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GLOBAL WEAK SOLUTIONS TO COMPRESSIBLE
NAVIER-STOKES-VLASOV-BOLTZMANN SYSTEMS FOR SPRAY
DYNAMICS

IRENE M. GAMBA AND CHENG YU

ABSTRACT. This work concerns the global existence of the weak solutions to a system
of partial differential equations modeling the evolution of particles in the fluid. That
system is given by a coupling between the standard isentropic compressible Navier-Stokes
equations for the macroscopic description of a gas fluid flow, and a Vlasov-Boltzmann
type equation governing the evolution of spray droplets modeled as particles with varying
radius. We establish the existence of global weak solutions with finite energy, whose
density of gas satisfies the renormalized mass equation. The proof, is partially motivated
by the work of Feireisl- Novotny-Petzeltov [12] on the weak solutions of the compressible
Navier-Stokes equations coupled to the kinetic problem for the spray droplets extending
the techniques of Legger and Vasseur [I8] developed for the incompressible fluid-kinetic
system.

1. INTRODUCTION

A large variety models describing sprays dynamics, introduced by Williams [28], are
obtained by coupling a of fluid mechanics equation and a kinetic one describing the spray
as perfect bubbles. In such a system models, the gas surrounding the spray is described
by classical fluid macroscopic quantities: its density p(¢,z) > 0 and velocity u(t,x). De-
pending on the physical properties of such gas fluid, the evolution of those quantities is
ruled by the Navier-Stokes or Euler Equations compressible flows. Fluid viscosity because
an important physical quantity and it is model in the classical compressible Navier Stokes
framework.

The spray droplet evolution is assumed to be given by independent distributed contin-
uum randon variables described by a distribution function f = f(¢,z,v,r) > 0 given the
probability of finding a droplet with center at position x, with radious r, time ¢, mov-
ing with velocity v. Depending on physical properties of the droplets, the evolution of
f is governed by a kinetic equation given by a Vlasov-linear Boltzmann model, were the
non-local Boltzmann operator models collisions and breakup.

In such a system models, the coupling comes from drag force in the fluid equation and
the acceleration in the Vlasov term of kinetic equation, as the fluid a dense phase and the
droplets in a disperse phase strongly interact on each other.

More specifically we consider an spray model given by the following Navier-Stokes-
Vlasov-Boltzmann system of equations for droplet particles dispersed in a compressible
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viscous fluid

pt + div(pu) = 0, (1.1)
(pu); + div(pu ® u) + Vp — pAu — A\Vdivu = F,.(t, z), (1.2)
fe+&- Vo f +dive(Ff) = Q(f), (1.3)

for (x,&,r,t) in Q x R? x [a,b] x [0,00), where Q C R3, p is the density of the fluid, u is
the velocity of the fluid, p = p” is the pressure for some ~ > 1, The viscosity coefficients
w and A have a relationship

0> 0, A+§20
The probability density distribution function f(z,&,r,t) of gas particles depends on the

physical position z € Q, the velocity of particle ¢ € R?, the radius of a particle r € [a, b],
and the time ¢ € [0,7], where a,b > 0 are the constants. The zero moment of the gas

particles density is
b
n(t,x) = / / rfd¢dr, (1.4)
a JR3

and the kinetic current (first moment) is

Jjtx) = /ab /R3 r&f dé dr. (1.5)

The interaction of the fluid and particles is through the drag force exerted by the fluid
onto the particles. In (L3)), F stands for the acceleration felt by the droplets. It was
typically given by the following formula which is known as Stokes’ law,

uu—¢

F(x,&r,t) = 2 12

(1.6)

where p; is the constant density of the liquid, p is the dynamic viscosity. In (2]), the
right hand side term

b
F,.(t,z) = —/ /11&3 %plr?’def dr. (1.7)

The operator Q(f) is taking into account the complex phenomena happening at the level
of the droplet particles, such as collisions and breakup. Assuming that the droplets keep
the same velocities before and after breakup, the operator could be obtained

QU (.1 1) = —wf(w,Esm,1) + v / B, 1) (@, €, ) dr, (18)

r>r*
where v > 0 is the fragmentation rate, and B = B(r*,r) > 0 is related to the probability
of ending up with droplets particles of radius r out of the breakup of droplets particles of
radius r*. This is a typical form of the breakage model kernel.

Without loss of generality we take p; = 97” throughout the paper. The fluid-particle sys-
tem ([.I))-(L.8) arises in many applications such as sprays, aerosols, and more general two
phase flows where one phase (disperse) can be considered as a suspension of particles onto
the other one (dense) regarded as a fluid. System (I))-(L8]) or its variants have been used
in sedimentation of solid grain by external forces, for fuel-droplets in combustion theory
(such as in the study of engines), chemical engineering, bio-sprays in medicine, waste water
treatment, and pollutants in the air. We refer the readers to [, [4, 6 @, 10} 14}, 25| 26] 28]
for more physical backgrounds, applications and discussions of the fluid-particle systems.
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Leger-Vasseur have shown the existence of global weak solutions of the incompressible
version of Vlasov-Boltzmann-Navier-Stokes equations.

The aim of this current paper is to establish the existence of global weak solutions to
the system (LI))-(L8]), or equivalently to

pt + div(pu) = 0, (1.9)

b
(pu); +div(pu ®@ u) + Vp — pAu — A\Vdiva = — / / r(a—¢&)fdédr, (1.10)
a JR3

fov &Vt +aive () — o0, (111
subject to the following initial data:
pli=o = po(x) >0, (pu)|=0 = mo(x), fli=o = fo(z,§,7), (1.12)

where Q(f) is given by (L8]). The collision operator Q(f) satisfies the following hypothe-
ses A:

I. Be CYRT xR*Y), B> 0, and B(r,r*) =0 if r > r*.

for all( )€R+><R+

II. f B(r,r*)dr = fR *) dr, with

III. f03_‘/§ B(r,r*)dr = [ %_ﬁ B(r,r*)dr = 1, which without loss of generality, both integrals

to be one by renormalization.

Our strategy to solve the initial value problem for system (L9)-(TI2]) with assumptions
(I-I1T) given above, consists in combining recent known techniques by the Feireisl-Novotny-
Petzeltova [12] by the use of their regularization method for solving the fluid system using
the compressible Navier-Stokes system, in an iteration that couples such fluid equation to
the initial value problem of the Vlasov-linear Boltzmann for the droplet particle evolution.
For this coupling we adapt a recent approach proposed by Legger and Vasseur [I8] where
they solved the same kinetic equation coupled to a fluid given by the incompressible
Navier-Stokes system.

The manuscript is organized as follows. In the next Section 2 we introduce some funda-
mentals and prove, for a fixed droplet particle distribution f(x,&,r,t), the basic a priori
momentum and energy identities for the compressible Navier Stokes’ equation.

In section 3, we introduce first the two level £, 0-regularization technique from [12] to
system (L9)-(LI2]) by adding as e-viscous term to mass equation and an e-modification of
the momentum equation that preserves the energy identities for fix f(x,&, 7, t), derived in
section 2, and a d-modification that modify the pressure law. In addition, we employ the
techniques from [12], where each ¢, §-regularized Navier Stokes (LOHLIQ) part is solved
uniquely by a k-finite dimensional approximating model, introduced in [I2] and [I3]. Then
for each ui’é, we finally the Vlasov-linear-Boltzmann equation (IIT]) using the approach of

[18], whole solution is an approximating fli’é. This iteration is shown to construct unique
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solutions (,ok ,uk e ) to the ¢, §, k-approximating system to (LIOHLIOHLTIT]) by means of
a fixed point argument in a Banach space, where initial data is modified by introducing the

parameter p > 0 that keep our the pi’é estimates bounded below from vacuum uniformly
in €, and k. In addition, we show that the unique solutions (pk ,uk , f ) for the €, 9, k-
approximating system, satisfy momentum and energy identities, uniformly in €,d and k,
and the approximating density pi’5 is bounded below by p > 0 uniformly in ¢ and k.

Finally, in Section 4, we study the limiting process to obtain a global weak solution to
(COMLIONLTT), by first performing the limit & — oo, next the limit ¢ — 0, and last the
limit § — 0 obtaining a limiting triple (p,u, f) whose initial data has p(z,0) > p > 0 for
an arbitrary p > 0. So the existence of solution in then proved for any initial data who
density p may vanish locally.

2. A PRIORI ESTIMATES

In this section, we derive some fundamental a priori estimates for each equation on the
system ([LI)-(TIT]). They are crucial to show the existence of weak solutions upon passing
to the limits in the regularized approximation scheme.

We first recall the notation of renormalized solutions, [19] 12, [13]. In fact, multiplying

(@T3) by b'(p) we deduce
h(p)e + div(h(p)u) + (I'(p)p — h(p))divu =0 (2.1)
for any differentiable function h. Thus, we give the following definition.
Definition 2.1. Equation (L9]) is satisfied in the renormalized sense, more specifically,
equation (ZI)) holds in the distributional sense, for any h € C'(R) such that
h'(z) =0 forall |z| > M,
for some constant M > 0.
Here, for the sake of simplicity we will consider the case of bounded domain with periodic
boundary conditions, namely € = T2. In this paper, we assume that
po > 0 almost everywhere in 2, mg € LQ(Q)
mg = 0 almost everywhere on {pg = 0}, ‘n;o‘ € L'(), (2.2)
fo € LNLYQ xR3 xRY), r3¢]3fo € L1 (2 x R? x RY).
Definition 2.2. The triple (p,u, f) is a global weak solution to problem (L9)-(22]) if, for
any 1" > 0, the following properties hold,
i.p>0, peC(0,T];L7(Q)), ue L*0,T; Hy(Q)), plul* € L>(0,T; L' ());
ii. f(t,z,&r) >0, for any (t,2,&,7r) € (0,T) x Q x R x RT;
iii. feL®0,T;L>®(Q xR3 x RY)NLY(Q x R? x RY));
iv. P3EPRf € L0, T; L' (2 x R3 x RT));
v. Equation (9] is satisfied in the renormalized sense.
vi. For any ¢ € CY([0,T] x Q), for almost everywhere ¢, the following identify holds

/mo (0, z) dx+// <—pu-8t<p—(pu®u):V<p—p“/Vgp
(2.3)

+ uVu - Vo + Mdivudive + /

rflu—¢§)- gpd&dr) dxdt = 0;
R3
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vii. For any ¢ € C’l([O T] x 2 x R3 x R") with compact support with respect to z, £, and
r, such that ¢(7T,-,-,-) = 0, the following identify holds

/ / / <at¢+g vw¢+(“ ) ngb) dadgds

:/Q . foo(0,-,-) da:d§+/0T/QQ(f)¢d:cdt;

viii. The energy inequality

/p\uy2dx+// F+1€P? d{dx+2,u/0T/Q\Vu]2 da;dt+2A/0T/Q\divu\2 dadt
/Q’mo’zd +// (1+ |€2) fo dédw

holds for almost everywhere t € [0,T].

(2.4)

(2.5)

Our main result on existence of global weak solutions reads as follows.

Theorem 2.1. Under the assumption [2.2), for any v > %, there exists a global weak

solution (p,u, f) to the initial value problem (LI)-LI2) for any T > 0.

We start now to gather estimates for the momentum equation. Multiplying (LI0) by
u, integrating over ), and using (L9, we deduce that

d [1 3
pn <py \2+7p—> dx—i—u/ |Vul? dm+)\/ |divul® d

__/a /Q/Rsrf(u—g)-udﬁdxdr.
2

Meanwhile, multiplying the Vlasov-Boltzmann equation (IIT]) by r*-, taking integration
with respects to r, &, z, and using integration by parts, one obtains

%/ab/ﬂ/]RB %r3|g|2fdgdxdr—/ab/Q/RBr(u—E)éfdﬁdwdr

(2.6)

) (2.7)
=[] [ et d s
a JQJR3
Thus, from (26 and ([27), the following energy equality holds
jt (,ol |Mfy—> d:n+—/ // P2 de da dr
(2.8)

—|—2,u/|Vu|2 dm—|—2/\/|divu|2d$+2/ // rf(u—&)2de dedr =0,
Q Q a JoJRr3

where we used the following equality

/ab/Q/RaTBEFQ(f)dewdr:o,
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In fact, the last identity is obtained from the following Lemma 21|(setting p = 2), that
uses the properties II-V on Q(f) from hypotheses A.

Lemma 2.1. Under the properties II-V on Q(f) from hypotheses A, then for any p > 1,

we have ,
/ / / 3|EPQ(f) dE da dr = 0. (2.9)
a JQJR3

/ab/Q/RS r3|£|pQ(f)d£d:ndr:—u/ab/Q/RS r3|EP f(z, €, t) dE da dr
+V/ab/Q/Rg /r*>rr?’\f]pB(r*,r)f(x,g,r*,t) dr* d¢ du dr
:—y/ab/QA3r3|£|pf(x,£,r,t)d£dxdr

+”/ab/Q/Rg |£|P (/T*Mr?’B(r*,r) dr) flx, &,7*, t) dr* dé da.

From Leger-Vasseur[18], one can see that the properties II-V on Q(f) yield

/ PB(r*,r)dr = (r*)3,
r*>r

so replacing in the second term one obtains a symmetrization property yielding the zero
integral, hence yield (Z3) holds. O

Proof.

Next we estimate the transport Vlasov-Boltzmann equation (ILII) multiplying by 73
and integrating with respects to r, &, z, and using integration by parts, one obtains that

b
%/ /Q/RS r3f(x, &7 t)dE dx dr = 0. (2.10)

In fact, this was proved in [I8]. Using (2.8]) and (2.10), one obtains the following energy
identity

d 9 p“/ d b X ,
E/Q< [ul +7—1> dx—l_a/a /Q/RBT(W +1)fdédx dr

, (2.11)
+2u/ |Vul? dx+2)\/ \divuy2da;+2/ // rf(u—¢&)?d¢ drdr = 0.
Q Q a JQJR3

3. REGULARIZATION

In order to prove Theorem [ZI] motivated by the techniques developed by Feireisl-
Novotny-Petzeltova [12] and the work of Feireisl [I3], we first regularize the system (L8])-
(LII) by perturbing both the mass and momentum equations, (L9) and (LI0]) respectively,
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by adding e-viscous terms and the J-modified pressure as follows (for simplicity we will
not denote the solutions (p,u, f) dependance on the parameters ¢ and ¢ in this section)
pt + div(pu) = eAp,
(pu); + div(pu @ u) + Vp? + 6Vp” — pAu — AVdivu — eVu - Vp + nu = j,

fe +&-Vaf + dng<(u;72£)f> =Q(f),

n(t,x):/ab/Rgrfdédr, j:/ab/Raréfdédr,

and Q(f) is given by (LS).

Assume initial data (po,ug, fo) satisfying

(3.1)

where

p(0) = po(z) € C**(Q),  0<p<po<p,
(pu)(0) = my, my = (mp,m3, m3),  where mj) € C*(),
fO) = fo(z, &), fo>0, fo€ L®(QxR*x RHNLY(Q xR x RT)

and it is compactly supported with respects to r,&.

(3.2)

In order to solve ¢, §-regularized Navier-Stokes part of system (L8])-(LI1), we need to
show that first moment j(x, t) is bounded in LP(0,T"; L(2)), for some p, ¢ > 1, where of the
j(x,t), the solution for Vlasov-Boltzmann transport equation kinetic equation (LII)), is a
source term in the e, d-regularized momentum equation of Navier-Stokes part of system.

In addition, the compressible ¢, )-regularized Navier-Stokes part can be solved by using
the approximate by finete dimensional spaces arguments as in Feireisl-Novotny-Petzeltova
[12] and Feireisl [13] for fluid systems models as follows.

We define the following finite dimensional Banach space X} = span{ey,ea, ...., e}, for
n € N, and each e; is an orthogonal basis of L%(€), which is also an orthogonal basis of
H?(Q).

In particular, e; could be chosen by —Ae; = A\;e;., that is eigenfuctions of the Laplace
operator acting over the domain €.

Thus, without loss of generality, we consider an infinite sequence of finite dimensional
spaces

X, =span{e;}F . k=1,23...,, (3.3)
and will construct a sequences of triples (pk, uk, fi) solutions of the following k, e-approximate
problem:

Step 1: Starting from uy_; given in C ([0, T); X;_1), where X;_1 = span{ey, ea,....,ex_1}
solve the following initial value problem for the Vlasov-Boltzmann transport equation

(CID.
For any fo € L®(Q x R? x RY) N LY(Q x R3 x RT) with fo > 0, and suppfo C 2 x R3,
solve the Vlasov-Boltzmann transport equation

fe(a,&,r,0) = fo(z,&,r) forall (z,6,7) € QxR® xR,

(3.4)
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and show the the first moment jy(z,t) = [(&,7) fi(x, &, r, t)dEdr associated to is bounded
in L>=(0,T; L%(Q)).

Step 2: For any initial data density-velocity pair (pk, ux)(x, 0) satisfying pr, € L7 (X)),
uy, € L?(X};) and Vu € L?(X},), there is a unique weak k, e- approximate solution triple
pr. € L([0,T); L7(Xy), w, € L([0,T); L2(X)) and Vuy € L*([0, T); L*(Xy,)) satisfying
the integral equation

t
/ pug(t) - pdr — / mg - pdr = / / (nAuy, + A\Vdivuy) p dx dt
Q Q 0 Ja (3.5)

T
+ / / <5Vuk - Vp —div(puy @ uy,) — Vp? — 6Vp° — nu, —I—j) pdxdt
0 Q
for any test function ¢ € Xj.

Proposition 3.1. For any initial data (pg,ug)(z,0) with py € LY(R)), ug € L?(Q) and
Vug € L?(Q),, and fo € L®(Q x R3 x RT) N LY(Q x R? x RT), there exits a weak solution
to system B31)-B4) denoted by the triple (pg, ug, fr) in the spaces L ([0, T]; L7 (X}) X
L=([0,T); L2(X}1)) x (fo € L®(Q x R3 x RT) N LY(Q x R3 x RT)).

In addition the triple components are uniformly bounded in the k and € parameters.

The proof of Proposition Bl is rather elaborated and will be done in several steps that
gather the necessary estimates. So we start proving or recalling the following results

The first result towards addressing the Part 1 of the k-iteration argument, was proved
in Leger-Vasseur [18].

Proposition 3.2. For any given u € C([0,T],C(2)), there exist a unique non-negative
weak solution to the kinetic problem [B.4) for any T > 0 , provided the initial data satisfies

foe L®(Q xR* x RT) N LY (Q x R? x RY)
and
fo >0, suppfo C Q x R?,
that is, f(x,&,r,t) satisfies

B o <w v

Vg@) dz d§ dr +/ / (f)pdx dE dr
[E€+><R6

(3.6)
/ / ©(0,z,&,r)dxdsdr =0
Rt ><[R6
for any test function o(t,z,&, ).
Moreover, this non-negative weak solution satisfies the following estimates:
feL™®0,T; L' (Q x R? x RT)),
( ( ) (3.7)

f€L®0,T; L®(Q x R® x RT)),

fec(o,T; WP x R® x RT)),  for any 1 < p < oo,
supp(f) C Q x R? for a.e. t €[0,T].
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The next step is to secure that the weak solution fi(x,&,r,t) constructed in Proposi-
tion 3.2 has if kinetic first moment ji,(z,t) € L>(0,T; L?(f)).
Such estimates are a result of the following proposition, whose proof follows immediately.

Proposition 3.3. If u;, € C([0,T]; Xi), then there exist operators ny = N(ug),j =
Liwy) : C((0,T]; X) = C((0,7]; C(%2)) satisfying
i) (Lipschitz estimate for the kinetic density)

H"/lc - niHLm(O,T;LC’O(Q) < C(a,b, T)Hui - quLZ(o,T;LZ(Q)y

ii) (Lipschitz estimate for the mean velocity)

Ik = il o,rzoo() < Cla,b, T)|[ag — uillr20.7,22(0))

for any u,1€, ui in the following set
My, = A{uy € C([0,T]; X ) ulleqo,rix,) < L, t€ 0,71}

Proof. Following the strategy of Leger-Vasseur [I8], we construct a sequence of solutions
verifying

Oufi+ €V fic+dive (2275 1,) = —v e, &,1,1)
+v fr>r* B(r*,r) fr—1(x, &, r* t) dr*, (3.8)
fk($7 57 T, 0) = fO(x7 67 7").

as follows. First, we need to write the following ODEs:

dx .
dt 257
% _ kaé—f.

re 3.9
z(0) = x; (3.9)
£(0) =¢,

then, by the characteristic method, we have the following solution to (B.8])
Wty € r) = T (a0, 2,€),€(0,1,7),7)
ERy (3.10)
+1// / D B(r %) o (7, 2 (7, t, @, €), 7 )dr* d.
R+

So taking the limits as k — oo, one obtains the weak solutions to ([3.4]) by the standard
argument of weak convergence in Leger-Vasseur [I8]. However, we need to use (3I0) to
derive some new estimates due to the compressible fluids and the coupling to the kinetic
equations. Let f,% and f,f be two solutions to (B.8]) corresponding to u,lﬁ_1 and ui_l

respectively, and f! and f? be two weak solutions to (B.4]) corresponding to u! and u?
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respectively. Letting Y (¢, x,§) = (x,§), we have
e = FRll Lo (0.7 Lo (xR xR+))
< OV = Vellpmoiramsomsnsoy + CT) |11} = R0 (e ds.
(3.11)
As Leger-Vasseur [1§],
fe — fin LP(0,T; LP(Q x R® x RT)) and f € L°°(0,T; L®(2 x R® x RT)).  (3.12)
Letting k — oo in (BI1), yields
1Y = F2ll Lo (0,7 Lo (xR xR+))
< C(M)[IY1 = Yal| L (0,10 (xr3xr+)) + C(T) /Ot 1FY = F2ll Lo (0.7 100 (5 R3 xR +)) dS-
(3.13)

However, in our case we need to control the characteristic ODE’s of the transport flow
depending on ug(x,t), that we estimate as follows.
The first term above, after using ([B.9]) with ux_1, can be estimated by

Y1 = Ya| oo OT-Loo(QxR3xR+))

u t ul_
<C (/ = e = VP ds+/ (1+ ] I;;HWLO%Q))HYl_YQHLOO(WRngﬂ ds>,

and so by Gronwall inequality, we obtain

t
Y1 — Ya| poo 0,100 (xR xR +)) < Ca, b,T)/O Jup_y — ui_y |l r2q) ds. (3.14)
In addition, by [BI3) and B.14),
e = fEll oo 0,100 (axr3xr+)) < Cla,b,T)llup_y —ui [l z207:0)- (3.15)

Let ny, = N(uy—_;) and ji = L(ug_1), from ([BI5]), one obtains the following two estimates

||u11c_u%||L°°(0,T;L°°(Q)) = HN(ullc—k)_N(u%—l)||L°°(0,T;L°°(Q)) < C(a, bvT)Hullc—l_u%—lHLZ(O,T;LZ(Q))a

(3.16)
and
I8 — il = 1L(uj_y) = L(ui_ )|l zooo.r52000)) < Clas b, T)ug_y — iy llz2 0,722 (0))-
(3.17)

The proof of Proposition is completed, and we have all needed estimates to complete

Part 1. of the iteration needed to construct the solutions stated in Proposition [3.]
O

For Part 2. of the iteration, it is natural to obtain an energy identity for the kinetic part
(LII) of k,e-approximate compressible fluid kinetic system. The following proposition
yields such identity.
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Proposition 3.4. [Kinetic energy conservation] If u € C([0,T]; Xx), any weak solution
f of B4) satisfies the following identity:

/SI/ab/]RBTg(l+‘gP)fdfdrdw_/Q/ab/Rng(l-i-\5!2)f0d§drdg:
:Q/Ot/ﬂ/ab/RSr(uk_l—£)f§dgdrd:pdt.

Proof. Using 1 + [£|? to multiply on both sides of ([3.8), and taking integration by parts,
we have

/Q/ab/RSr?’(l—i—|§|2)fkd£drd:n—/ﬂ/ab/RSr3(1+|£|2)f,8d£drdm
=2/;/Q/ab/Rsr<uk_1—s)nsdfdrda:dt
—u/ot/g/ab/Rgr?’(lJr|£|2)fk£d£drdxdt

+y/0t/ﬂ/ab/RS /> P3O+ €12) oo (.07 1) di€ dE di d .

Letting k& — oo in ([BI8]), thanks to (BI2]) the Fubini’s theorem, the conclusion can be
followed. O

(3.18)

Lemma 3.1. Let u € L"(0,T; LN*P(Q)) be fized with any 1 <r < 0o and p > 1. Assume
that fo € L®(Q x R3 x RT) N LY(Q x R3 x RY), r3|¢|Pfo € LY(Q x R® x RY), then the
solution f(x,&,r t) of BA) has the following estimate

/ab /Q /RJ rPlEfP f dg da dr

1 N+p
b ~p
<pCrnp ((/ /Q/R3 &P fo dé da dT> + (I foll Lo (xm3 xm+) + 1)uk1LT(0,T;N+P(Q))) ;

(3.19)
forany 0 <t <T.

Proof. For any p > 1, multiplying 73|£|P on both sides of kinetic equation ([3.8]), we have

/ab/Q/RSr3|£|pfkd§d:ndr—/ab/Q/RSr3|£|pf,?d§dxdr
:p/Ot/ab/Q/Rarmk_l—smrsv’—l%ds da dr dt
—V/Ot/g/ab/Rgr?’\g]pfkgdgdrda;dt

+u/0t/g/ab/w /> r3IEP fo_1 (2, &, v, t) dr*€ dE dr dx dt.

(3.20)
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Letting & — oo in (320, (B12) and the Fubini’s theorem gives us

/Cbb[)/IRST3|f|pfkd£d:Edr—/ab/Q/RSrﬂﬂpflgdgd:Edr
+P/Ot/ab/Q/R3r!§\pfd§dazdrdt:/()T[(t)dt7

:p/ab/Q/RSr]{\p_lfuk_l ‘f’ d¢ dx dr.

Thanks to Holder inequality, we can control I(t) as follows

(3.21)

where

1

b s’ s’
1) < pllme L ( L[ [ ez aear) dx) , (3.22)

1 1
-+ <L
S S

where

For any R > 0, we have

/ab/RaTyg‘p—lfdgdr _ /ab/£<Rr‘§’p_lfd§dT+/ab/lngT’f‘p_lfdgdr

2 e e 3 (3.23)
< 02| £l oot + // P3P f d dr
£l oo (2 xR3 xR +) 2 )y Jeon €]

N4+p—1
Taking s = N + p in ([3.22), and
1

R= (/ab/Rsr3|g|pfdgdr>m >0

in ([B:23]), one obtains that
1 b? 3 N4y
10 < plslnon( oy + oo W lmiasoaen) ([ [ 7P racar)

(3.24)
Thanks to (321 and ([B:24]), we deduce

/ab/Q/Rg r3IEP f dE da dr

1
b N+p
< pCT,Nab </ /Q/RS ¢ fo d€ da d?“) + ([ foll Lo @xr3 xr+) + Dl Wk—1llr(0,7;28542(0))

N+p

forany 0 <t <T. O

We are now in conditions to obtain estimates for the zero moment (L4 and first moment
(LX) of the solutions of the Vlasov-Boltzman equations ([B.4]). We estimate these quantities
in the following lemma that may be similar to the variation of the classical regularity
of moments, see [21]. The proof closely follows the argument as in [17].
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Lemma 3.2. Under the hypothesis of Lemmal31, for anyp > 1, 0<t <T, we have

N
b 5
”nk”Lﬂﬁﬂ(Q) < ONp (| frll oo @xraxr+) +1) </a /Q/u@ r|EfP fr d€ da dT) , (3.25)

and

N+1
b N+p
. 3
i, 55 ) < Ot Wil onsosny + 0 ([ [ [ e eaganar) ™ 20

Proof. For any R > 0, we can estimate n as follows

n(t,a:):/ab/Rgrfdgdr:/ab/|£|<erd§dr+Lb/|§|>erd§dr

1 b
N 3
< OB\l sy + gy [ [ s

R= (/ab/Rgr3|£|pfd£dr>Nlﬂ)

which is finite by Lemma [3.1], depending only on the initial data, yields

(3.27)

Taking

1 b N
n(t,x) < Onp([[fllpe@xraxrt) + ?) </ /R3 &P f dg d7‘> ;

and since the estimate 319 is uniform in [0, 7], thus

N
1 b . ~ip
”n(t’x)”Loo(o,T;Lﬁﬁﬂ(Q)) < CN,b,T(HfHLoo(QXRaxRﬂ—FE) (/Q/a /RST |€|P £ dE dr dm) )

We can also use the same arguments to show

N
P

N+1

b N+p
. 3 P
1, 0888 < Ol + ) ([ [ leprasaras)

Since eigenfunctions of
Aei == )\Z-ei in O
have bounded solutions, then
u € L*(0,T; L>(Q)).
In particular, such estimate allows us to apply Lemma Bl to obtain

/ab/Q/Ra PI¢P f de da dr < oo, (3.28)

provided the initial data satisfies

/ab/Q/Rg r3(E[P fo d€ da dr < oo
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for any p > 5. Therefore, Applying Lemma to get estimate to the corresponding first
moment of the solution of the kinetic equation to ([3.28]) with p =5 and N = 3, we obtain

n=N(u) e L¥(0,T;L3(Q)), j=L(u) € L>(0,T; L*(Q)), (3.29)

and satisfy the estimates ([BI6]) and ([BI7). As a consequence we are able to solve the
following regularized compressible Navier-Stokes part by using the estimate on the first
kinetic moment j(¢,x) of the system

pr +div(pu) = eAp,
(pu); + div(pu @ u) + Vo' +6Vp” — pAu — AVdivu — eVu - Vp + N(u)u = j,
with the initial data (3:2]).

(3.30)

In fact, we notice that nu is a good term for the compressible Navier-Stokes equations
because n(t,z) > 0 is on the left side of the momentum equation and so it is active as an
absorbing term that stabilized the momentum flow. Another advantage is that the right
hand side j(x,t) is bounded in L°°(0,T; L?(f2)). Thus the weak solution (p,u) to (3.30)
can be constructed following the now classical approach in Feireisl-Novotny-Petzeltova
[12] and Feireisl [I3] for fluid equations. In fact, we can find the approximate solutions
uy, € C([0;T]; Xi) satisfy the integral equation

t
/ pug(t) - pdr — / mg - pdr = / / (nAug + A\Vdivuy) p dz dt
« « 0 7 (3.31)

T
+ / / <€Vuk -Vp —div(pug @ ug) — Vp? — oVp® —nuy, —i—j) pdzxdt
0 Jo
for any test function ¢ € Xj.

In order to solve (B31]), we follow the same arguments as in [12] [13], and introduce the
following two operators that are crucial to apply fixed point arguments later by generating
an ODE in a suitable Banach space.

In our case, the iteration map for a fixed point argument is constructed as follows. For
any given u € C([0,T]; Xk), p is a solution to the following problem

{ Op + div(pu) = eAp,

po € C*°(T?), py=>p>0. (332)

First, we introduce the operator S as follows
S C([07T]7Xk) - C([07T]7 C(Q))7p = ‘S(u)7
and recall the following two Propositions that can be found in [12]

Proposition 3.5. If 0 < p < py <7, po € C®(Q), u € C([0,T]; Xi), then there exists

an operator S : C([0,T]; Xi) — C([0,T];C(Q)) satisfying
i) p=S8(u) is an unique solution to the problem ([3.33).

ii) Density bounds:

T . T .
0 < pe” Jo Ndivalizeedt < 0 4y < pelo Idivullzoedt g5 gy 2 € Q, > 0. (3.33)
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iii) Lipchitz condition:

1S (u1) — S(u2)lleo,m:c0) < TC(pos e, L)|[wr — vzllcqo,r);x,)5 (3.34)

for any uy,us in the following set

My, = {u S C([O,T],Xk), ”uHC([O,T];Xk) <L, te [07T]}

In addition, for any given function p € C'1(Q) with p > p > 0, we introduce an operator
M for fixed t, satisfying

Mlp]: X = Xj, < Mlplu,v >:/pu-vdx, for any u, v € X,
Q

and we recall from [12], (page 363-364) the following proposition describing the properties
of M:

Proposition 3.6. For any given function p € C°(0,T;C*(Q)) with p > p >0, where p is
a constant,

i) \\M[P]|’£(Xk,xg) < Ck)pllpr-
i) [|[Mplllzx,.xp) = infocap
iii) If infycqp > p > 0, then the operator is invertible with

”M_l[p]”E(X*,Xk) < 3_17
where L(X}, X},) is the set of bounded liner mappings from X} to X.

iv) M~1[p] is Lipschitz continuous in X} in the sense

M 1] = M7 pallloixr x) < Cnsp)llpr = 2l (3.35)
Jor all p1,py € C°(0,T; L*(Q)) such that py, pa > p > 0.

The proofs of these two propositions can be found on [12] (page 363) and (page 363-364)
respectively. They are sufficient in order to show the needed compactness for the existence
of a fixed point solution set.

We apply the strategy of [12] to the problem under consideration, namely the existence
of solutions to the coupled compressible fluid equation to the gas kinetic equation, done
through the gas density n defined by (4] and gas current j defined by ().

Indeed, making use of the operators M|[p], p = S(ux), n = N(ug) and j = L(ug),
we rewrite ([B31]) as the following ordinary differential equation on the finite-dimensional
space Xg:

& (MIS () O]k (1)) = M S (), N (), L) ug), 10

) (3.36)
M(S(u,)(0)]ug (0) = M(po]uo,
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where

IV(S(ug), N(ug), L(ug), ug), ¢] = / (pAuy + AVdivuy, 4+ eVuy - Vp) - pdx
Q

— / (div(puk ®ug) + Vp? +6VpP +nuy, — j> - pdz,
Q

for all ¢ € Xj. Integrating ([B.30) over (0,t), we can write the problem as the following
nonlinear problem:

T
we(t) = M [S () (6)] (MpoJuo + /0 N(S(ug), N(ug), L(ug), w)(s)ds).  (3:37)

Since N'(S(ug), N(ug), L(ug), ug) is a Liptzchiz function, as all its argument from (BI6]),
BID0), B34) and (B35, this equation can be solved with the fixed-point theorem of
Banach, at least on a small time 0 < 7" < T. Thus, we obtained u; € C°(0,T"; X}).

In order to extend the existence final time in order to get 7' = T, it is enough to show
there exists uniform estimates on solution triple (pk, ug, fx) in suitable functional spaces
defined over the finite dimensional space X}..

Indeed, the following definition of a suitable energy functional and subsequent proposi-
tion provide the global in time existence of solutions to the approximation system (BI)-
B2).

We first define the following energy functional associate to solutions of system (BI)-
B.2).

Definition 3.1 (The Energy Functional). The natural energy functional associated to the
triple (pg, ug, fx) solution to the approximation system (B))-(B.2]) is given by

. 0
B = Blpewa i)(0) = [ Gowl?+ gt L) do

Q
+ /Q / b /R (U ) S de dr da

E, '—/(gg—k 7 +L6)dx+//b/ r3(1+]§\2)f d¢ dr dx (3.38)
" Jo 20 T y—1 -1 0 Jo Jus 0 ‘ ‘

The desired estimates will follow from the following result.

The corresponding initial energy is

Proposition 3.7 (The Energy Inequality). Let the triple (pg,ug, fx) be the solution to
system BIN)-B2) constructed above, then for any T > 0, the (pk,ux, fr) satisfies the
following energy inequality

T T
E(t) + ,u/ /|Vuk|2d$dt+/\/ /|divuk|2d:17dt
0o Jo 0o Jo

T (3.39)
i 8/ /(7P2_2+5ﬁp§‘2)lv%l2dwdt < B
0 Q
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Proof. First, taking ¢ = uy in (3:31]), one obtains the following identity corresponding to
the regularized Navier-Stokes part (330

d 1 2 Py o 3
E/Q(apkhlﬂ +7_1 —l—ﬁpk)dﬂ?

+u/ ]Vuk\2dx+)\/ \divuklzdx—ka/(’ypg_z—i—éﬂpg_Q)\Vpklzdx (3.40)
Q Q Q

+/nk’uk’2dx:/jkukdx7
Q Q

for any ¢t € [0,7"]. Next, applying Proposition B4 and adding (B.40]), we obtain the
following L? energy identity for the whole system that includs the kinetic equation (3.4):

4 /(1 D S B)daz—l—//b/ B4 1) fo de dr da
dt \ Jo 2PFIU T T T T P 0ty Jes k
o [ [V o [ v fPde e | (o7 + 080V o

Q

/ / /RS rfrlug — &7 d¢ dr dz =0

on [0,77].
Integratmg with respect to t, we deduce the following energy identity

Tk Tk
E(pk,uk,fk)(t)+u/ /|Vuk|2dxdt—|—>\/ /|divuk|2dxdt
0 Q 0 Q

T 2 2
e [ o+ om0Vl det

/T// / rflu — €2 de drdadt = B,

on [0,7'], where the total energy energy E(t) = E(pg,ug, fr)(t) and its initial form Ey
were defined in (3:38]) and ([B.38]), respectively.

In particular, since both terms

T Y—2 B—2 2
i Q(W)k +0Bpy )IVpr|” dzdt

/OT/Q/; /R3 rfrlug — &* d€ dr dx dt,

are non-negative, then the energy inequality (3.39) naturally. O

the energy inequality (3.39)), together with estimate ([3.33]), yield the following uniform
bounds in k and ¢, for the the components of the triple solutions to system (B.1)-(3.2)
[l oo (0,722 (02)) < Co < 00,
[0kl oo 0,7;27 () < Co < 00, (3.41)
IVugllz20,7;22(0)) < Co < o0,
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where Cj only depends on the initial data.

To end, noting that the L>°(X}) and L?(X})—norms are equivalent on the finite dimen-
sional space X}, then

sup ([|ugl|ze + [[Vug||zee) < Co(Ep).
te[0,Ty]

As a consequence of this observation, the existence time interval [0, 7] can be extended
to [0,T1]. for all T' > 0.

Hence, the existence proof of a weak solution triple (pi’é, ui’é, f,i’é) to the regularization

BI)-B2) for any T > 0 is completed.

4. RECOVER THE WEAK SOLUTIONS

In order to complete Theorem 2.l we need to recover weak solutions to ((L8])-(TI1]). To
this end, we pass to the limits in the following order, as k — oo, next ¢ — 0 and finally
0 — 0, for the unique solutions constructed as in Proposition [3.71 Here we use the triple
(prsug, fr) to denote the solution constructed as in Proposition B, were still omit the
supraindexed ¢ and § for notation simplicity.

Thanks to (339), the following uniformly estimates hold

VPrukl Lo 0.7:22(0)) < € < 00, (4.1)
Pkl oo 0,717 () < C < o0, (4.2)
Vagl|L20,m:22(0)) < C < oo, (4.3)

1
0 ﬂpg dr < C < oo, foranyte (0,7), (4.4)

0B —

T

6/ /(7,0;;_2 + 55,05_2)|V,0k|2dx dt < C < oo, (4.5)

0 Q

b
/ / / (14 € fedEdrdx < C < oo, for any t € (0,T). (4.6)
QJa JR3

Then a consequence we can show the following Lemma.
Lemma 4.1. There exists a constant C independent on index k, and regularization pa-
rameters € and 0 such that

[0 (D] Lo 0,7;22(02)) < C, (4.7)

O e o703 ) < €
Proof. By ([&3), we have
220,725 < €.

where C is uniform in k, € and §; and hence uy, is also uniformly bounded in L?(0, T; L5(2)).
Therefore, taking N = p = 3 in Lemma[Bland Lemma[32] then (A7) and (L]]) follow. O
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The next step is to show that the limit in k for the sequence of solution (pg,u, fx)
exists in the following sense.

Proposition 4.1. Let the solutions of (pg, g, fi) constructed in Proposition[3.7, then for
any v > 3,
pr—p i LN(0,T) x Q) and C([0,T]; L7, (),

weak

u, —u  weakly in L*(0,T; W01’2(Q)),
2_—}/
PEUE — pu in C([07 T]v Lot (Q))7

weak

and

0
pp—p  in L%((O,T) x Q) for some 0 <0 < %

Remark 4.1. The proof of this proposition follows from techniques developed by Lions
[20] and Feireis] [111, 12, [13] applied to the compressible Navier-Stokes equations with the
external forces. They are crucial for the limiting process of the solution to the whole
fluid-kinetic system. In the sake of completeness we write some of these estimates in the
actual larger system context.

The uniform estimate (ZI0) hold for the solutions of the compressible Navier-Stokes
equations, even with the external force, if it is in LP(0,T; L9(2)) for some p,q > 1. For
the more detail, we refer the readers to [I1, 12| 13 20]. Thus, the first step consist in
controlling the uniform estimate of the force term in k, § and &, namely

b
- / /RB r(ug — &) fr d§ dr = —npuy, + ji, (4.9)

which has been proved to be bounded in LP(0,7; L9(2)) for some p,q > 1, uniformly in
k, d and €. In fact, we have

<l

7k = nkukHL2(0,T;L%(Q) = Lo (0,T5L3 (Q

n T Cllngll Loo 0,712 () 10kl L2 0,725 (92))

and hence ji — nyuy is uniformly bounded in L?(0, T L%(Q))
Note that — f: Jgs (g — &) fi d€ dr is bounded in L2(0,T;L%(Q)), we can apply the
argument in [11], [12], 13} 20] to (BI). We obtain the following estimate in Lemma

Lemma 4.2. For any v > %, there exists a constant 0 < 6 < %, depending on 7y, such
that

T
/ /(apzw + 5p£+6) dx dt < C < o0, (4.10)
0o Ja

where C' > 0 is uniformly on n, € and 9.

With above convergence of Proposition [4.1lin hand, we are ready to pass to the limits for
the Navier-Stokes part as k — co. We could use the similar arguments to handle the other
limits with respects to € and . For more details on the weak stability of the compressible
Navier-Stokes equations, we refer the readers to [19] 12} [13].

Headlines focus on the stability of weak solutions to the kinetic equation ([B]). By

B0), we have
fe = f L®0,T;LP(Q x R® x RT)) — weak" (4.11)

for any 1 < p < o0.
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Letting ¢(x) be a smooth compactly supported test function, we have

[ [ [ reseanc e
< [ [ [rth-na+lehe dedrds

- [ [ [ (- niaieidio) (r%<fk—f>%<1+|£|>% %@c)) ¢ dr d
<2([ [ [rn-na+ietta dfdrdz) ([ [rin-ngaca da:);’
(] s

where we used () and a fact
([ ] [rth-n+ieprewaar d)
<(zf[] r<1+|£|2>fkd£drdx>%sa

Thus, the last term in (£I2]) converges to zero as k goes to infinity since fj converges to
f weakly in L2(0,T; L?(2 x R? x R*)) and

(4.12)

ro(z) 2 3 +
e L7 (2 xR’ xR™)).
1+ |£| loc( ))

It follows that

Jr — 7 weakly in L°(0,T; LP(2)) (4.13)
forany 1 < p < %, where j = [ [r&f dEdr.
Similarly, we have that

ny, = //rfk dédr —n = //rfdgdr weakly in L2(0,T; LE.(9)). (4.14)

By 7) again, f; is uniformly bounded in L>(0,T; L= (2 x R? x R*). Relying on this,
we can show the following uniform bounds. With (£I4]), we have the weak convergence

of Q(fk)-
Lemma 4.3. If B1), then Q(fx) is uniformly bounded in
L0, T; L%°(Q x R3 x RT) N L>®(0,T; LP(2 x R x RT)

for any p > 1, and

b b
/ / Q(fx)dsdr — / / Q(f) d¢ dr weakly in L2(0, T, L2(Q)). (4.15)
a JR3 a JR3
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Proof.

1Q(fe)llLee < v fr(w, &y t) Lo + vl fr(w, &, t)HLoo/ B(r*,r) dr*
r>r*
< (v + Cv)|| fr(x, & 7 1) s,
where we used a fact
/ B(r*,r)dr* < C.
r>r*

Similarly,

QUL < vl fulx, & r )| + v /> ) B(r*,r) fi(t,x, & r") dr*|| 2

< Ul fulw, &, 8) s + vl il s )l / Blr,r) dr*
r>r*
< (V—i_CV)ka(x7€7T7t)HL1'

For any smooth ¢(z),

/Q</ab/Rg Q(fk)(ac,é,r,t)dédr—/ab/]RB Q(fk)(:n,g,r,t)dgdr) o(z) dz
Sg/ﬂ/ab/RST(fk_f)dgdrw(x)dmrg[)/ab/[RS[>T*TB(T*’T)(fk_f)dr*dfdrdw

< %/Q/ab/ﬂ%gr(fk—f)dédw(w)dfc—>0

as k — oo. By ([@I4]), we have (£I5). O
The last task is to handle the convergence of the right-hand side of ([B.31])

/ab/RSrukfkdgdr.

To prove this one, we follow the same argument as in [23]. In fact, we shall use the
following lemma, which was from [20].

Lemma 4.4. Let g" and h™ converge weakly to g and h respectively in LP(0,T; LP2(Q2))
and L9 (0,T; L9%(Q)) where 1 < p1,q1 < 400,
1 1 1 1
—+—=—+—=1
P @ P2 Q2
We assume in addition that
8 n
% is bounded in L*(0,T; W~"™1(Q)) for some m > Oindependent of n
and
[A™ = h" (- + & )l Lo 0,7;092(02)) — Oas || = 0, uniformly in n.

Then, g"h™ converges to gh in the sense of distributions on Q x (0,T).
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Indeed, we have
(nk)t = _divx(jk)a
and so (ng) is bounded in L>(0,7; W~11(Q)). Since Vuy, is bounded in L?(0,T; L*(Q2)),
we can apply a classical compactness lemma [20] to have

niu; — nu in the sense of distributions. (4.16)

Similarly, we are able to show, as k — oo,

St nonsaraes [ 7[0S

for any ¢ € C'([0,7] x Q) with compact support with respect to .
With Proposition A1 (A13]), (A15), (£16]) and [@IT), we are ready to pass to the limits

in the weak formulation of the Navier-Stokes and in the weak formulation of kinetic equa-
tion. Thus, we are allowed to pass to the limits as k£ goes to infinity in the approximation
of B3T)) for the following weak formulations

t
/pkuk(t)-godx—/mo-godx:/ /(,uAuk+)\Vdivuk)<pdxdt
Q Q 0 Jo

(4.17)

t
+ / / <6Vuk -V — div(prug @ ug) — V,og — 5Vp£ —npug + jk> pdzdt,
0 Ja

//// fk<at¢+5 W“( 7. ¢> dadg drds
:/a/Q/RSfO(b(O"”)dxdgdH/oLbA/RSQ(fk)¢dfdxdet-

Here we should remark that the all uniform bounds in this section are independent on &
and §. Thus, we can pass into the limits as k — 0o, ¢ — 0 and § — 0 at the same time.
Thus, all convergence results in this section allow us to recover the weak formulations
23)-(2Z4) by passing into the limits as k — oo, ¢ — 0 and § — 0.

At last, passing to the limits in ([3.:39]) with respects to k — oo, ¢ — 0 and 6 — 0, the
following energy inequality could be obtained in the following Lemma:

and

Lemma 4.5. If (p,u) is the weak limit of (pg,uy) as k goes to infinity, then

/( ,o|u|2+— d:z:+/// (14 |€]?)f d€ dr dx
—i—u/ /\Vu[2dazdt+)\/ /]divu[2dazdt (4.18)
< (2[)0 _1 /// (L + |€2) fo de dr dx.

In addition, the same conclusion holds true as the limits € — 0 and § — 0.

Proof. Using the weak convergence and the convexity of the energy, estimates (48] follow
by passing to the limit from (B.39) with respect to k — oo.
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Finally, because all estimates for are also unifomm for both € and § small, then the
corresponding limiting problem, as both parameters tend to zero, yield a solution to the
problem posed in Theorem 211 O

Thus, we have completed the proof of our main result Theorem 2.1
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