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Abstract

We consider a singular limit for the compressible Euler system in the low Mach number
regime driven by a large external force. We show that any dissipative measure-valued solution
approaches a solution of the lake equation in the asymptotic regime of low Mach and Froude
numbers. The result holds for the ill-prepared initial data creating rapidly oscillating acoustic
waves. We use dispersive estimates of Strichartz type to eliminate the effect of the acoustic
waves in the asymptotic limit.
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1 Introduction

Singular limits of stratified fluids play an important role in the real world applications of fluid
mechanics, notably in meteorology, see the survey by Klein [17]. We consider the following scaled
Euler equations in the whole space R?:

Op + div(pu) = 0, (1.1)
di(pu) + div(pu @ u) + 14> Vap(p) = 7z pVaF, ’

where the unknown fields p = p(t,z) and u = u(t, x) represent the density and the velocity of
an inviscid compressible fluid driven by an external potential force V,F. The Mach number Ma,
proportional to the characteristic velocity divided by the sound speed, and the Froude number
Fr, defined as the ratio of the flow inertia to the external force, play the role of singular (small)
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parameters. The symbol p = p(p) denotes the barotropic pressure. The system is supplemented
by the far field conditions

u—0, p—p, as|z|— oo, where 5> 0. (1.2)
For Ma = Fr =€ and p = p., u = u,, the system (1.1) takes the form

{ O¢pe + div(peue) = 0,

3t<Pelle) + diV(pEU.E &® ue) + éva(pe) = E%pesz- (13)

Our goal is to study the singular limit ¢ — 0. Obviously, the density will approach an asymptotic
profile p,

vzp(ﬁ) =pV.F, p—p, as |1'| — 0Q. (1.4)
Moreover, similarly to [4, 11], the limit velocity v solves the so-called lake equation

div(pv) =0,
Ov+vV,v+ V. II=0.

The results of the present paper can be seen as a natural extension of those in [11], where
a similar problem is considered for the compressible Navier—Stokes equations with low viscosity.
In contrast with [11], smooth solutions of the Euler system (1.3) will exhibit blow-up in a finite
time no matter how smooth or small the initial data are. It seems therefore more appropriate
to consider a suitable class of admissible weak solutions to (1.3). By admissible we mean that
solutions will satisfy some form of the energy balance. Unfortunately, although the method of
convex integration gave rise to several rather general existence results for the compressible Euler
system, see e.g. Chiodaroli [5], De Lellis and Székelyhidi [7], the existence of global-in-time
admissible weak solutions for arbitrary initial data remains an outstanding open problem.

The need for global admissible solutions of the Euler system leads to the concept of more
general dissipative measure—valued (DMV) solutions introduced in the context of the full Euler
system in [2, 3]. The reader may consult [13, 14, 16, 21] for applications of the theory of (DMV)
solutions in fluid mechanics or their counterparts [6, 20] in other areas of mathematical physics.
Compared with weak solutions, the advantage of (DMV) solutions is the following:

1 DMV solutions to the compressible Euler system exist globally in time.
2 Convergence to the limit system holds for any ill-prepared initial data.

To the best of our knowledge, there are only a few results concerning singular limits in the
context of measure—valued solutions. The low Mach number limit was studied in [15], where it
is shown that (DMV) solutions approach the smooth solutions of incompressible Euler system
both for well-prepared and ill-prepared data. Bruell and Feireisl [1] identified the singular limit
of the full compressible Euler system in the low Mach and strong stratification regime for the
well-prepared data. Our goal is to consider the asymptotic limit of (DMV) solutions to the
compressible Euler equations with ill-prepared data in the case of strong stratification. It seems
interesting to compare the results of the present paper with those obtained in [11], where the
same scaling was considered for the Navier—Stokes system with vanishing viscosity. The analysis
in [11] leans, among other things, on the estimates on the pressure term based on the presence of



viscosity that are not available for the Euler system. The extension of the results of [11] to the
Euler system is therefore not straightforward.

The paper is organized as follows. In Section 2, we introduce the dissipative measure solutions,
relative energy and the other necessary material. In Section 3, we state our main theorem. Section
4 is devoted to deriving uniform bounds of the Euler system independent of €. In Section 5, we
perform the necessary analysis of the acoustic waves. The proof of the main theorem is completed
in Section 6.

2 Preliminaries, measure-valued solutions, relative energy

First observe that it is more convenient to rewrite the Euler system in terms of the conservative
variables p, m = pu. Let Q = {[p, m]|p € [0,00), m € R?} be the natural phase space associated
to solutions [p, m] = [p, pu].

2.1 Dissipative measure—valued solutions

A dissipative measure-valued (DMV) solution of the Euler system (1.1) is a parameterized
family of probability measures

{(Yeaticomaea:  (82) = Yia € Ly ((0,T) x Q2 P(Q)), (2.1)
satisfying

e the continuity equation

/ / (Yiw: YO0 + (Yiws )V aig]drdt — — / (Yo.o: p)ol0)da, (2.2)
0 R2 R2

for all ¢ € C=°([0,T) x R?);
e the momentum equation

m & m

T T
/ / (Ye.0i )0 + (Yi o ) : Vapldedt + / / (Yo s p(0) divipdads
0 R2 P 0 R2

T T
[ Wowimp)da— [ [ GV oot [ [ Vopiau  @3)
R? o Jr2 0 Jr2
for all p € C°([0,T) x R?;R?), where u. € M([0,T] x R%; R? x R?) is the so—called momentum

concentration measure;
e the energy inequality

for a.a 7 € (0,T), where

P =p [ 2a, (25)



and D is a non-negative function D € L*°(0,T"), satisfying the compatibility condition

/ / |ppe|dadt < C/ E(t)D(t)dt, for some & € L1(0,T).
0o Jr2 0

Remark 2.1. The measure Y) , plays the role of initial conditions.

Remark 2.2. We easily observe

/
P’ (p) = b /()p); whence P (p)V,p = V,F.

Remark 2.3. We need to define the function

2
pom] > 2

on the vacuum set as
9 0o, if p=0and m # 0,
jm| lm®2 .
[pym] - — = = ifp >0,
P 0, otherwise.
Accordingly, it follows from the energy inequality (2.4) that
Supp[Yz..] N {[p,m] € Qlp = 0,m # 0]} = 0 for a.a. (¢,z).

2.2 Relative energy

Motivated by [9, 3], we introduce the relative energy
I m 2 /
E(p,mlr,U) = . (Vi3 5'0'? = U(t,2)|" + (P(p) — P'(r)(p —r) = P(r)))dz,

where r > 0, U are smooth “test” functions, r — p, U compactly supported in R2.
As shown in [3], any (DMV) solution of (1.1) satisfies the relative energy inequality

£(p,mlr, U)[=] + D(r) < / / (Vi (00U + Z29,0) (00 = )
0 R2

+ /O ’ /R Vi (= AP () + (U = m) VP ()

(2.8)

(2.10)

(2.11)

—/ / <Yt’x;p(p)—p(r))diVdedt+/ / <K7I;m—pU)Vdexdt+/ V.U :dye.
0o Jr2 0o Jr2 0o Jr2

for a.a. 7 € [0,T], and any r, U €C*([0,T] x R?), r — p, U compactly supported in R2.

3 Main result

Before stating our main result, we collect several mostly technical hypotheses and known facts

concerning the limit system.



3.1 Pressure and the static density profile

We suppose the pressure p is a continuously differentiable function of the density such that
for some v > 1,

P(p) _
Pt

p € C0,00) N C>(0,00), p(0) =0, p'(p) > 0 for all p > 0, lim Poo > 0. (3.1)
p—00

Furthermore, to facilitate the analysis, we consider
F e Cx(R?, F>0.
Accordingly, the stationary profile p satisfies
P'(p) = F + P'(p).

From the above hypotheses, we deduce

(p—p) € C(R?), p(x) >p>0, forallz € R? p(x) =7 for all z € R?\ supp[F].
Remark 3.1. Similarly to [15], we deduce that

p(p) —p'(r)(p —r) — p(r) is dominated by P(p) — P'(r)(p —r) — P(r), specifically,

lp =112 < c8)(P(p) — P(r)(p— 1) = P(r)) when0<6<p, r< < 650,

]

1+ lp = rl+ P(o) < c@)(P(p) ~ P(r)(p—7) — P(r) if0<25 <7< o

pemﬁﬂmgw%5>&
3.2 Lake equation

The limit velocity v is expected to satisfy the lake equation

div(pv) =0, (32)
Ov+vV,v+ V. II =0, (3.3)

supplement with the initial condition
Vl]t=0 = Vo. (3.4)
As shown by Oliver [22], the lake equation possesses a unique classical solution
v € C([0,T); W™*(R?)), II € C([0,T]; W™?*(R?)), m >3, (3.5)
for any initial solution

vo € W™2(R?), div(pvg) = 0. (3.6)



3.3 1ll prepared initial-data

The ill-prepared initial data for the scaled system (1.3) take the form
pe(oa ) = Po,e = ﬁ"' €50,¢;5 ue(oa ) = Up,¢,
where
s0,e — 80 in WR2(R?) nWHL(R?), ug, — ug in WH3(R?) n WHL(R?), (k> 3),
Uy = vg + VICI)O, diV(ﬁVQ) = 0,

cf. [11].
3.4 Singular limit — main result

Now, we are ready to state our main result.

Theorem 3.1. Let {Y, }(t.0)e0,7)xq be a family of (DMV) solutions to the scaled Euler system
(1.3) satisfying the compatibility condition (2.6) with a function ¢ independent of e. Let the initial
data {Y , }zeq be ill-prepared, namely

1 m 1
[ Wi 3o = w0 @) + 5 (P(0) = P(n)(p = o) = Plpo.)))de =0,

where pg ., g are ill prepared data specified in Section 3.3.
Then

D¢ — 0 in L0, T),
Yf,r - 5[5(%),ﬁ(w)v(t,x)] in Lq(ov T; Llloc(R2; M+(Q>weak—(*))) for any finite q > 17

where v is the unique solution of the lake equation starting from the initial data v.

Remark 3.2. In particular, our result is valid for the shallow water equation

{ O¢h + div(hu) = 0, (3.7)

9 (hu) + div(hu ® u) + hV,h = LhV,b,

where u denotes the velocity, h is the fluid height and b is a given function depending on the
space variables.

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

4 Energy bounds

We start by deriving uniform bounds on solutions to (1.3) independent of e. Similarly to [11],
we introduce the decomposition

h(p, m) = [h]eSS(pv m) + [h]res(p» m)v [h]ess = w(ﬂ)h(Pa III), [h}res = (1 - w(p))h(p’ m)v



where
1.
¥ € C0(0,00), 0=9(p) <1, 9(p)=1forall p € [5 minp, 2maxp].

As the initial data are ill-prepared, the expression on the right—hand side of the energy
inequality (2.4) remains bounded uniformly for ¢ — 0. Consequently, we deduce the following
bound:

. 1m]* 1

ess sup | (Y5t 4 5(P(p) — P'(p)(p — p) — P(p)))de < C. (4.1)
te(0,T) JR? P €

Thus, exactly as in [15], we use the structural properties of the function p to deduce

€ pP— ﬁ €
ess s [ VP lon?) + (Vi [F o el <

te(0,T)

(t,x) — (Y£,;m) bounded in L(0,T; L*(R?) + L771 (R2));

t,x
(t,x) — (Y [u]ess> bounded in L>°(0, T; L*(R?));
€

t,x

(t,x) — 67%<th$; [plres) bounded in L°°(0, T; L7 (R?)). (4.2)

5 Acoustic waves

It is well-known that ill-prepared data give rise to rapidly oscillating acoustic waves. Similarly
o [11], the relevant acoustic equation reads

{ €0 se + div(pV, D, 0, (5.1)

=3l

POV @, + PV, (P2 s,) =0,

i

supplemented with the initial data
86(0’ ) = 50, qu)e(o, ) =V.dg

where sg, V. ® have been introduced in Section 3.3.
As a matter of fact, the initial data must be smoothed and cut-off via suitable regularization
operators, namely

i 20
86(07 ) = 80,6 = [ = 80]6; VI®E(O7 ) = qu)o,d = vz[q)O]éa
e p
where [-]s denotes the regularization introduced in [11].
Denoting the corresponding solutions s, s, ®. s we report the following energy and dispersive
estimates proved in [11, Section 5]:

sup [[|Pes(t,)llwm.2 + [[ses(t; ) [[wm.2] < C(m, 6)[[[VaPo,s
t€[0,T]

|22 + [Is0.6l 2], (5.2)
where C' is independent of €; and

T
/0 ®es(t ) lwmoe + [lses(ts wmoe] < wle,m, 0)[[VaPosllLz + Iroslzel,  (5.3)

where w(e,m,d) — 0 as € — 0 for any fixed m > 0 and § > 0.



6 Convergence

The proof of convergence is based on the ansatz
re=p+eses, Ue=v+ VD5, (6.1)

in the relative energy inequality (2.11). In addition, to avoid technicalities, we shall assume
that so and ®¢ are sufficiently regular so that the d—regularization is not needed in (5.1-5.3).
Accordingly, we have s, 5 = s¢, Pc s = P.. The general case may be handled as in [11].

First note that the relative energy for the scaled system reads

Epemnlric U = [ (Vigod o

S UL+ 5(Po) ~ P e — ) — Pz, (62)

€

with the corresponding relative energy inequality:

5€(p5,m5|7‘€,U ) +D€ / / xapé € m5>(8tUe + Me Vte)dlEdt

€

// Y e = pe) Oy P (re) + (Y, reUe — me) Vo P/ (re) | dadt
v [ [ vime p0aVardsat - 5 [ [ isialo0 - )0 .dode

+ / V.U, : dpe. (6.3)
0 R2

Our goal is to show that, with the ansatz (6.1), the relative energy &(pe, me|re, Ue) tends
to zero for € — 0 uniformly in ¢ € [0,7]. In view of the dispersive estimates (5.2) — (5.3), this
will yield the conclusion claimed in Theorem 3.1. To this end, we use a Gronwall type argument
showing that all integrals in the right-hand side of (6.3) are either small or can be absorbed by
the left-hand side as € — 0. This programme will be carried over by means of several steps.

6.1 Step 1

First, we compute
| 0 000 ) 4 (iU = m Ve ()~ (Yisiplod) = plrc))dvUidode
/ / Yiain(r) = 90 = ) = plp)IvUL + (Vi = p)OLP' (1)
Yitei (re = pe)p '(re))divUe + (Ve (re — pe)VaP'(re))Ue + (Ve (peUe — m,)V, P'(rc))]|dwdt
/ xap re) = D' (re)(re = pe) — p(pe))divU + ( t:c?( Te = pe) P (re)) (Ore + divy (reUe))
R2
(Y (peUe —m( )V, P'(rc))]dxdt,
where we have used (2.7). Note that, in view of (5.1),
Ore + divy(rUe) = ediv(s U,).
Next, by virtue of (1.4) and (5.1),

/ /R Yy pUe = m)VL P () + (Y m, — p UV, Fldadt
0



//R £V (P ()~ PYG) e~ )~ P'(3)) (U~ mo)
YLV, (P”(m( )V — o)t
- / [ 059 P 00 - P~ )~ PO U - m)
(Y, 0V @) (pUe — m,)|dadt.

Furthermore, by virtue of the compatibility condition (2.6), we can control the concentration
measure,

| [ 90 dne < V.01 [ e

0o Jr2 0

Finally, as the hypotheses about the ill-prepared initial data, we have
Ec(pe, mc|re, Uc)(0) — 0 as e — 0.

Thus we may conclude that

55(P57me\7’e,Ue)( +D€ / \/R? ta:7 atv
wo [ 0P - P @- 7 - P'<ﬁ>)><pEU€ )i
RZ
/ / t, up pe ( e) (7‘6)(,05 - 7‘5)>diVU€dl‘dt

)(pUe — m,))dxdt

L] e o r )P U et [ €D @t + o),
€Jo Jr2 0
where w(e) denotes a generic quantity satisfying
w(e) — 0in L'(0,7T) as € — 0.
6.2 Step 2
We write

/ [(Y§ 05 peUe — M) Dy + £V, U |dadt

€

R2
= / / (Y pUe = me)(0yv + v - Vov)dadt
0 R2

+ / / (Y pUe —me)(v -V, V@ + V0.V, Uc)dxdt
R2

/ / t que € e>( De U )VTUEdZ'dt
=1 +12+ I3.

Using the uniform bounds (4.2), we can split the functions in /5 into their essential and residual
parts obtaining

‘/ <}/tf;1;7 peUe - 1’I16>(V : vmvmq)e + vm(bevae) dx
R2

2
< Va@elfinee (IVilwaz + [IVaUellwaz2)” + c€e(pe, melre, Ue),



where the first term on the right—hand side can be controlled by means of the dispersive estimate
(5.2) and (5.3).
Next, we use the fact that v solves the lake equation (3.2) — (3.3) to obtain

/ /R2<tha;§Pe c—m) (v +v-V,v)dedt = / / tz’me VWV, Idzdt
0
o Jrz 7

Moreover, it follows form the energy bounds (4.2) that there exists a function M € L>(0,T; L? N
L"(R?)) for some 7 > 1, that

(YSime) — M weakly — (x) in L(0, T; L? + L7 (R?)),
(Y4 pe) — p weakly — (%) in L(0,T; L* + L7 (R?)).

From the continuity equation (2.2), we can deduce that
/ M - V,pdrdt = 0,
0 JRr2
for any ¢ € C’([0,T] x R?) and a.a 7 € (0,T). Consequently, for any 1 < g < oo,

{7—_)/ / Y ,ime)V Ildzdty — 0, in LU(0,T) as € — 0.

Finally, we may write

- / / (Vi p UV, Tdadt = / / ;w,”e_ VU, - V,Ildwdt
0 R2 R2

_ / / (Ve BV + Vo))V Tldadt,
0 R2

where the dispersive estimates (5.2) and (5.3) can be used to control the integrals on the right—
hand side.

Summing up the previous observations we may infer that the relative energy inequality with
the ansatz (6.1) reduces to

gé(peame‘reaUe)(T) +D6(7') <
; / / (Yiai Vo (P'(re) = P"(p)(re = p) = P'(7))) (peUe — mc)dudt
€ Jo JRr2
- %2/ /R (Yiip(pe) = p(re) — p'(re)(pe — re))divU dadt
L[ ¢ i (pe — )P (r))div(s x c ’ € wle
—g/o / (Yiai (pe = r) P (re))div(s Ue)dadt + /0 E(L)D(1)dt + w(e),

6.3 Step 3

Using direct calculation and the Taylor formula, we deduce that

Ve (P'(re)—P'(p) — P"(p)(re — p))|

10



= ‘6(P//(T6) - P"(@)ste + (Pl/(re) — P"(p) = P"(p)(re — p)Vapl
< (5| Vase| + 52).

Therefore,
% [ OETP ) - PG = PG 7).~ mi
< [ Oiaisd Vs + 5Dl U~ mea
< C/OTf'?(pmmelm U)dt + w(e).
6.4 Step 4

Finally, we deal with the remaining pressure terms. First,

|€l2 /OT<Yf,x;p(pe) —p(re) = p'(re)(pe — re))divU.dt]

1 (7 .
5 [ Vipo) = plrd) = (r) o — o)) (divy + M@ )it
0
1 T
<l [ WeiPle) = P = P (p. - ro)dive + A0)di
0
< [ elpomr, U
0

Second, the last term can be controlled as

1 T
_’/ / (Y (pe —1e) P (re))div(s U, )dxdt
€Jo Jrz 7

<C [ [ 0L sl + s (V] + [divav] + V., + [ A dade.
0 R2

where the right-hand side tends to zero in L(0,T) due to the dispersive estimate (5.2), (5.3).
Putting together Step 1 to step 4 we conclude

Ec(pe;melre, Ue) + D(7) < wle) + /OT(l +&8(t)[E(pe, me|re, Ue) + DE(t)]dt,

where r., U, are given by (6.1). Letting ¢ — 0 and applying the Gronwall’s lemma, we complete
the proof of Theorem 3.1.
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