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THE INCOMPRESSIBLE NAVIER-STOKES LIMIT
OF THE BOLTZMANN EQUATION FOR HARD CUTOFF
POTENTIALS

FRANCOIS GOLSE AND LAURE SAINT-RAYMOND

ABSTRACT. The present paper proves that all limit points of sequences
of renormalized solutions of the Boltzmann equation in the limit of small,
asymptotically equivalent Mach and Knudsen numbers are governed by
Leray solutions of the Navier-Stokes equations. This convergence result
holds for hard cutoff potentials in the sense of H. Grad, and therefore
completes earlier results by the same authors [Invent. Math. 155, 81-161
(2004)] for Maxwell molecules.

1. INTRODUCTION

The subject matter of this article is the derivation of the Navier-Stokes
equations for incompressible fluids from the Boltzmann equation, which is
the governing equation in the kinetic theory of rarefied, monatomic gases.

In the kinetic theory of gases founded by Maxwell and Boltzmann, the
state of a monatomic gas is described by the molecular number density in
the single-body phase space, f = f(¢t,z,v) > 0 that is the density with
respect to the Lebesgue measure dzdv of molecules with velocity v € R?
and position z € R? at time ¢ > 0. Henceforth, we restrict our attention to
the case where the gas fills the Euclidian space R3. For a perfect gas, the
number density f satisfies the Boltzmann equation

(1.1) of+v-Vof =B(f, f), z,v€R3,

where B(f, f) is the Boltzmann collision integral.

The Boltzmann collision integral acts only on the v variable in the number
density f. In other words, B is a bilinear operator defined on functions of
the single variable v, and it is understood that the notation

(1.2) B(f, f)(t,z,v) designates B(f(t,z,-), f(t,x,-))(v),

For each continuous f = f(v) rapidly decaying at infinity, the collision
integral is given by

(13) BN = [[ 5005 = £ 0)blo = vr.w)derde
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where

v =0 (v,01,w) =v—(v—11)ww,

(1.4) . -
v =01 (v,0,w) =v1 4+ (v —11) - ww.
The collision integral is then extended by continuity to wider classes of
densities f, depending on the specifics of the function b.

The function b = b(v — v1,w), called the collision kernel, is measurable,
a.e. positive, and satisfies the symmetry
(1.5) b(v —v1,w) =b(vy —v,w) =b(v —vj,w) ae. in (v,v,w).
Throughout the present paper, we assume that b satisfies

0 < b(z,w) < Cy(1 + |2])°| cos(z, )] a.e. on R? x 82,

(1.6)

1 |z 3
b dw > — .e. R°.
/82 (z,w) w_Cbl—Hz\ a.e. on

for some Cj, > 0 and 3 € [0,1]. The bounds ([L.)) are verified by all collision
kernels coming from a repulsive, binary intermolecular potential of the form
U(r) = Uy/r® with Grad’s angular cutoff (see [[L4]) and s > 4. Such power-
law potentials are said to be “hard” if s > 4 and “soft” otherwise: in
other words, we shall be dealing with hard cutoff potentials. The case of a
hard-sphere interaction (binary elastic collisions between spherical particles)
corresponds with

(1.7) b(z,w) = |z - wl;

it is a limiting case of hard potentials that obviously satisfies ([L.€]), even
without Grad’s cutoff. At the time of this writing, the Boltzmann equation
has been derived from molecular dynamics — i.e. Newton’s equations of
classical mechanics applied to a large number of spherical particles — in
the case of hard sphere collisions, by O.E. Lanford [[[f], see also [{] for the
case of compactly supported potentials. Thus the collision kernel b given by
(L.7) plays an important role in the mathematical theory of the Boltzmann
equation.

The only nonnegative, measurable number densities f such that B(f, f) =
0 are Maxwellian densities, i.e. densities of the form

(18) F0) = e e"58" = Mipev)

' (270©)3/2 ' ”
for some R >0, © > 0 and U € R3. Maxwellian densities whose parameters
R, U, © are constants are called “uniform Maxwellians”, whereas Maxwellian
densities whose parameters R, U, © are functions of ¢ and x are referred to as
“local Maxwellians”. Uniform Maxwellians are solutions of ([.]); however,
local Maxwellians are not solutions of ([L.]) in general.

The incompressible Navier-Stokes limit of the Boltzmann equation can be
stated as follows.
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NAVIER-STOKES LIMIT OF THE BOLTZMANN EQUATION
Let 4™ = u"(z) € R3 be a divergence-free vector field on R3. For each
€ > 0, consider the initial number density

(19) feln(:pv U) = Ml,eum(ex),l(v) .

Notice that the number density £ is a slowly varying perturbation of order
e of the uniform Maxwellian M 1. Let fc solve the Boltzmann equation

(L)) with initial data ([.g), and define
1 t
(1.10) ue(t,x) := - /R3 v fe <e_2’ E,fu) dv .

Then, in the limit as ¢ — 0% (and possibly after extracting a converging
subsequence), the velocity field u. satisfies

ue — u in D'(Ry x R?)
where u is a solution of the incompressible Navier-Stokes equations

Ou+divy(u@u) + Vep=vAu, zeR3, t>0,

1.11
( ) divyu =0,
with initial data
(1.12) ul,_, =u".

The viscosity v is defined in terms of the collision kernel b, by some implicit
formula, that will be given below.

(More general initial data than ([.9) can actually be handled with our
method: see below for a precise statement of the Navier-Stokes limit theo-
rem.)

Hydrodynamic limits of the Boltzmann equation leading to incompress-
ible fluid equations have been extensively studied by many authors. See
in particular [f] for formal computations, and [f], fj] for a general program
of deriving global solutions of incompressible fluid models from global so-
lutions of the Boltzmann equation. The derivation of global weak (Leray)
solutions of the Navier-Stokes equations from global weak (renormalized a
la DiPerna-Lions) solutions of the Boltzmann equation is presented in [f],
under additional assumptions on the Boltzmann solutions which remained
unverified. In a series of later publications [0, P2, H, [[]] some of these
assumptions have been removed, except one that involved controlling the
build-up of particles with large kinetic energy, and possible concentrations
in the x-variable. This last assumption was removed by the second author
in the case of the model BGK equation [PJ, P4], by a kind of dispersion
argument based on the fact that relaxation to local equilibrium improves
the regularity in v of number density fluctuations. Finally, a complete proof
of the Navier-Stokes limit of the Boltzmann equation was proposed in [[L3].
In this paper, the regularization in v was obtained by a rather different
argument — specifically, by the smoothing properties of the gain part of
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Boltzmann’s collision integral — since not much is known about relaxation
to local equilibrium for weak solutions of the Boltzmann equation.

While the results above holds for global solutions of the Boltzmann equa-
tion without restriction on the size (or symmetries) of its initial data, earlier
results had been obtained in the regime of smooth solutions [d, f]. Since
the regularity of Leray solutions of the Navier-Stokes equations in 3 space
dimensions is not known at the time of this writing, such results are limited
to either local (in time) solutions, or to solutions with initial data that are
small in some appropriate norm.

The present paper extends the result of [[J] to the case of hard cutoff
potentials in the sense of Grad — i.e. assuming that the collision kernel
satisfies ([.). Indeed, [[J] only treated the case of Maxwell molecules, for
which the collision kernel is of the form

1
b(z,w) = | cos(z,w)|b*(| cos(z,w)|) with o <b, <Ci.

*

The method used in the present paper also significantly simplifies the original
proof in [[L3] in the case of Maxwell molecules.

Independently, C.D. Levermore and N. Masmoudi have extended the anal-
ysis of [[[J] to a wider class of collision kernels that includes soft potentials
with a weak angular cutoff in the sense of DiPerna-Lions: see [[17]. Their
proof is written in the case where the spatial domain is the 3-torus R3/Z3.

In the present paper, we handle the case of the Euclidian space R3, which
involves additional technical difficulties concerning truncations at infinity
and the Leray projection on divergence-free vector fields — see Appendix C
below.

2. FORMULATION OF THE PROBLEM AND MAIN RESULTS

2.1. Global solutions of the Boltzmann equation. The only global ex-
istence theory for the Boltzmann equation without extra smallness assump-
tion on the size of the initial data known to this date is the R. DiPerna-P.-L.
Lions theory of renormalized solutions [}, [[§]. We shall present their the-
ory in the setting best adapted to the hydrodynamic limit considered in the
present paper.

All incompressible hydrodynamic limits of the Boltzmann equation in-
volve some background, uniform Maxwellian equilibrium state — whose role
from a physical viewpoint is to set the scale of the speed of sound. With-
out loss of generality, we assume this uniform equilibrium state to be the
centered, reduced Gaussian density

1
(2m)3/2

o lo?/2.

(2.1) M(U) = M170,1(’U) =



NAVIER-STOKES LIMIT OF THE BOLTZMANN EQUATION 5

Our statement of the Navier-Stokes limit of the Boltzmann equation given
above suggests that one has to handle the scaled number density

t x
2.2 F(t,z,v) = fe| =, —,
(22) () = 1. (3 500)
where f. is a solution of the Boltzmann equation ([L.1)). This scaled number
density is a solution of the scaled Boltzmann equation
(2.3) O F. +ev-V F. = B(F.,F.), =xzvé€ R3, t>0.

Throughout the present section, € is any fixed, positive number.

Definition 2.1. A renormalized solution of the scaled Boltzmann equation

([2.3) relatively to the global equilibrium M is a function
FeCR", L, (R®x R?)

such that

r’ (%) B(F,F) e L}, ,(Ry x R® x R3)

and which satisfies

F F
2
for each normalizing nonlinearity
C

z>0.

I'e C’l(R+) such that [I'(z)| < ,
1+=2

The DiPerna-Lions theory is based on the only a priori estimates that
have natural physical interpretation. In particular, the distance between any
number density F' = F(z,v) and the uniform equilibrium M is measured in
terms of the relative entropy

(2.5) H(F|M) = //RR <F In (%) —F+ M) dwdy .

Introducing
(2.6) h(z)=14+2z)In(l1+2)—2>0, z>-1,

we see that
F
H(F|M):// h<——1>Mdvd:U20
R3xR? \M

with equality if and only if F' = M a.e. in x,v.

While the relative entropy measures the distance of a number density £’ to
the particular equilibrium M, the local entropy production rate “measures
the distance” of F' to the set of all Maxwellian densities. Its expression is as
follows:

;

F'F|
(2.7) E(F) = i///RS w SQ(F/F{_FFl)ln (FF11> b(v—v1,w)dvdvidw .
X X

The DiPerna-Lions existence theorem is the following statement [§, [Lg].
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Theorem 2.2. Assume that the collision kernel b satisfies Grad’s cutoff
assumption ([I.4) for some 3 € [0,1]. Let F'™ = F™(x,v) be any measurable,
a.e. nonnegative function on R3 x R? such that

(2.8) H(F™M) < +oc.
Then, for each € > 0, there exists a renormalized solution
F. € C(RY, L} (R x R?))
relatively to M of the scaled Boltzmann equation (B.3) such that

F|,_,=F".
Moreover, F, satisfies
(a) the continuity equation
(2.9) e@t/ Fedv—l—divm/ vE.dv =0,
R3 R3

and
(b) the entropy inequality

(2.10)  H(F.|M)(t) + iz/t E(F.)(s,z)dsdxz < H(F™|M), t>0.
€ 0 R3

Besides the continuity equation (R.9), classical solutions of the scaled
Boltzmann equation (R.3) with fast enough decay as |v| — oo would satisfy
the local conservation of momentum

(2.11) e8t/ vF.dv + divw/ v@uF.dv =0,
R3 R3
as well as the local conservation of energy
(2.12) e@t/ %|v|2FEdv + divm/ v%|v|2FEdv =0.
R3 R3

Renormalized solutions of the Boltzmann equation (R.J) are not known to
satisfy any of these conservation laws except that of mass —i.e. the continu-
ity equation (R.9). Since these local conservation laws are the fundamental
objects in every fluid theory, we expect to recover them somehow in the
hydrodynamic limit € — 0.

2.2. The convergence theorem. It will be more convenient to replace the
number density F, by its ratio to the uniform Maxwellian equlibrium M,
also we shall be dealing mostly with perturbations of order e of the uniform
Maxwellian state M. Thus we define

F Ge—1
(2.13) GE—M, ge = — -
Likewise, the Lebesgue measure dv will be replaced with the unit measure

Mdv, and we shall systematically use the notation

(2.14) (p) = /R3 ¢(v)M(v)dv , for each ¢ € LY (Mdv).
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For the same reason, quantities like the local entropy production rate involve
the measure
(2.15)

du(v,v1,w) = b(v — vy, w)Mydvy Mdvdw , /// du(v,v,w) =1,
R3xR3xS2

whose normalization can be assumed without loss of generality, by some
appropriate choice of physical units for the collision kernel b. We shall also
use the notation

(2.16)

(v) = ///R3><R3><82 Y(v, vy, w)du(v,v1,w) for ¥ € LYR3 x R? x 82, dpu).

From now on, we consider solutions of the scaled Boltzmann equation
(B-3) that are perturbations of order e about the uniform Maxwellian M.
This is conveniently expressed in terms of the relative entropy.

Proposition 2.3 (Uniform a priori estimates). Let F'" = F/™(x,v) be a
family of measurable, a.e. nonnegative functions such that
1 . .
(2.17) sup - H(F"|M) = C"" < +o00.
e>0 €

Consider a family (F¢) of renormalized solutions of the scaled Boltzmann
equation (B.3) with initial data

(2.18) F|,_,=F".
Then
(a) the family of relative number density fluctuations g. satisfies

= [ (hleault. e < €

where h is the function defined in ([.4);
(b) the family 1(v/Gc — 1) is bounded in L®°(Ry; L*(Mdvdz)):

(2.20) /RS < (@)2 >da: <cm

(c) hence the family g. is relatively compact in L} (dtdx; L*(Mdv));

loc

(d) the family of relative number densities G, satisfies the entropy pro-
duction — or dissipation estimate

(2.21) /OOO /RS << <\/G2G216—2 ¢G€Gd>2 >>dxdt o

Proof. The entropy inequality implies that

(2.19)

H(F|M)(t) = /R3<h(G6 — D)(t, x)dx < H(FE™| M) < C™e?,

which is the estimate (a).
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The estimate (b) follows from (a) and the elementary identity

hz—1) - (VZ-12 =zlnz— (VZ- Dz +1) - (vVz - 1)
=2zInvz—2(Vz— 1)z
=2vz (VzInyz—vz+1) >0

From the identity

(2.22) ge =2

€ €

VG_6—1+6<\/G_5—1>2

and the bound (b), we deduce the weak compactness statement (c).
Finally, the entropy inequality implies that

/ E(F.)(s,z)dzds < C™et.
o JR3

Observing that
F!'F’
E(F.) = %/// (F/Fy — F.F1)ln ( € E1> b(v — vy, w)dvdvy dw
R3xR3xS2 Feba

1 ¥al G/ /1
= Z<<(G6 el _Gﬁcﬁl)ln (GiGi1>>>

and using the elementary inequality

X
%(X—Y)ln? >(WX-VY)?, X,Y>0

leads to the dissipation estimate (d). O

Our main result in the present paper is a description of all limit points of
the family of number density fluctuations g..

Theorem 2.4. Let F™ be a family of measurable, a.e. nonnegative func-
tions defined on R3 x R? satisfying the scaling condition ([2.17). Let F, be
a family of renormalized solutions relative to M of the scaled Boltzmann
equation ([2.3) with initial data (2.13), for a hard cutoff collision kernel b
that satisfies ([I.4) with 3 € [0,1]. Define the relative number density G.
and the number density fluctuation g. by the formulas ([2.13).

Then, any limit point g in L} (dtdx; LY(Mdv)) of the family of number
density fluctuations ge is an infinitesimal Maxwellian of the form

g(t,x,v) = u(tw%') “U+ H(t,m)%(‘UP - 5) )
where the vector field u and the function 0 are solutions of the Navier-Stokes-
Fourier system
Ou+divy(u®@u) + Vep =vAgu, divyau=0

2.2
(2.23) 00 + divy(uf) = kA0
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u'™ = w — lim P <1 /UF?”dU)
e—0 €

. 1 .
0" = w — lim — (%\U\z - )(F" = M)dv,

e—0 €

with initial data

(2.24)

where P is the Leray orthogonal projection in L?(R3) on the space of diver-
gence-free vector fields and the weak limits above are taken along converging

subsequences. Finally, the weak solution (u,8) of ([2.23) so obtained satisfies
the energy inequality

¢
/ (Lu(t, 2)[2 + 216(t, ) [2)da +/ / (| Vaul? + 34|V,60%)dz
(2 25) RS 0 RS
. 1 ‘
< lim — H(F"|M)

e—0+ €

The viscosity v and thermal conductivity k are defined implicitly in terms of
the collision kernel b by the formulas (.27) below.

There are several ways of stating the formulas giving v and k. Perhaps
the quickest route to arrive at these formulas is as follows.

Consider the Dirichlet form associated to the Boltzmann collision integral
linearized at the uniform equilibrium M:
(2.26) Dy (®) := L(|®" + ) — & — &)
The notation | - |* designates the Euclidian norm on R3 when ® is vector-
valued, or the Frobenius norm on M3z(R) (defined by |A| = trace(A* A)'/?)
when ® is matrix-valued. Let D* be the Legendre dual of D, defined by the
formula

D" (¥) = sup (¥ - ) ~ D))

where the notation ®(v)- ¥ (v) designates the Euclidian inner product in R3
whenever ®, U are vector valued, or the Frobenius inner product in M3(R)
whenever ®, U are matrix-valued (the Frobenius inner product being defined
by A- B = trace(A*B).)

With these notations, one has

(2.27) vi=1D*(v®v— %|v|21), K= %D*(%v(|v|2 —5)).

The weak solutions of the Navier-Stokes-Fourier system obtained in The-
orem P.4 satisfy the energy inequality (R-2§) and thus are strikingly similar
to Leray solutions of the Navier-Stokes equations in 3 space dimensions —
of which they are a generalization. The reader is invited to check that,

whenever the initial data F'" is chosen so that

1 : .
SHEM) = [ (@) as - 07,
€ R3
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then the vector field u obtained in Theorem P.4 is indeed a Leray solution
of the Navier-Stokes equations. More information on this kind of issues
can be found in [[[J. See in particular the statements of Corollary 1.8 and
Theorem 1.9 in [[[3], which hold verbatim in the case of hard cutoff potentials
considered in the present paper, and which are deduced from Theorem P.4
as explained in [[[J].

2.3. Mathematical tools and notations for the hydrodynamic limit.
An important feature of the Boltzmann collision integral is the following
symmetry relations (the collision symmetries). These collision symmetries
are straightforward, but fundamental consequences of the identities (L)
verified by the collision kernel, and can be formulated in the following man-
ner. Let ® = ®(v,v1) be such that ® € L'(R? x R? x 82, du). Then

(2.28)

/// P (v, v1)dp(v, v, w) = /// ®(v1,v)dp(v, v1,w)
R3xR3xS2 R3xR3xS2

= /// @(U’(v,vl,w),U'l(v,vl,w))d,u(v,vl,w)
R3xR3xS?

where v' and v} are defined in terms of v, v1,w by the formulas ([.4).

Since the Navier-Stokes limit of the Boltzmann equation is a statement
on number density fluctuations about the uniform Maxwellian M, it is fairly
natural to consider the linearization at M of the collision integral.

First, the quadratic collision integral is polarized into a symmetric bilinear
operator, by the formula

B(F,G) =3 (B(F+G,F+G) - B(F,F)-B(G,G)) .
The linearized collision integral is defined as

(2.29) Lf=—-2M"'B(M,Mf).

Assuming that the collision kernel b comes from a hard cutoff potential
in the sense of Grad ([L.g), one can show (see [L§] for instance) that £ is
a possibly unbounded, self-adjoint, nonnegative Fredholm operator on the
Hilbert space L?(R3, Mdv) with domain

D(L) = L*(R?, a(|v|)*Mdv)
and nullspace
(2.30) Ker £ = span{1, vy, va, v3, |v]|*},
and that £ can be decomposed as

Lg(v) = a(Jv])g(v) — Kg(v)

where K is a compact integral operator on L?(Mdv) and a = a(|v]) is a
scalar function called the collision frequency that satisfies, for some C' > 1,

0<a- <a(jo]) <as(1+0])’.
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In particular, £ has a spectral gap, meaning that there exists C' > 0 such
that

(2.31) (FLF) = CIf = Tf 1 Z2 (rao) 5

for each f € D(L), where II is the orthogonal projection on Ker £ in
L*(R3, Mdv), i.e

(2.32) ILf = (f) + (vf) v+ (Gl = 1) f)5(vf* - 3).

The bilinear collision integral intertwined with the multiplication by M
is defined by

(2.33) Q(f,g) = M~'B(Mf,Myg).

Under the only assumption that the collision kernel satisfies ([.§) together
with the bound

(2.34) /S b(z,w)dw < ay (1 + [2])?

Q maps continuously L?(R3, M (1 + |[v])%dv) into L?>(R3, a~'Mdv). Indeed,
by using the Cauchy-Schwarz inequality and the collision symmetries (R.2§)

entailed by ([L.5)
(2.35)

1900 W opsa = [ allo)™
R3

2
X <% // (g'h) + gyh' — ghy — g1h)b(v — vl,w)Mldvldw> Mdv
R3xS2

%/ ‘U‘ <// ’U — V1,Ww )Mldvldw>
R3xS2
<// (B} + gy W — ghy — g1h)*b(v — vl,w)Mldvldw> Mdv
R3xS2
< sup a(|v|)” // b(v — vy, w)Midvdw
veER3 R3xS2
<[] R P+ (b + @)oo
R3xR3xS2
<20 // ((gh1)* + (g1h)?) (/ b(v — vl,w)dw> M My dvdvy
R3xR3 S2

< AC% gz (4o pra) 1PN Z2 1ty )

IN

X

Another important property of the bilinear operator Q is the following re-
lation:

(2.36) O(f, f) = 3L(f?) for each f € Ker L,
which follows from differentiating twice both sides of the equality

BMgrue, Mrue) =0
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with respect to R > 0, © > 0 and U € R? — see for instance [J], flas (59-60)
for a quick proof of this identity.
Young’s inequality

Since the family of number density fluctuations g. satisfies the uniform
bound (a) in Proposition R.J and the measure Mdv has total mass 1, the
fluctuation g. can be integrated against functions of v with at most quadratic
growth at infinity, by an argument analogous to the Holder inequality. This
argument will be used in various places in the proof, and we present it here

for the reader’s convenience. To the function h in (2.§), we associate its
Legendre dual h* defined by

h(C) = sup (Cz —h()) = ¢ = (~1.

z2>—

Thus, for each ¢ > 0 and each z > —1, one has
(2.37) Clz[ < A([z]) + A*(¢) < h(z) + R7(C)
since

h(|z|) < h(z), =z>—1.

The inequality (P.37) is referred to as the Young inequality (by analogy with
the classical Young inequality

P q
<L+ L0
p q
which holds whenever 1 < p,q < oo satisfy % + % =1,

Notations regarding functional spaces
Finally, we shall systematically use the following notations. First, Lebesgue
spaces without mention of the domain of integration always designate that
Lebesgue space on the largest domain of integration on which the measure
is defined. For instance

LP(Mdv) designates LP(R?; Mdv)

LP(Mdvdz)  designates LP(R? x R3; Mdvdz)

LP(dp) designates LP(R?® x R? x S?;dp)
When the measure is the Lebesgue measure, we shall simply denote

LP:=LP(R%dx), LY, :=LPR4 x R%dtdz).

Whenever E is a normed space, the notations O(d)g and o(d) g designate
a family of elements of E whose norms are O(J) or o(d). (For instance O(1)g
designates a bounded family in E, while o(1)g designates a sequence that
converges to 0 in E.)

Although Lf . Spaces are not normed spaces, we designate by the notation
0(9) v (o) a family fc € L? () such that, for each compact K C Q,

loc

| fellr () = O(0) .
The notation o() 17, (q) s defined similarly.
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2.4. Outline of the proof of Theorem R.4. In terms of the fluctuation
ge, the scaled Boltzmann equation (P.J) with initial condition (B.1§) can be
put in the form

1
85 'ngz__ﬁe €y Ye)
(2.38) €dige +v - Vg - (ge) + Q(ges ge)

Get=0 = gin :
Step 1 : We first prove that any limit point g of the family of fluctuations
ge as € — 0T satisfies

g=1lg
where IT is the orthogonal projection on the nullspace of £ defined in (P-33).

Hence, the limiting fluctuation ¢ is an infinitesimal Maxwellian, i.e. of
the form

(2.39) g(t,z,v) = p(t,z) + u(t,z) v+ 0(t z)5(Jv]* - 3).

The limiting form of the continuity equation (R.9) is equivalent to the in-
compressibility condition on u:

divx u=20.
Ste_p? : In order to obtain equations for the moments
p=(9), w={vg), andd={((3l* 1)

we pass to the limit in approximate local conservation laws deduced from
the Boltzmann equation in the following manner.

Besides the square-root renormalization, we use a renormalization of the
scaled Boltzmann equation (R.3) based on a smooth truncation + such that

(2.40) v € C*®R*,[0,1]), 7!{07%] =1, 7‘[27_'_00) =0.
Define

R d
(2.41) H(z) = ((z = 1)v(2)) -

Notice that
(242) supp(3) € [0.2], 35 =1 and 1= 3lem < 14 o
We use below the notation v, and 4. to denote respectively v(G.) and 4(G).

We also use a truncation of high velocities, defined as follows: given k > 6,
we set

(2.43) K. =k|Inel.

For each continuous scalar function, or vector- or tensor-field £ = £(v), we
denote by £k the following truncation of ¢:

(2.44) Ex.(v) = E(V) L)<k, -
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Renormalizing the scaled Boltzmann equation (R.3) with the nonlinearity
I['(Z) = (Z —1)y(Z), we arrive at the following form of (P.3§)

1 1.
at(ge'%) + EU : vr(QE’V&) = 6_376Q(G6’ GE) .

Multiplying each side of the equation above by £k, and averaging in the
variable v leads to

1 1
(245) at(sKege'ye> + diVm E<U£K69676> = 6_3<<£K53/6(G/5 /51 - G€G€1)>> .

Henceforth we use the following notations for the fluxes of momentum or
energy:

(2.46) F(0) = + (Cre.9ev)
with
C(v) =A(v) := v®2 — %|v|2l, or ((v) = B(v) := %v(|v|2 —5).

Likewise, we use the notation

(2.47) De(f) = 6i3<<£K€’3/6(G2 21 - GEG51)>>

for the conservation defect corresponding with the (truncated) quantity £ =
§(v), where € € span{1,vi, vz, v3, [v[*}.

The Navier-Stokes motion equation is obtained by passing to the limit as
€ — 0 modulo gradient fields in the equation (R.4H) for £(v) = v;, j = 1,2,3,
recast as

(2.48) i (vre. 9eve) + dive Fo(A) + Vo (3(v%, geve) = De(v),

while the temperature equation is obtained by passing to the limit in that
same equation with £(v) = 3(|v|*> — 5), i.e. in

(2.49) O (3 ([v]* = 5) k. geve) + divy Fe(B) = De((Jv]* = 5)).

For the mathematical study of that limiting process, the uniform a priori
estimates obtained from the scaled entropy inequality are not sufficient. Our
first task is therefore to improve these estimates using both
a) the properties of the collision operator (see Section 3), namely a suitable
control on the relaxation based on the coercivity estimate (R.31))

(DL8) > Clld — 19|72 (rragw)

b) and the properties of the free transport operator (see Section 4), namely
dispersion and velocity averaging.

With the estimates obtained in Sections 3-4, we first prove (in Section 5)
that the conservation defects vanish asymptotically

D.(§) — 0in Llloc(dtdx), ¢ € span{vy, vg, v3, |v|2}
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Next we analyze the asymptotic behavior of the flux terms. This requires
splitting these flux terms into a convection and a diffusion part (Section 6)

R0 - 2(¢ (H@)Q )+ 2(CQUVGe VG ) — 0in L)

where ( is the unique solution in (Ker £)* of the Fredholm integral equation

LE=C.
For instance, the tensor field A and the vector field B defined by
(2.50) Alw) :=v®v— %|v|21, B(v) := %(|v|2 -5
satisfy
(2.51) AlKerL, BlKerl

componentwise, so that there exists a unique tensor field A and a unique
vector field B such that

(2.52) LA=A, LB=B, Aand BLKerL,

The diffusion terms are easily proved to converge towards the dissipation
terms in the Navier-Stokes-Fourier system

200G ) — (o Vag) in Ll (ande),

The formulas (R:27) for the viscosity v and heat conduction s are easily
shown to be equivalent to

(2.53) v=1(A:A), k=2(B B).

The (nonlinear) convection terms require a more careful treatment, involving
in particular some spatial regularity argument and the filtering of acoustic
waves (see Section 7).

3. CONTROLS ON THE VELOCITY DEPENDENCE
OF THE NUMBER DENSITY FLUCTUATIONS

The goal of this section is to prove that the square number density fluc-
tuation — or more precisely the following variant thereof

(=)

is uniformly integrable in v with the weight (1 4 |v|)? for each p < 2.

In our previous work [L], we obtained this type of control for p = 0
only, by a fairly technical argument (see Section 6 of [1J]). Basically, we
used the entropy production bound to estimate some notion of distance
between the number density and the gain part of a fictitious collision integral.
The conclusion followed from earlier results by Grad and Caflisch on the v-
regularity of the gain term in Boltzmann’s collision integral linearized at
some uniform Maxwellian state.
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Unfortunately, this method seems to provide only estimates without the
weight (14|v|)? (with 3 as in (T.)) that is crucial for treating hard potentials
other than the case of Maxwell molecules. Obtaining the weighted estimates
requires some new ideas presented in this section.

The first such idea is to use the spectral gap estimate (R.31)) for the lin-
earized collision integral. Instead of comparing the number density to (some
variant of) the local Maxwellian equilibrium — as in the case of the BGK
model equation, treated in [B3, P4, or in the case of the Boltzmann equa-
tion with Maxwell molecules as in 1] — we directly compare the number
density fluctuation to the infinitesimal Maxwellian that is its projection on
hydrodynamic modes.

The lemma below provides the basic argument for arriving at such esti-
mates.

Lemma 3.1. Under the assumptions of Theorem [2.], one has
(3.1)
H VG —1
€

2

VG —1

€

II

< O(e)rz2_+O(e)
L2(Mdv) o

‘\/Ge—l
€

L2(Mdv) ‘

Proof. In order to simplify the presentation we first define some fictitious
collision integrals £ and Q

Lg = // (9+91— ¢ — g)Mib(v — vy, w)dvrdw
R3xS2

Qg,h) = %// (g'Py + 1B — ghi — g1h) Mib(v — vy, w)dvydw,
R3xS82

obtained from £ and Q by replacing the original collision kernel b with

bzw) = b(z,w)

1+ [ b(z,w1)dwr
SZ

Start from the elementary formula

2 (YO (VI VI Lo(va, va).

€ €

Multiplying both sides of this equation by (I — II)(v/G. — 1) and using the
spectral gap estimate (2.3]) leads to

[

II

L2(Mdv)
~ (VG —1 VG —1
(3.3) <e€||Q < ; >
€ € L2(Mdv)

+€

5OW/Ge /G

L2(Mdv)



NAVIER-STOKES LIMIT OF THE BOLTZMANN EQUATION 17

Denote
dii(v,v1,w) = MM;b(v — v1,w)dwdvduvy .
By definition of b , one has
/ b(v — vy, w)dw < 1.
SZ
Hence Q is continuous on L?(Mdv): by (2-35)
199, )| 12 vy < 2091 L2 (vraw) |2l 22 (0t -

(Notice that b verifies ([LF) as does b).
Plugging this estimate in (B.J) leads to

H VGe—1 H\/G6 -1
€ € L2(Mdv)
(3.4) = 1P .
< Cel||X——— + € —2Q(\/ Ge, VGe)
€ L2(Mdv) € L2(Mdv)

Finally, applying the Cauchy-Schwarz inequality as in the proof of (R.37),

one finds that
1~ 2 .
‘ E—2Q(\/Ge, VGe) < <sup // b(v — vl,w)Mldvldw>
L2(Mdv) veR3 J JR3xS2
1 2
— GG, — /GG ) di(v, vy,
X€4///RBxR3xs2< eTel 1> (v, vy, w)

1 2
< = e
<5 / //R RS(JGTl m—c;l) A, v1,0)

since 0 < b < b. By the entropy production estimate (d) in Proposition P.3,
the inequality above implies that

1 -
_QQ( VGe; V/Ge) = O(l)fo
€ L2(Mdv) ’
This estimate and (B.4) entail the inequality (B.J)). O

Notice thNat we cpuld have used directly £ and Q instead of their truncated
analogues £ and Q, obtaining bounds in weighted L? spaces by some loop
argument, unfortunately much more technical than the proof above.

The main result in this section — and one of the key new estimate in this
paper is

Proposition 3.2. Under the assumptions of Theorem [2.4, for each T > 0,
each compact K C R3, and each p < 2, the family

e (VLY
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is uniformly integrable in v on [0,T] x K x R> with respect to the measure
dtdxMdv. (This means that, for each n > 0, there exists o > 0 such that,
for each measurable ¢ = p(x,v) verifying

[ollLge, <1 and [l pee () < @,

T, v —

/OT/K/R3‘P(1+’UDP <@>2Mdvdxdt§n-)

Proof. Start from the decomposition
(3.5)

Ji=(1+ o))

one has

(1 + [of)"IT

+(1+o])? <@> (1+ o)) <<Q> -1 (E»

€

(2 (=252

We recall from the entropy bound (b) in Proposition .3 that

(@) = O(1) Lo (L2 (deMdv))
so that, by definition (R.39) of the hydrodynamic projection II
(3.6) 1T (@) = O(1) Lso (22 (La(Mdv)))
for all ¢ < +oo. Therefore the first term in the right-hand side of (B.5)
satisfies
(3.7) = ‘@‘ (1+ [v)? H@‘ = O(1) Lo (23 (L7 (Madv)))

foral0<p< +ooand 1 <r < 2.

In order to estimate the second term in the right-hand side of (B.5), we
first remark that, for each § > 0, each p < 2 and each ¢ < +0o0, there exists
some C' = C(p, q,0) such that
(3.8)

Vv GE -1 C b,q, 6
(1 + [o]P/? <7 = O(0) oo (L2(deMdv)) + O ol.g,9)
€ € Lg2,(L9(Mdv))
Indeed, by Young’s inequality and Proposition R.3 (a),

ol (VI < By (L

<fh(G 1)+ h*<(1t52|”|)>

52 14 |v|)?
= 0(52)L?°(L1(d-’ﬂMdU)) + 6—2 exp <¢>



NAVIER-STOKES LIMIT OF THE BOLTZMANN EQUATION 19

We next use (B.§) with the two following observations: first, the obvious
continuity statement (B.6]). Also, because of (B.1) and the entropy bound
(b) in Proposition R.3, one has

VG —1 VG —1
(3.9) H —1II = 0(6) 1} (dtde)
€ € L2(Mdv) oe
Hence
P G.—1 p G.—1 -1
(1) B[ YR o YR o (YR

<

A S,

h(Ge —1)V2(1 + |u])P/? <E> —1I <7

) 9 (1+ |v|)P VG —1 -1
+E(1 + \v\)p/ exp < 552 ; —II|—
= T +1II]
Now
— 2 — 2
I < zizh(Ge—l)+5(1+|v|)p HE +0(1+ |v])P E
€ € €

= O(0) oo (L1 (Mdvdz)) T O(8) Leo (L1 (Mdvde)) + 6
On the other hand

I 1y (dtdesr (Mav)) < O H(l + [v])P/? exp ( 552

(5 ()

€ €

(1+ !’U!)”)

La(Mdv)

€ L}, (dtdz;L2(Mdv))
= 0(6C(p,q,9))

. _ 2q
with r = PR

Putting all these controls together shows that
JLZIT+II+1I1II= O(l)L;’O(L}c(LT(Mdv)))
(3.10) +0(8) Lo (L1 (Mdvdz)) + O0) Loe (L1 (Mdvda)) + 0T
+O(6C(p:4,0)) 11 (dtdu; L7 (Madv))
i.e.
VG —1\?
(1 =6)(1 + [v[)P (f < O) pso(zi(Lr(Madv)))
+0(6C(p, q, 5))Llloc (dtda; L7 (Mdv)) T O(0) Lee (L1 (Mdvda))
which entails the uniform integrability in v stated in Proposition B.2 O
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Remark: replacing the estimate for II above with

2
80 H\/Ge—l
€

2
0

< — — _ p

IT < 55 h(Ge = 1) + (1 + [o])

]

VG -1
+ 2L+ o) |

1)
= O(a)L?o(Ll(Mdvdx)) + O(é)Ltoo(Ll(Mdvdx)) + gj
and choosing § = 4 in () shows that

~— 2
(1 + |v])? <£> is bounded in L}, (dtdx; L' (Mdv)).
€

In [, the Navier-Stokes limit of the Boltzmann equation is established as-
suming the uniform integrability in [0, 7] x K x R3 for the measure dtdx M dv
of a quantity analogous to the one considered in this bound. As we shall
see, the Navier-Stokes-Fourier limit of the Boltzmann equation is derived in
the present paper by using only the weaker information in Proposition B.3.

4. COMPACTNESS RESULTS FOR THE NUMBER DENSITY FLUCTUATIONS

The following result is the main technical step in the present paper.
Proposition 4.1. Under the assumptions in Theorem B.4, for each T > 0,
each compact K C R? and each p < 2, the family of functions

()
€

(14 [o])?

is uniformly integrable on [0,T] x K x R? for the measure dtdzMdv.

This Proposition is based on the uniform integrability in v of that same
quantity, established in Proposition B.3, together with a bound on the
streaming operator applied to (a variant of) the number density fluctua-
tion (stated in Lemma [L.J). Except for some additional truncations, the
basic principle of the proof is essentially the same as explained in Lemma
3.6 of [I3] (which is recalled in Appendix B). In other words, while the result
of Proposition B.2 provides some kind of regularity in v only for the number
density fluctuation, the bound on the free transport part of the Boltzmann
equation gives the missing regularity (in the z-variable).

The technical difficulty comes from the fact that the square-root renor-
malization I'(Z) = v/Z is not admissible for the Boltzmann equation due
to the singularity at Z = 0. We will therefore use an approximation of the
square-root, namely z — /2 + €@ for some « €]1,2].

Lemma 4.2. Under the assumptions in Theorem [2.], for each a > 0, one

has
Ver+Ge—1

€

(€dy +v-Vy) = O(€™"*) L1 (M dvdaar)

+ O(1) L2 (14 v])~8 Mdvdede)

+O(€) L1 (dtdws 2 (14+]0]) 5 Mdv) -
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Proof of Lemma [{.3. Start from the renormalized form of the scaled Boltz-
mann equation (R.3), with normalizing function

ver+ 272 —1

I(2) = ;

This equation can be written as

Ve +Ge—1 1 1

, ve tee -4 L b _ ! 2
(4.1) (0 +v-Vy) c 22/ 1 G, Q(Ge,Ge) = Q + Q¢
with
Q=
¢ €22/ ¥ G,
2
X // <\/G’E = \/GEG51> b(v — vy, w)dwMidvy ,
(4.2) Q2_i
Caveia

X //\/ GeGd <\/GQG/61 — 1/ G€G€1> b(’U — vl,w)deldvl .

The entropy production estimate (d) in Proposition P.J and the obvious
inequality

\er+ G > /2
imply that
(4.3) QU £ (Mdvdzary < 3CTE*/2

On the other hand

Q= m // Ve ﬂm Ay oo

Write

Ga—1
Ga=1+e"0—.
€
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Apply the Cauchy-Schwarz inequality as in the proof of (£.35): then

GG, — VGG,
H// \/Gd\/ € el 2\/ lb(v—vl,w)Mldvldw
€

1/2
< sup <(1 + ]’u])_ﬁ//b(v — vl,w)Mldvldw>

- < <¢G@ o ¢GEGd> 2>>1/2

+esup <<1 w1 [ <@)b< —vl,w>dv1dw) "

vERS3
VGG, — VGG )\
X =
Therefore

(N2l
H// v Gel \/Ge el 62 \/GeGel b(v . vl,w)Mldvl

SC(l—i—e HM
€

L2((14]v]) =8 Mdv)

L2((1+4]v])~F Mdv)

) << <¢Gz T = ¢GeGd>2>>1/2
L2(M (14| |9)doy €

because of the upper bound in Grad’s cut-off assumption ([L.§).

Hence, on account of Proposition .3 and the entropy production estimate
(d) in Proposition P.3

(44) Q2 = O(1) L2((141o))-P Mdvdadt) + OO L1 (dtdmsr2((14+]0) -0 Mav))) -

Both estimates (f.3) and (f4) together with (1) entail the control in
Lemma [.3. (]

With Lemma at our disposal, we next proceed to the

Proof of Proposition [[1.

Step 1. We claim that, for a > 1,

s <—VG“+G—1 >2 _ (&

2
1 a—1
€ € ) = O™ ) Lo (12, (dusL2 (M)

+ O(€*?) Lo (11 (Mduda)) -
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Indeed,
VaTGo—1 VG, -1 1oy a/2—1
_ < + € 1g.<1/2
P € (Ve + G+ VGo)
(4.6)

<O(E Mg, + ea/z%

\/G_e—l‘

€
= 0(e* Mg, + O(™?) oo (12 (Mdvde))
and we conclude with the decomposition

‘<_¢m>2_ (LCty

€ €

= <O(€a_1)Lgf;m + O(Ea/2)Lt°°(L2(Mdvd:c))>

o— o \% GE —1
X <0(6 Nige,, +O€?) oo (12 (Mdvda)) T2 ‘f

together with the fluctuation control (b) in Proposition P.3.

Step 2. Let v be a smooth truncation as in (R.4(]), and set
e Vet a, -1\ INCGERES
€ € i € '
We claim that, for each fixed § > 0,
1
(4.7) (€dy +v-Vy)p =0 (—) .
0 L}, (Mdvdzdt)

Indeed,

(cdy +v-Va)d! =7 <e5 (m‘ 1)) (m— 1

1 2
: S @ e
where 7(Z) = 2v(Z) + Z+/(Z), while Q! and Q? are defined in ([.3).
Clearly, 4 has support in [0, 2], so that

N es Ver+Ge—1 Ver+Ge —1 _0 i

7 € € N €l L
On the other hand, the the fluctuation control (b) in Proposition P.3 and
the estimate ([.6) imply that

(o)) (e

€ €

) = O(1)poo(12 (dasL2(Mdv))) -

loc
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Together with Lemma [L.9, these last two estimates lead to the following
bound

E1—oc/2

(68t+v'Vx)¢f:O< )
LY (Mdvdzdt)

T OW)L2(L1 (doiL? (14 ]v])~8/2 Mdw))

loc

1
1o <_> |
d Lj, (dtdz; L2 ((1+]v]) =F Mdv))
Pick then o € (1,2); the last estimate implies that (f.7) holds for each § > 0,

as announced.

Step 3. On the other hand, we already know from the fluctuation control
(b) in Proposition .3 and ({.§) that

(4.8) #¢ = O(D) pee (11 (Mdvda)) -
Moreover
(4.9) qﬁf is locally uniformly integrable in the v-variable

Indeed, for each ¢ € L%, N L(LL), one has

2
VG —1
‘/ /qbfgpMdvdx §//<7G6 > || M dxdv
K

SRR ()

The second term is O(e%~1)||¢||z~. Hence this term can be made smaller
than any given 7 whenever € < €y(n). Since € denotes an extracted subse-
quence converging to 0, there remain only finitely many terms, say N = N (n)
that can also be made smaller that 7, this time by choosing ||¢|| e (z1)
smaller than ¢ = ¢(N(n),n). As for the first term, it can be made less than
1 whenever ||| o1y < ¢(n), by Proposition B.3. Therefore

' /K / P Mdvdx

whenever |9 e (r1) < min(c(N(n),n), ¢ (n)), which establishes (E9).
Applying Theorem (taken from [[J]) in the Appendix below, we con-

clude from (.§), (£.9) and ({.7) that
(4.10)

for each § > 0, ¢§ is locally uniformly integrable on R4 x R? x R3

|p| Mdvdz .

< 29 for each e and § > 0

for the measure Mdvdzdt.
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Step 4. But, for each €,6 € (0,1), one has
2
<\/€a+GE—1> _¢6

€

- (= )2(1—7(65(—'6”(}6‘1)))
€
\/EO‘—FG 2
< 1g.>1/62
1 c 1
< 5Gdasye < T & —h(Ge = 1)1g 5162

by the fluctuation control (a) in Proposition R.3. ThlS and ({.10) imply that
(4.11)

<\/e°‘—i—G6 -1

2
- > is also locally uniformly integrable on Ry x R?® x R?

for the measure M dvdxdt.
Because of the estimate (.§) in Step 1, we finally conclude that

VG -

2
1
> is locally uniformly integrable on R4 X R? x R?
€

(4.12) (

for the measure Mdvdzdt.
Together with the control of large velocities in Proposition B.2, the state-

ment ({.12) entails Proposition [L.1]. O

Here is a first consequence of Proposition [.1], bearing on the relaxation
to infinitesimal Maxwellians.

Proposition 4.3. Under the assumptions of Theorem |2.4, one has

Ve ™ 1 Ve — 1 .
Ge —1I GE — 0 in L} (dtdx; L*((1 + |v|)? Mdv)

for each p <2 as e — 0.

Proof. By Proposition [.1], the family

(5

(14 [o])? —1I

€

VG_E—1>2

is uniformly integrable on [0,7] x K x R3 for the measure Mdvdzxdt, for
each T > 0 and each compact K C R3.
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On the other hand, (B-1]) and the the fluctuation control (b) in Proposition
.3 imply that

(@—1_H¢a—

€ €

1
> — 0 in L}, .(Mdvdxdt)

and therefore in Mdvdzdt-measure locally on R, x R? x R3.
Therefore

-+ 1oy

which implies the convergence stated above. O

2
Vv € 1 \Y4 € 1 .
¢ Yl > — 0 in L}, (dtdz; L' (Mdv)),
€ €

We conclude this section with the following variant of the classical veloc-
ity averaging theorem [, [[J], stated as Theorem B.J in [[[J]. This result
is needed in order to handle the nonlinear terms appearing in the hydrody-
namic limit.

Proposition 4.4. Under the assumptions of Theorem [2.], for each & €
L*(Mdv), each T > 0 and each compact K C R3

T
| [ Hesaite + ) tegr o) Pzt 0
0 K

as ly| — 0T, uniformly in € > 0.

Proof. Observe that

G.—1 G.—1
9676_2\/_6 = \/_6 ((VG6+1)’YE_2)§

since, up to extraction,

(VGe+1)7.—2 = 0ae and |(v/Ge+ 1)y — 2| <3+ V2,

it follows from Proposition [.1] and Theorem [A.]] in the Appendix below,
referred to as the Product Limit Theorem, that

VG —1
(4.13) geve — 24—— — 0in L2 (dtdz; L*(Mdv))
€
as € — 0.
This estimate, and step 1 in the proof of Proposition [i.1 (and especially

the estimate (JL5) there) shows that one can replace geye with 7%

with o > 1 in the equicontinuity statement of Proposition [£4.
Using ([L11]) shows that, for each o € (1,2), the family

<m—1

2
> is locally uniformly integrable on R4 x R? x R?
€
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for the measure Mdvdzdt. In view of the estimate (f.§) and Proposition
B.Z, we also control the contribution of large velocities in the above term, so
that, for each T'> 0 and each compact K C R3,

<\/e°‘ +G.—1

2
> is uniformly integrable on [0,7] x K x R?
€

for the measure Mdvdxdt.
On the other hand, Lemma [.3 shows that the family

VE TG -1

€

(€0 +v-Vy) is bounded in L}, (Mdvdxdt) .

Applying then Theorem [B.2 (taken from [[J]) in the Appendix below
shows that, for each T'> 0 and each compact K C R3, one has

[T g (T

€

2
dxdt — 0

as |y| — 0 uniformly in ¢, which concludes the proof of Proposition 4. O

5. VANISHING OF CONSERVATION DEFECTS

Conservation defects appear in the renormalized form of the Boltzmann
equation precisely because the natural symmetries of the collision integral
are broken by the renormalization procedure. However, these conservation
defects vanish in the hydrodynamic limit, as shown by the following

Proposition 5.1. Under the same assumptions as in Theorem B.4, for each
¢ € span{1,v1,v2,v3, [v|?}, one has the following convergence for the con-

servation defects D(&) defined by [41) :
D.(§) — 0 in L}, (dtdz) as e — 0.

Proof. For & € span{1,v1, v, vs, [v]?}, the associated defect D (&) is split as
follows:

(5.1) D.(€) = D{(¢) + DZ(¢)
with
DX©) = 5 { exie (/G0 - @)2 ).

D2(6) = 5 ere/Gilr (/66— VGG ) )
with the notation (R.1§) and (R.16).

and
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That the term D} (€) vanishes for £(v) = O(|v]?) as |v| — +oc is easily
seen as follows:

Nicaempmvexeryk

D)z, < elléxAellzg =

(52) t,x t,x,v
< €O(K.)O(1) = O(e|In€),

2
Ltacu

because of the entropy production estimate in Proposition P.3 (d) and the

choice of K, in (£.43).

We further decompose D?(€) in the following manner:
(5:3) DZ(¢) = DZ'(¢) + DZ(¢) + DZ(¢)

with

€

D2 (¢) — 2<<€1|v|2>Ke% VGG — i VGG /—GEGE1>> ’

GG, GeGe
D) = <<sfye<1—m;v;1 )Y 62“ lx/GeGd>>,

and, by symmetry in the v and v; variables,

G'G GG
D23(£) ! <<(£ + 51)%%1'75%1 \/ 2 v . V GeGel> .

The terms D2 (¢) and D?3(¢) are easily mastered by the following classical
estimate on the tail of Gaussian distributions (see for instance [[[3] on p. 103
for a proof).

Lemma 5.2. Let Gx(2) be the centered, reduced Gaussian density in RV,
i.e.

1
(27T)N/2

1
o3l

Gn(z) =

Then

P 1
/ |2/ Gy (2)dz ~ (2m) V2SN RS 12 R
|2|2>R

as R — +o0.
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Indeed, because of the upper bound on the collision cross-section in ([L.),
for each T > 0 and each compact K C R3,

IDZM ()21 (jo, 7% )

2 .
S I€L sk AeV GeGall 20,11k, 12)

N
2
€

2
Lt;v,u,

Cl/2 n
< s ke, (14 [D) N a3V Gz

VGG — VGG
2
€

|Ger (1 + |v1])? ”Ll [0,7)x K, L1 (M dv1 )

2
Lt,z,u

In the last right-hand side of the above chain of inequalities, one has obvi-

ously
”’AYE V Ge”L;’f’x,v = O(l)
From Young’s inequality and the entropy bound (R.19), we deduce that
1 2
Ge(1+w)? <1+ v*) +4 (h(GE —1)+hn (#))

= O(1) L1 (j0,7)x KL} (Mdw)) -
Lemma [.3 and the condition &(v) = O(|v|?) as [v| — 400 imply that

645 1 B+5
1€ L jojes i, (1 + [0])” Hi/ledU = O(K.* e 2%) = O(*?|Ine| 27),
on account of (R.43). Thus
B+5
(5.4) IDZ ()Nl 1o.r)x 1) = O 27)—0

for all £(v) = O(Jv]?) as |v| — +o0 as soon as k > 2.

Next we handle D?3(¢). Whenever € is a collision invariant (i.e. whenever
¢ belongs to the linear span of {1,v1,v2,v3,|v[?}) then £ +& = ¢ + &1, and
using the (v,v1) — (v/,v]) symmetry (:2§) in the integral defining D?3(¢)
leads to

! 2
D) = <<(§ + 61)%%1%%1 (/G 262\/G5G61) >>
= —-D?'(§) - DZ*(¢),

GG, — /G.Goy)?
D) = %€<<(5+51)1|v|2+|v1<K;Ye'ygwe'vel v 64‘/ 1) >>

G.G., G.G4)?
D?32(£) - %E<<(£ - 61)1|v|2+|v2‘>K57€7617€7€1 \/ 64\/ 1) >> .
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Then

so that

(5.5)

F. GOLSE AND L. SAINT-RAYMOND

2

\/GéGél —VGGa

2

IDEN )L, <e -

2
Li e

x 3l1(€ + €)1y p<r AV VAl Lz, 0
=¢-0(1) - O(K)|IAlI 1~

Hngl(f)HL}’m =O(eK.) —0ase—0.

On the other hand, since G, € [0, 2] whenever 4(G,) # 0,

Dz

IN

so that

(5.6)

)

O

O

R 1
Iz, < 16131 51136 + € Lupepupes .y

—~

§

~—

1L+ v + o1 )X+ o — 01) Lo o2 k0 £ (0 My dodon)

1L+ o + or ) 21 oy oo i 2t (00 doden)

O <6_K€/2KEB%6>

7 N 7 N 7 N
moo|" mo:|" mw|)_
N—— — "

”D§32(§)”L§3 =0 <6k/2_3] lne]#) —0ase—0,

for k > 6, by a direct application of Lemma .3 in R} x R} — i.e. with

N =6.

Whereas the terms D!(¢), D2L(¢), and D?3(¢) are shown to vanish by

means

of only the entropy and entropy production bounds in Proposition

B.3 (a)-(d) and Lemma .2, the term D?2(¢) is much less elementary to

handle.

First, we split D?2(¢) as

€

DZ(¢) = %<<£%(1 - @d)\/m\/G’EGQI . \/GEG€1>>

2
_|__
€

G.GL, — VGG,
(et 30+ At ~ iy YOG 2 YO g T
~ DI(6) + DI(g).
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For each T' > 0 and each compact K C R?, the first term satisfies
IDZH O 1 (o.1yx 1)

1 . e
(1 - 761) Gel(l + |’U1|)B/2

<20y |-
€

|We V Ge”LE’f’zyu

L2([0,T]x K;L?(Mydvr )))
VGGl —G.Ga

€2

NI + [o))?2 | 2 aray

2
Li e

1 .
_(1 - 761) V Gel(l + |U1|)6/2

€

=0(1)

L2([0,T)x K;L2(Midv1)))
provided that £(v) = O(|v|™) for some m € N.

Since supp(l — %) C [%,—I—oo), then \/\é_?ijl < \/_2/32/31 whenever 4. # 1,

and one has

1 R VG —1
2’1_76‘\/ Ge < \/g\ig\/ill _76"76"

Furthermore, as
(5.7) 1 =4l <1+ 7 [lz and 1 —4e — 0 ace.,

the uniform integrability stated in Proposition .1 and the Product Limit
Theorem (see Appendix A) imply that

VG — 1]

(5.8) 1 =4d=———0in L2([0,T) x K, L*(M(1 + |[v|)?dv)).
Thus
(5.9) IDZN ()21 jo,7yx 1) — 0 as € — 0.

Finally, we consider the term D??2(¢): one has
IDZ(O)l L1 (o.1)x 1)

2 . N
<z <H(1 - ’Yé)fHLZ([o,T]xK;Lg) +1(1 = ’Yél)f\\LZ([o,T}xK;Lﬁ))

~ GQGIE - \/GEGEl
H’Ve V GEH%?’OI’,U H \/ 162

LY o
1— 4.
= 00)| S5 o + )

L2(0,T]x K;L2)

= o) | 2 o

Y

L2([0,T)x K ; L2(Mdv))

where the first equality uses the (vvy) — (v'v]) symmetry in (R.29).
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Since supp(1 —4) C [2, +00), \/G—ls_l < \/ﬁ - whenever 9, # 1, one has

’1_;}/5‘2< V2 ’1_;}/5’\/G6_1
€2 T V3-vV2 ¢ €
vi 1= (VG—1 (VG.—1 G -1
< I —1I
T VB-V2 ¢ < € * € €
By (B.1) and (£.§)
—_— 5 , [oe) f— 5
510y =0 o 1EI e =0 12 (e, L2 (M)
€ € €

since v/G¢ — 1 > 1/3/2 — 1 whenever 4. # 1, whereas by Proposition .4 (b)
and Lemma

VG —1
I = O 2 (La(mav)) »
I = 001, (e 12 (1)
for all ¢ > +oo. Then,
|1 B ’3/€|2
T = O(l)Llloc(dtdﬂqu(Mdv))

for all ¢ < 2. In particular, for each r < +oo, (%(1 — o)1+ ‘U‘)T) is
uniformly bounded in L} (dtdz, L?(Mdv)). By interpolation with (5.10) we
conclude that

1— 4 2
€

(5.11)

—0ase—0
L2([0,T]x K;L2(Mdv))

(14 [o])"

and consequently

(5.12) D?22(¢) — 0 in L}, (dtdz) as € — 0.
The convergences (5.9), (.4), ((.9), (.12), (.5) and (5.6) eventually
imply Proposition p.1]. O

Remark. The same arguments leading to (F.§) and to (b.1]) imply that,
for each r € R,

=

2

—0ase—0.
L2([0,T]x K;L2(Mdv))

(5.13) (1+ o))"

6. ASYMPTOTIC BEHAVIOR OF THE FLUX TERMS
The purpose of the present section is to establish the following

Proposition 6.1. Under the same assumptions as in Theorem [2.], one has

(o) - 2(¢ (H@> )+ Z{CQUVGL VG ) = 0 in L, (atd)
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as € — 0, where ¢ and f designate respectively either A and A or B and B
defined by (12.50) and (2.53).

Proof. First, we decompose the flux term F.(() as follows:

F.(¢) = %<CKSQE%> = <CKE%%>

o () ) e )
=Fc(Q) +F2(0).

We further split the term F!(¢) as

FL(C) =FH Q) +FE(Q) + F(Q)

with
TS S SIS

L))

€

F2(Q) = (Gppexre— 1 (1
(e(mlot)).

The term F!2(¢) is easily disposed of. Indeed, the definition (2-33) of
the hydrodynamic projection IT implies that (H@)z (1 + |v|)P is, for
each p > 0, a (finite) linear combination of functions of v of order O(|v[P™4)
as |v| — +oo, with coefficients that are quadratic in (5@} for £ €

{1,v1, v, v3, |v|?}. Together with Proposition [i.1, this implies that, for each
T > 0 and each compact K C R3,

F(¢)

T~ 2
€ 1 . . .
(6.2) <HG7> (1 + |v|)? is uniformly integrable on [0,7] x K x R?
€

for the measure Mdvdxdt. On the other hand,
<k Ye — 1 — 0and [1j,p<p 7 — 1] < 1 ae..

Since ¢(v) = O(|v]®) as |v| — +oo, this and the Product Limit Theorem
imply that

(6.3) F12(¢) — 0 in L}, (dtdz).
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The term F!!(¢) requires a slightly more involved treatment. We start
with the following decomposition: for each T' > 0 and each compact K C R3,

(6.4)
G.—1 G.—1
IE2 Ol o < |[oxre (L2 4 1Y
€ € L2([0,T)x K;L2(Mdv))
" H\/GE -1 H\/GE -1
€ €

L2([0,T]x K ;L2(Mdv))
Since v, = v(G.) = 0 whenever G, > 2, one has for each ¢ < 400,

(2

€

() (5 )

€ € €

1
= O(1) Le (L2 (dwMdv)) O(1) Lo (L2 (La(Mdw))) + O (E) O(€) L2 (dtda, 12 (Mdv))

In particular

VG — 1

H<K€/767 = O(l)
€

L2([0,T]x K ;L2(Mdv))

since ((v) = O(|v|?) as |v| — +o0. This and (p.d) imply that

o (2 )

(6.5)

=0(1).
L2 (dtdz; L2 (Mdv))

Using (B.4), (6.3) and Proposition f.g shows that
(6.6) F!'(¢) — 0 in L}, (dtdz).
This and (b.3) imply that

VGe —

(6.7) Fl(¢) - <g (H - 1>2> — 0 in L}, (dtdz)

as € — 0.

Next we handle the term F2(¢). We first decompose it as follows:

G —
F2(¢) = —§<C1v2>K€%Q>
(6.8) +2<C7€—1\/G_€—1>+2<C\/G_6—1>
€ € € €

=F2(Q) +F2(0) +F2(Q).
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Then, by (£.20) and Lemma p.2, one has
(6.9)

2 VG —1
12 (Ol Lo (22) < =IVllEeo 1€ wps k| 22 (a1aw)
€ L (L2(Mdvdz))
< 20(e P K2) = O Inef?).

On the other hand, for each 7" > 0 and each compact K C R?,
(6.10)

IF22(O) | 1 o x )

§2T1/2 \/Ge—l

€

Ve — 1
C—
€

L2([0,T]x K ;L2(Mdv)) L (L2(Mdvdz))

—0ase—0

because of (R.20) and of (F.13), since ¢(v) = O(|v|?) as |v| — +oo.

Finally, we transform F23(¢) as follows:

F23(() = 2<é%c <*/G_E‘ 1) >

€

:2<§<Q<\/G_‘;_1,\/?€6_1> —EizQwG_EMG_J»

Writing
(YL VBT g (VG G )
e € N e €
e— 1 e— 1 e—1 e—1

and using the classical relation (see [B] for instance)

g, ¢) = %E(ng) for each ¢ € Ker L,

we arrive at

e I R T: <<H@>2)

€ €

+Q<\/G_Z_1—H\/G_z_1,*/G_z_l+H\/G_z_l>
Thus
(6.11) 2
roo) = (¢ (m2) ) - 2 covan v )
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By continuity of Q (see (£.35)),
o

€ €

L1([0,T]x K)
< CHCAH[?(aMdv)

" H\/Gg—l _’_H\/Gg—l
€

€

VGe—1 _H\/GE -1
€ €

L2([0,T)x K;L2((14|v])8 Mdv))

— 0

L2([0,T)x K;L2((1+]v|)8 Mdv))
as € — 0, for each T > 0 and each compact K C R3, because of (p.J) and
Proposition [£.3.

Thus, by (5), (F10) and @E11)

(612)  F2(C)- << <H@)2 > n f—2<ég<¢€, @>> ~0.

in L}, (dtdz) as € — 0.

The convergences ([.7) and (6.13) eventually imply Proposition f.1. O

7. PROOF OF THEOREM

Throughout this section U = U(z) designates an arbitrary compactly
supported, C*, divergence-free vector field on R3. Taking the inner product
with U of both sides of (B-48) gives

O /(vKégEVJ -Udx — /FE(A) :VUdx = /Dﬁ(v) -Udx
— 0 in Lj,.(dt),

(7.1)

by Proposition .1 Likewise, the energy equation (R.49) and Proposition
lead to

(7.2) 0u(5([v]* = 5)k.geve) + divy Fe(B) = De(5(|v[* —5))
' — 0 in Lj,.(dtdz).
By Proposition [6.]], one can decompose the fluxes as

F.(4) = FOW(4) + FATA) 4 o(1) 11 iy

(7.3) .
F.(B) = FCY(B) + FUE(B) + o(1) 1 ()
where
conv _ \/G_E_l 2
L e

A
diff i1
FOT(4) = —2<A .

€

QGG )
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€

rdiflm) — -2 BL0V/GVED).

Classical computations (that can be found for instance in [[J]) using the fact
that A is orthogonal in L*(Mdv) to Ker £ as well as to odd functions of v
and functions of |v|? show that

FO™W(B) = 2<B <H@>2>

FCOMV(4) = 2(A @ A) : <v@>®2

In a similar way, B is orthogonal in L?(Mdv) to Ker £ and to even functions
of v, so that

FCOY(B) =2(B® B) - <v@><(§yv12 — 1)@> :

€

7.1. Convergence of the diffusion terms. The convergence of ngﬁ(A)

and ngﬁ(B) comes only from weak compactness results, and from the fol-
lowing characterization of the weak limits.

Proposition 7.1. Under the same assumptions as in Theorem[2.4, one has,
up to extraction of a subsequence €, — 0,

NN i
€2 -4

inw — L} (dtdz; LY (Mdv)) and in w — L?(dtdxdp) respectively.
Furthermore g € L{°(L*(dzMdv)) is an infinitesimal Mazwellian of the

form

(7.7) g(t,z,v) = u(t,x) - v+ 6(t, :E)%(|’U|2—5), divy,u =0,

and G € L*(dtdzdp) satisfies

(7.6) Je,, — g, and

(7.8) //qbv—vl, YdwMdvy = %’U'V :%(A Vsu+ B-V,0).

Proof. Proposition B.3 (c) shows that
(g¢) is relatively compact in w — L}, (dtdz; L' (Mdv))
while (R:21)) implies that

VGG, — VGGa
2

is relatively compact in w — L?(dtdzdp),
€

Pick then any sequence ¢, — 0 such that

NN o i
€2 —d

Jen, — ¢, and
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in w— L}, (dtdz; L*(Mdv)) and in w — L*(dtdzdu) respectively.

Step 1 : from (R.22) we deduce that
1
— (G, —1) = ginw— L} (dt, L*(dzMdv)).

€n

In particular, by Proposition [£.3, ¢ is an infinitesimal Maxwellian, i.e. of
the form

g(t,x,v) = p(t,l‘) + ’LL(t,:E) "V 9(t,£17)%(|’0|2 - 3) .
Taking limits in the local conservation of mass leads then to
div, <Ug> =0,
or in other words
divy,u=0
which is the incompressibility constraint.
Multiplying the approximate momentum equation (R.4§) by e

€8t<Unge’Ye> + ediv, FE(A) + %V:c<%‘v‘%(€ge’}’e> = eDe(U) )

using Propositions p.] and p.J] to control D((v) and the remainder term in
F.(4)

- (P2 ) (7 ) .

and estimating FEO1V(A4) and F?iﬁ(A) by the entropy and entropy produc-
tion bounds (2.2q)-(R.21))

(4 (nEm

=

)2>=0u>erwb,

t,x

e

(4% (Ve - vaea) ) oy

we also obtain

Va(lvl*g) =0
or equivalently, since (|v|?g) = 3(p + 0) € L>®°(R4; L}(R?)),
p+0=0,

which is the Boussinesq relation. One therefore has ([7.7).

Step 2 : start from (1)) in the proof of Lemma [{.9 :

Ver+Ge—1 1 1

(€0 v Va) € 26_22\/60+G5Q

(Ge,Ge) = Q¢ + Q7.

Recall that
(7.9) Q! — 0 in LY (Mdvdzdt) .
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Next observe that

@ m//v L \/GG“M — o, w)dwMydus

Proposition [i.1] implies that
VGe — 1in L} (dtdx; L*((1 + |v])’ Mdv)) as € — 0;
this and the second limit in (7.§) imply that

Ge,Ge,1

// VG, 1 En - b(v — vy, w)dwMidvy

— // Gb(v — vy, w)dwM;dv;

in w— L}, (dtdr; L*(Mdv)) as n — +oc0. Since on the other hand

VG ae asc— Owith0< —YOc <1,
NEENex NEENex

we conclude from the Product Limit Theorem that

(7.10) Q2 — // Gb(v — vy, w)dwMidvy

in w— L}, (dtdz; L*(Mdv)) as n — +o0.
By (£9), (£13) and (F.9)

Vet Ge—1

€n

N[

9

39

inw— L} (dtdz; L' (14 |v|?) Mdv)) whenever « €]1,2]. Using ([-9), (F-10)
and the convergence above, and passing to the limit in (1) as €, — 0 leads

to

// Gb(v — vy, w)dwMdv; = %v Va9,

which is precisely the first equality in ([.§). Finally, replacing g by its
expression ([.7) in the formula above leads to the second equality in ([7.§).

O

Since A and B € L?*(aMdv), the second limit in (f76) and identity (7-5)
show that
; <1
Fdiff(4) = —2<AE—QQ(\/€, \/G_E)>
—(A® A): Vou=—v(Vyu+ (Vyu)T
(7.11) ( ) ( (Vou)™)

Pfls) — -2 B3 0(V/G VG0 )

—(B® B) : Vo = —kV,0

in w — L?(dtdz) as e — 0, because of the divergence-free condition in ([7.7).
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7.2. Convergence of the convection terms. The goal of this section is
to establish that

/FSOHV(A) Vo Udr — /u®u 1V Udx
and div, FEO™(B) — 2 div,(uf)

in the sense of distributions on R’ and on R X R3 respectively.
First, we replace FEOV(A) and FEOV(B) by asymptotically equivalent
expressions.

Indeed, because of ([£.19)

<v%va-—2<v3@§;11

>HomL@umm
€

and

<%WP_1MﬁJ—2«§M2—UX§%:l

On the other hand, g.7. is bounded in L{°(L?(Mdvdzx)) while vl2sk, — 0
and ($|v]? — 1125k, — 0 in L*(Mdv); therefore

>HomL@umm.

<U96’YE> - (Unge’Ye> — 0 and ((%’UP - 1)96’YE> - ((%’UP - 1)K€ge’Ye> —0
in L? (dtdx). Therefore
FEON (4) = L(A® 4) 5 (k072 + o)1 (anan)

(7.12)

= <'UK69676>®2 - % <UKeg€7€>|2I + O(l)Llloc(dtdx) )
while
(7 13) FSOHV(B) = (B (= B> : <'UK695’YE><(%"U‘2 - ]‘)KegEfYE> + O(l)Llloc(dtd:c)

= S0P — 1990 0,907 + (L)) (anany -
Furthermore, since g., — g weakly in L} (dtdx; L'((1+ |v]|?)Mdv)) while
VK. Ye — v and (%|v|2 —Dg.ve — (%|v|2 —1) a.e., and
o el + (5107 = Divel < C(1+ Jof?)
one has by the Product Limit Theorem
(VK VenGen) — (0g) = u
(310 = Do, Yenen) — (510> = 1)g) = 6

in w— L}, (dtdz). In fact, these limits also hold in w — L2, (dtdx) since the
family geve is bounded in L°(L?(Mdvdz)).

(7.14)

Taking limits in (7.13) and (7.1), which are quadratic functions of the
moments, requires then to establish some strong compactness on (((x. geVe))-
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7.2.1. Strong compactness in the x-variable. Applying Proposition [L.4 with
¢ = v and £ = 3(Jv]> — 5) shows that, for each T > 0 and each compact
K C R3,

T
/0 /K (3 ([0* = 5)genVen) (82 + 1) = (F(I* = 5)gen Ve, ) (£, 2)|*dadt

T
+/ / [(VGen Yeu) (t: @+ Y) — (VGe, Ven ) (t, @) Pdadt — 0
0 K

as |y| — 0 uniformly in n. An easy consequence of the above convergence
properties is that
(7.15)

T
/0 /K (1o = 5)k. geurten) (6,2 + 9) — (A(1ol = 5) . Geuten ) (8, 2) Pt

T
4 / / (k. Genten) (6,2 4 ) — (v, Genen)(6,2) Pt — O
0 K

as |y| — 0 uniformly in n.

In order to study the convergence of F.(A), we need some similar state-
ments for the solenoidal and gradient parts of (v, ge,7Ve,), since the first
one is expected to converge strongly in Lfoc(dtdx).

The difficulty comes then from the fact that the Leray projection is a
non local pseudodifferential operator, in particular it is not continuous on
L (dz).

Introducing some convenient truncation y in x and using the properties
of the commutator [y, P], one can nevertheless prove the following equicon-
tinuity statement (see Lemma [C.1]) : for each compact K C R? and each

T > 0, one has

T

116) [ [ 1P 90790 6 ) = Plor, 00,708 0) Pdadt — 0
0 K

as |y| — 0, uniformly in n.

7.2.2. Strong compactness in the t-variable. As we shall see below , the tem-
perature fluctuation (3(|v|>—5) k. ge,Ve,) and the solenoidal part P(v, gee)
of (vk.geve) are strongly compact in the ¢-variable. However the orthogonal
complement of P(vg,geye)— which is a gradient field — is not in general
because of high frequency oscillations in ¢.

Proposition 7.2. Under the assumptions of Theorem , one has
P(”Kengen'yen> — (vg> =u
(B0l = 5) Koy GenVen) = (S ([0 = 5)g) = 36

in C(Ry;w — L2) and in L2 (dtdz) as n — 4oo.

loc
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Proof. The conservation law ([.1) implies that

(717) 0 [ (0k\7e,) - Uds = O(1) in L (do)
R

for each compactly supported, solenoidal vector field U € C*°(R?), since we
know from Proposition [6.1] together with the bounds (R:21]) and (R-20) that

F.,(A) is bounded in L} (dtdx).
In the same way, the conservation law ([7.9) implies that
(7.18) 0 (3(I0]* = 5) K., GenVen) = O(1) in Lipe(dt; W (R?)).

Also, we recall that g.y. is bounded in B(R.;L?(Mdvdz)) — where
B(X,Y) denotes the class of bounded maps from X to Y — because of
the entropy bound (R.20). Indeed, since v, = 0 whenever G, > 2, one has

G —1 G —1
(719 el <1600 < g vg) VO

In particular, one has

(7.20) .
(501> = 5) k., GenVen) = O(1) in B(R4; L),

Since the class of C'°°, compactly supported solenoidal vector fields is
dense in that of all L? solenoidal vector fields (see Appendix A of [[L9]),
(F-20) and (F.17) imply that
(7.21) P(vK. genVe,) is relatively compact in C(Ry;w — L*(R?)),

by a variant of Ascoli’s theorem that can be found in Appendix C of [L]].
The same argument shows that

(7.22) (%(|v|2 —5)K.. GenVen) 18 also relatively compact in C'(Ry;w — L2).

As for the L} (dtdr) compactness, notice (F.21)-(.29) imply that
Pk, GenVen) * X5 is relatively compact in L7, (dtdz)
(3(|v* = B) K., GenVen) * Xo is relatively compact in L}, (dtdx)

where Y5 designates any mollifying sequence and * is the convolution in the
z-variable only. Hence

Pk, 9enYen) - P(VK., GenVen) * X5 — Pu - Puxxs
(310 = 5) ke, GenVen (3 ([0 = 5) k., GenVen) % X5 — (56) (36 % X5)
in w— L}, (dtdr) as n — oo. By ([-15)-(719),
P(uk., 9e Ven) * X5 = P(VK,, JeuVen)
)

(7.23)
<%(|’U|2 - 5)K€ngﬁn76n *X(S - <%(|’U|2 - 5)Keng€n/yﬁn>
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s 2
in Lj_,

(dtdz) uniformly in n as 6 — 0. With this, we conclude that
‘P<UKeng€nfy5n>‘2 - ’Pu’2 ln w — L}Oc(dtd'x)

5.\ .
B0 =S P— (50) i — L (o)

which implies the expected strong compactness in L? (dtdz). O

loc

7.2.3. Passing to the limit in the convection terms. As explained above,
P(vK,, e, Ve,) is strongly relatively compact in L? (dtdz); however, the
term (Vg ge, Ve, ) itself may not be strongly relatively compact in L? (dtdz)
— at least in general. For that reason, on account of (7.13), it is not clear
that

FEOMW(A) » u@u— Lul’I.

Likewise ((|v|> —5) k., ge,Ven) is strongly relatively compact in L} (dtdx),
and, on account of ([[.1J), it is not clear that

FOOU(B) — 3up

as one would expect.
What we shall prove in this section is

Proposition 7.3. Under the assumptions of Theorem |2.4, one has

VU : FEOM(A)dx — V.U :u® udx
R3 R3

in the sense of distributions on R for each solenoidal vector field U €
CX(R3R3), and

div, FEO(B) — 2 div,(uf)
in the sense of distributions on R X R3.

The proof of this result relies on a compensated compactness argument
due to P.-L. Lions and N. Masmoudi [PI] and recalled in Appendix A (The-
orem A.2), and on the following observation:

Lemma 7.4. Let § > 0, and £ € C°(R?) be a bump function such that
suppé C B(0,1), £>0, and /ﬁda:: 1;

let 5(x) = 6 3x(x/0) and \s = &5 % EsxEs. Denote by Q = I — P the orthog-
onal projection on gradient fields in L?>(R3;R?). Under the assumptions of
Theorem [2.4, one has

EatQ(Aé * <’UKen-gEn/yﬁn>) + V-CU)\(S * <%|’U|%<€ngﬁn/yﬁn> - 0
68t)\6 * <%|’U|%{€ng€n’y€n> + g lefE Q()\é * <’UKen-gEn’y€n>) - 0
(dt; H (R?)) for each s > 0.

Tl
in L e

loc
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Proof. The second convergence statement above is obvious: indeed, consid-
ering the truncated, renormalized energy equation (R.4) with £ = %|v|2,
and applying the mollifier A5 leads to

DA * (20l GenVen) + 5 diva Q(As * (., GenVen))
= —Zedivy A\s * Fe(B) + 1e)s x D(|v]?).
It follows from Proposition .1}, the entropy bound (B-20) and the entropy
production estimate (2:21)) that F.(B) is bounded in L; (dtdz); this and

Proposition p.] eventually entail that the right-hand side of the above equal-
ity vanishes in L} (dt; Hi (R?)).

The first convergence statement above is much trickier. Start from the
analogous truncated, renormalized momentum equation (R.45) with & = v:

(7.24)  €d({vk., JenVen) + vr%<|”|§<m96n%n> = —edivy Fe(A) + €De(v)

Applying @ to both sides of the equality above is not obvious, because we
only know that the right hand side vanishes in L}, (dt; VVlgcl ’1(R3)), while Q
is known to be continuous on global Sobolev spaces only.

However, Q = V,A;!div, is a singular integral operator whose integral
kernel decays at infinity. More precisely, we shall use Lemma [C.9 together
with the following estimates on the right hand side of ([7.24) :

Lemma 7.5. One has
¢F(A) = 0 and eD(v) — 0 in L},.(dtdx)
as € — 0. Furthermore,
€Fc(A) = O(1) L (r2) s
De(v) = O(PKY?) 1y +O0(/rz1) +O0() sz

Note that the convergence statement in Lemma [7.J is a simple conse-
quence of Propositions .1 and [.] (already used in the derivation of the
Boussinesq relation in paragraph @)

Then let us postpone the proof of the global estimates, which is based on
the entropy and entropy production bounds (R.20)-(R.21), and conclude the

proof of Lemma [.4.
Define (5 = &5 *x £&s. One has then

Qs * (k. geve)) + Vals * (5|vlk, 9ve) = —Q(Es % (eFe(A) x V&)
+Q(Cs * (€De(v))) -
For each § > 0 fixed,
Q(&5 % (€F(A) % VEs)) — 0 in L}, (dtdz) as € — 0

by the first convergence result in Lemma [.§ and Lemma [C.2
Next decompose
eD(v) = D¢(v) + De(v)
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with
D (v) = O(l)Lf,x and D¢ (v) = O(€2K3/2)L%’x + O(\/E)Lf(L}c) .
Thus, one has
G x D(v) — 0 in Ljg.(dt; L3)
so that
QG * D(v)) — 0 in Ly, (dt; L3)

as € — 0, by the L?-continuity of pseudo-differential operators of order 0.
Finally, since D?(v) — 0 in Lj, (dtdz) and is bounded in L7, it follows
from Lemma that

QG *DL(v)) = 0 in Ly (dtde).
Eventually, we have proved that
€0, Q(Cs * (VK 9eve)) + Vals * (3l0[%,geve) — 0
in L}Oc(dtdw) as € — 0. Therefore, denoting A5 = &5 x {5 * &5, one has
€0, Q(As * (VK. 9eve)) + Vs % (§0lF, 9e7e) — 0

in L}, (R3)) for each s > 0 as € — 0. O

(dt; H}

loc

Let us now turn to the

Proof of Lemma [7.4. First, gy = O(1) in L(L?(drMdv)), while A €
L?(Mdv): hence

(AKEQE’YE> = O(l)Lt‘x’(Lg) .

Next decompose eD(v) as

eD(v) =T+ 1o+ T3

T = <<UK€%§2 (\/@— @)2 >> ;

7, = 2( v 3Gy (/0160 - VGG ) )

T3:2<<UK€%\/€( Gd—l)}z< G, 21—\/@»,
&meé(VC@Xr—VGJEO2BUmmEdmL%M@%(!ED,mwh%

Ty = O(eK?)

t,x

where

Likewise, 4cv/Ge = O(1) in L, and v € L?(du), so that

t,x,v
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The same argument is used for 73, except that one has to control the
terms v (\/Gd — 1) instead of v in Li. By Young’s inequality,

(1 + o) (VG =1) < (0 + o) [Gar 1]

< = (WMGa = 1) + b7 (e(1 + |u1])))

1
€
1

< —hlega) +eh™(1 + Jur])

= O(€) Lz (L1 (M1 dvr do)) T O(E)Lff’x(Ll(Mldvl))

The 3rd inequality above comes from the superquadratic nature of h*. In-
deed

W (p)=e’ —p—1 :Z%
n>2
so that
h*(Ap) < XN2h*(p), for each p >0 and X € [0,1].
With the upper bound on [ b(v — v, w)dw, this shows that

IT5] < [lvr N 2((14v))8 mav) 1FeGellLee 1V Ger = Ul L2 (4101 )8 My don)
1

- [y /GeGe
62 < GeGel 1>

= O0(Ve) 211y + O(Ve) 2

t,x

L,

Combining the previous results leads to the expected estimate for D(v). O

At this point, we conclude this section with the

Proof of Proposition [7.3. First, we apply the compensated compactness ar-
gument for the acoustic system in [PI] — see also Theorem [A.J — to conclude
from the statement in Lemma [[4 that

in the sense of distributions on R} and R% x R3 respectively, for each
divergence-free vector field U € C°(R3; R?).
On the other hand, the compactness property in the z-variable stated in

Proposition [f.4 and ([7:23) implies that
Q()\é * <’UKen-gEn/75n> - Q((’UKengEn/yEn> - 0

As * <%|’U|%(engﬁn/yﬁn> - <%|’U|%(engﬁn/yﬁn> — 0
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in L2

io(dtdx) as § — 0, uniformly in n. Therefore, one has

/V:cU : Q(<UKsn957LfY57L>)®2dx —0

dive ((3|v]k. genVen) QUK. GenVen))) — O

(7.25)

in the sense of distributions on R} and R7 x R3 respectively, for each
divergence-free vector field U € C°(R3; R?).
Also, we recall from Proposition [[.3 and ([:14) that
P(vk,, ge,Ye,) — u strongly in L (dtdx),
Q(VK., JenYen) — 0 weakly in L (dtdz).

Therefore, for each compactly supported, C°° solenoidal vector field U, one
has

VCL‘U : </UKsng€anEn>®2d‘T = / VZ'U : (P<UK67Lg€anEn>)®2dx

R3 R3

+ V.U : (Q(UKengeﬂen»@dx
R3

4 /R VU (P, e en) ® QU0 e
+ /R’S VSCU : (Q<UKeng€anEn> ® P</UKsng€anEn>)d‘T
— V.U :u®udx

R3
in the sense of distributions on RY . Together with ([T19), this implies the
first limit in Proposition .3
On the other hand, Proposition [.3 and ([.14) imply that
(310" = Vi, geuve,) — 0 strongly in Li,,(dtdz),
<]v[%<€nggnfyen> — 0 weakly in L2 (dtdz).
Hence
dive (310 = Dice,, GeuYeu) (Vi GenVen))
= divy (((510]° = V., GenVen) PV, GenVen))
+2 dive (vl GenVen) QUK. JenVen))
+2 dive ([vlk.. GenVeu) P (UK., GeuVen))
+diVx(<(%‘U‘2 - 1)KsngEn’Yen>Q<vangEn’Yen>)
)

in the sense of distributions on R* x R®. With ([2I3), this entails the second
statement in Proposition [.3. O
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7.3. End of the proof of Theorem P.4. At this point we return to the
renormalized, truncated momentum and energy conservations in the form

(1) and (D).

Asymptotic conservation of momentum : by using the convergence prop-
erties in (f.I1]) and Proposition [[.3 with the decomposition (.J), one sees
that, for each C'°°, compactly supported, solenoidal vector field U,

V.U :F. (A)dr — V.U 1 u®udx—v V.U : (qu+(qu)T)d:r
R3 R3 R3

in the sense of distributions on R’ , while
div, F,, (B) — div,(uf) — kA0

in the sense of distributions in R x R3. Furthermore, since div, u = 0, one
has
V.U : (Vou)lde = | V(div, U) - ude =0
R3 R3
for each solenoidal test vector field U, so that

V.U :F (A)dx — V.U :u®udr —v V.U : V,udx
R3 R3 R3

in the sense of distributions on R
On the other hand, by Proposition [7.3,

/ U- <UK€7L gen’}’en>dx — U - udx
R3 R3

uniformly on [0, 7] for each 7' > 0. In particular, for ¢ = 0, one has

1 ’ ,
/ U-ul,_,dz=lim U-pP —/ vEF"dv | dx :/ U-u"dx.
R3 =0 e—0 JRr3 € JR3 R3

Therefore, u satisfies

at/ U udx — V.U :u®udr +v V.U :Vauder =0, t>0,
R3 R3 R3
u‘t:O =u™

Asymptotic conservation of energy : likewise,

<(%|’U|2 - 1)Keng€n/yﬁn> - 9

in C(Ry;w — L2). In particular, for t = 0, one has

. 11,2 ' j
H‘t:():w—ll_)n%z Rg(g]v] —1)F"dv =0".

Therefore, 6 satisfies
040 + divy(uf) — kA0 =0, z€R3, t>0,
9|t:0 =0
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Notice that one has also

1
— vF, dv = (vge, ) — u
€n JR3

1

[ o = (s, = Mo = (o = 1)ge) - 6

weakly in L} (dtdz), because of (7-q) and (7).

Asymptotic energy inequality : by Proposition @ and (), one has

2
~ (G, — 1) — ginw— L} (dt, L*(dzMdv))

€n

and

en1Ge, =V Ge1Ge,) = Ginw — Lz(dtdxdu) .

Then, by [2.20) and (@.21),

2
/ Mg*(t,z,v)dzdv < lim 4//M< > (t,x,v)dvdx

< lim —H(E., |M)(b),

n—oo 52

1

and

2
t ¢ Géanén - GE'anEn
| [[ #astzan< vm [ ][ : dsdrdy
0 n—oo J0 €n
< lim — o1 / /5 )dsdx

Explicit computations based on the limiting forms ([.7) and (7.§) of

g and // gb(v — vy, w)dwM;dv,

and using the symmetries of ¢ under the du-symmetries imply that

/ Mg?(t,z,v)drdv = /(|u|2(t,x) + 210%(t,x))dx

while
/(fd,u > %V\qu + (qu)T]2 + %K\VIHP

(see Lemma 4.7 in [fJ] for a detailed proof of these statements.)
Taking limits in the scaled entropy inequality

1 H(F|M)(t // sa:dxds<1H(Fm|M)
€2
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entails the expected energy inequality
¢
/ (lut, )2 + 316(t, 2)[2)da +/ / UV ou? + Sx|V0]2)deds
R3 0 JR3
1 ;
< lim —, H(F"|M)

With this last observation, the proof of Theorem P.4 is complete.

APPENDIX A. SOME RESULTS ABOUT THE LIMITS OF PRODUCTS

For the sake of completeness, we recall here without proof some classical
results used in the present paper to pass to the limit in nonlinear terms.

The first one is due to DiPerna and Lions [§, and is referred to as the
Product Limit Theorem in [f] :

Theorem A.1. Let i be a finite, positive Borel measure on a Borel subset X
of RN. Consider two sequences of real-valued measurable functions defined
on X denoted ,, and ,.

Assume that (¢y,) is bounded in L*°(dp) and such that ¢, — ¢ a.e. on
X while @, — ¢ inw— L' (dw). Then the product

Onthn — @ in L' (dp) weak.

The second one is due to Lions and Masmoudi []], and can be viewed as
a compensated compactness result. It states that (fast oscillating) acoustic
waves do not contribute to the macroscopic dynamics in the incompressible
limit :

Theorem A.2. Let ¢ # 0. Consider two families () and (Vzi).) bounded
in L3° (dt, L? (dx)), such that

loc loc

1 1
at‘pe + _Ax¢e = _Fea
€ €
c? 1
atv¢e + ?Vx(qpe = EGea

for some F.,G. converging to 0 in L}, (dt,L? (dz)).
Then the quadratic quantities

PV, - ((vm¢e)®2) and Vy - (@evxwe)

converge to 0 in the sense of distributions on R} X R3.
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APPENDIX B. SOME REGULARITY RESULTS FOR THE FREE TRANSPORT
OPERATOR

The main new idea in our previous work on the Navier-Stokes limit of
the Boltzmann equation [[LJ] was to improve integrability and regularity
with respect to the x variables using the integrability with respect to the v
variables.

This property is obtained by combining the velocity averaging lemma
[0, [J] with dispersive properties of the free transport operator [f].

We state here two results of this kind used in the present paper, whose

proof can be found in [I4] or [J].

The first such result, based on the dispersive properties of free transport,
explains how the streaming operator transfers uniform integrability from the
v variables to the x variables.

Theorem B.1. Consider a bounded family (v¢) of LS (dt, Li, (dxdv)) such
that (€0 +v - V), is bounded in L} (dtdzdv). Assume that (1) is locally
uniformly integrable in the v-variable — see Proposition [3.3 for a definition
of this notion. Then () is locally uniformly integrable (in all variables t,

x and v).

The second one, which is based on the classical velocity averaging theorem
in [@, @], explains how this additional integrability is used to prove a L!
averaging lemma.

Theorem B.2. Consider a bounded family (o) of L3 .(dtdz,L*(Mdv))
such that (€dy + v - V), is weakly relatively compact in L (dtdzMdv).
Assume that (|oc|?) is locally uniformly integrable with respect to the mea-
sure dtdzMdv.

Then, for each function & = &(v) in L2(Mdv), each T > 0 and each

compact K C R3,
'/goe(t,:n+y,v)M£(v)dv —/gpe(t,m,v)Mﬁ(v)dv

as |y| — 0 uniformly in e.

—0
L2([0,T]x K)

APPENDIX C. SOME REGULARITY RESULTS FOR THE LERAY PROJECTION

One annoying difficulty in handling incompressible or weakly compressible
models is the nonlocal nature of the Leray projection P — defined on the
space L2(R?; R?) of square integrable vector fields, on the closed subspace of
divergence-free vector fields. By definition, P is continuous on L?(R3;R?),
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as well as on H*(R?; R3) — since P is a classical pseudo-differential operator
of order 0. However, P is not continuous on local spaces of the type LT (dx).
Here is how we make up for this lack of continuity.

A first observation leads to a local L?-equicontinuity statement provided
that some global bound is known to hold.

Lemma C.1. Consider a sequence of vector fields (1) uniformly bounded in
L (L2(dx)). Assume that, for each T > 0 and and each compact K C R3,

T
/ /|wn<t,x+y>—wn<t,w>|2dxdmoas yl — 0
0 K

uniformly in n.
Then, for each T > 0 and and each compact K C R3?,

T
/ / |Pipy(t, @ +y) — Py (t, x)|* dedt — 0 as |y| — 0
0 JK
uniformly in n.

Proof. For each 6 € (0,1) and R > 0, let x = x(«) be a C* bump function
satisfying

0<x<T1, X <2/

Obviously, for |y| <1, one has

T
/ / x(@ + y)¥n(t,z +y) = x(2)n(t, 2) Pddt
0 R3
T
< 2/0 /RSX(Hy)zI%(t,ery) — u(t, 2| 2dzdt
T
+2/0 /R3 IX(x +y) = x(@)][¢n(t, )| *dedt

T 2 2
< 2/ / W}n(tw%' + y) - wn(t7x)‘2dxdt2 (5) ’y‘2TH1/}n”L§°(L§)
0 Jz|<R+2
so that

T
/ / IX(z 4+ 9)Un(t,x +y) — x (@) (t, z)2dadt — 0
0 R3

as |y| — 0 uniformly in n, since v, is bounded in L$°(L?(Mdvdx)).
Consider next the decomposition

xP = Px+ [x,P]

where x denotes the pointwise multiplication by the function y, which is
another pseudo-differential operator of order 0 on R3. In particular, [y, P]
is a classical pseudo-differential operator of order —1 on R3.
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With this decomposition, we consider the expression

T
/0 /| <R ’X(x * y)Pw"(t’ T+ y) - X(HJ)P%(t, m)Fdwdt
_T
2
= 2/0 /I<R |P(X¢n)(t,l‘ + y) - P(XT/)n)(talﬂﬂ dxdt

T
—1-2/0 /ng I[x, Pltn(t,x +y) — [va]¢n(t,x)|2d:pdt

Because P is an L?(dx)-orthogonal projection, the first integral on the right-
hand side of the inequality above satisfies

T
/ / |P(xtn)(t, x + y) — P(xn)(t, x)|*dxdt
0 Jz|[<R
T
S/O /RS |P(x¥n)(t, x + y) — P(xtbn)(t, x)Pdxdt

T
< / / Xz 4 )tz +y) — x(2)Un(t, 2)[Pdedt — 0
0 R3

as |y| — 0, uniformly in n. On the other hand, because [x, P] is a classical
pseudo-differential operator of order —1 on R? (see [RJ], §7.16, on p. 268):
therefore [x, P] maps L?(R?) continuously into H'(R?). This implies in
particular that [y, P]y, is bounded in L>®(R.; H!(R?)) so that, for each
R >0,

T
/ / X, Pln(t,x +y) — [X, Pln(t, z)*dzdt — 0
0 Jiz|<R

as |y| — 0, uniformly in n. Hence

T
/ / IX(z 4+ y) P (t, x +y) — x(2) P (t, z)[*dzdt — 0
0 Jiz|<R

as |y| — 0, uniformly in n. Assuming that R > 2, that the parameter § in
the definition of y satisfies 0 € (0,1) and that |y| < 1, we conclude that

T
/ / Pt 2 + ) — P (t, @) dadt — 0
0 Jjz|<r—2

as |y| — 0, uniformly in n, for each R > 0 sufficiently large. O

A second observation provides continuity of P in Llloc under some appro-
priate global bounds.

Lemma C.2. Let ¢ = 1(t,x) € R? be a family of vector fields such that
Ve — 0 in L} (dtdz) and . = O(1) in L}, (dt; L2). Let & be a mollifying

loc
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sequence on R3 defined by s(x) = 673¢(x/8) where € € C°(R3) is a bump
function such that
suppé C B(0,1), £>0, and /ﬁda:: 1.
Then, for each § > 0,
Q&5 %) — 0 in L, (dtdx) as e — 0.
Proof. Let x € C°(R3). Then

/ / 2)|Q(&s * V) (t, x)|dxdt = / /R3 ) - Q(Es % o) (1, 2)ddt

where (2 is any measurable unit vector field such that

Qs * ) (t,z) whenever Q(&s * ¥e)(t,x) #0.

) = 10 * o)

Hence

/ / 2)|Q (&5 * V) (t, x)|dxdt

T
- / A div, (xQ) divy (&5 * ) (¢, z)dxdt
R3
Let G(7) = &= | PPt be the convolution kernel corresponding to —V,A;!; for
R >0, denote Gr(z) = G(x)1;<g and G¥(z) = G(2)1 3>k Thus

/ / 2)|Q(&s * e ) (t, x)|dxdt
:/0 /R3 Gr* (XQ) (V&) * e (t, z)dudt

T
+ / Gf « (xQ) (V&s) * Ve (t, z)dxdt
0o JR3

We have used here the following symplifying notation: if ¢ and b are two
vector fields on R?, we denote

axb(w) = [ ala—y)- by

where - is the canonical inner product on R3.
Observe that G® = O(1/v/R) in L2, while xQ € L°(LL) (since |Q] = 1
and supp(x) is compact). Hence
G x (x) = O(1/VR) in Li,,(dt; L)
and (V&) * e = O(1) in L], (dt; L2) for each § > 0 since 1 = O(1) in
L} (dt; L%). Hence the second integral is O(1/v/R) for each § > 0.
Next Gr = O(R) in L. and thus Gr x (x2) = O(R) in L since |Q| = 1;
moreover,
supp, (Gr * (x£2)) C supp(x) + B(0, R)
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is bounded for each R > 0. On the other hand V&g 1) — 0 in L (dtdzx),

loc

so that the first integral vanishes as ¢ — 0 for each § > 0 and each R > 0.
Passing to the limsup as € — 07, then letting R — 07 leads to the announced
result. O

(1]

(13]
(14]

(15]
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