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1 Introduction

This is a survey on some recent results concerning scaling and the related singular limits in the models
of complete fluids. We start by introducing the Navier-Stokes-Fourier system in the “entropy” form:

0o + div,(pu) = 0, (1.1)
Oi(ou) + div,(ou ® u) + V,p(e,v) = div,S(d, V,u), (1.2)
Ou(0s(0,9)) + div, (os(0, )u) + div, (W) ~0 0= (s V- & W) (13

The system (1.1 - 1.3) governs the evolution of a compressible, viscous, and heat conducting fluid
described in terms of the mass density o = o(t, ), the absolute temperature ¥ = ¥(t,z), and the
velocity field u = u(t,z) in the Eulerian reference system, see Gallavotti [22]. Furthermore, the
symbol S = (v, V,u) stands for the viscous stress, here given by the standard Newton rheological
law

2
S(¥, Vyu) = p(v) <qu +Viu-— 3divgcu]I) + n(9)div,ul, (1.4)
and q(v, V1) is the heat flux determined by the Fourier law

q=—k(V)V,0. (1.5)



Finally, p = p(o, ¥) is the pressure and s = s(p,v) the specific entropy related to the specific internal
energy e = e(p,19) via Gibbs’ equation

¥Ds(o,9) = De(p,9) + p(o,9)D (;) : (1.6)

In addition to (1.6) we impose the thermodynamic stability hypothesis

p(o, )
do

de(o,7)
oY

> 0, >0 (1.7)

that will play a crucial role in the analysis (see Callen [9] for the physical background of (1.6), (1.7)).

Equations (1.1 - 1.3) represent our primitive system that is supposed to provide a complete
description of a given fluid in motion. Given the enormous scope of applications of continuum
fluid mechanics, solutions of the Navier-Stokes-Fourier system describe the motion of general gases
and compressible liquids around or without presence of rigid bodies, the atmosphere and oceans
in meteorology, and even the evolution of gaseous stars. Obviously, these phenomena may occur
on very different time and spatial scales, where simplified models may provide equally good if not
better picture of reality. Our goal is to show how these models can be rigorously derived as singular
limits of a scaled version of (1.1 - 1.3), where certain characteristic numbers tend to zero or become
excessively large.

1.1 Scaling and dimensionless equations

The method of scaling is well known and frequently used in engineering. Instead of considering
the physical quantities in their original (typically S.I.) units, we replace a quantity X by X/Xepar,
where X, is the characteristic value of X. Applying this procedure to the system (1.1 - 1.3) and
keeping the same symbols for physical quantities and their dimensionless counterparts, we arrive at
the following scaled Navier-Stokes-Fourier system:

[Sr]0y0 + div,(ou) = 0, (1.8)

[St]4(ou) + diva(ou ® u) + [Mlarz] V.o, ) = [ée] div,5(0, V,u), (19)
[Sr]0;(0s(0,1)) + div,(os(0, 9)u) + [PI(J div, (g) =0,0= 119 <[1\1/I§j} S:V,u-— [PIJ 4 51,49) ,

(1.10)

with the characteristic numbers:



Strouhal number (Cenék Strouhal [1850-1922)):

length
[SI’] - eng cha}r :
timecyar velocity g,
e Mach number (Ernst Mach [1838-1916)):
velocity ..,

[Ma] = :
\/ pressure,,, /density ..

Reynolds number (Osborne Reynolds [1842-1912]):

_ density,,, velocity g, length
- )

[Re]

VISCOSItY oy

Péclet number (Jean Claude Eugene Péclet [1793-1857]):

Pe] — pressure,, velocity .. length .

heat conductivity,,, temperature

char

As a matter of fact, specific values of characteristic numbers may correspond to physically different
systems. For instance, high Reynolds number may be associated to low viscosity of the fluid or to
extremely large length scales. We refer to the survey of Klein et al [30] for a thorough discussion of
singular limits and the applications of scaling in numerical analysis.

1.2 Inviscid, incompressible limit

We focus on the situation when
Sr=1, Ma=¢, Re=¢% Pe=¢""? a,b>0,

where € > 0 is a small parameter. Our goal is to identify the limit system for ¢ — 0, meaning the
wwiscid, incompressible limit of the scaled Navier-Stokes-Fourier system:

0o + div,(pu) = 0, (1.11)

1
Oi(ou) + div,(ou ® u) + gvxp(g, ¥) = ediv,S(d, V,u), (1.12)
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1 )
d,(0s(0,1)) + div,(os(0,9)u) + bdiv, <) =00=7 (52+“S :Veu—ce 0) : (1.13)
supplemented with the initial conditions:

9(07 ) = 00, = 0+ 6@((]27 19<07 ) = 190,6 = 5 + 519827 11(07 ) = Up, (114)

where the reference values g, ¥ are positive constants. Note that the initial distribution of the density
and the temperature are prepared anticipating the constant values expected in the asymptotic limit
for e — 0.

1.3 Limit system

Formally, it is easy to identify the limit system of equations. Indeed the fact that the Mach number
is small indicates incompressibility of the limit fluid flow; whence the limit system reads:

div,v = 0, (1.15)
Ov + div,(v®@v) + V. II =0, (1.16)
0T +v -V, T =0, (1.17)

which is nothing other than the incompressible Fuler system, supplemented with the transport equa-
tion for the temperature deviation 7,

T%limﬁs_ﬁ.

e—0 £

1.4 Boundary conditions

Real fluid systems are typically confined to a physical space - a domain  C R3. Accordingly, the
boundary behavior of certain quantities must be specified. In order to avoid the so far unsurmountable
problem of the boundary layer in the inviscid limit, see for instance Kato [26], we restrict ourselves
to the Nawvier slip boundary condition

u-nlspg =0, €[S, Vyu)nli, + () ulsq =0, ¢, 5 > 0. (1.18)

In addition, we impose the no-flux condition for the total energy, specifically, in terms of the heat
flux q,

q(¥, V,9) - n|osg = —Beuoq, d=2+a—c—b. (1.19)

Condition (1.19) implies, in particular, that the total energy of the system is a conserved quantity:
d 2 112 _

&/Q (5 olul|* + oe(o, 19)) dz = 0. (1.20)



1.5 Singular limit

Our main goal is to discuss the singular limit process from the scaled Navier-Stokes-Fourier system
(1.11 - 1.14), supplemented with the boundary conditions (1.18), (1.19), to the target Euler system
(1.15 - 1.17) as € — 0. Our working plan reads as follows:

e In Section 2, we introduce the relative entropy inequality together with the concept of dissipa-
tive solutions to the (primitive) Navier-Stokes-Fourier system.

e We use the relative entropy inequality to derive stability estimates for the solutions of the
scaled system, see Section 3.

e In Section 4, we analyze the asymptotic behavior of acoustic waves and show the relevant
dispersive estimates.

e Section 5 contains final comments and concluding remarks.

2 Weak and dissipative solutions

Solutions of the system (1.11 - 1.13), (1.18), (1.19) satisfy, together with the total energy balance
(1.20), the total entropy production relation in the form

d g

= W) de= [ odo+eoe [ Clupas,, 2.1

dt/ggs(g, ) dx o r+e 8919’11’ (2.1)
Thus, adding (1.20), (2.1) together, we obtain

d 1 2 1 @ a—c 5 2 .
dt/g {2@11’ + = (Qe(Q, V) — ©ps(o, 19)) dz + 2 ), dz + O¢ /(99 19’“’ dS, =0 (2.2)

for any positive constant ©. Relation (2.2) is usually termed total dissipation balance. The functional

(0,9,u) /Q [;Q|u|2 + ;(Qe(g, 9¥) — Ops(o, 19))] dz

turns out to be a Lyapunov function for the Navier-Stokes-Fourier system.



2.1 Ballistic free energy

The functional
Ho(o,9) = o(e(0,9) — Os(e, ) (2.3)

is called ballistic free energy, see Ericksen [15].
It is a routine matter to compute
2H, 1 H
0 9(@7 @> _ 78]9(@, @) and 0 9(@79) _ Qas(gaﬁ)(ﬁ_e))
00? o 0Jo oY oY

Using the hypothesis of thermodynamic stability (1.7) we therefore conclude that
0+ Hg(p,0) is strictly convex, (2.4)

and
¥ +— Hg(po,7) is decreasing for ¢ < © and increasing for ¢ > © for any fixed p. (2.5)

2.2 Relative entropy

Motivated by the discussion in the preceding section, we introduce the relative entropy functional in
the form

£ (0,9,u[r,0,U) (2.6)
= [, (et~ VP + fale.0) - 0D ) - o)) ar

In the light of the coercivity properties (2.4), (2.5), it is easy to check that the relative entropy
represents a kind of distance between the trio (g,7,u) and (r,0,U). Going back to the total
dissipation inequality (2.2) we obtain

d — @ J.a—c 6 2 _
&6’5 (Q,ﬁ,u g,ﬂ,O)—l—g—z/ﬂa dx + e /mglu] ds, =0, (2.7)
where we have set
£ (0,9,ulr,0,U) (2.8)
. 1 2 1 8H@(r, @)
= [ 3o - 0P+ % (Halon) - 28001y - Ha(r0)) | ar



and where 9, U are the positive constants appearing in the initial conditions (1.14), chosen in such a
way that, at least formally,
/Q(g—@) dr =0 (2.9)
If Q is a bounded domain, the satisfaction of (2.9) is guaranteed if the perturbation Qé}g is taken
of zero integral mean as the total mass of the fluid

My :/QQ(ta') dz

is a constant of motion. In general, the constants g, ¥ will be always chosen in such a way that (2.7)
holds. The trio (g, ,0) is trivially a solution to the Navier-Stokes-Fourier system (1.1 - 1.3) that is
called a static state. In view of the coercivity properties of the relative entropy established in (2.4),
(2.5), relation (2.8) yields stability of the “static” states with respect to perturbations.

Our next goal is to derive a relation (inequality) similar to (2.7) provided (p,9,u) is a weak
solution of the Navier-Stokes-Fourier system, and (r,©,U) is an arbitrary trio of “test functions”
satisfying natural boundary conditions. To this end, a short excursion in the theory of weak solutions
to the Navier-Stokes-Fourier system is needed.

2.3 Weak solutions

Following [19, Chapter 3] we introduce the concept of weak solution to the Navier-Stokes-Fourier
system (1.1 - 1.3), with the boundary conditions (1.18), (1.19), and the initial conditions

0(0,+) = 0o, V(0,-) = o, u(0,-) = uo. (2.10)

To simplify presentation, we suppose that Q C R? is a bounded domain with smooth boundary.

2.3.1 Constitutive relations

Besides the existing restrictions imposed on the thermodynamic functions p, e, and s through Gibbs’
equation (1.6) and the thermodynamic stability hypothesis (1.7), we introduce rather technical but
still physically grounded assumptions required by the existence theory developed in [19]. More
specifically, we suppose that the pressure p is given in the form

0 a
p(0,9) = 97/2P (W) + 504 a0, P(0)=0. (2.11)

Here, the term proportional to ¥* is attributed to the radiation pressure, while the specific form

5/2 0
PP ()
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can be derived from the Gibbs’ equation (1.6) as the universal formula for the monoatomic gas
satisfying

9
p(0,9) = 596(9, V),

see [19, Chapter 1].
Accordingly, we take

3, (037 0 a4
and ta
0 a
s(p,9) =S8 <) 4+ ——, 2.13
(0)=5(555) + 5 (213)
where

35P(Z)—-P(2)Z

!/ Z - _ = 3

§(2) = - 72

The thermodynamic stability hypothesis (1.7) stated in terms of the structural properties of the

function P gives rise to:

5p(Z) — P(2)Z

P(Z)>0,0<3 o <cforall Z>0. (2.14)

In particular, the function Z ~— P(Z)/Z%/ is non-increasing, and we take

lim P(2)

750 Z5/3

= Poo > 0. (2.15)

Finally, the Third law of thermodynamics is imposed through

lim S(Z) = 0. (2.16)

Z—00

As for the transport coefficients p, A\, § and k, we shall assume that they are continuously
differentiable functions of the absolute temperature 9 € [0, 00) satisfying:

1 € C'[0,00) is globally Lipschitz continuous, 0 < p(1+9) < u(d), (2.17)
0 <) <1 +7), (2.18)

and
B(1+19) < BW) < B(1+9), s(1+9°) < k() <E(1+9°). (2.19)



2.3.2 Variational formulation

We introduce a weak (variational) formulation of the Navier-Stokes-Fourier system, taking into ac-
count the boundary conditions (1.18), (1.19), together with the initial conditions (2.10), see [19,
Chapter 3].

We say that a trio (0,9, u) is a weak solution of the (unscaled) Navier-Stokes-Fourier system (1.1
- 1.3) if

0> 0, 0€ Coene([0, T]: L¥3(Q)) N1 LU(0, T) x Q) for a certain ¢ > g (2.20)
¥ > 0a.a. in (0,7)xQ, ¥ € L=(0,T; L*(Q))NL*(0,T; W(Q)), log(d) € L*(0,T; W'(Q)), (2.21)
uc L0, T;WH(Q; R?)), u-nlsgg =0, ou € Cyear([0,T]; L¥4(Q)), (2.22)

and the following integral identities are satisfied:
[eettyde] = [" [ (ot ou- V) do i (2.23)
Q +=0 0 Q
for any 7 € [0,77], and any ¢ € C°([0,T] x Q);

Uggu-w(t

- /0 /Q(Qu 0o+ (ou x ) : Vep + plo,)divep —S: Vyep) de dt (2.24)

— /T fu - dS,
0 Joo
for any 7 € [0,77], and any ¢ € C°([0,T] x Q; R?), ¢ - n|gq = 0;

U o0s(0,7 dﬂs} >/ / (QS 0,0)0,p + 05(0, V) - Voo + 3 - szo—S> dz dt  (2.25)
t=0 U

T 1 . T
+/ /— S:Vyu— 2 Vsl @ dx dt+/ / Blul*p dS, dt
0o Ja Y 0o Joo

for a.a. 7 € (0,77, and any ¢ € C>([0,T] x Q), ¢ > 0.

Since the weak formulation is stated for the unscaled system, we have taken € = 1 in the boundary
conditions (1.18), (1.19). Note that the initial conditions are “hidden” in the quantities on the left-
hand side of the above integral formulas.

While the integral identities (2.23), (2.24) represent the standard weak formulation of the equa-
tions (1.1), (1.2), the reader will have noticed that the entropy balance (1.3) has been replaced by
inequality (2.25) corresponding to the entropy production rate

q- V.0
3 )

02119<S:qu—
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In order to compensate for this obvious lack of information, the variational formulation will be
augmented, similarly to [19, Chapter 3], by the total energy balance

T

[/ <1g\u|2 + oe(p, 19)) dx} =0 for a.a. 7 € [0, T]. (2.26)
Q\2 t=0

It can be shown that any weak solution that is sufficiently smooth solves the system of equations
(1.1 - 1.3), see [19, Chapter 2]. The resulting concept of weak solution is mathematically tractable.
In particular, we report the following global-in-time existence result in the class of weak solutions,
see [19, Theorems 3.1,3.2].

Theorem 2.1 Let Q C R? be a bounded domain of class C**. Suppose that the thermodynamic
functions p, e, s, and the transport coefficients u, n, 8, K comply with the structural restrictions
introduced in Section 2.3.1. Finally, let the initial data be taken such that

1
00>0, ¥9>0 a.a inQ, Ey= / <2Q0|u0]2 + Qoe(go,ﬁ0)> dzr < o0o.
Q

Then the Navier-Stokes-Fourier possesses a weak solution in (0,T) xS for any T > 0 in the sense
specified through (2.20 - 2.26).

Possible generalizations with respect to the structural properties of p, e, and s as well as relaxation
of the growth conditions (2.17), (2.18) are discussed at length in [19, Chapter 3]. We also remark
that the initial density oo may be taken only non-negative in €2, however, such a generalization seems
to be at odds with the standard derivation of the Navier-Stokes system as a model of non-dilute
fluids.

An alternative approach in the framework of weak solutions to the Navier-Stokes-Fourier system
was proposed by Bresch and Desjardins [5], [6]. They assume that the viscosity coefficients dependent
on the density g in a special way and derive a priori bounds on the density gradient in certain function
spaces.

2.4 Dissipative solutions

The dissipative solutions of the Navier-Stokes-Fourier system will be characterized by relative entropy
inequality we are going to derive. After a bit tedious but absolutely routine manipulation we obtain

{5 (g,ﬂ,u’r, @,U)LT:O (2.27)
+/OT/Q? <S(19,V$u) R Vfg) ' Vﬁ) dz dt + /0 /m (?96|u|2 ds, dt

11



<// (.U +u- VU) (U — u) +5(d, V,u) : V,U) dxdt+/07/mﬁu-Udedt

+/ / ple,9))divU + = (U u) - Vap(r, ©)] dadt
_/ / ( —5(r.0))0,0 + o(s(0.9) — () Ju - V,0 + W : vx@> dz dt

+ /OT /Q %(@p(r, ©)+ U V.p(r, @)> d dt

for any (smooth) solution (g, ¥, u) of the Navier-Stokes-Fourier system and any trio of smooth “test”
functions (r, ©, U) satisfying
r>0 606>0U0- 1’1‘39 =0, (2.28)

see [18].
Relation (2.27) is called relative entropy inequality. Our next observation is that it can be extended
to the class of weak solutions. Indeed we may write

6
5(@5 717@7U) :ZL,
i=1
where .
L = /Q (29|u|2 + oe(o, 19)) dz,
1
I = —/ ou-Udz, I :/ ~o|UJ? da,
Q Q2
H
_/ QS(Q719)6 dfl?, [5 = _/ MQ dﬂf,
[¢) Q do
and

. 6H@(r @)
]6_/Q<5Q — H(r, @)) dz.

Since the functions (r,®, U) are smooth and U satisfies the relevant boundary conditions, all quan-
tities [[;]]_, can be expressed by means of the weak formulation (2.23 - 2.26), cf. [18] for details.

Motivated by a similar definition introduced by DiPerna and Lions [33] in the context of inviscid
fluids, we say that (o, v, 1) is a dissipative solution to the Navier-Stokes-Fourier system if the relative
entropy inequality (2.27) holds for all smooth test functions satisfying (2.28).

As we have just observed, the weak solutions of the Navier-Stokes-Fourier system in a bounded
regular domain {2 are dissipative solutions. The relative entropy inequality is a powerful tool that
has been successfully applied to the following topics:

12



e the unconditional stability of the static states and attractors for the full Navier-Stokes-Fourier
system, see [21];

e the problem of weak-strong uniqueness, see [18];
e the singular limits for low Mach and high Reynolds and Péclet numbers, see [17].

Here, we focus on the last issue discussing the limit ¢ — 0 in the scaled system.

2.4.1 Possible extensions

The concept of dissipative solution can be easily extended to problems on general unbounded domains.
In such a situation, the constants g, ¢ are taken to characterize the far field behavior, specifically,

0— 0, ¥ — U as |z| — oo. (2.29)
Moreover, we shall always assume that the velocity vanishes for large x,
u— 0 as |z| — oo. (2.30)

Now, the relative entropy inequality remains formally the same as (2.27), where, in addition to
(2.28), the test functions r, ©, U admit suitable “far field” behavior. We may assume that

r—2, 9—79, UeC>(0,T] x Q), (2.31)

or that they decay rapidly to their asymptotic limits depending on the integrability of the weak
solutions.

As the relative entropy inequality contains a complete piece of information we need to perform
the singular limit we are interested in, we focus in the future only on dissipative solutions. Note that
the global-in-time existence of dissipative solutions occupying a general unbounded physical space
can be easily shown via the method of invading domains, where we construct weak (dissipative)
solutions on a family of bounded domains

QOp = QN {jz| < R}

and let R — oo, see Jesslé, Jin, and Novotny [23].
Since in the future we will deal exclusively with the scaled system (1.11 - 1.13), we start by
reformulating (2.27) in the e—framework:

[55 (g, ¥, u'r, o, U)} (2.32)

p
t=0

13



// ( S(¥, Vu) ; Vu—s“qug) Vﬁ) dxdt+5“c// 6B| 2 ds, dt

<// (01U +u-V,U) - (U~ u) +£"5(9, V,u) : V,U) da dt+5‘”/0 [ u-uas, dt

5 / " [ (0. ©) — plo)dvU + £(U —w) - Vp(r, €)] dads
/ / ( —5(r,0))90 + o(s(0,9) — 5(.0))u- V.0 + &‘W : vz@> d dt
/ / ¢(0ip(r,©) + U - V,p(r,0)) du dt
for all test functions
r>0,0>0 U-nl|pag=0, o—7, 9 -0 € C(0,T] xQ), Ue C(0,T] x 4 R*). (2.33)

As we shall see in the next section, the integrability properties of the dissipative solutions on
unbounded domains are slightly different from those on bounded ones. As a matter of fact, they
follow directly from (2.32).

3 Uniform bounds, stability

Anticipating the existence of global-in-time dissipative solutions (g., J., u.) satisfying the relative
entropy inequality (2.32), we derive uniform bounds independent of ¢ — 0. To this end, it is
convenient to introduce the following notation:

h = hess + hreS7 hess - \11(95,795>h7 hres =h— heSS7

¥ € C(0,00)%, 0< ¥ <1, ¥=1on an open neighborhood of the point (g,)

for any measurable function h. The idea behind this notation is the it is the essential component
hess that bears all the relevant information while the residual part h.. disappears in the asymptotic
limit, see [19, Chapter 4] for details.

3.1 Coercivity of the relative entropy and uniform bounds

Let K € K C (0,00)? be an open set containing (r, ©). It follows from relations (2.4), (2.5), and the
structural restrictions imposed of the functions e, s in Section 2.3.1 that

OHg(r, 0
ol )Q

H@(Qaﬁ)_ 8@ (

—7) = Ho(r,0) > ¢(K) (Jo— r[* + [ — O?) for all (¢,0) € K, (3.1)

14



8H@ (T’, @)
do

> c(K) (1+ ge(p,9) + 0s(0,9)) whenever (o,7) € [0,00)? \ K,
see [19, Chapter 3, Proposition 3.2].

He(0,7) — (0 —r)— He(r,0) (3.2)

3.1.1 First application of the relative entropy inequality

The desired uniform bounds follow immediately from the relative entropy inequality (2.32) evaluated
at r =79, © =19, U = 0 yielding

{S (Qg,ﬂg,ug 0,7, O)} o (3.3)
e, V0 I, J
// ( §(0., Vo) : Vyu, — 290 Vale) - Vo )d dt + ¢ // 5 )iy ? dS, dt
V. o0 V.
<0.
Observing that &, (9075, Yo.e, Uo |0, 9, O) remains bounded for ¢ — 0 as soon as we have
(V) oY) < 3.4
0ol 2nree ) + V0l 2nze (@) + o ell2irs) < ¢ (3.4)
n (1.14), we deduce the following list of estimates:
ess sup |[y/oeu:|lr2(a;ms) < ¢ (3.5)
te(0,T)

ess sup [Qa — Q] <e, (3.6)

te(0,T) € esslIL2(Q)

V. — 1

ess sup [ ] <cg, (3.7)

t€(0,T) € essllL2(0)

5/3 4
GSStS(lép) |:||]-res||L1(Q) + ||[Q€]reb||L/»‘/3 + ”[ ]res||L4(Q)} = 6267 (38)
€
together with the “integral” bounds:
T 2 2 T
e / / ‘Vmua +Viw — Sdiveud| de dt 49 / / . |? dS, dt < ¢, (3.9)
0 Ja 3 0 Joo
T
£b-2 / / IV, 0% dz dt < e, (3.10)
0o Jo

where all constants are independent of £ — 0.
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3.2 Convergence

The uniform bounds (3.5 - 3.10) are sufficient to pass to the limit in the family of solutions (o, 9., u.)
for ¢ — 0. We obtain, in accordance with (3.5), (3.6), and (3.8),

ess sup |lo:(t, ") — 0l L2)4L5/3(0) < €C (3.11)
te(0,T)
V. — 0 : 2
— T weakly-(*) in L>(0,T; L7(2)), (3.12)
5
and
Vo-u. — 0 weakly-(*) in L>(0, T; L*(Q; R?)). (3.13)

3.2.1 Another use of the relative entropy inequality

Of course, our goal is to show that @ = y/ov, where v is a solution of the limit Euler system (1.15),
(1.16), and that 7 solves the transport equation (1.17). To this end, we use again the relative
entropy inequality (2.32), this time for the choice of “test functions” that corresponds to the first
order e—approximation. Specifically, we rewrite formally the system (1.11 - 1.13) as

gatQE - Q
9

+ div,(g-u.) =0, (3.14)

A T
20, (e0) + V., (&;p(@, D=L+ 0y(2.9) = >:F (3.15)

*196_@ — — q\ Y — . — 7*195_5 — — q\ ¥ —
o (0005202 1 20,0022 ) v, | (000529 4 20002 ] =
(3.16)
where, in view of the uniform bounds established in Section 3.1.1, the “forces” Fy ., F5 . tend to zero
for e — 0.
Thus we have

0: 0+ ¢eRe, V. V4T, u. = v+ V, P,
where v is a solution of the Euler system (1.15), (1.16), and the functions R., 7., ®. satisfy the
acoustic equation
O (aR. + T.) + wAP, = 0,
V., 0. + V, (aR. + 7:) = 0, (3.17)
V.. - nfpq =0,
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together with the transport equation
0y (07: — BR.) + div, [(07: — BR.) (v + V,D.)] =0, (3.18)

see [17] for details.
In accordance with (3.14 - 3.16),

1 — 1 o i
o= 5(9@10(@, 9)>0, f= Eaﬂp(g’ V), § =009s(0,9) >0, w=170 (a + i) > 0.

The initial values are determined in accordance with (1.14), more specifically, we set

R€(07 ) = R0,6,5 = [Q(()}g}éa 7:.‘(07 ) = 76,6,5 = [1988)}6’

while

Vo = H[uo], vxq)(),s = VICDO,EJ = {HL [uO,EH(57

where H denotes the standard Helmholtz projection onto the space of solenoidal functions in (2,
and where [-]; are suitable regularizing operators specified in Section 4.2 below. The reason for
regularizing the data is that we want to take

r=r.=R.,0=0.,=7, U=U, =v+ V,0,

as test functions in the relative entropy inequality (2.32).
Seeing that

& (0e, 0,1

Te, @5, Ug) (0) ~ /Q 00,e H[UO,E - uO] + HJ_ [uO,E] - {HL [uO,E]hf dz

[ 12 L o2 - )

we suppose that

g&g — ggl) in L?(Q) and weakly-(*) in L>(12), (3.19)
95 — 95" in L2(Q) and weakly-(*) in L=(Q), (3.20)

and
u. — ug in L*(Q; R?). (3.21)

The leading idea of the proof of convergence towards the limit (target) system is to let first € — 0,
then § — 0, in the relative entropy inequality and to use a Gronwall type argument to “absorb” all
terms in the remainder on the right-hand side of (2.32). This step was performed in full detail in [17]
in the case = R3. The same procedure can be repeated for a general unbounded domain Q C R3
as soon as we make sure that:

17



e the Euler system (1.15), (1.16) possesses a regular solution on some time interval [0, Ti,ax) for
the initial datum

v(0,-) = Hlul;

e the acoustic waves described by the system (3.17) become “negligible”, meaning vanish, in the
asymptotic limit ¢ — 0.

These issues will be addressed in the remaining part of the paper.

3.3 Solvability of the Euler system

The Euler system (1.15), (1.16) is well known to possess local-in-time regular solutions provided the
initial datum vy is sufficiently smooth. Results of this type were obtained by many authors, see
Beirao da Veiga [4], Kato [25], Kato and Lai [27], among others. Moreover, in their remarkable work,
Beale, Kato, and Majda [3] identified a celebrated regularity criterion, namely, the local smooth
solution v can be extended up to the critical time T,,,, provided

Tmax
/ |lcurl v~ dt < occ.
0

Of course, these results depend also on the geometry of the underlying physical space (2. Starting
with the known local existence result of Kato and Lai [27] on bounded domains, we can construct
local-in-time solutions on a general (unbounded) domain €2 by taking

Qr =Qn{|z| < R}
and passing to the limit for R — oo. Such a method works provided

e we restrict ourselves to finite energy solutions decaying to zero for |z| — oo in sufficiently
high-order Sobolev spaces;

e we are interested only in local-in-time solutions.

Indeed the technique of Kato [25], Kato and Lai [27] is based on energy estimates obtain via mul-
tiplication of the equations by v and its derivatives and the resulting existence time can be taken
independent of the size of the domain.

In what follows, we shall therefore assume that the initial velocity satisfies

vo = H[ug] € W*2(Q; R?) for a certain k > ;, (3.22)
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for which the Euler system (1.15), (1.16), supplemented with the boundary condition
v-nlgo =0 (3.23)
admits a unique solution on the time interval [0, T},.x) belonging to the class
v € C([0, Tnax), WH(Q, R?)), 0,v € C([0, Tonax); W 12(Q; R?)). (3.24)

Note that global existence of solutions to the Euler system, say in the class of weak solutions, is
a delicate problem, where many surprising new facts emerged only recently in the work by DeLellis
and Székelyhidi [13], [14], Wiedemann [38].

4 Acoustic waves

We study the decay properties of solutions to the acoustic equation (3.17) that can be written in a
more concise form as

eOZ +AD =0, 0,9+ 7 =0, (4.1)
VP nlgg =0, &, 7 — 0 as |z| — oo, (4.2)
®(07 ) = (DOa Z(O7 ) - ZO; (43)

which is nothing other than a (scaled) linear wave equation for the acoustic potential ® supplemented
with the homogeneous Neumann boundary conditions. For the sake of simplicity, we dropped the
subscript € and set w = 1.

4.1 Neumann Laplacean, Duhamel’s formula

The Neumann Laplacean —Ay can be viewed as a non-negative self-adjoint operator in the Hilbert
space L?(Q) with a domain of definition

D(-Ay) = {w e Wh(Q) ‘ /szw Ve do = /Qg<b dx for a certain g € L*(Q2) and all ¢ € CSO(Q)} :

where we set
—Ayw =g.

As a consequence of the standard elliptic theory, we have

D(_AN> S VVI?)’cz(Q>7
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where the estimates can be extended up to the boundary 90€) provided the latter is smooth.
Accordingly, using the standard functional calculus related to —Ap, we can write solutions of
the acoustic equation (4.1 - 4.3) by means of Duhamel’s formula:

Bt ) = ;exp QM;) [@0 - \/%ANZO] 4 ;exp (—imz) l@o 4 \/_i_ANZO] o (44)
Z(t,) = ;exp (MED [i\/ﬂ[cbo] n Zo} n ;exp (—i@i) [—i@[@o] n ZO} . (4.5)

4.1.1 Decay and dispersive estimates

Our strategy is based on eliminating the effect of acoustic waves by means of dispersion. In other
words, if Q is “large”, solutions of (4.1 - 4.3) will decay to zero locally in space as t — oo, therefore
they will vanish as ¢ — 0 for any positive time. A direct inspection of Duhamel’s formula (4.4), (4.5)
yields immediately that such a scenario is precluded by the presence of trapped modes - eigenvalues
with corresponding eigenfunctions in L?(Q2). In particular, all bounded domains must be excluded
from future analysis.

On the other hand, the existence of eigenvalues of the Neumann Laplacean on a general unbounded
domain is a delicate and highly unstable problem, see Davies and Parnovski [12]. Examples of
domains, where Ay has void point spectrum are R3, exterior domains in R?, flat waveguides in R3,
see Lesky and Racke [32].

From now on, we shall therefore assume that the point spectrum of Ay defined in € is empty. In
such a case, the celebrated RAGE theorem can be used to obtain local decay estimates for solutions
of the acoustic equation, see Cycon et al. [11, Theorem 5.8]):

Theorem 4.1 Let H be a Hilbert space, A : D(A) C H — H a self-adjoint operator, C: H — H a
compact operator, and P, the orthogonal projection onto the space of continuity H. of A, specifically,

H=H.® clH{span{w € H | w an eigenvector of A}}

Then

— 0 as T — oo. (4.6)

1 T
—/ exp(—itA)CP.exp(itA) dt
0 L(H)

T

Taking H = L*(Q), A = v—Ay, C = x*G(—Ay), with

X EC®@), x>0, GeC>®0,00), 0<G <1,
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we may apply Theorem 4.1 for 7 = 1/¢ to obtain

[ re-ane (iy=ax1) 1

2

dt < w(5)||X||%2(Q) for any X € L*(Q), (4.7)
12(@)
where
w(e) = 0ase— 0.

Relation (4.7) is a kind of spatially and “frequency” localized estimates that are quite general and
require only the absence of eigenvalues of the operator Ay in € and certain smoothness of 9€). The
decay rate characterized through w may be arbitrarily slow depending on the geometrical properties
of 052, see [16]. The “optimal” rate w(e) = € can be achieved provided the operator Ay satisfies the
limiting absorption principle (LAP), see Leis [31], Vainberg[37] :

We say that Ay satisfies the limiting absorption principle (LAP) if the cut-off resolvent operator
(1+ ]z 0[-Ay —p+id] o (1+|z[H)2 6§>0, s> 1 (4.8)

can be extended as a bounded linear operator on L*(2) for & — 0 and p belonging to compact
subintervals of (0, 00).

If Ay satisfies (LAP), the relevant alternative to the RAGE theorem is provided by a result of
Kato [24] (see also Burq et al. [8]):

Theorem 4.2 [ Reed and Simon [34, Theorem XIII.25 and Corollary] |

Let A be a closed densely defined linear operator and H a self-adjoint densely defined linear
operator in a Hilbert space X. For A ¢ R, let Ry[\] = (H — A\d)™! denote the resolvent of H.
Suppose that

I'= sup |Ao Ry[\ o A*[v]||x < o0. (4.9)
MR, veD(4%), |vl|lx=1
Then o oo
sup —/ | Aexp(—itH)[w]||% dt < T2

weX, |w||x=1

If Ay satisfies (LAP), Theorem 4.2 yields (see [20] for details) the decay rate

2

/ ~ HXG(—AN) exp (ii —ANt> X]

dt < CHXH%Q(Q) for any X € L*(Q), (4.10)
L2()

which is, in fact, equivalent to (4.7) with w(e) = e.
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4.2 Smoothing operators

Keeping in mind the solution formulas (4.4), (4.5), we introduce the smoothing operators
[wls = Gs(v=B)[w, Gs € C=(R\{0}), Gs(~2) = Gs(Z), Z € R
(4.11)
0<Gs<1, Gs(Z) /' 1asd— 0.
First, as a consequence of the elliptic regularity,
[[w]s|lwrz@) < c(k, 6)||wl|r2q) for any k= 0,1,... (4.12)

as long as 0f) is smooth.
Next, we show that [w]s decays very fast as |x| — oo for compactly supported w. Let us take

p € C(9Q), supplp] C {|z| < R}.

Our goal is to estimate [p]s outside the ball {|z| < 2R}. To this end, we introduce a weighted
(pseudo-norm)

08 e = [, oy 1P

and write
Gs(y/—An)le) = ; | O:O Gis(t) (exp(i —Ant) + exp(—i —ANt)) [] dt,

where G5 denotes the Fourier transform of Gj.
Next, we compute

|Gsty=ax)le]

where

(exp(i —Ant) + exp(—i —ANt)> [+]

dt,

s,(2R)®

1o
<5 [ 160l
s,2R)c 2 J-oo

:/ngn+(|x| — 2R)|z|* <exp(i —Apt) + exp(—i —ANt)> (]

However, because of the finite speed of propagation of the wave operator exp(tiy/—Apnt), we
may infer that

2

<exp(i —Apt) + exp(—i —ANt)> [©]

s,(2R)¢
2

dz.

2

/Q sen® (|| — 2R)|z)* (exp(i " Ant) + exp(—i —ANt)) )| de
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2

< sgt (11| = R)(I1)+ R)™ | da

<exp(i —Apt) + exp(—i —ANt)) [¢0]

< c(s)[t*llell 2o

whence )

|65/l

Applying the same argument to —A®[p] we deduce that

o < ¢c(s,0) ||l 2(q) provided supply] C {|z| < r}.

S,

sup  |z|*|0F[w]s| < (s, 0, k)||wl| 2o for all w € L*(), supp[w] C {|z| < R}. (4.13)
z€Q,|z|>2R

4.3 Dispersive estimates revisited

The local dispersive estimates (4.7), (4.10) are not strong enough to be used in the analysis of the
inwviscid limits. Some “global” version is needed, where the cut-off function can be taken y = 1. Of
course, this is not possible with the L?2—norm as the total energy of acoustic waves is conserved. On
the other hand, if Q = R3, solutions of the system (4.1 - 4.3) satisfy the Strichartz estimates:

/_O:o Hexp (ii\/jt) [h]HZ

< Al

1 3
a(R3 -+ &, q < 00, (414)

1 p—
2 p
where H'? denotes the homogeneous Sobolev space of functions having first derivatives square inte-

grable in R? see Keel and Tao [28], Strichartz [36].
In addition, the free Laplacean satisfies also the local energy decay in the form

/_O:O HX exp (ii\/jt) [h]‘

2
Ha,Q(RS)

3
dt < () [hllfmagmsy, @ < 5, x € C2(R?), (4.15)

see Smith and Sogge [35, Lemma 2.2].
The estimates (4.14), (4.15) remain valid for the Neumann Laplacean on a ”flat” space, for
instance, on half-spaces in R3.

4.3.1 Frequency localized Strichartz estimates

We assume that 2 is a “compact” perturbation of a larger domain on which the Neumann Laplacean
satisfies the estimates (4.14), (4.15). For the sake of simplicity, we take the exterior domain Q =
R3\ K, where K is a compact, not necessarily connected set. Applications to other domains like
local perturbations of a half-space can be handled in a similar manner.
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Our goal is to show

o9 p 1 1 3
[ eamen (£i=ant) bl <dOIMlaw, 5=+t a<o (419
—o0 La(Q) 2 p ¢

for any G € C'°(0, 00), adapting the method developed by Burq [7], Smith and Sogge [35].
We start by writing

Ut,-) = G(—Ax) exp (j:i —ANt> (] = exp (ii —ANt) G(—An)[H]

as
U=v+4+w, v=xU, w=(1-x)U,

where
x € C(R?), 0 < x <1, x radially symmetric, y(z) =1 for |2| < R,

where R is so large that the ball {|z] < R} contains K.
Accordingly,
w=w' +w?,

where w! solves the homogeneous free wave equation
82tw1 — Aw' =0in R?
supplemented with the initial conditions
w'(0) = (1 = \)G(=An)[h], dw'(0) = £i(l — x)y/ ~AnG(=An)[R],

while
O w® — Aw® = F in R?,

w?(0) = Jw?(0) = 0,

with
F=-V,.xV.U—-UAy.

As a consequence of the standard Strichartz estimates (4.14), we get

o 1
[l
—00

Furthermore, using Duhamel’s formula, we obtain

[exp (i\/IT> /OT exp (—ims) [?F(s)] ds}

P P r 1 3
Lq(R3) dt S C(G)HhHHLQ(R3)7 5 - 5 + 57 q < Q. (417)

w2(7_’ )

1
2V—A
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1 T
_2 — {exp( \/_AT)/O exp (1\/ _AS) [HQF(S)] ds} )
with

n € CX(R?), 0 <n <1, nradially symmetric, n =1 on supp[F].

Similarly to [7], we use the following result of of Christ and Kiselev [10]:

Lemma 4.1 Let X andY be Banach spaces and assume that K(t, s) is a continuous function taking
its values in the space of bounded linear operators from X toY. Set

TUI0 = [ K76 ds, W0 = [ K(9)706) s

where
0<a<b<oo.

Suppose that
1T e @by < eall fllor(abix)

for certain
1<r<p<oo.

Then
Wl o pyy < call fllor i),

where co depends only on ¢y, p, and r.

We aim to apply Lemma 4.1 in the situation
2/ p3 3 L1 3
X =L*(R’%), Y =LYR’), q < o0, 527—1—7, r=2,

and
1

[ =F, K(t75)[F]: m

exp (j:i\/z(t - s)) [n*F).
Writing

/00o K(t,s)F(s) ds = exp ( \/_ eXp \/_As> [X?F(s)] ds,

tm/

we have to show, keeping in mind the Strichartz estimates (4.14), that

H/ooo exp (H1V=As) [P F(s)] ds |

S CHF|‘L2(0,OO;L2(R3))‘ (418)
R3)
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However,

H/OOO exp (:I:i\/js) [X*F(s)] ds )
= sup /Ooo <exp (:i:i\/js) [X2F(s)]; v> ds

||v||L2(R3)§1
= sup / <XF(3); X exp (—i\/ —As) [v]> ds;
HUHL2(R3)§1 0
whence the desired conclusion (4.18) follows from the local energy decay estimates stated in (4.15).
As the norm of F' is bounded in view of the local estimates established in (4.15), we may infer
that . 1 3
> P
o0 ey < Ay, 5=+ a < oo (4.19)

Finally, since v = xU is compactly supported, we deduce from (4.15) combined with the standard
elliptic regularity theory of Ay that

| ey at < oGl (0 (4:20)
while, by virtue of the energy estimates,
sup [|v(t, ) [oe) < e(G)IAllm 2@, (4.21)

where ¢ < oo is the same as in (4.16).
Interpolating (4.20), (4.21) and combining the result with the previous estimates, we get (4.16).
As a matter of fact, our conclusion can be “strengthened” to:

/_O:o HG(—AN) exp (ii —ANt) 0 p

La(Q)

1 1 3
< (B2, ===+, g< 4.22
A(ONhlzey 5 =5+ a<o9 (4.22)

for any G € C'2°(0, 00).

In accordance with the previous discussion, we say that a domain Q C R is admissible if:

e ) is an (unbounded) smooth domain in R, on which the Neumann Laplacean Ay satisfies the
limiting absorption principle (4.8).

o There is R > 0 and a domain D C R® such that Ay satisfies the Strichartz and local decay
estimates (4.14), (4.15) on D and D N {|z| > R} = QN {|z| > R}.

As we have just observed, the Neumann Laplacean Ay satisfies the frequency localized Strichartz
estimates (4.22) as soon as € is an admissible domain. Typically, the “reference” domain D is taken
R3 or a half-space in applications.
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5 Conclusion

The uniform estimates established in Section 4, specifically (4.22), are sufficient to pass to the limit in
the relative entropy inequality, first € — 0, then 6 — 0. This step can be performed exactly as in [17].
Thus we have shown (strong) convergence of the dissipative solutions of the scaled Navier-Stokes-
Fourier system (1.11 - 1.14) to the (unique) solution of the target problem (1.15 - 1.17), endowed
with the initial data

_ 1 _
vo = Hlug], 7/(0,-) = 29ys(g, 095" — ~0up( 7)ol (5.1)

The convergence takes place on any compact time interval [17,T5] provided 0 < 77 < Ty < Thax,
where T, < oo is the life span of the smooth solution to the target system. The details of the proof

can be found in [17].

Let us summarize our results that may be viewed as a generalization of [17, Theorem 3.1] to the
class of admissible domains introduced in Section 4.3.1:

Theorem 5.1 Let Q C R? be an admissible domain in the sense specified in Section 4.3.1. Suppose
that the thermodynamic functions p, e, s and the transport coefficients u, \, k, and 3 comply with
the structural restrictions introduced in Section 2.3.1, with

10
b>0, 0§c<a<§,

Furthermore, suppose that the initial data (1.14) satisfy
{062}e50, {992} e50 bounded in L* N L*(Q), oyl — ay”, 962 — 95 in L*(€),

and
Up. — U in LQ(Q; RB),

where

o, 9 e w2 Whe(Q), Hlug) = vo € W*(Q; R®*) for a certain k > ;

Let Trax < 00 be the mazximal life-span of the reqular solution v to the Euler system (1.15), (1.16),
with the initial datum v(0,-) = vo. Finally, let {0e,9:,uc}teso be a family of dissipative solutions of
the scaled Navier-Stokes-Fourier system (1.11 - 1.14) in (0,T) x R3, T < Tpax, supplemented with
the boundary conditions (1.18), (1.19).

Then

ess sup || 0:(t,") =@ |24 1530 < ec,
te(0,T)
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Vo — o vin LS ((0,T); L. (% R*)) and weakly-(*) in L>(0,T; L*(; R*)),

and o
9. — 0
€

(Q), 1< q<2, and weakly-(*) in L>=(0,T; L*(Q)),

— T in LS. ((0,T); L

loc

where v, T is the unique solution of the Euler-Boussinesq system (1.15 - 1.17), with the initial data

ds(2,9)
o0

- = Qo -
o OV

vo=H[wl], 7o =0 19(()1)

5.1 Alternative techniques

An alternative approach to singular limits is based on strong solutions for both the primitive and the
target system, see Klainerman and Majda [29]. Necessarily, the results are only local-in-time even
if the target system happens to admit a global solution for a specific choice of the data. The initial
data for the primitive system must be regular and their convergence to the limit values takes place
in stronger topologies. We refer to Alazard [1], [2] for very interesting results concerning the full
Navier-Stokes-Fourier system.
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