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Abstract

We consider the full Navier-Stokes-Fourier system in the singular regime of small Mach and large Reynolds
and Péclet numbers, with ill prepared initial data on an unbounded domainQ C R® with a compact boundary.
We perform the singular limit in the framework of weak solutions and identify the Euler-Boussinesq system as the
target problem.
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1 Introduction

The present paper is an extension of our previous results concerning the inviscid incompressible limit of the Navier-
Stokes-Fourier system [7]. In contrast with [7], where the problem is considered on the whole space R® without any
driving force imposed, we consider a more realistic situation when the fluid is subject to a gravitational force due to the
physical objects placed outside the fluid domain. Accordingly, we shall assume that the fluid occupies an unbounded
exterior domain 2 C R?® with smooth (compact) boundary. Such a situation is interesting from the point of view of
possible applications in various meteorological models as the singular limit in the low Mach, Froude, and large Reynolds
and Péclet numbers leads to a target system driven by the buoyancy force proportional to temperature deviations.
In particular, we provide a rigorous justification of the so-called Euler-Boussinesq approximation. Our approach is
based on the recently discovered relative entropy inequality [6] and the related concept of dissipative solution for the
Navier-Stokes-Fourier system. In comparison with [7], the present problem features some additional mathematical
difficulties related to the geometry of the underlying spatial domain and the presence of a driving force. In particular,
we have to handle perturbations of weakly stratified equilibrium states, whereas those are simply constant in [7].

We consider the motion of a compressible, viscous and heat conducting fluid, with the density o = o(t, z), the
velocity u = u(t, x), and the absolute temperature ¥ = 9(t,z) governed by the scaled Navier-Stokes-Fourier system:

Oro + divg(ou) =0, (1.1)

1 1
Ot(ou) + div,(ou ® u) + ?Vmp(g, 9¥) = e%div,S(¥, V,u) + EQVIF, (1.2)
¥, V0 1 9,V 0) - Vo
dr(0s(0,9)) + div,(0s(0,9)u) + ePdiv, <q(,§)) =3 (52+‘IS(19, Vu): Veou— qu(Vﬁ)V) , (1.3)

where p = p(p,¥) is the pressure, s = s(p,1) the specific entropy, the symbol S(9, V,u) denotes the viscous stress
satisfying Newton’s law

2
S(¢, Veu) = pu(9) (Vmu +Via— 3diku> + n(¥)div,ul, (1.4)
and q = q(¥, V,9) is the heat flux determined by Fourier’s law
q(¥, V) = —k(9) V9, (1.5)

where the quantities u, 1, K are temperature dependent transport coefficients.
The fluid occupies an exterior domain Q C R?, with impermeable, thermally insulating and frictionless boundary,
specifically,
u-n= [S(ﬂ, V.u) - n]taan =0, V.9 -n|sgo =0. (1.6)



In addition, we consider the far field boundary conditions
0—70, ¥—19, u—=0as || = oo, (1.7)

where g, U are positive constants.
The scaling in (1.1 - 1.3), expressed by means of a single (small) parameter e, corresponds to:

Mach NUIMDET . ..t e e £,
Froude MUmIbeT . ... e el/2,
Reynolds IUMDET . . ..o g™,
Péclet mUmbEr . .o eb.

In accordance with the previous discussion, we consider the driving force induced by a potential

Fla) = [ —mly)dy, m >0, suppl] € £\, (1.9

meaning the fluid is driven by the gravitational force of objects lying outside the fluid domain.
Finally, the initial data are taken in the form

0(0,7) = 00.c = 8. + 052, V(0,) = Po.c =V +e9(), u(0,-) =g, (1.9)
where (9., 7) is the equilibrium solution associated with the far field values of g, ¥, namely

V.p(0.,9) =€0.V.F, 0.—0 as|z|— . (1.10)

The limit (target) problem can be formally identified as the incompressible Fuler-Boussinesq system:

div,v = 0, (1.11)
OV +v Vv + VI = —a(p,9)0V,.F, (1.12)
p(,0) (0,0 + v - V30) — Da(0,9)v - V,F =0, (1.13)

where we have denoted
thermal expansion coeffiCIENt ... ....... .. i a(o, @,
specific heat at CONSTAND PIESSUTE . ...\ttt et ettt et et et et et et et et et et e aens cp(0,9),

cf. [5, Chapter 5] and [7]. Here, the function v is the limit velocity, while 0 is associated with the asymptotic
temperature (entropy) deviations

The exact statement of our results including the initial data for the target system (1.11 - 1.13) will be specified in
Theorem 3.1 below.

We address the problem in the framework of weak solutions for the Navier-Stokes-Fourier system (1.1 - 1.3),
developed in [5], and later extended to problems on unbounded domains in [11]. The main advantage of this approach
is the convergence towards the target system on any time interval [0, T], on which the Euler-Boussinsesq system (1.11),
(1.12) possesses a regular solution. We refer to Masmoudi [16] for related results on the compressible barotropic Navier-
Stokes system in the whole space R?, see also the survey [17]. An alternative approach to singular limits, proposed
in the seminal paper by Klainerman and Majda [13], uses the strong solutions for both the primitive and the target



system that may exist, however, only on a possible very short time interval. Using the same framework, Alazard
[1], [2], [3] addresses several singular limits of the compressible Euler and/or Navier-Stokes-Fourier system, in the
absence of external forcing. The present setting, where the action of the gravitation gives rise to the buoyancy force
proportional to —6V_,F'| represents a stronger coupling between the equations, typical for certain models used in
meteorology and physics of the atmosphere, see Klein [14], [15], Zeytounian [18].

The necessary preliminary material including various concepts of weak solutions to the Navier-Stokes-Fourier
system is collected in Section 2. Section 3 contains the main result on the asymptotic limit for £ — 0, the proof of
which is the main objective of the remaining part for the paper. In Section 4, the relative entropy inequality is used
to establish the necessary uniform bounds independent of € — 0. The problem of propagation and dispersion of the
associated acoustic waves is discussed in Section 5. The proof of convergence towards the limit system is completed
in Section 6.

2 Preliminaries, weak solutions to the Navier-Stokes-Fourier system

Motivated by [6], we introduce the relative entropy functional

e (eouro.v) = [ Bgu ~UP+ (H@(g,ﬁ) - ‘”{%(;’@)(g 1) = Ho(r, @))] o, (21)
where
He(o,V) = 9(6(9, ) — ©s(o, 19)) (2.2)

is the ballistic free energy. We say that a trio of functions {p, 9, u} represents a dissipative weak solution of the
Navier-Stokes-Fourier system (1.1 - 1.7) in (0,7) x Q if:

e 0>0,9>0a.a. in (0,T) x £,
(0 —10.) € L>(0,T; L + L*3(Q)), (9 —9) € L=(0,T; L* + L*(Q)),
V.9, Vglog(¥) € L*(0,T; L*(Q; R?)),
uc L0, T; W2 (; R?)), u-nlpq =0,
where [g., 9] stands for the equilibrium solution introduced in (1.10);

e the equation of continuity (1.1) holds as a family of integral identities

/Q {@(Tv)w(ﬂ) - QO,EQD(OW)} dz = /OT /Rd (Qat@+ Qu'szD) dz dt (2.3)

for any 7 € [0,7] and any test function ¢ € C([0,T] x Q);

e the momentum equation (1.2), together with the initial condition (1.9), are satisfied in the sense of distributions,

/Q {gu(T, ) - (T, +) — 00,eu0,9(0, )} dz (2.4)

T 1 1
= / / (Qu cOp+ou®u:Vyp+ 6—2]9(@, Ndivyp — e*S(9, Veu) : Voo + szF . go) dz dt
o Ja

for any 7 € [0, 7], and any » € C°([0,T] x Q; R?), ¢ - n|sq = 0;



e the entropy production equation (1.3) is relaxed to the entropy inequality

| [evestene. 00600, = este. ) et )] ao (25)
/ / < 2HeS(9,Vu) 1 Vou —e° q(v, Vx:;) : Vﬁ) @ dz dt

—/ / (98(9,19)8t90+98(9,19)11~V$<p+5”q(19’19m~Vm<p) dz dt
0 Q

for a.a. 7 € [0,7] and any test function ¢ € C2°([0,T] x Q), ¢ > 0;

e the relative entropy inequality

[5 (9,19 u’r o, U . / / ( S(¥,Vu) : VIu—Eb_Q(W’W) dz dt (2.6)
t

< / / (g(@tU tu- va) (U —u) +£°S(9, V,u) : va) de dt
0 Q
—|—€i2 /T/Q [(p(r, ©) — p(o, ﬂ))diVU + g(U —u) - Vp(r, @)] dzdt

/ / ( —s(r, @))875@ + Q(S(Q, 9) — s(r, @))u V50 + Eb% ) Vm®> da dt

//

holds for a.a. ¢ € (0,7) and for any trio of continuously differentiable “test” functions defined on [0, T] x €,

)+ U-Vap(r, @)) da dt—f/ /gav F- (U, - u.)dz.

r>0, ©>0, r=p, ©=1 outside a compact subset of §,
. 5
U € C(0, TEWH(; BY), 9,U € C([0,T; WH (2 RY)), k> 5, U-nlpg = 0.

Remark 2.1 Note that the above definition of dissipative weak solutions on unbounded domains, proposed in [11], is
different from that on bounded domains introduced in [6]. In [6], the relative entropy inequality (2.6) is replaced by
the total energy balance, whereas (2.6) is automatically satisfied for any weak solution to the Navier-Stokes-Fourier
system. The weak solutions introduced in this paper can be therefore viewed as “very weak dissipative solutions” of the
primitive system.

2.1 Structural restrictions imposed on constitutive relations

We study our singular limit problem under certain physically motivated restrictions imposed on constitutive equations.
They are basically the same as required by the existence theory developed in [5, Chapter 3]. Although they might be
slightly relaxed if only the convergence towards the target system is studied, we list them in the form presented in
[5, Chapter 3|, where the interested reader may find more information concerning the physical background as well as
possible generalizations.



The pressure p = p(p, ) is given by the formula

_ 95/2 4% @ o4 .
p(o,9) =9 P(Ti’)/?) + 319 , a>0;

the specific internal energy e = e(p,¥) and the specific entropy s = s(p, ) read

3 ¥3/2 0 4

4q 93

00 =5 (Gim) + 5

where
P € C'0,00) N C3(0,00), P(0) =0, P'(Z) >0 for all Z >0,

< cfor all Z > 0,

. sP(2) - P'(2)
3sP(Z)-P(2)Z
/ = — = 3 1 =
SN(Z) = ) 73 ) ZIEI;OS(Z) 0.
The relation (2.12) expresses positivity and uniform boundedness of the specific heat at constant volume.

The transport coefficients u, 1, and k are effective functions of the temperature,

1, n € C'[0,00) are globally Lipschitz in, [0,00), 0 < p(1+9) < u(9), n(¥) >0, for all ¥ > 0,

k€ CH0,00), 0 < K(1+9%) < k() <R+ 9?) for all ¥ > 0.

2.2 Target system

(2.7)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

As noted in the introduction, the expected limit is the Euler-Boussinesq system (1.11- 1.13) endowed with the initial

data
90(07 ) = 90, V(O7 ) = Vp.

(2.16)

In agreement with the nowadays standard theory of well-posedness for hyperbolic systems, see e.g. Kato [12], we

suppose that the system (1.11- 1.13), endowed with the initial data

5
(60,v0) € WE2( RY), (160, vo)llwrz(asrey < D, divyvg =0, vo-nlog =0, k> 2
possesses a regular solution (6, v),

(0,v) € C([0, Tmax); W2 (Q; RY)), (9;v, V,II) € C([0, Tmax); W 12(Q; R°)),

defined on a maximal time interval [0, Tihax), Tmax = Tmax (D).

(2.17)

(2.18)



2.3 Equilibrium state

We finish this preliminary part by recalling the basic properties of the equilibrium solution (g,, ). Since the potential
F is given by (1.8), it is easy to check that

0y Hy(0.,9) = eF + 0,H5(3,9); (2.19)
whence, under the assumptions (2.7), (2.10-2.12),

@e(x) -0

0. € C°(Q), .

‘ <cF(x) |Vgoe(z)| <e|VLF(z)|, v €. (2.20)

The reader can consult [9] for details.

3 Main result

For a vector field U € L?(Q; R?), we denote by H[U] the standard Helmholtz projection on the space of solenoidal
functions.
We are ready to state the main result of this paper.

Theorem 3.1 Let the thermodynamic functions p, e, s, and the transport coefficients u, 1, k satisfy the hypotheses
(2.7-2.18), (2.14), (2.15). Let the potential force F' be given by (1.8). Let the exponents a,b, determining the Reynold
and Péclet number scales, satisfy

b>0,0<a<?. (3.1)
Neat, let the initial data (1.9) be chosen in such a way that
{Q&i}oo, {1982}90 are bounded in L* N L*(Q), Qé}g — Q((]l), 08}3 — 1981) in L*(Q), (3.2)
{ugc}eso is bounded in L*(Q; R?), ug. — ug in L*(Q; R?), (3.3)
where
Qél), 1981) e Wh2nwhe(Q), Hluy] = vo € WH2(Q; R?) for a certain k > g (3.4)

Suppose that the Euler-Boussinesq system (1.11-1.13), endowed with the initial data

0 65(97 lS) (1) 65(@7 lf) (1)
vo = H[u 0y = — + —— 29
0 [ O]a 0 Cp( ’19) < 9@ ) 99 0 )

admits a regular solution [v, 0] in the class (2.18) defined on a mazimal time interval [0, Tyax)-
Finally, let {o-,Y.,u.} be a dissipative weak solution of the Navier-Stokes-Fourier system (1.1 - 1.7) in (0,T) x R3,

(3.5)

T < Thax-
Then
ess sup llo=(t,-) = all 35 ) < ee (3.6)
Vosue = /o v in LS.((0,T); LY (4 R?)) and weakly-(*) in L*(0,T; L*(9; R?)), (3.7
and _
ﬁf; Y L oin LS. ((0,T); L2 (), and weakly-(*) in L>=(0,T; L*(2)). (3.8)



Remark 3.1 Under the hypotheses (2.7 - 2.15), the existence of dissipative weak solutions to the Navier-Stokes-Fourier
system in (0,T) x Q was shown in [11].

The rest of the paper is devoted to the proof of Theorem 3.1.

4 Uniform bounds

In this section, we derive uniform bounds on the family of solutions [g., u.,¥.] independent of the scaling parameter
e —=0.

4.1 Energy bounds
Taking r = 9., © = 9, U = 0 as test functions in the relative entropy inequality (2.6) we obtain

[2Q6|u6|2 + &% (Hﬁ(é)aaﬁe) - W(ge - @s) - Hg(@sﬂ”)] dz (4.1)

/Q 1

T 1 .
—H9/ / 5 (EGS(ﬁE,Vmue) :Veu, — g2 Ve, VaVe) Vwﬁs) dz dt
0 Q Ve

0

< / 1Qo,s|110,a|2 + ig (Hg(QO,sy'ﬂO,s) _ 95(2,0) (00.e —0.) — Hg(&ﬁ))] dz

Q € do
for a.a. 7 € [0,T]. Note that such a choice of test functions can be justified by means of a density argument. Thanks
to the hypotheses (3.2), (3.3), the integral on the right-hand side of (4.1) remains bounded uniformly for £ — 0.

In accordance with the structural properties of the thermodynamic functions imposed through (2.7 - 2.13), the
ballistic free energy enjoys the following properties: For any compact K C (0,00)? and (r,0) € K, there exists a
strictly positive constant ¢(K), depending only on K and the structural properties of P, such that

2

(H@(g, ) — (‘3}[%(;“,@)@ —r)— H@(r,@)) > ¢(K) (\Q — r|2 + 19— @|2) if (o,9) € K, (4.2)
(H@(Q, 9) — mj?(;’@)(g — 1) — Hol(r, e)> > ¢(K) (1 1o+ 194) if (0,9) € (0,00)2\ K. (4.3)

Similarly to [5, Chapter 4.7], we introduce a decomposition of a function h:
h = [h]ess + [R]res for a measurable function h,

where
[h]ess =h 1{5/2<g€<2@ V/2<9. <20} [h]res = h — Ness.

Combining (4.1), (4.2), (4.3), (2.20) with the hypotheses (2.7 - 2.15) we deduce the following estimates:

ess sup |\/ocuc(t,-)|l2(ir3) < ¢ (4.4)
te(0,T)
) y —)
ess sup HM(t,)} +ess sup H - (t,~)] <e, (4.5)
t€(0,T) € essll L2(Q;R3) t€(0,T) € essll L2(Q;R3)




ess sup /Q ([gi/g(t, )} i + [P (t, ~)]fes + Lyes(t, )) dx < &%, (4.6)

te(0,T) res

and

%%,

<cg, (4.7
L2(0,T;W12(QR3))

H5<b—2>/2 (0. — 5)\ - Hs<b—2>/2 (log(v:) — log@))\

(4.8)

L2(0,T;W1:2(Q;R3 L2(0,T;W1.2(Q;R3)) —

where the symbol ¢ stands for a generic constant independent of e. We remark that (4.7) follows from the generalized
Korn’s inequality ([, 0.w2dz) 2| V,w + Viw — 2divewl|[2 > ¢||[Vow| 2 for w € W2, combined with the
estimates (4.4), (4.6). Similar arguments based on the Sobolev inequality and (4.5), (4.6) yield (4.8).

4.2 Convergence

To begin, we denote

19p(2, V) 1op@9) ,__05@9) o 18

= — = — —_ . 4-9
o=, P=5 g 0= gy o a@d) =20 (4.9)
It follows from (4.5-4.6) and the structural assumptions on the pressure (2.7), (2.10-2.12) that
[%} 0 in L0, T; L%/3(9)), [@} 0 in L0, T; LY()). (4.10)
res res

Next, writing

1 1 75 — Q¢ 1 — 75 - Ve
gvzp(Qaﬁs) - stmF = gvmp(gaa'&e) _Egsz + E%VxF = gvx (p(957?95) _p(«Q@ﬁ)) + E%Vxﬁj

we deduce from the momentum balance (2.4) that

e 75 195 — 19 %\ oo
o] B[] 0 weakly-() in L¥(0,T5 L2(2). (4.11)

Finally, we use (4.4-4.6) to show that
0-u. — gu weakly-(*) in L>®(0,T; L? + L%*(Q; R?)), (4.12)
where, passing to the limit in the continuity equation (2.3), we may infer that

div,(gu) = 0. (4.13)

5 Acoustic and thermal energy transport equations

Similarly to [7], our aim is to use the relative entropy inequality (2.6) to deduce the convergence to the target system.
To this end, we take
Q = Qe, 19:7957 u=u.

and choose the test functions {r, ®, U} in the following way:

r=r.=0.+cR, 0=0.=0+¢T.,, U=U. =v + V., (5.1)



where v is the velocity component of the solution to the incompressible Euler-Boussinesq system (1.11)-(1.13), with
the initial condition (3.5), and the functions R, Tr, and ®. satisfy the acoustic equation:

e (aR. + PT.) + wAD. =0, (5.2)
eV P + Vy(aR: + T.) =0, VP, -nlgg =0, (5.3)

with the initial values determined by
RE(Oa ) = R07 TE(07 ) = TOa (I)E(Oa ) = (I)Oa (54)

and the constants «, 8 defined in (4.9),

2
w—g(a—l—i).

The first equation in (5.2) is nothing other than a linearization of the continuity equation, while the second equation
is a linearization of the momentum equation projected onto the space of gradients.

In order to determine R. and T; in a unique way, we require R, — BT, with § defined in (4.9), to satisfy the
transport equation

0y(6T. — BR.) + U, -V, <6TE — BR. — ﬁF) =0, (5.5)

where the initial data are determined by (5.4). Equation (5.5) is obviously related to the limit equation (1.13). Observe
that the system of linear equations (5.2-5.5) is well-posed.

5.1 Initial data

In view of the future application of the relative entropy inequality (2.6), the initial data for the test functions must
be taken is such a way that

V(O, ) =Vgo = H[ll()], (I)E(O, ) = (I)OJI’ Va:(DO,n — HL[U()] n L2(Q, R3) as 17 — 0, (56)

R.(0,-) = Ro., |RonllL=) <c(n), Roy— Q((Jl) in L2(Q) as n — 0, (5.7)

and
T(0,-) = Toms [Tomllzoe) < (), To, — 95" in L2(Q) as n — 0. (5.8)

Note that (5.6 - 5.8) imply that

ge (QO,E) 790,67110,6 T€(07 ')7 66(07 ')7 U(07 )) — X(n) as e — 07 (59)

where
x(n) = 0asn—0.

Our next goal is to choose suitable approximations for the initial data. Following [8], we consider the Neumann
Laplacean Ay,

D(Ay) = {v € L*(Q) ‘ V.v € L*(Q; R?), / Vv - Vep do = / gy dz
Q Q

for any ¢ € C2°(Q) and a certain g € L*(Q)},

10



together with a family of regularizing operators
[U]n = Gn( \% _AN)W)l/nU]a (5.10)
with the cut-off functions
_ ] oo [ lsifz| <1,

Gy € CZ(R), 0< G, <1, Gn(*z) = Gn(z)7

_ . ! _ e 2 ULy (2
Gn(z)—lforze( m n)U(n,n>,Gn(z)—0f0rz€( 00, U)U( 2,2)U<n,oo),

where the linear operator G, (v/—Apy) is defined by means of the standard spectral theory associated to Ay.
Accordingly, we consider regularized initial data in the form

ROJI = [Q(gl)]nv TO,n = [1961)]7]7 (5.12)

and
Do, = [A;divx[uo] , with V, Ay div,[ug] = H* [ug]. (5.13)
7

To avoid excessive notation, we omit writing the parameter 7 in the course of the limit passage ¢ — 0.

5.2 Dispersive estimates for the wave equation

The acoustic equation (5.2 - 5.4) has been studied in detail in [8]. In particular, we report the following estimates ([8,
estimates (6.6), (6.8)]:

sup. (V2@ iz sy + 1@Beyy + BT ) (&) lysaeyi o) ) (5.14)
telo,

< (k) (V@0 2 0ms) + l0Bosn + BToull 20y )
for any K =0,1,..., 7 > 0; and the dispersive estimates

T
| (19l my + @R+ BT ) e y) (515)

< (e, k) (V@0 20 ms) + IR0 + BToull (e )

where
w(e,n, k) — 0 as e — 0 for any fixed n > 0, k > 0.

The relation (5.15) represents dispersive estimates for the wave equation (5.2), (5.3). Note that both (5.14) and (5.15)
apply to the regularized initial data, meaning for a fixed > 0; they in fact blow up when n — 0.
Moreover, as shown in [4, Section 5.3],

|z|*|0F[h], ()] < c(s,k,n)[|h]|L2(q) for all z € Q, s >0,k >0, (5.16)
therefore the functions ®. ,, (R, + 1) decay fast for |z| — co as long as n > 0 is fixed.

Remark 5.1 As a matter of fact, the results of [8] are stated for the domain Q - a perturbed half-space. However, as
pointed out in [8], the same holds for a larger class of domains on which Ay, among which the exterior domains in
R3. Alternatively, we may also use the dispersive estimates established by Isozaki [10].
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5.3 L? estimates for the transport equation

For fixed 1 > 0, the initial data for the transport equation (5.5) enjoy the decay properties (5.16). Consequently, in
view of (5.14), (5.15), the solutions of the transport equation (5.5) admit the estimates

sup 672 = BRellna) < el ks F) (14 16Ty = BRoslla(y) + k=01, 1< g < o0, (5.17)
telo,

and the family
{0T:,, — BR: 1} ., is precompact in C([0, T7; wWh4(Q)), k=0,1, 1 < ¢ < cc. (5.18)

Consequently, combining (5.15), (5.17), (5.18) we can let € — 0 to obtain

T.., — T, strongly in L ((0,T]; W*P(Q)), p > 2, and weakly— () in L>=(0,T; Wk2(Q)), k=0,1, as ¢ — 0,

loc
(5.19)
R, — R, strongly in L ((0,T); WRP(2)), p > 2, and weakly—(x) in L>(0,T; Wk2(Q)), k =0,1, as € — 0,
(5.20)
where T;, satisfies

cp(2,9) (0:T) +v -V, T,) — Ja(p,9)v - V. F =0, (5.21)

with the initial data _ (2.9) @.79)

9 0s(0,v (1) 0s(0,7 (1)

T D= _ _ . .22
10, = o (2, + 2ol (6.2

6 Convergence

In this section, we use the test functions (5.1) in the relative entropy inequality (2.6). Fixing n > 0 we perform the
limit for ¢ — 0. This will be carried over in several steps in the spirit of [7]. We omit the subscript n whenever no
confusion arises.

6.1 Viscous and heat conducting terms

We show by direct calculation, splitting the terms in their essential and residual parts and using assumptions (2.14—
2.15), uniform bounds (4.6-4.8), regularity (2.18), and estimates (5.14-5.18) that the dissipative terms related to the
viscosity and to the heat conductivity on the right-hand side of (2.6) become negligible as ¢ — 0. More precisely:

£*S(9., Vaus) : Vo, Us — 0 in L2((0,T) x Q) + L2(0, T; LY3(; R%)) as € — 0,

and

b—2 q(ﬁea vzﬁe) : sz)
: 9

Consequently, combining the previous observation with (5.9), we can write the relative entropy inequality (2.6) as

= 5 0in L?((0,7) x Q) + L' ((0,T) x Q) as € — 0.

. (0c10.u.

rg,@E,UE) (1) (6.1)

< x(&n) +/ / E (&Us +ue- VmUE) (U —u,) dz dt
0 Q
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-2 / [ (ec(s(0290) = (2. 0)0T. + 0. (s(0::9) = 57,0 Ju. - V. T2) o

/ / p(re,0¢) — p(0c, 195)>divU5 + %(UE —u.) - Vap(re, @E)} dzdt

Te

1 T
0.) +U.- pr(rg,@g)> de dt — f/ / 0.V F - (U, — u.)dzdt,
0 €Jo JR3

where x denotes a generic funct1on satisfying

Lim (;g% x(e, 77)) 0. (6.2)
6.2 Velocity dependent terms
Our next goal is to handle the expression
/ / QE e 8tU + QS(UE - ug) ® Ug - V;EU&-:| dx dt =
Q

/ / 0:(Us —u.) ® (ue — U,) : V, U, do dt
//95 .—u (atv—I—VVv)d:cdt—i—//ge U. —u.) - 9,V,®. dz dt
+/ /QE(UE—uE)@)Vm@E:VxV dx+/ /QE(UE—UE)Q@V:V?C‘I)E dz dt
0 Q 0 Q
//gg c—u) - V|V, e |2 de dt.

Thanks to (2.18), (5.14), (5.15) and the energy bounds established in (4.4 - 4.8), the first integral on the right
hand side can be dominated by the expression

X(5777) +C/ 5(Q5,195,u5
0

/ /gsusonH dtf/ /QE(V+V1<1>€)~V$H dt
+f—/ /t9ggu8 Vth—:—/ /ngv—i-V(I)) V. F dt
——/ /GgsuE \Y4 Fdxdt—ff/ /OQEV V. F dt + x(g,n)

@ Jo Ja

where we have used the equations (1.11-1.12), formulas (4.12-4.13), the dispersive estimates (5.15), and relation (2.18).
Next, using the equation (5.3), we may write the third integral in the form

—//gaug-atvxq)gdxdt—//Qsigv-vm(a&%—BTE) dz dt
0 Ja o Jao €

rE,G)E,UE)dt

with ¢ independent of ¢, 7.
The second term reads

13



T _ A 1 T
—/ / 0" 09,8, -V, (aR. + BT.) dz dt+7/ /@at|vm<1>5|2 dz dt
o Ja ¢ 2Jo Ja
T 1 T
7/ / Oele - atvzq)s dz dt + 7/ /@at|vmq)6|2 dw dt+X(5377)'
0o Ja 2J)o Ja

where we have used wave equation (5.2-5.3), estimates (4.4-4.6), (5.11), regularity of v stated (2.18), the relation
(2.20), and dispersive estimates (5.15).

Finally, in view of the uniform bounds (2.18), (4.4 - 4.6), and the dispersive estimates stated in (5.15), the last
three integrals tend to zero for ¢ — 0, uniformly with respect to 7.

Resuming, we obtain

/ / QE e atU + Qs(Ug - ug) ® Ug VIUE:I dx dt

< x(e,n) + / 5(95,195,118 .. 0., U, dt+f—/ /Qgsue V. F dz dt

//sus 0,V,®, dz dt + = //g@t|V<I>|2dxdt
77—/ /Hgsv V. F dt;

T57657U5) (7') < X(&Tl) +C/ & (Qaﬁaus
0

1 t=71 T
+ {/ §f|Vm<I>E\2 dx} —/ / o:u, - OV, P, dx dt
t=0 0 Q

77/ / Oc Q67 s (ra 5))ath + Qe (5(953795) - 5<7"67 @s)>us : vsz} dx dt
/ / < - Qa 515]?(7"5,@5) - %us : Vzp(rm @a)) dz dt — */ / Qe: 5 (an'l?))Aq)a dr dt
77/ /gevao(vfue dxdt+f—/ /t?,gsuE \Y Fdxdtf:—/ /GQEV V. F dzx dt.
€Jo Ja

In the above, we have used the identity

/Q [(p(rg, O¢) — p(o., ﬁs))divag + (1 - ) U. - Vop(re,0.) + Z(U. —w.) - Vap(re, @E)] Az

Te Te

whence relation (6.1) becomes

. (0c10.u.

T57657U5) dt (63)

= _/ p(Qe,ﬂs)A(I)a dz _/ &us : vmp(rsyea) dz,
Q Q

Te

together with

1 (/7 1 /7 1 (7
—f/ / 0:VoF - (U;—u.) dz dt = —f/ / 0V F - (v —u.) de dt — f/ / 0V F -V, P, dor dt
€Jo Ja €Jo Ja €Jo Ja

1 /7 1 _
=x(e,n) — 2/ / 0V F - (v—u.) de dt+ ?p@g,ﬁ)Atﬁs dx dt.
o Ja

Recall that V,®.(¢,-) decays fast as |z| — oo and div,v = 0, which justifies the by-parts integration.
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6.3 Pressure dependent terms

We write 1
—~ 3 O¢ —~ 3
EPUA = 50 Vo (plre, €0) — p(@.0)) + 5w Vap(.. )

J 8p 5575 - q
= 5727“6 : va: (p(""s,@e) - ngRE - %F;TE _p(gf’ﬁ)>

1 dp(o.,0 op(o.,9 1o
+=%u v, P2, )RE+ p(2 )TE +f&g5u€-vxF.
5 aQ o ETe

Next, we use the decay properties of the equilibrium density profile g, stated in (2.20), together with (5.19), (5.20)
to observe that

1

op(o.,9
T p(QE’ )ERE_
e2r,

do oY

9
Va (p(rg, 0.) — eT. — p(ga,ﬂ)) — Vo H in LP(0,T; (L* N LY)(Q; R?)), p> 1, ¢ > 2,

where the right-hand side is a gradient of a certain function H. Consequently, using (4.12), (4.13) we may infer that

/ i&uﬁ Vg P(Tsa 95) - MERE aP(anﬁ) — ¢l — p(ésag) dz dt = X(E’ 77)
o do 09

Moreover, by the same token, we obtain

1 0. Ip(o.,) dp(a., V) _ / T / 1
/ /Qerg z( 90 R. + 55 T. ) dz dt =n(e,6) + ; Q595u5 Vi (aRe + BT:) dz dt.

Making use of the identity

/ / —ocue -V, (aR: + BT:) da dt = / / 0:u, - 0; VP dadt
Q¢ R3

we may rewrite (6.3) in the form

T 1 t=1
& <Qsﬂ957us rsv@€7Us) (T) < X(€777) + C/ & <Qsﬂ957us rsvgeaUE) dt + |:/ §*|vmq)6|2 d:L':| (6'4)
0 o 2 t=0
_*/ / Q¢ 957 e (Tm E))atTE + 0e (S(Qaa 795) - S(Tm @a)>ua : VxTe:| dz dt
Q
/ / 8tp(7’5, ) dz dt — —/ / p(0s,9:) — (0., )) Ad, dx dt
+/ R—QEUEVdedt—//Qg_ -V, F dz dt
0o Ja Te
—|—f—/ /Hgsus V. Fdzx dt—:—/ /GQEV V. F dz dt.
Finally, we use the fact that
aR, + BT, =0, (6.5)
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and that T, and 6 satisfy the same equation (see (5.21) and (1.13)) with the initial data given by (5.22), (3.5),
respectively, to deduce that

t=1

1
7"57@5,U5) dt + U 75|V, 2. dx} (6.6)
Q

t=0

& (gs,ﬂa,ue

0. U) (1) <xem +e | & (o,
0

—*/ / Qe s(0e,9:) (ra,@e))&sTs+Qs(8(gsﬂ95)—8(ra®s)>us-VxTE} dx dt

+7/ /(Ta—ge)*atp(ra, ) d dt——/ / (0, 9e) (ge,ﬁ))Aq)E dz dt
e Jo Ja r Q
//95_ VFdxdtf:—//é)gEvVFdxdt

6.4 Replacing velocity in the entropy convective term

Our intention in this section is to “replace” u. by U, in the remaining (last) convective term in (6.6). To this end,

we write o
/ / 5(0e, Je) S(Ta’ E)ug -V,T. dz dt

:/ /QES(QE’?}E)_S(TE’@E)UE.VITE dx dt+/ /QES(QE7195)_S(TE,®E) (us_Ua)'V:st d.'L' dt,
o Ja € 0 Jo €

where o
ge{ 0z, Ve) = s(re, 5)} (0. - U.) - V,T. dxdt‘
2 2
T e le 195_@6
n)//<95|ug—UE|2+HQ T} +H } )dxdt
0 JQ € ess € ess
< C/ g(Qe,'ﬂsyua 'rs;@azUa)dt
0
and

/ / 0= [ 0c,Ue) (TS’ 96)} (ue — U,) -V, T. dz dt = x(e,n) provided 0 < a < 10/3.

res

When estimating the residual component, we have first deduced from (2.9 - 2.13) the inequality

ols(e,9)| < ¢ (9* + ol log(o)| + ellog(¥)] ") (6.7)
and then employed the estimates (4.6-4.7) for o., ¥., together with the estimates (5.15-5.18) for R., T, V,®., and
(2.18) for v.

Consequently, we can can rewrite inequality (6.6) in the form
T 71 9 t=1
E. (g,;,ﬁg,uE rE,@E,UE) (1) <x(e,m)+ec | & (gg,ﬁg,uE rE,@E,UE) dt + Q§|VCL.<I>E| dx (6.8)
0 Q t=0
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—f// c (s(0e,0:) = 5(r,02) )T + 02 (5(02.9:) = 5(re, ©.) ) Ue - VT2 da dt

—l——z/ /(re—gg)—atp(rg,e) ) dz dt——/ / (0, 0e) (Qa,ﬂ))A(PE dz dt
9 0 T
/ /gsi V- VFdzdt—:f/ /QQEV V. F dx dt.

6.5 The entropy and the pressure
6.5.1 Handling the residual component

To begin, we observe that the residual components of all integrals on the second and third line of inequality (6.8) are
negligible. To this end, we first use the estimates (5.15 - 5.18), (5.19), (5.20), together with the equations (5.2 - 5.5),
to deduce

sup €l|0sRe(t,-)||Lo(rs), sup el|lOTe(t,-)||Lo(r3) < An), (6.9)
te[0,T) te[0,T]
gHatRE(ta')HLC’O(R?’) — 0, €||atT5(t,')HLoo(R3) — 0 for any t > 0. (610)

Now, we employ these relations in combination with the uniform estimates (4.6); after a long but straightforward
calculation, we finally get the desired result, namely

-2 / | [lex (steerv) =560 0) 0T, + . (s(0.90) = 2. 00) UV, J et (611

1 T O — T¢ _ = .
_?/() /Q{ - 3tp(7'5,®5)} dz dt — —/ / p(0e,9¢) p(gs,ﬁ)>A<I)ELCS dz dt = x(g,n)

6.5.2 Handling the essential component

In view of the preceding Section, we have to handle solely the essential part of the integrals at the first and second line
of formula (6.8) whose integrands can be, roughly speaking, replaced by their linearization at g., 9. Since we already
know that the corresponding residual components are negligible, we may omit the symbol []ess in all integrands.

We check that

2 [ e (o0 = 502 00)0T. + (021 0.) = 572, ©)) U V7] e (6.12)

62/ /@5 e Bup(r. ©.) d df — = // (0., 0 (95719))A<I>5dmdt
_/ /(5 = E—B&;TE)(@tTngUE-VxTE) dz dt
//95 =P, <aR + BT. dxdt+/ /952+a5 Qagga+ﬁ 5)at<ozR5+6Ts) dz dt

ap Qa 8p<§aa 19) Qs — Qe / / ap 19) ap(@av 19) 196 - 5
_ A(I) — Aq)e s 1)y
/ /Q€< 90 . dz dt + L 50 50 5 dz dt + x(e,n)
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where, in accordance with the dispersive estimates (5.14), (5.15) and (2.20),

// ap@ ) _ Op(@.,0) o= — @EM, dde// 8pg, ) 9p(2.,9) e = £ g de di = yern).
Q€ do Q€ 09 €

Consequently, we get

[ Lo (steev) = st 00) 0T + 002100 (02, 02)) UL 9.72] ot (6.13)

/ /95 e oyp(re. 0. da dthQ/ / ploe02) — pl(2.,7)) A, da dt

- / ) (6TE - ﬁRE)atTe dadt + /O | R, (aRE + 6T5> de dt

- UO/Q (5196;57 96 )orT. do dt+/ / 52+a5 fﬁ - 62Ta6ﬁ€;ﬁ>3t<aRg+ﬂTs) do dt]
/ / ©. QEE )UE~VmTE dx dt + x(e,n).
In the next steps, we use the identities
(8% + ad)T = B(aR + BT) + a(dT — BR), (52 + ad)R = 6(aR + BT) — B(6T — AR), (6.14)
to compute, . .

/0 /Q (6T5 - ,BRE)atTE da dt+/0 /QREGt (aRg +,6’T5) de dt (6.15)

_ /0 ’ /Q E f -5 (07— 8R )0, (aR. 1 8T.) + 55 (o7, — BR.) 0, (5T - 5. )

+ﬁ (ozRE + ﬁTE)at (aRE n ,BTE> - ﬁ (6TE - BRE)@ (ozRE + 5TE)} da dt

1 1) T 1 a T
= —-— £ T€2d - 5T€_ €2d
2ﬁ2+a6[/9|a1% + BT 4 oy e 5[/ BR.| x]o,

where we have used (5.2).
Similarly, we get

T (590 ge-—0 i B o0.—7  B5 9.-V
_/O /Q(a — B )&sngxdt—/O /Q(Buaa s = )0(oB 40T drdt (616)

_ ﬁ2+a5// v - = )8t(5T BR.) dr di

Finally, the last line on the right-hand side of (6.13) reads

T 1957 £ e e
—/ / (5 O: gl >U5~VxTE da dt (6.17)
0 Q (3 13
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:_52fa6 /OT/Q (61%;@5 _ﬂQs;Ts)Us.vx<aRs+5TE) de dt
—ﬁgiag/;/g(éﬁ:@e —pE—)U. -V, (3T — BR.) da dt

:‘miaa/of/ﬂ (65720 — 5% UL VL (ST, — BR.) e i+ x(e),

where we have used the dispersive estimates (5.15).
Summing up the previous integrals and using equation (5.5) we may infer that

—f/ / 95 s(0=, ) (rg,@€)>3tT5+gg(s(ge,19€)—s(rm@a))Ug-VmTe} da dt (6.18)

1 i Qe — Te 1 i — 7
_;2/0 /Q - Op(re, ©c) dx dt—g—z/ /Q(p(gE719€)—p(g,ﬂ))A(I)E dz dt
1 1) 1 o T
= 57%% 5 & € Tazd Py T, — 52d
e A 4 * 3 g |, R ‘"”]o

c ) \Y% C F dadt +
524—()4(5/ / 3 X(€ ?7)
Finally, we use relation (411) to obtain that

B ’ 795*E 0e — 0 o T 0 — O¢
s 9(5 — — g% )v Vel dedi= || Sy VoF dedit x(en)

while due to (5.5) and (6.5)

1 « T8 [T
S OT. — BR|? dz| =C T,v -V, F dz dt .n).
WW[/SJ BR.| x]o [ T var d as o)

As 6 and T, satisfy the same transport equation and the acoustic system (5.2), (5.3) conserves the total energy,
we may use the previous estimates to rewrite (6.8) in the final form:

re, @E,UE> dt, (6.19)

& (Qsa'l96aue T€a®57Us) (T) < X(E,ﬁ) +C/ & (9651967116
0

which, performing the limit (i) for e — 0, and then (ii) n — 0, yields the conclusion of Theorem 3.1.
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