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Abstract

We examine a hydrodynamic model of the motion of ions in plasma in the regime of small
Debye length, a small ratio of the ion/electron temperature, and high Reynolds number. We
analyze the associated singular limit and identify the limit problem - the incompressible Euler
system. The result leans on careful analysis of the oscillatory component of the solutions by
means of Fourier analysis.
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We study the singular limit in a hydrodynamic model of plasma in the regime of small Debye lenght,

small ion/electron temperature ratio, and high Reynolds number.

1.1 Motivation

A simple hydrodynamic model of plasma consisting of electrons and a single family of positively

charged ions reads as follows:

at@e + divm(geue) = O> ath + dlvm(gzuz) = 07
me [Oy(neue) + dive(neue @ )] + kpVe(Tene) = div,Se + qn. V. ®,
—AD = q(n; —ne),

where we have denoted

o jon/electron density .. ... ...

® 10N /EleCtION MASS .. ...ttt m;/Me,



e ion/electron mass density ... 0i = MiN;/0e = MeNe,

e ion/electron VElOCITY .. ... .. u;/u,,
e ion/electron teMPErature ................iuiuiiuii it T;/Te,
e ion/electron viSCOUS StTESS tEISOT ... ...ttt Si/Se,
e clectric potential . ...... .. . .. P,
e unite electric Charge ... ... ... q,
e Boltzmann constant ... ... .. kg,

see Juengel and Peng [8, Appendix A].
Neglecting the electron mass m, ~ 0 as well as S, =~ 0, we arrive at a single particle system

0o + div,(ou) =0
1
O(ou) + div,(pu®u) + V,0 = %diVxSi — Ti0V, P

—\2A® + exp (?(ID) = p,
where we have set o = 9;, u = w;, ® = ¢®/T;kp, and where we have introduced two characteristic
numbers: the Reynolds number Re and the Debye length A. Our goal is to study the behavior of the
above system in the regime

Re — 00, A — 0, E—>O.

T
Small Debye length is characteristic for the quasi-neutral limit. The hypothesis T;/T, ~ 0 is moti-
vated by the observed fact that the electrons in many types of plasma are close enough to thermal
equilibrium while the massive ions have usually the much lower ambient temperature, see e.g. Goebel
and Katz [6, Chapter 3]. Besides its physical relevance, a rigorous derivation of such a singular limit
gives rise to interesting theoretical issues, among which the behavior of acoustic-electric waves.
Simplifying slightly the problem, we shall study the singular limit for ¢ — 0 of the following

NAVIER-STOKES-POISSON SYSTEM:

Jro + div,(ou) = 0, (1.1)
O¢(ou) + div,(ou ® u) + V,p(p) = e*div,S(V,u) — oV, P, (1.2)
—?AD 4+ PO =p—1, (1.3)



where the viscous stress is given by NEWTON’S RHEOLOGICAL LAW
t 2.
S(Veu) = (Vyu+ Vou— gdlvzuﬂ : (1.4)

This system describes the motion of ions in a discharged plasma in the turbulent regime of high
Reynolds number =%, with the small Debye length £ and the ion/electron temperature ratio pro-
portional to £°.

1.2 Target system

Formally, it is not difficult to perform the asymptotic limit ¢ — 0 in the system (1.1 - 1.4). Seeing
that o — 1 we conclude that u — v, where the limit velocity field v satisfies the inviscid EULER
SYSTEM:

div,v =0, (1.5)

ov+v-V,v+ VIl =0. (1.6)

In order to formulate rigorously such a result, we have to specify the physical domain €2, the initial
conditions for ¢t = 0 as well as the boundary conditions if 9Q # (). Given the physical background of
the problem, we consider 2 C R? the infinite slab

Q=R*x[0,1],
on the boundary of which the velocity u satisfies the slip boundary conditions
u-nlgo =0, [S(V,u)n]tan|on = 0. (1.7)
Similarly, we assume

VIQD . Il|aQ = 0, (18)

where n denotes the outer normal vector to 0f).
The initial state of the system will be determined by the so-called ill-prepared initial data, specif-
ically,
0(0,-) = 00, u(0,-) =g, (1.9)

where
loocllLnizi) < ¢ 00 — 1in L*(Q), ug. — ug in L*(Q; R?). (1.10)

In addition to (1.9 - 1.10), the initial distribution of the electric potential will be subjected to certain
“compatibility” restrictions specified below.



1.3 Mathematics of the singular limit

Wang and Jiang [12] studied a similar problem (i.e. small Debye length-high Reynolds number limit)
with the space-periodic boundary conditions and with (1.3) replaced by

—?A® =p—1. (1.11)

In such a case, the acoustic component of the velocity together with the electric field undergo fast
oscillations in the time variable. Accordingly, the authors of [12] establish weak convergence towards
the limit Euler system, using the description of the acoustic-electric waves, similar to the description
proposed by Masmoudi [10] in the context of the low Mach - high Reynolds number limit and the
compressible Navier-Stokes system.

On the other hand, the same problem considered in an unbounded physical domain seems to
offer the possibility to use the dispersion effects in order to show strong convergence even for the
ill-prepared initial data. In [2] the authors investigated the quasineutral limit of the isentropic Navier-
Stokes-Poisson system in the whole space and obtained the convergence of the weak solution of the
Navier-Stokes-Poisson system to the weak solution of the incompressible Navier-Stokes equations by
means of dispersive estimates of Strichartz’s type under the assumption that the Mach number is
related to the Debye length by a power law. In [1] the authors got the same type of result in the
case of the Debye length of the same order of the Mach number. However, even in the presence of
dispersion, the low Debye length - high Reynolds number limit problem remains open in the case of
ill- prepared initial data. The present paper has for aim to fill this gap.

In contrast with the formally similar problems arising in the low Mach number limit, however, the
associated acoustic-electric waves in the present setting are described by the standard Klein-Gordon
equation without any obvious time scaling that would yield the desired dispersive estimates. To the
best of our knowledge, a rigorous derivation of the asymptotic limit for the system (1.1), (1.2), and
(1.11) in a unbounded media is an open problem.

Our analysis starts with the nowadays standard estimates based on the modulated energy in-
equality, see Wang and Jiang [12], Masmoudi [10], put in the general framework of relative entropy
inequality introduced in [5]. As observed by Wang and Jiang [12] and mentioned above, the case of
the ill-prepared data is more delicate than for the low Mach number limit since the density deviations
from the equilibrium state o = 1 are controlled in a weaker norm. In this paper, we solve this problem
in the case of scaling mentioned in Section 1.1, namely A\ ~ ¢, Re ~ ¢, T;/T, ~ %, a, 3 > 0. The
key ingredient of our approach are the dispersive decay estimates for acoustic-electric waves governed
by a pseudodifferential wave-like equation. It is interesting to note that these estimates are effective
only in the regime

0<p<2,

meaning when the temperature quotient 7;/7, vanishes but still dominates the Debye length A in
the asymptotic limit.



The paper is organized as follows. In Section 2, we collect the necessary preliminary material and
formulate our main result. In Section 3, we introduce the relative entropy inequality and establish
uniform bounds on the family of solutions independent of the scaling parameter . The heart of the
paper is Section 4, where we derive the acoustic-electric equation along with the associated dispersive
estimates. At this stage, the simple geometry of the physical domain plays a crucial role making
possible the use of the Fourier analysis of certain oscillatory integrals. The proof is concluded in
Section 5 by another application of the relative entropy inequality.

2 Preliminaries, main result

We start with the basic hypothesis concerning the pressure p = p(p), specifically,

/
p € C[0,00) N C?*(0,00), p(0) =0, p'() > 0 for ¢ >0, Jim ];55)1)

= Poc >0 (2.1)

for a certain v > 3/2.

2.1 Existence of solutions for the primitive and target systems

We say that [o, u, ®] is a weak solution of the Navier-Stokes-Poisson system (1.1 - 1.4), (1.7 - 1.10)
in (0,7) x Q if:

e p>0aa. in (0,7) x Q,
(0—1) € Cuear (0, T; L* + L7(R)), ou € Cuyear(0, T; L? + L¥/ 0D (Q; R?)),
uc L*(0,T; Wh(Q; R?));

u - njgo = uslon =0,

and /OT/Q [Qat@ + ou - szO] dx dt = /Q Q(T, .)90<7—, ) dr — /Q QO,EQO(O, ) da (2.2)

for 0 < 7 < T and any test function p € C>([0,T] x Q);

/0 /Q [ou- O+ ou®u: Vo +p(o)divep —eS(Veu) @ Vep — oV, 0 - ] do dt (2.3)

= [Lou(r.)¢(r) da— [ v 9(0.) da

for any 7 > 0 and any test function ¢ € C°([0,T] x Q; R?), ¢ - n|sq = 0;

6



e the electric potential ® is the unique (strong) solution of the elliptic equation
—?AD + 70 = p— 1, & € Coearc([0, T]; (W?? + W?7)(Q)), Vo ® -1 = 0; (2.4)

the energy inequality

g el
/Q Bg‘u‘Q + (H(o) = H'(1)(e—1) = H(1)) + Vo[ + 2c1>2] (1,-) dz (2.5)

+eo / / S(V,u) : Vou do dt
0 Jo
1 2 / e? 2, € s
< /Q 590,6|u0,6| + (H(00e) — H'(1)(00e — 1) — H(1)) + §|vxq)0,s| + Eq)o,s dz
holds for a.a. 7 € (0,7"), where we have set
¢p(z)
H(o) = / P2 s,
(@)=e¢) =5 dz
and .
Dy, = (—EzAN + 66) [00 — 1], Ay — the Neumann Laplacian in 2.
The following result can be proved by the method of [3]:

Proposition 2.1 Let the pressure p satisfy the hypothesis (2.1), with

23
7>

Let
(00e — 1) € L*NL¥(R), 00 >0, up. € L*(Q; R?).

Then for any T > 0 and € > 0 the Navies-Stokes-Poisson system (1.1 - 1.4), (1.7 - 1.10) admits
a weak solution [0, u., @] in (0,T) x Q.

As for the target Euler system (1.5), (1.6), supplemented with the boundary condition
A2 n|aQ = 07 (26)

and the initial condition
v(0,-) = vo, divyvo =0, vo-nlpgg =0 (2.7)

we may adapt the classical method of Kato and Lai [9] to obtain the following local existence result:

7



Proposition 2.2 Let
vo € W™2(Q; R*), div,vo =0, vo-n|sq =0,

be given, with
> —.
"y

Then there ezists a time interval (0, Tyax), Tmax > 0 such that the Euler system (1.5), (1.6),
(2.6), (2.7) admits a unique solution v in [0, Tyax) X € belonging to the class

v € O([0, Trmax); W™2(; R?)), 0,v, V. II € C([0, Thax); W™ H2(Q; R?)).

2.2 Main result

Let H denote the standard Helmholtz projection onto the space of solenoidal functions in L?(Q; R?).
Having collected all the necessary material, we are ready to formulate the main result of the present

paper:



Theorem 2.1 Let the pressure p satisfy (2.1). Let
a>0,0< /<2 (2.8)
be given exponents. Suppose that the initial data [0oc, Uoc, o] satisfy
0 < 00e<¢ (00e—1) =0, ug. — ug in L*(Q; R?), (2.9)

P28, — 59, eV, Bo. — 0 in L2(Q RY), (2.10)
as € — 0, where

5
vo = H[ug) € W™2(Q; R®) for a certain m > >

Let [pe,u., P.| be a family of weak solutions of the Navier-Stokes-Fourier system (1.1 - 1.4),
(1.7 - 1.10) , and let v be the solution of the inviscid Euler system (1.5), (1.6), (2.6), (2.7) in

[0, Thax), emanating from the initial data vy.

Then
0. — 1in L®(0,T; L* + L7(Q)),

Vo-u. — v in L*(0,T; L3 (4 R*)) and weakly-(*) in L=(0,T; Ly, (€ R?))
eP2d,. — 0 in L*(0,T; L% .(Q)) and weakly-(*) in L>=(0,T; L2 (2))

loc loc

for any 0 < T < Tpax.

Remark 2.1 Since 8 < 2, the latter hypothesis
eVePo. — 0 in L*(Q; R?)
in (2.10) is enforced by the former as soon as we require eV, ®q . to be precompact in L.

The rest of the paper is devoted to the proof of Theorem 2.1.



3 Uniform bounds

Motivated by [5], we introduce the relative entropy functional in its general form

E. (g, u

2 b
n@=%J¥N—W”HH@—HWNWW%%WN+ZW@F+2& da,

where we have set )
Qp z
H(p) = 9/1 —z dz Plo) = H'(o).

As shown in [4, Theorem 1], any weak solution [g, u, @] of the Navier-Stokes-Poisson system (in
the sense specified in Section 2) satisfies the relative entropy inequality:

& (e.u)r0)] (3.1)

a [T _ : _ - T
te /0 /Q S(Vou — V,U) : (Vou — V,U) de dt < /0 R (o,u,rU) dt,

where the remainder

R (o,u,7,U) = /Qg(atU +u-V,U) - (U-u))dz+ /Q e*s(V,U) : (V,U=V,u) dz  (3.2)

—I—/Q ((T —0)0P(r)+ V,P(r)- (rU — Qu)) do — /Q (p(g) — p(r))diva dz
+ [ [ ov.d U de at
0 Ja
for any sufficiently smooth test functions r, U,

r>0, Umnlpgg=0 r—1, U—0as |z| — 0.

3.1 Uniform bounds

Taking » = 1, U = 0 in (3.1), we may use the hypotheses (2.9), (2.10) to deduce the following
uniform bounds:

ess sup ||y/@oul| ) < ¢, (3.3)
te(0,7)

ess sup [0 — 1l oy gy < (3-4)
te(0,T)

10



ess sup |[eVa®e|[12(q.ps) < ¢, €ss sup Hgﬁ/2®e Lo <e (3.5)
t€(0,T) ’ t€(0,T) L2(Q)
Seeing that ®., o. are interrelated through (2.4), we get
1 8
Qgﬁﬁ = GLg + 51 2 0275 (36)

where G . are bounded in L>(0, T; L*(Q2)) while Gy . are bounded in L>(0,T; W~12(Q2)).

4 Acoustic-electric waves

Decomposing
ou=Hlpu] + V¥,

where WU is the acoustic potential, we may formally derive the acoustic-electric equation (AE system)
writing the Navier-Stokes-Poisson system in the form:

o—1 :
829, ( T ) + div,(pu) = 0,

920, (o) + €72V, = £7/2 (e2div,S — div,(ou @ u) — V,p(0) + (1 — o)V, P).

Consequently, neglecting “small” terms on the right-hand side and revoking the relation between
o and ® given by the Poisson equation, we arrive at the system:

AE SYSTEM
29,5 + AT = 0, (4.1)
P29,V , U + V, (—52_ﬂAN + 1)_1 [s] =0, (4.2)
V.V - nlgq =0, (4.3)
with
o—1

S

11



4.1 Energy conservation

The functional ]
~1
i 5/ [s (—62’ﬁAN + 1) [s] + |V, V)| da (4.4)
Q

represent energy for the AE system; it is straightforward to check that this quantity is conserved in
time for any € > 0.

4.2 Dispersive estimates

The simple geometry of the domain €2 combined with the homogeneous Neumann boundary condition
(4.3) enables us to express solutions of (4.1 - 4.3) in terms of the continuous Fourier transform in the
horizontal variable x;, = (x1,x2) and the discrete Fourier transform in z3. Indeed replacing € by

Q=R*xT",

where
Tl = [_]-7 1]{—1,1}7

we introduce the Fourier representation of a function r = r(t, z, z3),

1 1
r(t, &, k) = \/5/1/32 exp (—i& - zp) r(t, p, x3) exp (—ikxs) dwy, das, € = (&,&) € R®, k€ Z, k #0.
Accordingly, the AE equation can be reformulated as

e72005(t, €, k) — (€7 + K2) W (t, &, k) = 0, (4.5)

920, (t, €, k) + (52—5(|§|2 + k) + 1)‘1 5(t,&,k) = 0. (4.6)

The system (4.5), (4.6) can be explicitly integrated, namely

. . : €7 + K : : €7 + K
S(t, & k) = a(& k) exp (1 (e D) T 17) + b(&, k) exp (—1J AP L) T 17') , (4.7)

i _ 4 : €7 + & ; . €]2 + K2
W(t, & k) = ¢(&, k) exp (1 P TR § 17’) +d(&, k) exp (—1J S 17) . (4.8)

with



and the functions a, I;, c, d uniquely determined in terms of the initial data 3g, \110, namely

S0(&, k) +iT([€], k) Wo S0(&, k) —iT(|€], k)W
2 ’ 2 ’

o (&, k) + L (€], k)] '8 o (&, k) —i[L(€], k)8
2 ’ 2 ’

a(¢, k) = b(&, k) =

(& k) = d(&, k) =

where

(€], k) = /(12 + k2) (1 + 2B (€2 + k2)).

4.2.1 L' — L™ estimates

Our goal is to establish the L! — L estimates well known for the standard wave equation. To this
end we consider a generic quantity,

/ = A ex 1 |£|2 Rl

and compute

2 kQ
Z(Ta xhak) = fg_i:ph |€| - )

K], k)A(E, k) exp (iid (PR + 1]

2 4 )2
. N
Fe ou, [ (€], k) exp( 1J Pz \§|2+k2)+17_

where F denotes the Fourier transform in the horizontal variable. Consequently,

€] + &
(I€l, k) eXp( $ BE2+ k%) + 1 )

Next, we use the idea of Guo, Peng, and Wang [7] computing explicitly
: 1€1? 4 k2
K k +
Uﬂ’>“p(]¢a*WKP+k%+lT

13

x A(zp, k),

1Z (7, )| ey < | Fela, |K

TAC )| 1 ey -
L>(9)

—1
ff"zh

(zn, k) (4.9)




z+/€2)+1T

_ 7“2/5/0“’ exp (iid 82_5('2 Rl ) K(Vz k) Jo (V) de,

where J,,, m = 0, ... denote the Bessel functions.
The value of the oscillatory integral (4.9) can be estimated by the standard van der Corput lemma,
see Stein [11, Chapter 8.1.2, Proposition 2 and Corollary]:

Lemma 4.1 Let A = A(2) be a smooth function away from the origin,
0.A(z) monotone, |0,A(z)] > Ay >0

for all z € [a,b], 0 < a <b<oo. Let ® be a smooth function on |a,b).
Then

b . 1 b
/a exp (IA(2)) B() dz| < e [|c1>(b)|+ / 10.0(2)] dz],

where ¢ is an absolute constant independent of A and .

Now, suppose that the function I represent a frequency “cut-oft” meaning KC € C.((0,00) x R).
It can checked by a direct computation that the integrand in (4.9) satisfies the hypotheses of Lemma
4.1, with Ag depending on F', k but independent of the scaling parameter €. Thus summing up the
previous considerations, we obtain the following result:

Lemma 4.2 Suppose that s, V is a solution of the AE equation (4.1 - 4.3) emanating from the
matial data

S(O) ) = S0, \11(07 ) = \Ij()a

where sy, Vg are such that
80(6,k) =0, Uo(€, k) = 0 whenever |¢] > M, [¢]71 > M, |k| > M (4.10)

for a certain M > 0.
Then there ezists a constant ¢ = ¢(M) such that
2B/2

It ety + 19 (E ey < €D (ol + Wolliwe) forallt >0, (411)

14



4.2.2 Dispersive estimates for regularized data

In view of (4.7), (4.8), (4.10), the expressions

4n? Y [ S &R + ) + 1) 7S Rdg = [ st ) (= Ay + )7 sl ) da

keZ
and  [|8]172(q) = s 720)
as well as
4722/ (€2 + k2)W(t, €, k)de = /\v U[? dz and Z/ B(t, ¢, k)2de = /\111151;|2d3;
keZ keZ

are equivalent uniformly with respect to t € [0,7") and ¢ € (0,1).
Thus, the estimate (4.11) can be interpolated with the energy conservation (4.4), to obtain

/2

1—2
1s(t, o) + ¥ (E, )| L) < (M) [t] (||80||Lp'(9) + ||\Ilo||Lp/(Q)) for allt >0, p> 2, (4.12)

whenever sg, Wy belong to the class (4.10).
Summarizing the above we derive uniform decay estimates for the AE equation with regularized
initial data. Given a function g, we define its regularization [g]s as

[9]5 (n, 23) = \/— > Fia, {F5(|§|)G59(§ k)} exp (—ikws, ), (4.13)
Ik

|<1/6

where

G5:¢5($h)€CSO(R2), OSG(sSl, ¢5/1a85—>0,
Fy€ C®(0,00),0< Fy <1, Fs /' 1asd— 0.

Lemma 4.3 Let s. 5, V.5 be a solution of the AE equation (4.1 - 4.3), with the initial data
56,6(0,) = [s0ls, Wes(0,-) = [Wols, €,0 > 0.
Then
Is25(7, Mlwmsi@ + 1Pes(r, Vlwmsiy < ha(m,8,p) (Isoll 2@ + [ Poll o) (4.14)

15



forallm>0, m=0,1,..., 1 <p < o0,
Ises (T, Mwmes(@y + [We (7, ) lwmoe) < hale,m, 8) ([lsoll o) + [1Wollz2@) » m=0,1,... (4.15)

where
ho(e,m,0) — 0 as e — 0 for all m,§ > 0 fized,

uniformly in T belonging compact subintervals of (0, 00).

5 Convergence

In order to show convergence of [o., u., ®.] to the solution of the target system we apply once more
the relative entropy inequality (3.1), this time for

r=1, U&g =V + VI\I/&(;, (51)
where v is the (smooth) solution of the target system (1.5), (1.6), with the initial data
v(0,-) = vo = H[uy],

and U, s, together with the associated s. s, is the solution of the AE equation (4.1 - 4.3), with the
initial data

U 5(0,) = [Wols, VaWo =19 —Huo], s:5(0,-) = [so0ls,
where s is specified in (2.10).

5.1 Another application of the relative entropy inequality
Taking the ansatz (5.1) in the relative entropy inequality (3.1) we get

g2 e
[ [3eetus — U+ 00 - B0 ) - HO)+ S1907 4 S0 (m) a6

teo / /Q S(Vou. — V,Usg) : (Vou. — V,U.y) de dt
0
1 2
< / 00t —vo — VoW s|° do
Q2
)/ g? 2 e? 2
+ [ [Hie) = H' (e =) = H(D)] do+ | | SIV, @0 + 55, ) do

16



/ ’ /Q 0-(0 U5 +u. - V,U.s) - (Uss —w.)) da dt + / / S(VoU.s) : (VoU.s — Vou.) da di
0

_ / ’ / p(o.)div, U, s dz dt + / / 0.V, ®, - U, s da dt.
0 Q 0 Q

Our ultimate goal is to perform the limit passage, first for ¢ — 0 then for 6 — 0 in (5.2) absorbing
all terms on the right-hand side by means of a Gronwall type argument.

5.1.1 Initial data
In accordance with (2.9), (2.10), we have

. 1
timsup [ o0eluos = vo = Va[Wolf? do < ef| V.o — ValWolsl[Faoumy = X(6).

where the symbol x(0) denotes a generic function, x(§) — 0 for 6 — 0.
Similarly,

/Q [H(00.) — H' (1) (00 — 1) — H (1)] d < cl|goe — 1|z — 0 as £ — 0.

Finally, by virtue of the hypothesis (2.10), the relative entropy inequality (5.2) can be written as

g2 ef
/Q [;Qe|ua - Ua,5|2 + (H(Qa) - H/(l)(ga - 1) - H(l)) + §|vx(1)5|2 + Eq)? (7_7 ) dx (53)

4+ /T/QS(qus - Vte,(s) : (Vmu6 — Van(;) dz dt
0

1
+ 5/{2’80‘2 dx

+ [ ] (005 + - VoUss) - (Us =) dodt + [ 98(9,U.) 1 (V,Uss = Vous) dod
0 0

- /T/ p(95)divaa,5 dz + /T/ ngg;(bg . U&(s dx dt.
0 JQ 0 JQ

5.1.2 Viscous stresses

Next, we have
/ / e25(V,U.g) : (VoUes — Vo) da dt
0o JQ

- 5
< / / £9S(V,ULy) - (VE(UW; — ) + Y (Ues = uc) — Sdiva(Ues - u5)11> dz dt:
0 (9]

1
2
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whence (5.3) reduces to

2 b
[ [3estus = Ul + (10 - 01 0) 0~ ) - ) + S0+ S8 (a5

1 2

<X
+ [ ] 0(0U 40V Uss)-(Ung =) dude— [ [ plo)diveUssdat [ [ 09,00, s da dt
0o JQ 0 JQ 0o JQ

5.1.3 Convective term

We rewrite

/ / O¢ <@tUa,6 +u.- va€,6> ' (U6,5 - ua) dz dt = / / 25 (8tU5,6 +Ua,6 : sza,d) ' (UE,J - ua) dz dt
0 JQ 0 JQ

+/ / Qe(ue - Us,é) : szs,5 : (Ug’(s - 115) dx dt,
0o Ja
where, furthermore,

/ ’ /Q 0-(w. —U.s)-V,U.s- (Usy — ) da dt = (5.5)
0

/T /Q o:(u. —U.;s) - Vv (Uss —u.) do dt + /T /Q o:(u. — U.y) - Vi\llg#; -(U.s —u.) do dt.
0 0

The first integral on the right-hand side of (5.5) can be absorbed by the left-hand side of (5.4) by a
Gronwall type argument, while the second one vanishes for € — 0 in view of the dispersive estimates
(4.15).

Next, we have

/ / Oc (atUs,é + Ua,d ' vae,§> . (U5,6 - 115) dz dt

0o Jo

= / / 0= (@V +v- V;Ev) -(U.s —u.) do dt +/ / 0:0:V, V.5 (U.s —u,) do dt
0o Jo 0o Jo

[ ] 0 [Vales Vulv + Valeg) v V20| - (U — ) da
0

where, in accordance with (4.15),
[ [0 [Velies - Vulv + Valheg) + v V2] (Uss — ) da dt — 0 as = — 0.
0 Jo

Furthermore, we have
/ / 0- (8tv +v- VIV) -(Ugp—u.) de dt = —/ / 0:VIl- (Uss —u.) de dt,
0o Ja 0o Ja
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where, in accordance with the uniform bounds established in (3.3), (3.6),

// oo, - V11 da dte/f/giu-vxl_[ dz dt = 0,
0 Q 0 Q
Similarly,
/ /QEV-Vde:EdtH/ /V-Vszxdt:O,
0 Q 0 Q
and, finally,

// 0.V, I1- Vo0 s do dt = /T/(ga VLI VoW, de di + // V,I1-V, 05 dr dt,
0 Q 0 JQ 0 Q

where both terms on the right-hand side can be controlled by the dispersive estimates established in
Lemma 4.3.
In view of the above arguments, the relation (5.4) reads

/Q [295|u5 - Ua75’2 + (H(0:) — H/(l)(ga —1) - H(l)) + 5|VI<I)£]2 + 2(1)21 (,+) dz (5-6)
1 T T
< v(6) + 7/ 1so|? da + c/ £ dt +/ / 0.0V, U5 (Uos —u.) dz dt
2 Jo 0 0o Jo
- / / p(oe) AV, 5 do dt + / / 0.V, ®. - U5 do dt.
o Jo o Jo
5.1.4 Pressure dependent terms

As the next step, we observe that

/OT/QP(QE)A\I/s,a dx dt = /OT/Q(p(Qs) — p(1)AT, 4 da dt

= /OT/Q(p(@a) —p'(1)(0: — 1) — p(1))AV, 5 dz dt + p'(1) /OT/Q(QE — DAY, 5 dz dt,

where, by taking into account the dispersive estimates (4.15), the last integral can be handled as
/ /(@a DAV, dz dt = / / (~*A%, +9.) AU, 5 du dt — 0 as & — 0.
0o Ja 0o Ja

Consequently, relation (5.6) simplifies to

2 b
[ [3estu — Ut + (10 - B 0) @~ ) - HO) + S0+ S8 @ 59

1 T
gx(5)+—/ |s0]? d:c—irc/ E dt
2 Ja 0

+ / ’ / 0.0V, W5 - (Usy —u.) da dt + / ’ / 0.V, ®. - U dr dt.
0 Q 0 Q
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5.1.5 The terms depending on the electric potential

We write i
/ / 0.V, 0. - U.s do dt =
0 Q

/ / 0.V, @, -V, U, s dz dt + / / 0.V, b, - v dz dt,
0 JOQ 0 JQ

and,

/ / 0:Vae v dz dt:/T/(Qe—l)VICI)E-de dt
0 JQ 0o JQ
0 JQ o Jo

2 T - i
_ i/ /vxlvxcbgpv da dt—l—g2/ /va.vmcbg.vgccbe da dt:gZ/ /va.vxcpe.vx@a dz dt,
2 Jo Jo o Jo o Jo

where the last integral can be absorbed by the left-hand side of (5.7) via a Gronwall type argument.
Similarly,

// 0.V, . -V, W s de dt = // V0.V, U do di
0 JQ 0 JQ

[ [ = V.0 Vo0 i i
0 JQ

where
/ /(Q&‘ - 1)v$®5 . qujg76 dx dt = /T/ (—52Aq)a + Eﬂég) vxq)evx\ljg75 dx dt
0 /0 o Jo
2 .
— ‘i/ / Vm|Vx<I>g|2 -V, s do dt + 52/ / Vg‘l’a,d V0. - V,d. dz dt
2 Jo Ja 0o Jo

B ,r
—i/ /@3@1/5,5 dr dt —0ase — 0.
2 Jo Ja

Thus we have arrived at

g2 P
/Q [;Qe|u€ - Ua,6’2 + (H(Qa) - H/(l)(gs - 1) - H(l)) + §|vﬂcq)€|2 + ?Cbg (7_7 ) dz (58)

1 T
gx(é)—l——/\sdzdx—l—c/gdt
2 Jo 0

+/'7'/anath\I]a,6 . (Ue75 - ug) dz dt + /T/vaq)i . vx\Ije,é dr dt.
0 0
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As the next step, we have

//geatv\lfa v dz dt = // OV, U5 -v do df =

= [ [ (-2200. +70.) 9,9, 0.5 - v du dt
0o JQ

= - /T/ (_827§Aq)5 + Eﬁ/Q(I)E) V:p (_527[3AN + 1)71 [88,5] vdrdt = 0ase — 0
0 JQ

for 0 > 0 fixed as a consequence of (3.6).
We have

g2 eP
/Q [;thls - Us,6’2 + (H(Qs> - Hl(l)(gs - 1) - H(l)) + §|vrq)6’2 + (I)?‘| (7-7 ) dz (59)

2
1 9 T
—i—f/\so] dx+c/5dt
2 Ja 0

n / ’ /Q 0.0V, U5 (Vo5 —u) de di + / ’ /Q V,®. -V, 0.4 dz dt.
0 0

Furthermore,

- /T/ Qeatvm‘ljaﬁ " Ug dz dt + /T/ vzq)g ' Vx\If&(; dz dt
0 JQ 0 JQ

1 g7 _
N M/ / eV, (=20 4 1) fseg] do i —/ / SAy %) (0o~ DAV du dt
0 Q
1 T -1 1
= m/o /anue -V (_EQ_ﬁAN + 1) [3575] dx dt—f—{fﬁ/g/o /Q (—gQAN + 55) (Q‘5 _ ]-)atse,é dr dt
1 g . B
_ W/o /Q{que.vm (—e*PAx+1)  [ses] + (-2 PAx +1) (0o — 1)at354 dr dt

t=1

(—52—5AN + 1)_1 [sc.6] da

Y

_ { Qs_l
t=0

where we used the weak formulation (2.2). Thus, we may infer that

g2 e
[ [5etu = O+ 0 — @ - 1 = HO) 4 S+ G0 e a0

2
1 9 T
) —|—7/|30| dx+c/ E dt
2 Jo 0
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t=T1

T . — 1
+ / / 0:0,V, Vo5V, V.5 do dt + [ 0
0 JQ

-1
o B/ (=" Ay +1) [5es] da

)
t=0

where

/T /Q Qaatvx“pa,é : vxqjg7(5 dl’ dt
0

1 t=1 T
_ [ / LV W2 de]  + / / (0. — VOV, U.s- Vo0, 5 d dt.
Q2 =0 0 Jo

Making use of the AE system (4.1 - 4.3) we get

T T . — 1 _
/ /(95 DOV VsV, s dr dl = —/ O Ve (~ Ay 1) [s0]- Vales do df — 0
0 JQ ’ ’ 0 Ja ef/? ’ ’

as ¢ — 0.
Thus we have obtained

1 g2 B
i [2@4115 el + (H(o) — H/(1)(0 ~ 1) = H() + S|V, + 2@3} (r)de (5.01)
1 9 T
gx(5)+f/ 50| da:—i—c/ £ dt
2 Ja 0
1 ) t=T1 0- — 1 2 8 _1 t=T1
+ [/Q §|Vx1110,5| dZL‘:| —o + [ 0 65/2 (-8 AN + 1) [8575] dZL‘] t:07
where by the properties of the energy functional (4.4) it holds that
[/1|V\I/ |2d]t:T Ul (~ Ay +1) | ]d]t:T
_ z T = — —S. —& Se i
02 0,6 o o 959 N 0 o
Recalling the energy identity (4.4) and seeing that the expressions
|5¢,5]|lwm2) and || zz 5]|wm2@), m=0,1,..., 2zs= (=772 + 1) ses),

are equivalent uniformly with respect to t € [0,T) and ¢ € (0,1), we deduce from the identities

/5275]V12&5|2 da:—i—/ |2 5% dz = / Seszes Az,
Q Q Q

/ 52’[5sz€,5 - ViSes do +/ Ze 58c5 dr = / |s€,5|2 dz
Q Q Q
that ] ] )
/Q 5835(7, ) do — /Q 5528 (—EQ’ﬁAN + 1) [Ses](T,) dz — 0
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and 1 1 1 2
— — Z| (=28 - . — —
/92365( ) dx /92‘ ( e PAN + 1) [5575]‘ (1,-)dr — 0ase —0

provided ¢ > 0 is kept fixed. Using in addition condition (2.4), (2.10) (3.5), (3.6) we deduce

1 1 -1
T S dx]

5_1 — 1
+{ e (—52 ﬁAN‘l—l) 556 dx} / 2(1)2 =

t=T1

t=0

o &b/?
_ / ~sesl2(r, ) da + / 9125 5(7, ) da — %@2( ) dz-+n(e, )
Q
1
= —5/9’56/ (198—5552(7',-) dx

1, 1 2-3 -1
—i_/Q 585,6(7—7 ) do — /Q 586,5 (_5 AN + ]-) [86,5](7—7 ) dx+n(67 5)7

where n(e,d) — x(9) as € — 0.
Consequently, we conclude that

1 2 2
/Q [2Q5|u5 — Uosf? + (H(eo) = H'(D)(e- = 1) = H(1) + S| Va e +[e720. — s.4] 1 (7, ) da

gx(5)+c/075€ dt.

Using Gronwall’s lemma, we may perform the limit for ¢ — 0 and then for § — 0 to obtain the

conclusion of Theorem 2.1.
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