n*) = nlogn —n*logn® — (logn®™ 4+ 1)(n —n*) = 55—2(n —n*)?

where & between p and p* and & between n and n*. Those computations
are very closed to the ones developed in [6], and we refer the reader to [6]
for more details.

The L' norm of A(U|U*) involves the following terms:

/I(a—a*)(PJrTZ)(uz‘—U?)Idﬂ?, /I(ﬁ—ﬁ*)(ﬁn)(ui—u;k)!dx (24)
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and
/@+nmu—@xW—upmn /m@mﬂw, (25)

and it is readily seen that the last two terms (25) are bounded above by
[ A (U|U*)dx. Moreover, the terms in (24) are alike, so we only need to
treat in detail one of them (the first one).

We note that Cauchy-Schwartz’s inequality gives

[l =a) o+ mus - ) o

s(/m—av%p+Md{fﬂ(/w+an—uDPm)Ui

where the second term is bounded above by ([ . (U|U*)dx) Y2 S0 we are
left with the task of showing that the quantity

I=(a—a")?(n+p)

is bounded above by 2 (U|U*).

To that purpose, we need to distinguish the case where n + p is larger
than A and the case where n + p is smaller than A. In each case, we will use
one of the following expression for a — a*:

p(n —n*) +n(p" — p)
(n+ p)(n* + p*)

a—aof =

(26)

or

Lo P nt) +nt(p" — p)
S T G i ) 0

1- When n+p < A, using the fact that p < A and p* < A, we get £ < A.
Since v — 2 < 0 we deduce

pilplp) = C(A)(p— p")*.

Similarly, using the fact that n < A and n* < A, we have & < A which
yields

pa(nfn*) > C(A)(n —n*).

Finally, using (26) together with the fact that n/(n + p) < 1 and
p/(n+p) <1, we get

n—n*l | Ip*=p \?
R I )
< -+ (0"~ )
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and therefore
I < C(AN)[p1(plp*) + p2(n|n®)]

2- When n+ p > A, we first note that using (27) and the fact that
n*/(n* + p*) < 1, we have

I<

Up* =pl+In=n")* _ (n=n")*  (p=p")"
(n+p) n+p n+p

IN

In order to control the first term, we again distinguish two situations:
— When n > A, then n* < n, and so & < n. Therefore

(n —n*)?

* 1 *\ 2
> — — >
po(nin’) > - (n—n')? > S

— When n < A, then 1/§ > 1/max(n,n*) > 1/A, and since

(n;f;)Q < %(n —n*)?, we get
* 2 (n —n*)?
p2(n|n*) > C(A)(n —n*)* > C(A)A S
where we used the fact that n + p > A.
In either case, we have
n =2 < cipatalnt).
(p=p")?

Finally, we proceed similarly to show that the term is controled

by p1(plp*):

n—+p

— When p > A, then & < p and so €72 > p7=2 > C(A)/p (using
the fact that v > 1). Since

(0" =p)® _ (p=p")?
ntp T p

9

we deduce

(p* — p)?

V=20 x 2< *
W <C&E T (p" = p)* < pilplp®)-
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— When p < A, then 53_2 > (max(n,n*))7"2 > A7"2, and since
(pp—+7p;)2 < 5(p—p*)? (we recall that we still have n+ p > A), we
get

o %\2
pi(nln*) > C(A)(p— p)? > C<A><”p+f’n).

The proof of Lemma 3.1 is now complete. U

Note that we actually proved the following fact:

Lemma 3.2 Assume 1 < v < 2, then for any positive constants A and
A, there exists C(\, A) such that for any non-negative functions (n,p) and
(n*, p*) satisfying

A< p"+nt <A,

we have
* . 1 1 .
pi(plp*) > Cmin ( ) o —p*[?
n+p
* . 1 1 *12
p2(nin*) > Cmin | ——, — | |n—n"|
n+p
We deduce the following result:

Lemma 3.3 Assume 1 < v < 2, then for any positive constants A and A,
there exists C(\, A) such that for every t > 0:

/t/ div(BV DA (U*)) DA (U|U*) dz ds
0 JQ

* t t
Au / /%”(U|U*)dxds+y/ /\V(u—u*)]deds
r=Jo Jo 2Jo Ja

for any U = (n,p,(n + p)u), U* = (n*, p*, (n* + p*)u*) smooth functions
satisfying

<C

A< p"+nt <A,
(and w = u* =0 on O when Q is a bounded domain).
Proof. We first check that we have
BDs#(U|U*) = (BDs)(U|U")

where BD.7Z(U) = n%ip. Thus we have

BDA#(U|U") =

e ),
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It follows that

div(BY DA (U) DA (UUY) = -2

(n—n*+p— ) (u" — )
and so

/ t / div(BY DA (U*)) DA (U|U*) dz ds

LOO(//mln( e A>Up P n - *ﬂd:cds)m
(/ /max(ern’ A — )2 di ds)m
Loo<//p1 (nn”) + pa(plp” )da:d5>1/2

1/2
</ / max(p 4+ n, A)(u — u*)? da ds) .
0 JQ
Moreover, we can write

//maxp—l—nA)(u—u) dz ds

//p+n u—u* dmds+A//u—u dx ds
g/ /%(U!U*)dwds+0/ /V(u—u*)2dxds
0 JQ 0 JQ

thanks to Poincaré inequality (and the fact that u = u* on 9€2). The Lemma
follows easily using Young’s inequality. O

<

n+p

n*+p

4 Control of the kinetic approximation

In this section, we prove the consistency of the asymptotic system with the
kinetic model. More precisely, we prove:

Proposition 4.1 Let U, be a weak solution of (3)-(5) satisfying the entropy
inequality (13), and let U = (n,p,(n + p)u) be a smooth function. Then,
there exists a constant C' depending only on ||Vu||ps, ||0wu||L~, ||Vu?|| L
and ||V logn||re such that

< Cy/e.

/ t/ DA(U)[0,U. + div(A(U-)) — di( BY(DA(U.)))|deds
oo L07)
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The proof relies on inequality (13). However in order to controle the dissi-
pation term, we first need to show that the negative part of the entropy can
be controled by its positive part. More precisely, we need to show:

Lemma 4.1 There exists a constant C such that for every T > 0 and e:

v]? 17
// e+ |felog fel dvdr + — [ D(fo)dt < C.
Q JRN 9 0

Proof of Lemma 4.1. This is a fairly classical result, and its proof can be
found in particular in [15]. We recall it here for the sake of completness: We
write |slns| = slns — 2sln sxp<s<1, and for w > 0, we note that

—slnsxocs<t < sw+ CVsxe—wss < sw+ Ce /2

Using these relations with s = f. and w = v?/8, we deduce:

//\fgln(fa)]dxdv S/ feIn(fe) dx dv
1 2 —v2/16
—|—1 v° fe dax dv 4+ 2C e dx dv.
Since 2 is bounded, it follows that
//f5(1+|1n(f5)|)dxdv+1//212f5dvda:
2 1

+/[p5+ ]dw+ /Dfa

2 'y —1

E(fe, peyue)(t) +
(f67 pe; ue)(0) +

|/\ |/\

Proof of Proposition 4.1. Formally, we have, integrating (3) with respect
to v:

One = —divx/vfg dv

and thus

815”5 + divx(nsue) — dlvx /(UE - U)fE dU.
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Moreover, multiplying (3) by v and integrating with respect to v, we get
(still formally):

3t/vf5dv = —divx/v®vf5dv+i/(u5 —v)fedv
and thus
9e((ne + pe)uc) + divy(ue ® us(ne + pe)) + Va(pl +ne) — vAu.
:8t/(ugv)fgdv+divx (/(UE(X)UE U®U+I)fadv)

Hence, we can write

/ t / DAV [UF + diva(A(US)) — divg (BYDA(U))] da ds
Q

—/Ot/Q[VxDlﬁ”(U) + 0, D3 (U)] - (/(us —v)f: dv) dx ds

+ [ osrwien ([ - o)
_/Ot/Q (/(u5®ug—v®v+l)fsdv) : VD3 (U) dz ds

where we recall that
2
2
Dy (U) :—%+logn+1—§log(2ﬂ), and D3 2(U) =

This equality can be made rigorous by taking D1 (U) + v - D3 (U)
as a test function in (10) (note that this function satisfies the compatibilty
condition (11) along 0 in the case of reflection boundary conditions) and
D37 (U) as a test function in (5).

We deduce that there exists a constant C' depending only on ||Vul|fse,
0| Lo, ||Vu?||L and ||V 1ogn||z~ such that

/ / DA(U)OU? + dive(A(U?)) — dive(BY DA (U?))) dz ds

<C///RN o) fdv
+C/Q /RN(ug—v)fa(t)dv dz
+C/Ot/Q /RN(ug®ue—v®v+I)fadv

dx ds (28)

dx ds. (29)
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We are thus left with the task of showing that

/Q/RN(ug—v)fgdu de and/Q

can be controled by the dissipation.

/ (Ue @ue —v @ v+ 1) fe dv| dz
RN

1 - We have

'/(Us — ) fedv

= ‘/(ua _U)fs — Vyfedv

1/2 1/2
</ fsdv> (/ |(U€ - U)fs - vas‘Q;gdU>
dxds<01// (fe)ds < Cv/z,

which gives a bound for the first two terms in (29) (note that only the
L*(0,t)-norm of the second one is bounded).

IN

and therefore

e —v)fedv

2 - Next, we write
/(u5®u5—v®v+l)fsdv
:/[u5®(u5—v)+(u5—v)®v—|—l]f€dv
= [uF @ [(we = 0)V/F. —29V/F.] + ue @ 2V/F.V0/F L dv

+/ (0 = o). = 29V/F] @ oV/F. + 2V Ve F 00+ Tfodv
uer/ T @ [(ue = 0)V/F. = 2Vu/F.| + e ® Vofedo
+/ [(ug—v)\/ﬂ—wv\/ﬁ} @V f. 4+ Vofe@v+If.dv
= [ wvE e [(w - o)V - 29.F] av
+ [ [ = )T, ~2VuV/F] @ oyF.do
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and so

dzr ds

I

/(u€®us_v®v+1)fsdv

< </0t/9/(|ue|2 + [v]?) f- dvdmds) v /OtD(fe)dS

So it only remains to see that [ [(Juc|* + |v|?)f:dvdz is bounded uni-
formly by a constant. Using the entropy inequality, we already know that
[ [ |v]*f- dv dz is bounded, so it is enough to check that [ [(u.—v)?f- dvdx
is bounded. To that purpose, we write

Jee—oirava = [ [0 VE |- ovE - 29E] dvds

+//%-@Wk@m

</(Ua_v)2fadvd$)1/2 D(f5)+/f5dvd:z

IN

which gives

/Ot/(ue_v)gfsdvdxdsg/OtD(fe)dSJr?/Ot/fsdvdxds_

and yields the result
Putting all the pieces together, (29) gives

T
<(1+7) (sgp/0|VxD1<%”(U)| + [0y D3 (U)| + |va3%(U)Ids> Ve

/ t/D%”(U) [0:U° + div,(A(U®)) — div,(BY DA (U))] da ds
0

LY(0,T)

which is the desired result. O
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