REMARKS ON THE ACOUSTIC LIMIT FOR
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ABSTRACT. We use some new nonlinear estimates found in [12] to improve the results of [6]
that establish the acoustic limit for DiPerna-Lions solutions of Boltzmann equation in three
ways. First, we enlarge the class of collision kernels treated to that found in [12], 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 > 1 to O(e?). Third, we extend the results from periodic domains to bounded domains
with impermeable boundaries, deriving the 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 bounded C! 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(z,t),
bulk velocity u(z,t), and temperature 6(z,t) over 2 x Ry by the initial-value problem

Op+Vpru=0, p(x,0) = p"(z),
(1.1) Oru+ Ve(p+0) =0, u(z,0) = u™(z),
200 + YV u=0, 0(x,0) = 6™ (x),
subject to the boundary condition
(1.2) n-u=0, on 090,

where n is the unit outward normal on 0€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,x,t) over RP x Q0 x R, that are close to the absolute Maxwellian

1
(1.3) M(v) = 5 exp( — 1[vf?).
(27)>
We consider families of kinetic densities in the form F,(v,z,t) = M(v)G.(v,z,t) where the
relative kinetic densities G(v, z,t) over RP x  x R, are governed by the rescaled Boltzmann

initial-value problem
1 .
(1.4) 0,G. +v-V,G. = ZQ(Ge, Ge), Ge(v,z,0) = G (v,x).

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

(15) Q(G..G.) = / / (GG — GG b(w, o1 — v) dw Mido |
SD*IXRD
1
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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) 1y, GeoR=(1-a)1g, Ge+alsg, V2r {1y, n-vG.).

Here o € [0,1] is the Maxwell accommodation coefficient, (G o R)(v,x,t) = G(R(x)v, z, 1)
where R(z) = I — 2n(x)n(z)” is the specular reflection matrix at a point z € 99, 1y, is the
indicator function of the so-called outgoing boundary set

(1.7) ¥ ={(v,2) e R x 9 : n(z)-v >0},
and () denotes the average
(1.8) (&) = . §(v) M(v)dv.

Because \/%<1g+ n-v) =1, it is easy to see from (1.6) that on O one has
(n-vGe) = <12+TL"U(G€—G€OR)>
:a<lg+n~v<G6—\/%<lg+n-fUGe>)> =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+406g., G'=1+6g",
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 dz) respectively as ¢ — 0. One finds that ¢ has the infinitesimal Maxwellian
form

(1.12) g=p+v-u+ (3 —2)0,
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 . 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 (n-vg.) = 0,
then passing to the limit in this to get (n-vg) = 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 highly nontrivial.

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
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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

Oc
(1.14) e =0 and —llog(d.)] —0 as e€—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

o

(1.16) 0 — 0 and 7

|log(6)|%? =0 as e—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 employ new estimates developed in [12] to improve the result of [6] in three ways.
First, as in [12], we treat a broader class of collision kernels that includes those derived from
soft potentials. Second, we improve the scaling of the fluctuations to §. = O(¢'/?). Finally, we
treat more general bounded domains and 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 [12] to improve the scaling of the fluctuations to J. = O(e'/?).
Without it we would only be able to improve the scaling to 6. = o(e'/?). This is the first time
the L' averaging theory has played any role in an acoustic limit theorem, albeit for a modest
improvement in our result. We remark that averaging theory plays no role in establishing the
Stokes limit with its formally expected optimal scaling of 6, = o(e€) [12].

We treat the bounded domain case in the setting of Mischler [14], 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 renormalized sense. This means we cannot
deduce that (n-vg.) = 0 as we did in our formal argument. Rather, we apply generalizations
of some boundary a priori estimates developed in [13] to the broader class of collision kernels
in [11], and the new estimates mentioned above, to obtain (n-vg) = 0 in a weak sense in the
limit of € — 0. We thereby derive a weak form of the boundary condition (1.2).

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].

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 limiting boundary condition.
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2. FRAMEWORK

2.1. Formal Framework. In this paper we use much of the same notation as in [12]. Here
we just give what we need to state our theorem. For a more complete introduction to the
Boltzmann equation, see [6, 12].

We let Q be a smooth bounded domain in RP, and let @ = RP x Q be the associated phase
space domain. Let n(z) be the outward unit normal vector at = € 9€). We denote by do, the
Lebesgue measure on the boundary 0€). We define the outgoing and incoming sets, ¥, and
YJ_, at the boundary 02 by

(2.1) Yy ={(v,2) eR” x 9Q : £n(z) v >0} .

The absolute 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

(2.2) /Q<Gi€“> dor =1.

2.2. 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

(2.3) b(w,v; —v) = vy —v| E(Jw - nl, |v1 — v]),
where n = (v; —v)/|v; — v| and ¥ is the specific differential cross-section. Our five further
assumptions regarding b are adopted from [12] and are technical in nature.

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
24 lim ——
( ) |v|—o00 1+ ’0‘2

where b is defined by

/5(1}1 —v)dv; =0, for every compact K C RP |
K

(2.5) bv; —v) = /SD_lb(w, v — ) dw.

Galilean symmetry (2.3) 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

(2.6) a(v) = / b(vy —v) Mydv, = // b(w,v; — v) dw Midovy
RD SD—-1xRD

is bounded below as

(2.7) Co(1+v])" < alv),

for some constants C, > 0 and a € R. Galilean symmetry (2.3) implies that a is a function of
|v| only.
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Our third technical assumption regarding b is that there exists s € (1,00] and Cy € (0, 00)
such that
b(vy —v) |°

(2.8) (/RD a(vy) a(v)

Because this bound is uniform in v, we may take C}, to be the supremum over v of the left-hand
side of (2.8).

Our fourth technical assumption regarding b is that the operator

s

a(vl) Mld'Ul) S Cb .

(2.9) Kt : L*(aMdv) — L*(aMdv) is compact,
where
1
(2.10) Ktg=— // (7' + 31) blw, v — v) dw M do .
2a SD—1xRD

We remark that K : L?(aMdv) — L?*(aMdv) is always bounded [12].

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

(2.11) b(vg(; 12 o) < Cs(1+a(v1))(1+a(v)) for every vy, v € RP.
1 A\ Y
+ 0 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 ¢/r* with
k> Zg—ﬁ. This includes all the classical collision kernels to which the DiPerna-Lions theory
applies [12]. Kernels that satisfy (1.15) clearly satisfy (2.4). If they moreover satisfy (2.7) with
a = [ then they also satisfy (2.8) and (2.11).

Because the kernel b satisfies (2.4), it can be normalized so that

// b(w,v; —v)dw M;dv; Mdv = 1.
SP—1x RDxRD

Because dy = b(w,v; — v) dw Midv; Mdv 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)

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

2.3. DiPerna-Lions-Mischler Theory. As in [4, 6, 12], we will work in the framework of
DiPerna-Lions solutions to the scaled Boltzmann equation on the phase space RP x Q

0,G. +v-V,G, = %Q(Gg, G.) on OxR,,
G.(v,7,0) = G"(v,z) on O,

with the Maxwell reflection boundary condition (1.6) which can be expressed as

(2.14) V-Ge=(1—a)L(1:Ge) + a{y:Geloo on I_ x R_,

where 7. G = 1y, G are the traces of G on the outgoing and incoming sets ¥;. Here the local
reflection operator L is given by

(2.15) Lé(v,z) = ¢(R(z)v, ),

(2.13)
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where R(z)v = v — 2v-n(z)n(z) is the specular reflection of v. The diffusion reflection operator
is defined as

(2.16) (D)o = V2 / o(v,x)n(x)-v Mdv.
v-n(z)>0

DiPerna-Lions theory requires that both the equation and boundary conditions in (2.13)
should be understood in the renormalized sense, see (3.10) and (3.14). 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 [14] recently developed
a general theory to treat Maxwell boundary conditions (1.6).

The DiPerna-Lions theory does not yield solutions that are known to solve the Boltzmann
equation in the usual weak solutions. Rather, it gives the existence of a global weal solution to

a class of formally equivalent initial value problems that are obtained by multiplying (2.13) by
I"(G.), where I'" is the derivative of an admissible function I'":

(2.17) (O +v-V)D(G,) = %F’(GE)Q(GE,GE) on O xR,

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

(2.18) ID()VI+z<Cr.

In the case of a bounded domain, one also has to give a sense to the boundary condition,
and this can be included in the weak formulation. In [14], Mischler proved the following Trace
Theorem:

Theorem 2.1. (Trace Theorem [14]) For every fixed e > 0, T > 0, let G, € L*(O x[0,T]) and
' an admissible function so that :T"(G.)Q(G.,G.) € L (O x [0,T]) and the equation (2.17) in
the sense of distribution. Then for every t € [0,T), there exists YG(-,-,t) € C([0,T)); L*(O))
and vG. € LY (X x [0,T]), satisfying the following Green formula

/ (LG ()Y} do - / MGV ) s

(2.19) / / -V Y)dxdt+/ / (YG)Y (v-n(z))) do, dt
:E/tl /(F’(GE)Q(Ge,Ge)m dzdt.

for every Y € C? N L=(RP x Q) and every [t; ,ts] C [0,00]. Moreover, the trace function is
renormalized as

(2.20) DG =T(G.).
The Maxwell boundary condition (1.6) can be understood in the following sense:
(2.21) P(y-Ge) =T ((1 — a)L(7:Ge) + a(y:Geon) on E_ x R,

where the equality holds in the sense of distribution.
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Theorem 2.2. (Renormalzied solutions [5, 14]) Let b satisfy the conditions listed in section
2.2. Given any initial data G satisfying

(2.22) // G™(1+ |[v]* + |log G™|) Mdv dz < 400,
@

there exists at least one Gc > 0 in C([0,00); w-L'( Mdv dz)) such that (2.19) and (2.21) hold
for all admissible functions I'. Moreover, G, satisfies the following global entropy inequality for
allt > 0:

229 HG0)+ [ [LRGA) + =016 ds < 16,

where the relative entropy functional is given by

(2.24) H(G) = / (Glog(@) — G + 1) da,
Q

the entropy dissipation rate functional is given by

(2.25) R(G) = %/RD <<log(gllg) (GG — GlG)>> dx,

and the so-called Darrozées-Guiraud information is given by

(2.26) E(14Ge) = /m [(h(0erv1ge))oa — h(0e(V1ge)on)] do .

3. MAIN RESULT

3.1. Main Theorem. We will consider families G, of DiPerna-Lions renormalized solutions
to (2.13) such that G > 0 satisfies the entropy bound

(3.1) H(G™) < C™§2

for some C'™ < oo and 6, > 0 that satisfies the scaling 6. — 0 as € — 0.
The entropy functional H 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) GiEn =1+64™, Ge=1+6.9..

One easily sees that H asymptotically behaves like half the square of the L?norm of these
fluctuations as € — 0. Hence, (2.23) is consistent with these fluctuations being of order 1. Just
as the relative entropy H controls the fluctuations g., the dissipation rate R given by (2.25)
controls the scaled collision integrals defined by

(3.3) GG, — GaG.).

— 1 (
Q€ - \/Eée

Here we only state the weak acoustic limit theorem because the corresponding strong limit
theorem is the same as in [6] and its proof based on the weak limit theorem and relative entropy
convergence is also the same.

Theorem 3.1. (Weak Acoustic Limit Theorem) Let b be a collision kernel that satisfies the
assumptions in Section 2.2. Let G™ be a family in the entropy class E(Mdvdz) = {G™ >
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0 : H(G™) < oo} that satisfies the normalization (2.2) and the entropy bound (3.1) for some
C™ < 0o and 6, > 0 satisfies the scaling

(3.4) 6. = O(Ve).
Assume, moreover, that for some (p™,u™, ™) € L?(dz;R x RP x R) the family of fluctuations
g™ satisfies

(3.5) (P, u™, 07) = lim ((02"), (vg), (50> = 1) g))

€

in the sense of distributions.

Let G, be any family of DiPerna-Lions renormalized solutions to the Boltzmann equation
(2.13) that have G™™ as initial values.

Then, as € — 0, the family of fluctuations g. satisfies

(3.6) ge = p+v-u+ (3 =)0 w-Ly(dt; w-L' (cMdvdz)),

loc

where (p,u,0) € C([0,00); L?(dx; R x RP x R)) is the unique solution to the acoustic system
(1.1) with the boundary condition (1.2) and with initial data (p™,u™, ™) obtain from (3.5). In
addition, one has that

(3.7) ((ge), (vge), {($v]> = 1) ge)) = (p,u,0) in C([0,00); w-L'(dz; R x RP x R)).
and that p satisfies

(3.8) /dem:().

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 [12], so it covers a broad class of cut-off kernels and
especially soft potentials. Second, the scaling assumption in [12] requires . = €™, m > % Here
we can treat the borderline case m = %, whereas formal derivation of acoustic system only
requires 0, — 0 as € — 0, i.e. m > 0. This more restrictive requirement arises from the way in
which we remove the local conservation laws defects of the DiPerna-Lions solutions. Third, we
derive the weak form of the boundary condition n-w = 0. It is the first time such a boundary
condition for the acoustic system is derived from the Boltzmann equation with the Maxwell
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 [12] —
namely,

Z —1
: '7z)= ——m—m—m——.
(39) (2) 1+ (Z - 1)
After dividing by J., equation (2.13) becomes
1
(3.10) 01ge +v -V, ge = % I"(G) //D o ¢e b(w, v —v)dw Midoy ,
SP=IxR

where g. = I'(G.) /.. By introducing N, = 1 + 62¢g?, we can write
~ gE / 2 1

3.11 e = —, G, = — — )

(3.11) TN, CI=5% "W
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When moment of the renormalized Boltzmann equation (3.10) is formally taken with respect
to any ¢ € span{l,v;,--- ,vp, |v|*}, one obtains

(3.12) 0i(C Ge) + Vir (v( Ge) = % (CT(Go) ae) -

This fails to be a local conservation law because the so-called conservation defect on the right-
hand side is generally nonzero. The idea of the proof is to show that as ¢ — 0 this defect
vanishes, while the left-hand side converges to the left-hand side of the local conservation law
corresponding to (.

It can be shown that every DiPerna-Lions solution satisfies (3.12) in the sense that for every
x € CY(Q) and every [t1,ts] C [0, 00) it satisfies

/Q X AC Gielta)) da — / X ACe(t)) d + / / e () do,dt

—/tlt2/9v:,;x-<v<§e>dxdt=/t:z/gx%<<CF’<Ge>qe>>dxdt~

Moreover, from (2.20) and (2.21), the boundary condition can be understood in the following
renormalized sense:

(3.13)

(3.14) V-Ge = (L = @)Ly ge + (V4 de)on on B xR,

where the equality holds in the sense of distribution.

The Main Theorem will be proved in two steps: the interior equations and the boundary
condition. The acoustic system (1.1) interior is justified by showing that the limit of (3.13)
(with the test function y supported in the domain ) as € — 0 is the weak form of the
acoustic system. The convergence of the density terms, the flux terms are exactly the same as
(6, 12], so we skip the proof here. The only difference is the removal of the conservation defect
which is proved in [6] under the restriction . = €™, m > % In the rest of this note, we remark
that for the borderline case m = %, the local conservation law defects also vanish as € — 0.

The second step is to justify the boundary condition (1.2). We do not have enough control to
pass to the limit in nonlinear boundary terms, i.e. the boundary terms in (3.13) for conservation
of momentum and energy. However, the boundary condition can be justified by only taking
limit € — 0 in (3.13) for conservation of mass. The details will be given in the last section.

4. REMOVAL OF THE CONSERVATION DEFECTS

The conservation defects have the form

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

Proposition 4.1. Forn =1 andn = 2, and for every ¢ € span{1,vy, -+ ,vp,|v|*} one has

(4.2) % <<§ ]36’”>> — 0 i w-L} (dt; w-L'(dz)) as e — 0.
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Proof. Similar to the proof of Proposition 10.1 in [12], for n = 1, we obtain the decomposition
SRS O WS O U S AU S AL
(43) Ve~ Ne Ve N N, N! N!Ng N,

—ﬁ-d 9a9ede
/e \° N N/N.N, ")’

where J, is given by

(44) Je =2+ 56 (921 + g; + el + ge) - 562 (gélgé - gelge) .

We now dominate the integrands of the three terms on the right-hand side of (4.3). Because
for every ¢ € span{1,v;, -+ ,vp, |[v|*} there exists a constant C' < oo such that |¢| < C'o where
o0 =1+ |[v]?, the integrand of the first term is dominated by

2 2l
(45) _eo_g€1|Q| ]
\/E NelNe

Because —2d9eitoel < 2, the integrand of the second term is dominated by
/N, N!Na Ne

0eq?

N/ N'NsN,

(4.6) o

Finally, because V#ile < 8, the integrannd of the third term is dominated by
el*VetVe €
(4.7) 92 lghgllgd

g .
\/E V N6,1N€/N61Ne

Hence, the result (4.2) for the case n = 1 will follow once we establish that the terms (4.5),
(4.6), and (4.7) vanish as € — 0.

The term (4.6) can be treated easily. By the inequality n.,n.nan. < 24/N/,N!N,N,, where
ne=1+ ‘;—Ege, from estimate

(4.8) o _ g = O(|log(Ve€d)|) in L;

n;ln’endne loc(dt; Ll (d,ud:c)) as € — O7
which is proved in Lemma 9.4 of [6], it follows that
0eq?

o
/N N!NgN,

Terms (4.5) and (4.7) require more work, which is stated in the following lemma.

(4.9) = O(6|log(v/€d.)]) = 0 in L,

loc

(dt; L'(dpdx)) as € — 0.

Lemma 4.1.

552 9521|q6’ . 1 .71
(4.10) 7UW—>0 in Lyy.(dt; L' (dpdz)) as € — 0,
€ eldVe
52 /) .
(4.11) 750' J\%li;/l]‘\qf‘]v — 0 in L. (dt; L*(dudz)) as e —0.
eltVetVeliVe
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The key to proving Lemma 4.1 is the following compactness result which also played an
essential role in [12].

gz
VN,

The method to prove Lemma 4.1 is the same as [6], added an important observation which is
inspired from [12]. In [6], the entropy dissipation rate control is employed to estimate (4.5) and
(4.7), coupled with the nonlinear estimate

(4.12) is relatively compact in w-L; (dt; w-L'(aMdvdz)) .

loc

2
(4.13) ajeﬁE:O(]log(ée)]) in L(dt; L' (Mdvdz)) as e — 0.

In [12], rather than the estimate (4.13), the weak compactness (4.12) was proved and used to
established Navier-Stokes limit. It is observed here that this nonlinear weak compactness (4.12)
can be employed to prove the conservation defect theorem in the linear acoustic limit when the
scaling is . = /€, thus improve the result in [6] to the boaderline case m = %

The entropy inequality yields that

1 [ 1 [ \/€beqe :
. _— p— < mn
(4.14) 32 /0 /<<4r (GelGe) G61G6>> dadt < C™,

where the function r is defined over z > —1 by

(4.15) r(z) = zlog(l+ 2).

The function r is strictly convex over z > —1. The proofs of (4.10) and (4.11) are each based on
a delicate use of the classical Young inequality satisfied by r and its Legendre dual r*, namely,
the inequality

(4.16) pz <r*(p)+r(z) forevery peR and z> —1.
Upon choosing
Vedey Vedelq]
4.17 L aad d —
( ) p Qa an < GelGE )

and noticing that r(|z|) < r(z) for every z > —1, for every positive a and y one obtains
a Ve o) V€deqe

4.18 ] < —=r* GaGe+ — GG, .

( ) y|Q’—€662r < o ) 1 +€52T(G61G€ 1

This inequality is the starting point for the proofs of Lemma 4.1. These proofs also use the
facts, recalled from [3], that 7* is superquadratic in the sense

(4.19) r*(Ap) < A*r*(p), forevery p>0 and X € [0,1],

and that r* has the exponential asymptotics 7*(p) exp(p) as p — o©.

For the proof of (4.10) we use the inequality (4.18) with y = ;% f/—ngf}Ve, where s* € [0, 00)
5292

aNe1 Ne

as in Lemma 10.1 in [12]. We then apply the superquadratic property (4.19) with A\ =

and p = ﬁ, where we note that A < 1 whenever §. < «. This leads to

o 6 921|qe| 164 g41 o o \/E(Seqe
4.20 O Jalde o Z% e ( )GEGE o GG, .
(4:20) I JeNaN, ~ae NaN, \ag) T T 5"\ Goa ) “
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Because GG, < 24/N4 N, while N, > 1, the first term on the right-hand side above is bounded
by

(4 21) 2 52 52961 gel * ( g >
. Oé 6 Nel \/ €1 '

Note that 62 = ¢, so the first factor above is bounded by 2/« and tends to zero almost everywhere
as € — 0. The rest of proof is exactly the same as in the proof of Lemma 10.2 in [12].

For the proof of (4.11) we use the inequality (4.18) with y = ;% f; N!gi\lpg]é\lf —. Then apply
e1iVedVellVe

the superquadratic property (4.19) and (4.18), we have

2 12

o & 19a9ellgel 16! gig o Vel
492) T % Vaddldd o "% eI ( )GeG ) GG, .
(422) =% INTNNLN, — a € NGN/NaN, \ag) “a%e T 52 56 (G61G6> !

the first term on the right-hand side above is bounded by
2 52 52q2% g2
(423) g,el gel/ T* (%) '
a€e Ny /N, 4s
Again we use the scaling assumption §. = +/¢, the first factor above is bounded by 2/a and

tends to zero almost everywhere as € — 0. The rest of proof is exactly the same as in the proof
of Lemma 10.3 in [12]. We thereby complete the proof of Proposition 4.1.

O

5. LIMITING BOUNDARY CONDITION

In this section, we derive the weak form of the limiting boundary condition v -n = 0. First
we state some the a priori estimate on vg. from the boundary term in the entropy inequality
(2.23). The proof is the same as the Lemma 6.1 in [13] and Lemma 6 in [11] for more general
collision kernels. So we just state the lemma without giving proof.

Lemma 5.1. Define v = 719 — (V1 9e)oa and

(2)

(51) ’Ye(l) = 7617+GESQ(G5)39§47+G5 ) Ve (1) .

= fYE - ,75
Then each of these is bounded as follows:

(1)

Ye
(5.2) \/aw m L?oc(dt; LQ(M|U-H(:L‘)|dUdO'z)) ,
%(1) 2 2
(53) \/&W m Lloc(dt; L (M|Un($)|d1)d0'x)) y
(5.4) %%@) in LY (dt; LY (M|v-n(z)|dvdo,)) |
€
where
(5.5) Y4ge = (1 — )74 ge + (V4 ge)oar

= V+G9e — Qe .
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It is proved in [5] (generalized to bounded domain with Maxwell reflection condition in
[14]) that DiPerna-Lions solutions to the Boltzmann equation satisfy a weak form of the local
conservation law of mass

(5.6) Or(ge) + Vi (vge) = 0.

Lemma 5.2. Let G, be a family of renormalized solutions to the Boltzmann equation (2.13),
ge 18 the associated fluctuations defined as G. = 1+ +/€eg.. Let n(x) be a vector field that belongs
to We°(Q; RP) and coincides with the outward unit normal vector at the boundary 0. Then

(5.7) n- (vyg.) s relatively compact in L, (dt; W11 (day,)) .

Proof. The proof relies on the weak formulation of the local conservation law of mass (5.6)
and the relative compactness of (g.) and (vge). Let ¢(x,?) be a test function belonging to
W1 () x R,) and compactly supported in time ¢. Then

/ / t .I' <U 796> do, dt
o0
T
:/ /<ge>5ttpd:1;dt+/ /(vgJ-wadmdt.
0 Ja 0 Ja

The Weak Acoustic Limit Theorem 3.1 asserts that (g.) and (vg.) are relatively compact
in C([0,00);w-L'(dz)). Tt then follows from (5.8) that n-(v~yg.) is relatively compact in
w-L} (dt; w-L'(day,)). O

loc

(5.8)

The next Lemma claims that the limit of any convergent subsequence of n- (v~yg,.) is zero.

Lemma 5.3. Let G, be a family of renormalized solutions to the Boltzmann equation (2.13)
satisfying the Maxwell boundary condition. Let g. be the associated fluctuations defined by
G. =1+ +/eg.. Then

(5.9) lim// (vyge,) p(z,t)do, dt =0,
Ge)

€n—0

for any sequence €, — 0 such thatn - (vyg.,) converges, and for any test function ¢ € W°(Qx
R.) that is compactly supported in time.

Proof. We need only to prove (5.9) for g, because we can take ¢ in (5.8) as the test function
in the moment equation (3.12) for ¢ = 1, then substracted from (5.8):
(5.10)

/ [ 0@ 6o 75 ot dc
G

// — G (9tg0d:cdt—|—// —3)) Vgod:cdt—l—// \/_ (T"(Ge) gy dadt.
It is proved in [12] that g. — g. — 0 in L;

b (dt; LY(Mdv dz dt)) thus the first two terms on the
right-hand side of (5.10) vanish as € — 0. The third term on the right-hand side of (5.10) also
vanishes ¢ — 0 by Proposition 4.1.

From (3.14), the renormalized form of the Maxwell boundary condition reads

Ly ge <7+ge>a§z
1+ e(Lv4Ge)? 1+ e (Ly4go)?”

(5.11) V-ge = (1 —a)



14 N. JIANG, C. D. LEVERMORE, AND N. MASMOUDI

Applying (5.11), we have

/ / VYGge) Yo(t, ) do,dt
o0
_ / / / V49 = (V+9e)oo (o) M dvgpdo, dt
o0 Jomso 14 €742

1 1
+ gg( — — ) v-n)M dvp do, dt
/ /aQ /vn>0 T L+eyig? 1+ ey,02 (v-n) v

1_
/ / / Vel = 9499400 (0 dvg o, dt
o Ju-

n>0 ]' + 674—96)(1 + 6’7+ge)

1 - € €
= a/ / / €V+9cV+Gc) (v-n)M dvp do, dt
90 Junso ( + €’Y+9€)(1 + €74 92)

.\ a/ / / 6’}/4_96 + 7402 + 719279497 (v-n)M dvp do, dt
o Jv- n>0 ]' + 67_‘_96)(1 + 674_96)

(5.12)

Using the bound (5.4) for % , it is easy to estimate that the first term on the right-hand side
of (5.12) is bounded by C'y/e. For the ~ part, from the L2 bounds (5.2) and (5.3),

1) (1)

Ve
5.13 Vo—— and Vo————
(5.1 V1+erig? V1+er192

are relatively compact in w-L} (dt; w-L*(|v-n|Mdv da,)). Use the fact that

loc

(5.14) Ja Ver+9eVer+de . va \/Ewge\/gwge
V31+erigZ(l+ev46?) V91+erigZ(l+evig?)
are bounded in L™ and goes to 0 a.e. Then by the Product Limit Theorem of [3], the product

of (5.13) and (5.14) shows the second term on the right-hand side of (5.12) goes to 0 in
L} (dt; LY (Jv-n|Mdv do,)) as € — 0. Thus we finish the proof of the lemma. O

Remark: If g, satisfies the Maxwell reflection boundary condition in the usual sense, i.e if

(5.15) Y-ge = (1 — @) L(v4+9c) + a{V4ge)on on X_,

then it is easy to show then for every ¢ > 0, the normal component of the momentum on the
boundary vanishes, i.e.

(5.16) n-(vyge) =0 on 0N.

However, DiPerna-Lions solutions are not known to satisfy (5.16). It seems to us that to prove
(5.16) is as difficult as establishing the local conservation law of momentum for DiPerna-Lions
solutions. So, Lemma 5.3 is in the same spirit that the local conservation laws of momentum
and energy are not known for DiPerna-Lions solutions, but are satisfied in the limit as ¢ — 0
proved first in [4]. It is an interesting open question that if DiPerna-Lions solution satisfy (5.16)
in the usual sense for every e > 0.
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