REMARKS ON THE ACOUSTIC LIMIT FOR
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ABSTRACT. We improve in three ways the results of [6] that establish the acoustic limit for
DiPerna-Lions solutions of Boltzmann equation. First, we enlarge the class of collision kernels
treated to that found in [13], thereby treating all classical collision kernels to which the DiPerna-
Lions theory applies. Second, we improve the scaling of the kinetic density fluctuations with
Knudsen number from O(e™) for some m > 3 to O(ez). Third, we extend the results from
periodic domains to bounded domains with a Maxwell reflection boundary condition, deriving
the impermeable boundary condition for the acoustic system.

1. INTRODUCTION

In this note we establish the acoustic limit starting from DiPerna-Lions renormalized solutions
of the Boltzmann equation considered over a smooth bounded spatial domain © C RP. The
acoustic system is the linearization about the homogeneous state of the compressible Euler
system. After a suitable choice of units and Galilean frame, it governs the fluctuations in mass
density p(x,t), bulk velocity u(x,t), and temperature 0(x,t) over 2 x R, by the initial-value
problem

8tp+v$u:0a p($’0):pin(l.)’
(1.1) Opu+ Vp(p+0) =0, u(z,0) = u™(z),
%6,59"‘%”:0’ 9($’O):9in(l’)7

subject to the impermeable boundary condition
(1.2) u-n=0, on 0,

where n(z) is the unit outward normal at x € 9€2. This is one of the simplest fluid dynamical
systems imaginable, being essentially the wave equation.

The acoustic system (1.1, 1.2) can be formally derived from the Boltzmann equation for
kinetic densities F'(v,z,t) over RP x Q x R, that are close to the global Maxwellian

1 10,12
exp( — s|v|?) .
g el )
We consider families of kinetic densities in the form Fi(v,z,t) = M (v)G(v,z,t) where the
relative kinetic densities G (v, z,t) over RP x Q x R, are governed by the rescaled Boltzmann
initial-value problem

(1.3) M(v) =

1 )
(1.4) 0,Ge +v-V,G. = -Q(G, G,), Ge(v,2,0) = G (v, z).
€
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Here the Knudsen number € > 0 is the ratio of the mean free path to a macroscopic length
scale and the collision operator Q(G., G,) is given by

(1.5) Q(G.,G,) = // (GGl — GaGe) b(w, v1 — v) dw Miduy
SP—IxRD

where the collision kernel b(w,v; — v) is positive almost everywhere while G, G., and G,
denote G( -, x,t) evaluated at vy, v/ = v+ww - (v; —v), and v} = v —ww - (v; — v) respectively.
We impose a Maxwell reflection boundary condition on 92 of the form

(1.6) 1E+GEOR:(1—(1)1Z+G€+0¢12+\/%<1E+v~nGe>.

Here a € [0,1] is the Maxwell accommodation coefficient, (G o R)(v,z,t) = G(R(x)v,z,1)
where R(z) = I — 2n(z)n(x)” is the specular reflection matrix at a point x € 9, 1y, is the
indicator function of the so-called outgoing boundary set

(1.7) : ={(v,z) eR” x 90 : v-n(z) >0},
and () denotes the average
(1) €= [ e arwa.

Because \/%<12+ v-n> =1, it is easy to see from (1.6) that on 02 one has
(v-nG.) = <12+v~n(Ge—GEOR)>
:a<12+v-n<GE—\/ﬁ<1g+v-nGe>>> =0.

Fluid regimes are those in which the Knudsen number ¢ is small. The acoustic system (1.1,
1.2) can be derived from (1.4, 1.6) for families of solutions G(v, x,t) that are scaled so that

(1.9)

(1.10) Ge=1+0g., GM=1+0g",
where
(1.11) de — 0 as e—0,

and the fluctuations g, and g™ converge in the sense of distributions to g € L>(dt; L*(Mdv dx))
and ¢ € L*(Mdv dr) respectively as ¢ — 0. One finds that g has the infinitesimal Maxwellian
form

where (p,u,0) € L>(dt; L*(dz; R x RP x R)) solve (1.1, 1.2) with initial data given by
(113) pin — <gin> 7 uin — <U gin> ’ ein — <(%|U|2 o 1) gin> )

The formal derivation leading to (1.1) closely follows that in [6], so its details will not be given
here. The boundary condition (1.2) is obtained by noticing that (1.9) implies (v-ng.) = 0,
then passing to the limit in this to get (v-ng) = 0, and finally using (1.12) to obtain (1.2).

The program initiated in [1, 2, 3] seeks to justify fluid dynamical limits for Boltzmann equa-
tions in the setting of DiPerna-Lions renormalized solutions [5], which are the only temporally
global, large data solutions available. The main obstruction to carrying out this program is that
DiPerna-Lions solutions are not known to satisfy many properties that one formally expects for
solutions of the Boltzmann equation. For example, they are not known to satisfy the formally
expected local conservations laws of momentum and energy. Moreover, their regularity is poor.
The justification of fluid dynamical limits in this setting is therefore not easy.
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The acoustic limit was first established in this kind of setting in [4] over a periodic domain.
There idea introduced there was to pass to the limit in approximate local conservations laws
which are satified by DiPerna-Lions solutions. One then shows that the so-called conservation
defects vanish as the Knudsen number e vanishes, thereby establishing the local conservation
laws in the limit. This was done in [4] using only relative entropy estimates, which restricted
the result to collision kernels that are bounded and to fluctuations scaled so that

(1.14) de = 0 and é|log(5€)|—>0 as €—0,
€

which is far from the formally expected optimal scaling (1.11).
In [6] the local conservation defects were removed using new dissipation rate estimates. This
allowed the treatment of collision kernels that for some C, < oo and 3 € [0, 1) satisfied

(1.15) / b(w, vy —v)dw < Cy(1 + |vg — v|2)ﬁ,
§D—1

and of fluctuations scaled so that

J
721108017 = 0 as €= 0.

The above class of collision kernels includes all classical kernels that are derived from Maxwell
or hard potentials and that satisfy a weak small deflection cutoff. The scaling given by (1.16)
is much less restrictive than that given by (1.16), but is far from the formally expected optimal
scaling (1.11). Finally, only periodic domains are treated in [6].

Here we improve the result of [6] in three ways. First, we apply estimates from [13] to treat
a broader class of collision kernels that includes those derived from soft potentials. Second,
we improve the scaling of the fluctuations to 6. = O(e/?). Finally, we treat domains with a
boundary and use new estimates to derive the boundary condition (1.2) in the limit.

We use the L' velocity averaging theory of Golse and Saint-Raymond [7] through the non-
linear compactness estimate of [13] to improve the scaling of the fluctuations to 5. = O(€'/?).
Without it we would only be able to improve the scaling to 6, = o(e"/ 2). This is the first time
the L' averaging theory has played any role in an acoustic limit theorem, albeit for a modest
improvement in the scaling of our result. We remark that averaging theory plays no role in
establishing the Stokes limit with its formally expected optimal scaling of d. = o(e) [13].

We treat domains with boundary in the setting of Mischler [16], who extended the DiPerna-
Lions theory to bounded domains with a Maxwell reflection boundary condition. He showed
that these boundary conditions are satisfied in a remormalized sense. This means we cannot
deduce that (v-ng.) — 0 as € — 0 to derive the boundary condition (1.2), as we did in our
formal argument. Masmoudi and Saint-Raymond [15] developed estimates to obtain boundary
conditions in the Stokes limit. However neither these estimates nor their recent extension to
the Navier-Stokes limit [12] can handle the acoustic limit. Rather, we develop new boundary a
priori estimates to obtain a weak form of the boundary condition (1.2) in this limit. In doing
so, we treat a broader class of collision kernels than was done in [15].

Finally, we remark that fully establishing the acoustic limit with its formally expected optimal
scaling of the fluctuation size (1.11) is still open. This gap must be bridged before one can
hope to fully establish the compressible Euler limit starting from DiPerna-Lions solutions to
the Boltzmann equation. In contrast, optimal scaling can be obtained within the framework
of classical solutions by using the nonlinear energy method developed by Guo. This has been
done recently by the first author of this paper with Guo and Jang [9, 10, 11].

(1.16) d¢ = 0 and
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Our paper is organized as follows. Section 2 gives its framework. Section 3 states and proves
our main result modulo two steps. Section 4 removes the conservation defects. Section 5
establishes the limit boundary mass-flux term.

2. FRAMEWORK

For the most part we will use the notation of [13]. Here we present only what is needed to
state our theorem. For more complete introductions to the Boltzmann equation, see [6, 13].

Let  C RP be a bounded domain with smooth boundary 9€2. Let n(z) denote the outward
unit normal vector at x € 9N and do, denote the Lebesgue measure on 0f2. The phase space
domain associated with Q is @ = RP x Q, which has boundary 00 = RP x 9Q. Let ¥, and
Y)_ denote the outgoing and incoming subsets of 0O defined by

Yi={(v,z) € 00 : +v-n(x) > 0} .

The global Maxwellian M (v) given by (1.3) corresponds to the spatially homogeneous fluid
state with density and temperature equal to 1 and bulk velocity equal to 0. The boundary
condition (1.6) corresponds to a wall temperature of 1, so that M (v) is the unique equilibrium
of the fluid. Associated with the initial data G'" we have the normalization

(2.1) /Q<Gi;1> de =1.

2.1. Assumptions on the Collision Kernel. The kernel b(w,v; — v) associated with the
collision operator (1.5) is positive almost everywhere. The Galilean invariance of the collisional
physics implies that b has the classical form

(2.2) b(w,v; —v) = vy —v| E(Jw - nl, |v1 — v]),
where n = (v; — v)/|v1 — v| and ¥ is the specific differential cross-section. We make five
additional technical assumptions regarding b that are adopted from [13].

Our first technical assumption is that the collision kernel b satisfies the requirements of
the DiPerna-Lions theory. That theory requires that b be locally integrable with respect to
dw M;dv, Mdv, and that it moreover satisfies

1
2.3 lim ——
( ) |v|—o00 1+ ’0‘2

where b is defined by

/l_)(vl —wv)dv; =0 for every compact K C RP,
K

(2.4) bv; —v) = /Sle(w, v —v)dw.

Galilean symmetry (2.2) implies that b is a function of |v; — v| only.

Our second technical assumption regarding b is that the attenuation coefficient a, which is
defined by

(2.5) a(v) = / b(vy —v) Mydv, = // b(w,v; — v) dw Midvy
RD SD—-1ywRD

is bounded below as
(2.6) Co(1+ ]v|2)ﬂa < a(v) for some constants C;, > 0 and (3, € R.

Galilean symmetry (2.2) implies that a is a function of |v| only.



ACOUSTIC LIMIT FOR THE BOLTZMANN EQUATION 5

Our third technical assumption regarding b is that there exists s € (1,00] and Cy € (0, 00)
such that
b(vy —v) |°

(2.7) (/RD a(vr) a(v)

Because this bound is uniform in v, we may take Cj, to be the supremum over v of the left-hand
side of (2.7).

Our fourth technical assumption regarding b is that the operator
(2.8) Kt :L*(aMdv) — L*(aMdv) is compact,

where

G(Ul) Mldvl) S Cb.

1
Ktg=— // (7' + 31) blw,v1 — v) dw M doy .
2a SD—1xRD

We remark that K+ : L?(aMdv) — L*(aMdv) is always bounded [13, 14] with ||| < 1.

Our fifth technical assumption regarding b is that for every ¢ > 0 there exists Cy such that b
satisfies

b(v: —
(2.9) (Ug(v 12 ) < Cs(1+a(v1))(1+a(v)) for every vy, v € RP.
1 it et SV
M 1+ |Ul — U|2

The above assumptions are satisfied by all the classical collision kernels with a weak small
deflection cutoff that derive from a repulsive intermolecular potential of the form c¢/r* with
k > 28—3. This includes all the classical collision kernels to which the DiPerna-Lions theory
applies [13, 14]. Kernels that satisfy (1.15) clearly satisfy (2.3). If they moreover satisfy (2.6)
with 8, = [ then they also satisfy (2.7) and (2.9).

Because the kernel b satisfies (2.3), it can be normalized so that

// b(w,v; —v)dw My dvy Mdv=1.
SP—1xRDxRD

Because dy = b(w,v; — v) dw Midv; Mdw is a positive unit measure on SP~!x RP x RP, we

denote by <<E>> the average over this measure of any integrable function = = Z(w, vy, v)

(2.10) (E) = ///SD_IXRDXRD Z(w,vy,v) dp.

2.2. DiPerna-Lions-Mischler Theory. As in [4, 6, 13], we will work in the framework of
DiPerna-Lions solutions to the scaled Boltzmann equation on the phase space O = RP x

1
0,G. +v-V,G. = -Q(G, G,) on OxR,,

(2.11) €

Ge(v,2,0) = GF(v, x) on O,
with the Maxwell reflection boundary condition (1.6) which can be expressed as
(2.12) V-G = (1 —a)L(74+Ge) + a7+ Ge)on on X_ xR, |

where 7. G, denote the traces of G, on the outgoing and incoming sets . Here the local
reflection operator L is defined to act on any |v - n|Mdv do,-measurable function ¢ over 0O by

Lo(v,x) = ¢(R(z)v,z) for almost every (v,z) € 00,
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where R(z)v = v — 2v-n(z)n(z) is the specular reflection of v, while the diffuse reflection
operator is defined as
(P)on = V2 ¢(v,x)v-n(x) Mdv.
v-n(z)>0

DiPerna-Lions theory requires that both the equation and boundary conditions in (2.11) should
be understood in the renormalized sense, see (3.7) and (3.11). These solutions were initially
constructed by DiPerna and Lions [5] over the whole space RP for any initial data satisfying
natural physical bounds. For bounded domain case, Mischler [16] recently developed a theory
to treat the Maxwell reflection boundary condition (2.12).

The DiPerna-Lions theory does not yield solutions that are known to solve the Boltzmann
equation in the usual sense of weak solutions. Rather, it gives the existence of a global weak
solution to a class of formally equivalent initial value problems that are obtained by multiplying
(2.11) by I'"(G.), where I' is the derivative of an admissible function I":

1
(2.13) (0 +v-V)I(G) = -T'(G)Q(G,G) on O xR, .
€

Here a function I' : [0,00) — R is called admissible if it is continuously differentiable and for
some Cr < oo its derivative satisfies

Cr
I'2)| < for every Z € [0, 00) .
() < 2 for every 2 € 050)

The solutions are nonnegative and lie in C'([0, c0); w-L'(Mdv dx)), where the prefix “w-" on a
space indicates that the space is endowed with its weak topology.

Mischler [16] extended DiPerna-Lions theory to domains with a boundary on which the
Maxwell reflection boundary condition (2.12) is imposed. This required the proof of a so-called
trace theorem that shows that the restriction of G, to 00 x R, denoted 7G,, makes sense. In
particular, Mischler showed that 7G, lies in the set of all |v - n| M dv do, dt-measurable functions
over 00 x R, that are finite almost everywhere, which we denote L°(|v-n|Mdvdo,dt). He
then defines v, G, = 1y, vG.. He proves the following.

Theorem 2.1. (DiPerna-Lions-Mischler Renormalized Solutions [5, 16]) Let b be a collision
kernel that satisfies the assumptions in Section 2.1. Fiz ¢ > 0. Let G be any initial data in
the entropy class

(2.14) E(Mdvdz) ={G" >0 : H(G") < oo},

where the relative entropy functional is given by
H(G) = /(n(G)) dz  with n(G) =Glog(G) — G+ 1.
Q

Then there exists a G, > 0 in C([0,00); w-L'(Mdv dz)) with vG. > 0 in L°(|v - n|Mdv do, dt)
such that:

o (. satisfies the global entropy inequality

(2.15) H(G(t)) + /0 ER(GG(S)) + \/%8(7+G6(8)):| ds < H(G™) for everyt >0,

where the entropy dissipation rate functional is given by

(2.16) R(G) = i/g<<log(gllg) (GLG" - GlG)>> dr,
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and the so-called Darrozes-Guiraud information is given by

(2.17) £(7,G) = / (00346 = (74 Ghon)] o
o (3. satisfies

|G yyar— [ MG Vyar+ / ) /a Q<r<vGe>Y<v-n>>daxdt

// Dv-VY)dedt = // Q(G,,G.)Y)dxdt,

for every admissible function T, every Y € C*'NL®(RP x Q), and every [t1,ts] C [0, 00];
o (G, satisfies

(2.19) Y- Ge = (1 —a)L(v:Go) + a(v:Goa  almost everywhere on X x Ry .

(2.18)

Remark. Because the trace G, is only known to exist in L°(Jv - n|Mdv do, dt) rather than in
L, (dt; L' (Jv-n|Mdvdo,)), we cannot conclude from the boundary condition (2.19) that

loc

(2.20) (vyYGe) n=0 on IN.

Indeed, we cannot even conclude that the boundary mass-flux (vyG,)-n is defined on 0f2.
Moreover, in contrast to DiPerna-Lions theory over the whole space or periodic domains, it is
not asserted in [16] that G, satisfies the weak form of the local mass conservation law

(2.21) /QX<G€(t2)>dx—/QX(GE(tl))d:c—/ttQ/Q Vo (wGhdzdt =0 Yy € YA,

If this were the case, it would allow a great simplification the proof of our main result. Rather,
we will employ the boundary condition (2.19) inside an approximation to (2.21) that has a
well-defined boundary flux.

Remark. As was shown in [3], the condition H(G) < oo found in our definition of the entropy
class (2.14) is equivalent to the conditon

// (1+ o] +]1og(G)]) G Mdvdz < 0,
RPxQ

which is used by Mischler and others. By presenting it as we do, it is clear that the entropy
class is simply those kinetic densities G whose relative entropy with respect to M is finite.

3. MAIN RESULT

3.1. Main Theorem. We will consider families G, of DiPerna-Lions renormalized solutions
to (2.11) such that G'™ > 0 satisfies the entropy bound

(3.1) H(G™) < C™§2

for some O™ < oo and J, > 0 that satisfies the scaling . — 0 as € — 0.
The value of H(G) provides a natural measure of the proximity of G to the equilibrium
G = 1. We define the families g™ and g. of fluctuations about G = 1 by the relations

(3.2) G™ =1+ 69", Ge=1+0dcg..

One easily sees [3] that H asymptotically behaves like half the square of the L*-norm of these
fluctuations as € — 0. Hence, the entropy bound (3.1) combined with the entropy inequality
(2.15) is consistent with these fluctuations being of order 1. Just as the relative entropy H
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controls the fluctuations g., the dissipation rate R given by (2.16) controls the scaled collision
integrals defined by
1
e = m( /61G; - GelGe) .
Here we only state the weak acoustic limit theorem because the corresponding strong limit
theorem is analogous to that stated in [6] and its proof based on the weak limit theorem and
relative entropy convergence is essentially the same.

Theorem 3.1. (Weak Acoustic Limit Theorem) Let b be a collision kernel that satisfies the
assumptions in Section 2.1. Let G be a family in the entropy class E(Mdv dx) that satisfies
the normalization (2.1) and the entropy bound (3.1) for some C™ < oo and 6. > 0 satisfies the
scaling

5. = O(v/e).

Assume, moreover, that for some (p™,u™, ™) € L2(dz;R x RP x R) the family of fluctuations
g™ defined by (3.2) satisfies
(3.3)  (p™u™, ™) = lg% (g™, (wg™) . ((L]v]* = 1) gi*)) in the sense of distributions.

Let G. be any famuly of DiPerna-Lions-Mischler renormalized solutions to the Boltzmann
equation (2.11) that have G as initial values.

Then, as € — 0, the family of fluctuations g. defined by (3.2) satisfies
(3.4) ge = p+v-u+ (30 =)0 in w-L}, (dt; w-L'((1 + [v]*) Mdv dz)),

loc

where (p,u,0) € C([0,00); L?(dz; R x RP x R)) is the unique solution to the acoustic system
(1.1) that satisfies the impermeable boundary condition (1.2) and has initial data (p™,u™, 0™)
obtain from (3.3). In addition, p satisfies

(3.5) /dex:O.

This result improves upon the acoustic limit result in [6] in three ways. First, its assumption
on the collision kernel b is the same as [13], so it treats a broader class of cut-off kernels than
was treated in [6]. In particular, it treats kernals derived from soft potentials. Second, its
scaling assumption is 0. = O(y/€), which is certainly better than the scaling assumption (1.16)
used in [6]. This assumption is still a long way from that required by the formal derivation of
the acoustic system, which is § — 0 as € — 0. Our more restrictive requirement arises from
the way in which we remove the local conservation law defects of the DiPerna-Lions solutions.
Third, we derive a weak form of the boundary condition u-n = 0. It is the first time such a
boundary condition for the acoustic system is derived from the Boltzmann equation with the
Maxwell reflection boundary condition.

3.2. Proof of the Main Theorem. In order to derive the fluid equations with boundary
conditions, we need to pass to the limit in approximate local conservation laws built from
the renormalized Boltzmann equation (2.13). We choose the renormalization used in [13] —
namely,

Z—1

(3.6) ['(Z)= TE-1
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After dividing by ¢, equation (2.13) becomes

1
(3.7) Oge +v- Vg = —=T"(G.) // qe b(w, v —v) dw Mydoy ,
\/E SP—IxRD
where g. = I'(G,) /.. By introducing N, = 1 + 62¢g?, we can write
~ Je ' 2 1
. e = =—, I'Ge) = — — —.
(3.8) 9e =N (Ge) NN
When moment of the renormalized Boltzmann equation (3.7) is formally taken with respect
to any ¢ € span{l,v;,--- ,vp, |v|*}, one obtains
- _ 1
(3.9) 04C G0 + Vi (06 9) = = (CT(G) ac)-

This fails to be a local conservation law because the so-called conservation defect on the right-
hand side is generally nonzero. We will show that this defect vanishes as ¢ — 0, while the
left-hand side converges to the local conservation law corresponding to (. More precisely, it can
be shown that every DiPerna-Lions solution satisfies (3.9) in the sense that for every x € C'(Q)
and every [tq,1s] C [0, 00) it satisfies

/Q Y AC (b)) da — / X ACelt)) d + / / X 0Cra) ndo,de

—/tlb/QVxX-(v(ngmdt:/tltz/QX%(CF’(GE)%)dxdt.

Moreover, from (2.19) the boundary condition is understood in the renormalized sense:

~ (1 — @) Ly1ge + a{v19e) o0
3.11 —Ge =
( ) =9 1+ 562[(1 - Q)L’Y+ge + O‘<’7+ge>89]2

where the equality holds almost everywhere. We will pass to the limit in the weak form (3.10).
The Main Theorem will be proved in two steps: the interior equations will be established first
and the boundary condition second.

The acoustic system (1.1) is justified in the interior of © by showing that the limit of (3.10)
as € — 0 is the weak form of the acoustic system whenever the test function x vanishes on 0f).
We prove that the conservation defect on the right-hand side of (3.10) vanishes as ¢ — 0 in
Proposition 4.1, which is presented in the next section. The proof of the analogous result in [6]
must be modified in order to include the case 6. = O(y/€). The convergence of the density and
flux terms is proved essentially as in [6], so we omit those arguments here. The upshot is that

every converging subsequence of the family of fluctuations g. satisfies
ge = p+v-u+ (3P =)0 in w-Lj (dt; w-L'((1 + [v]*)Mdv dz)),

where (p,u,0) € C([0,00); w-L?(dz; R x RP x R)) satisfies for every [t1,t5] C [0, 00)

to
(3.12a) /Xp(tg)dx—/xp(tl)dx—/ /%X-udxdt:() Vx € C3(Q),
Q Q AL

(3.10)

OHE_XR+,

to
(3.12b) /w-u(tg)dx—/w-u(tl)dx—/ /Vx-w(p—l—Q)dxdt—O Yw € C}(Q;RP)
Q Q t Jo

to —
(3.120) %/QXQ(tQ)dx—%/QXg(h)dl‘—/ /Qme-udxdtZO vy € CA().
t1
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This shows that the acoustic system (1.1) is satisfied in the interior of 2.

The more significant step is to justify the impermeable boundary condition (1.2). Unlike
to what is done for the incompressible Stokes [15] and Navier-Stokes [12] limits, here we do
not have enough control to pass to the limit in the boundary terms in (3.10) for the local
conservation laws of momentum and energy. We can however do so for the local conservation
law of mass — i.e. when ¢ = 1. Indeed, Proposition 5.1 of Section 5 will show that we can
extend (3.12a) to

to
(3.13) /Xp(tg)d:v—/xp(tl)da:—/ /Vxx-udxdt:() Vx € CHQ).
Q Q t Jo

We obtain 3.5 by setting y = 1 and ¢; = 0 above, and using the fact that the family G satisfies
the normalization (2.1).

Because for every y € C*(Q) we can find a sequence {x,} C C}(Q) such that y, — x in
L?(dx), it follows from (3.12a) and (3.12c) that

%/Xﬁ(tg) dz — %/Xﬁ(tl)dx = lim 2 [ x,0(t2)dz — lim 2 [ x,0(t;)dx
Q Q n—o0 = Jg Q

n—oo

— lim [ yoplts) de — lim / Yo plty) da
Q n—oo Jo

n—oo

:/pr(tg)dx—/ﬂxp(tl)dx.

It thereby follows from (3.13) that we can extend (3.12¢) to

t2
(3.14) %/Xe(tQ)dx—%/Xe(tl)dx—/ /vxx-udxdt:() Yy € CY(Q).
Q Q t1 JQ

Finally, because for every w € C*(Q;RP) such that w-n = 0 on 9 we can find a sequence
{w,} C C(;RP) such that w,, — w in L?(dz;RP) and V,- w, — V- w in L*(dz), it follows
from (3.12b) that

/w~u(t2) dx—/w-u(tl)dx: lim | wy-u(ty)de — lim [ w,-u(t;)dz
Q Q

n—oo n—oo

Q Q
t2
= lim/ /Vgc-wn(p—i-@)dxdt
n—oo [ Jo

to
:/ /Vm~w(p+9)dxdt.
t1 JQ

But this combined with (3.13) and (3.14) is the weak formulation of the acoustic system
(1.1) with the boundary condition (1.2). Because this system has a unique weak solution in
C([0,00); w-L2(dz; R x RP x R)), all converging sequences of the family g. have this same limit.
Moreover, this limit must be the strong solution that lies in C([0, 00); L?(da; R x RP x R)). The
family of fluctuations g. therefore converges as asserted by (3.4). O

Remark. Had we known that G, satisfies the weak form of the local mass conservation law
(2.21) then we could have easily obtained (3.13) by passing to the limit in (2.21). In that
case there would be a great simplification in our proof because there would be no need for
Proposition 5.1.
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4. REMOVAL OF THE CONSERVATION DEFECTS

The conservation defects in (3.9) have the form

Lieresay = (c(H-w)e).

In order to establish local conservation laws, we must show that these defects vanish as € — 0.
This is done with the following proposition.

Proposition 4.1. For n =1 and n = 2, and for every ¢ € span{1,vy,--- ,vp, |v[*} one has

(4.1) % <<C %>> — 0 in w-L}, (dt; w-L'(dx)) as e — 0.

Proof. Similar to the proof of Proposition 8.1 in [13], for n = 1, we obtain the decomposition

1 g\  0¢ 944 62(ga + go)q2 0 /., 949.4e
w2 om )= e (ean) (i) - e e ik )

where J, is given by

(43) JE =2+ 55 (921 + gé + el + gE) - 562 (gélgé - gelge) .

We can then dominate the integrands of the three terms on the right-hand side of (4.2).
Because for every ¢ € span{l,vy,--- ,vp,|v|?} there exists a constant C' < oo such that |(| < Co
where o = 1 + |[v/|?, the integrand of the first term is dominated by

52 2 .
(44) _eo_gel|Q| ]

\/E NelNe
Because —2d92t9l < 9 the integrand of the second term is dominated by

\/N/ NINaNe — 7’
0eq?

(4.5) o de .

/N N!N4N,
Finally, because — Vel <3§ the integrand of the third term is dominated by

! /N N!NaNe — '

(4 6) (5_52 o ‘gélgéqu’

N/ N'N,N,

Hence, the result (4.1) for the case n = 1 will follow once we establish that the terms (4.4),
(4.5), and (4.6) vanish as ¢ — 0.
The result (4.1) for the case n = 2 will follow similarly. We start with the decomposition

1 ¢ \ _ o 9gade 1 02(ga +ga2 (1 1
%<<< N52>> B % <<C NelNe (1 - N€1>>> - <<< NellNe/NelNe (NellNel - N€1N6)>>

2 ¢ gagige (L 1
Ve \> N, N'N,N, “\N,N' " NaN.) [}’

where J, is given by (4.3). Because the terms in parentheses above are each bounded by 2, we
can dominate the three terms on the right-hand side above just as we did the terms on the
right-hand side of (4.2) for the case n = 1. The result (4.1) for the case n = 2 will then also
follow once we establish that the terms (4.4), (4.5), and (4.6) vanish as € — 0.
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That term (4.5) vanishes is easy to see. The inequality n. ,n.n.n. < 24/ N/ N!Ng4 N, where
ne=1+ ‘;—Ege, along with the estimate

2
de = O (|log (Ved.)|) in L},.(dt; L' (dpudz)) as e — 0,

ndn Ne1Me

which is proved in Lemma 9.4 of [6], imply that

5eq?
¢ =0 (4, |lo ed.)|) =0 in L} (dt;L'(dpdz)) ase — 0.
NélNglNelNe ( ‘ & (\/— )D loc( ( K ))
The fact that the terms (4.4) and (4.6) vanish as ¢ — 0 follows from Lemma 4.1, which is
proved below. We thereby complete the proof of Proposition 4.1. 0

Lemma 4.1.

5?
(4.7) 7 ?\;ﬂ?\ﬂ — 0 dn L} (dt; L' (dpdx)) as e — 0,
€l
2
(4.8) O o 19e19c I — 0 dn L} (dt; L' (dpdx)) as e — 0.

/N, N!N4 N,

Proof. The key to proving Lemma 4.1 is the fact that

2
9e - . . 1 1

4.9 —— s relatively compact in w-L;_.(dt; w-L" (aMdvdz)).

(19) N y comp b (At L (@M da)

This fact follows from Proposition 7.1 of [13], where it plays an essential role in establishing
the Navier-Stokes limit. The approach to proving Lemma 4.1 is the same used to prove the
analogous result in [6]. There the terms (4.4) and (4.6) were estimated by using the entropy
dissipation bound along with the nonlinear estimate

2
o jem = O(|log(8,)]) in L®(dt; L' (Mdvdz)) as e — 0.
Here this nonlinear estimate, which originated in [3], is replaced by the new weak compactness
result (4.9) from [13], thereby extending the result in [6] to the scaling d. = \/e.
The entropy inequality (2.15) and the entropy bound (3.1) combine to bound the entropy
dissipation as

(4.10) e52/ /<< (\/}Gq:) G61G5>> dodt < O™,

where the function r is defined over z > —1 by r(z) = zlog(1 + z). The function r is strictly
convex over z > —1. The proofs of (4.7) and (4.8) are each based on a delicate use of the
classical Young inequality satisfied by r and its Legendre dual r*, namely, the inequality

pz <r*(p)+r(z) foreverypeRand z > —1.
For every positive o and y we set
(55 56 €
_ Vey Z:\/E\Q|’
0 GelGe
and use the fact that r(|z|) < r(z) for every z > —1 to obtain

Veoey Vedeqe
. < £ _
(4.11) ylge| < 52 r ( . GaG.+ — 52 a.G. GaGe
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This inequality is the starting point for the proofs of assertions (4.7) and (4.8). These proofs
also use the facts, recalled from [3], that r* is superquadratic in the sense

(4.12) r*(Ap) < X%r*(p) for every p >0 and \ € [0, 1],

and that r* has the exponential asymptotics r*(p) ~ exp(p) as p — 0.
The proof of assertion (4.7) follows that of Lemma 8.2 in [13]. We use the inequality (4.11)

with y = ;% %Nge}v , where s* € [1,00) is related to s € (1, 00| appearing in (2.7) by the duality
relatlon < —|— = = 1. We then apply the superquadratic property (4.12) with A = % and
p= Where we note that A < 1 whenever d. < p. This leads to the bound

o 02 galed _ 105 g4 o Vedeg
4.13 f 4 (+5) GaGe e ) GG, .
(4.13) 4s* \Je NaN, ~ Q€N2N2T 45+) +53 GaG. )

The second term on the right-hand side above can be made arbitrarily small in L'(du dx dt)
by using the entropy dissipation bound (4.10) and picking ¢ small enough. Assertion (4.7) will
then follow upon showing that for every ¢ > 0 the first term on the right-hand side of (4.13)
vanishes as € — 0.

Because GG, < 24/ NN, while N, > 1, the first term on the right-hand side of (4.13) is
bounded by

262 6295 93 ( o )
T
o€ Ng VN, 45*

The first factor above is bounded because 62 = O(e), while the second is bounded above by 1
and satisfies

029a

Nel
It follows from (4.9) and Lemma 8.1 of [13] that

— 0 in measure as € — 0.

gel

v Na
We thereby conclude by the Product Limit Theorem [3] that

202 0294 94 o
€ € Je € * O Ll
o€ Nel /Nel r <4S*> - in loc
Hence, for every o > 0 the first term on the right-hand side of (4.13) vanishes as ¢ — 0.

Assertion (4.7) thereby follows.
The proof of assertion (4.8) similarly follows that of Lemma 8.3 in [13]. We use the inequality

r (40 ) is relatively compact in  w-L;,(dt; w-L'(dudx)).
5*

(dt; LY(dpdx)) .

(4.11) with y = % 7 AT Y| apply the superquadratic property (4.12) to obtain the

N’ N/Ne1Ne
bound
52 . 1 64 12 12 ) .
U |gelge|’q ’ - e /g elge ’I"*< o > GdG 4= \/— ed GelGe-
4s* (/e | /N/,N'NaN, ~ g € NJ/N!NgqN. \4s* 5E GaGe

We then argue as we did to prove assertion (4.7) from (4.13). O
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5. LiMIT OF THE BOUNDARY MASS-FLuX TERM

In this section we show that as ¢ — 0 the boundary term vanishes in the weak form of the
approximate local conservation of mass that is obtained by setting ¢ = 1 in (3.10). This is the
key step in establishing the limiting mass conservation equation (3.13) from (3.10), as the limit
for all the other terms are obtained exactly as they were when we established the interior mass
conservation equation (3.12a). More specifically, we prove the following.

Proposition 5.1. For every [t1,t5] C [0,00) and every x € C*(Q) one has

lim/ / X (vyge)-ndo, dt = 0.
e—0 90

Proof. Denote the boundary mass-flux term as

// X (v7yge) -ndo, dt .
0

The renormalized boundary condition (3.11) can be expressed as

~ Je ~
Y-ge =L (TW) ,  where g.= %L((l —a)ge + 0‘(’7+9e>8ﬂ> :

It follows that

t2
- / / X <U (fY-i-ge + 7—g6)> -ndo, dt
t1 JOQ
to /g\
- /89X<”(7+96 o))
<7+ge>89)(1 - 629696)
= -ndo, dt .
(/téﬂ < N T 2 R A

If @ = 0 then we are done. If o > 0 then set 7. = 71 (ge — (V+9e)a), so that

— 0294 9e G
5.1 —a// / Ve c e y.-nMdvde,dt.
( ) o0 v-n>0 1 + 5274—95 )(1 + 562962)

The idea will now be to control v, with the bound on the Darrozes-Guiraud information (2.17)
given by the entropy inequality (2.15) and entropy bound (3.1). More specifically, we will show
in Lemma 5.1 that

[2)
. Ve
5.2 hm/ / X/ v-nMdvdo,dt =0,
52) 8 S oo ¥ oo (U 627, 02) (1 + 0239
and that
. 027+9¢ G
5.3 lim/ / X/ Ve c Hdede  _ y.nMdvde,dt =0.
( ) =0 t1 J O v-n>0 (1 +5e27+g62)(1 +5€2g€2>

Propostion 5.1 for the case a > 0 will then follow from (5.1-5.3) upon proving Lemma 5.1. [J

Lemma 5.1. Let a > 0. Then the limits (5.2) and (5.3) hold.
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Proof. Following [15], we employ the decomposition

(5.4) Ye = ’Ye(l) + '75(2) ,  where 76(1) = Yel{r,Ge<2(ys Gooa<arsGe) -

By arguing as in Lemma 6.1 of [15] extended to our more general class of collision kernels as
in Lemma 6 of [12], we obtain

(1)

(5.5) i 527 s bounded in L2 (dt; L3 (v - n|Mdv doy)) |
(1)
Ve . .
(5.6) 50207902 is bounded in L} (dt; L*(|v-n|Mdvda,)),
1
(5.7) 5—%@ is bounded in  L;,.(dt; L'(Jv-n|Mdv da,)) .

To prove (5.2) we use the fact that (7.)sq = 0 and the decompositon (5.4) to write

to
Ve
X —~v-nMdvdo, dt
/t1 /aa /v~n>0 (1+627492)(1+6292)
to
Ve Ve
= X/ ( — — >v~nMdvdaxdt
/ /8Q v-n>0 1 + 527—&-962)(1 + 562962) (1 + 662<7+ge>62ﬂ>2
7(1)
— — < v-nMdvdo, dt
/ /8Q /U n>0 ( 1 + 52’Y+ge )(1 + 562962) (1 + 662</Y+g€>829)2>
(2)
Ye
_|_// X/ ——v-nMdvdo, dt
00 Ju.n>0 1+52’Y+95)(1+52 2)

v-nMdvde, dt.
//69 /vn>0 1+ 602 7+Qe>aﬂ)

The last two terms on the right-hand side above vanish as e — 0 by the bound (5.7).
To show that the first term on the right-hand side above also vanishes as € — 0, we observe

from the bounds (5.5) and (5.6), the two terms in its integrand are relatively compact in
w-L2 (dt; w-L*(Jv-n|Mdv do,)). Their difference is

loc

A A

(1+627492)(1+0252) (14 02(119)30)°
(1) [(1 + 552<7+gﬁ><%ﬂ)2 - (]' + 5627"1‘962)2] [(1 + 56274-952) - (]' + 562’Y+g€2)(1 + 562/9\62)]

‘ (14 027492) (1 +0292) (1 + 02(7+96)30)?

Noting that v, g. — g. = ay., we see that

1 1
0 0

(1+027:92)(1+6292) (1 +02(7190)20)

ghe : 1) 4 g
= O ((14_5279 )1/4) 1{7+G6S2<7+Ge)asz§4~/+Ge}(Se + S )7

(5.8)
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where
o) _ 9e(1+9e + (1490)00) (2 + 357492 + 05 (1+9c) o0)
‘ (14 627192)" (1 4 6292) (1 + 02(149e)50)*
5@ — _ A0e(V49e + Ge) (1 + 027497
‘ (1 + 5527-‘!-962)1/2(1 + 662/9\62)<1 + 5e2</y+g€>(%ﬂ)2

Note that v, Ge < 2(71G)oa < 47, G, implies that

5674-95 S 256<7+ge>89 + 1 ) and 56<7+ge>8§2 § 2567-%96 + 1.
It is easy to see that both

Ly, Go<20v: Gopa<ans 63 S and  1py Go<apy, 6o pa<ins Gy SL

are bounded in L*. Noting that the extra d. in front of (5.8), we conclude that for any
convergent subsequence,

0 Y

(1402792 (1 +35252) (146201490 30)°
as € — 0. This establishes limit (5.2).
(1) (2) (2)

To prove limit (5.3) separate 7. = v’ + ¢, using the bound (5.7) for ~e
estimate that

— 0, in w-Lj . (dt;w-L*(|v-n|Mdvda,)),

, 1t 1s easy to

66 € 55 /\6
| 4900149 | ___<Cl..
LL _(dt;L'(|v-n|Mdvdo,)) (1+02v+92)(1 +6292)

4

For the 4" part, from the L2 bounds (5.5) and (5.6),

1
A

V 1 + 66274»962

is relatively compact in w-L}, (dt; w-L(Jv - n|Mdvdey,)). Use the fact that

(5.9)

567—"—96 56/9\6
V 1 + 5627"1‘962(1 + 562/9\52)

is bounded in L* and goes to 0 a.e. Then again by the Product Limit Theorem of [3], the
product of (5.9) and (5.10) goes to 0 in L}, (d¢; L' (|v-n|Mdv do,)) as € — 0. We thereby finish
the proof of the Lemma. O

(5.10)

Remark. The most important difference between the acoustic limit and the incompressible
limits (Stokes in [15] and Navier-Stokes in [12]) is that the compactness of the renormalized
traces vg. in the acoustic limit case is not available. The pointwise convergence d.gc — 0
a.e. is also unavailable. (compare Lemma 5.2 in [15].) In contrast, for the incompressible
limits the entropy bounds from boundary provide a priori estimates on the quantity v, =

™
Y+9e — 15, (v, 9090 Specifically, we have the L? bound on + 1 1— with some renormalizer n., see

bounds (6.2) and (6.3) in [15]. However, in the acoustic hmlt because of the acoustic scaling,

we have only the L? bound on 21— which is much weaker than in the incompressible limits
cases.
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