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GLOBAL EXISTENCE OF WEAK SOLUTIONS FOR QUANTUM
MHD EQUATIONS

HAO LI YACHUN LI

ABSTRACT. In this paper, we consider the quantum MHD equations with both the
viscosity coefficient and the magnetic diffusion coefficient are depend on the density.
we prove the global existence of weak solutions and perform the lower planck limit in
a 3-dimensional torus for large initial data. The global existence is shown by using
Faedo-Galerkin method and weak compactness techniques for the adiabatic exponent
v > 1.

1. INTRODUCTION

Quantum fluid models are used to describe, for instance, superfluids [17], quantum
semiconductors[8], thermistor theory and weakly interacting Bose gases [10], and quan-
tum trajectories of Bohmian mechanics [22]. In this paper we mainly study the quantum
MHD equations in = T3 (T? is the 3-dimensional torus in R?) which read as follows:

Op + div(pu) =0,z € Q,t > 0,
9 (pu) + div(pu ® u) + V(P(p) + Fe(p)) — 2div(pD(u))
(1.1) —2K%pV (A—ﬁ> —(Vx B)x B=0,

\/ﬁ
0B —V x (ux B)+ V(u(p)V x B) =0,

[ divB = 0.
with the initial data
(1.2) p(0,2) = po(), (pu)(0, 2) = mo, B(0, ) = Bo(x), div By = 0.

where the functions p,u and B represent the mass density, the velocity field and the
magnetic field respectively. The function P(p) = p? with v > 1 is the pressure, P.(p) is

a singular continuous functions and called the cold pressure. D(u) = MQVU)T is the
stress tensor, v,(p) is the magnetic diffusion viscosity coefficient, x > 0 is the quantum
planck constant. The expression 2xkpV (A\/ﬁ/ \/ﬁ) can be interpreted as a quantum
Bohm potential, and has the following identity:

A
(1.3) 2k%pV (7\/5> = k2 div(pV?log p) = K2V Ap — 4> div(V/p @ V/p).
D
Recently, quantum fluid models have received a great deal of attention of mathemati-
cians. Jingel[14] derived the dissipative quantum fluid models from Wigner-Boltzmann
equation by a moment method, and the quantum ideal magnetohydrodynamic model
was derived by Hass[12]. The existence of global weak solutions have been studied by
1
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many authors. For the compressible Navier-Stokes equations with constant viscosity
coefficients, the pioneer work is P.L.Lions [16] who proved the global existence of weak
solutions for the barotropic compressible Navier-Stokes systems with v > 3n/(n + 2).
Later, Feireisl [5] extend this result to the case v > n/2. When the viscosity coefficients
1, A are density-dependent, the systems become much more difficult due to the velocity
cannot be defined in the vacuum region. Under the assumption on the viscosity coef-
ficients i.e A(p) = 2(p (p) — u(p)). Bresch-Desjardins [1, 2, 3, 4] made great progress,
they discover a new mathematical entropy inequality which is not only applied to the
vacuum case but also applied to get the existence of global weak solutions. Mellet-
Vasseur [18] study the stability of the baratropic compressible Navier-Stokes equations.
Later, Vasseur-Yu [20] and Li-Xin [15] independently prove the global weak solution for
3D degenerate compressible Navier-Stokes equation, where they constructed separately
appropriate approximation by different approaches.

Now we recall some results on the compressible quantum Navier-Stokes equations.
Jiingel [13] proved the global existence of weak solutions by choosing py as test function.
However, this particular choice of test function does not contain the region {p(x,t) = 0}
in the weak formulation. Gisclon-Violet [9] also showed the global existence results but
in the classical definition of weak solutions by adding the cold pressure term. They also
pointed that the cold pressure term can be replaced by the drag force term. Vasseur-Yu
[21] also considered the compressible quantum Navier-Stokes equations with damping
term which is helpful to get the result [20].

So far there are few results on the global existence of the quantum MHD equations.
Yang-Ju [23] proved the existence of global weak solutions for a special parabolic systems
on the density p and on the momentum pu by doing a transformation for the velocity.
Very recently, Guo-Xie [11] established the global existence of weak solutions for the 2D
general quantum MHD equations for which both viscosity coefficients and the disper-
sion term are general function. In the present paper, we prove the global existence of
weak solutions for 3D quantum MHD models under special assumption on the viscosity
coefficients and the dispersion term. It should be noted that we also require the mag-
netic diffusion coefficient satisfies the specific condition which is important to get the
BD entropy. In addition, we perform the lower planck limit.

In the present paper we make some assumptions that have a physical background
which is similar to [11]

Assumption 1. pu, A\ are respectively the shear and bulk viscosity coefficients and
satisfy the BD entropy relationship i.e A(p) = 2(pu’ (p) — p(p)). In this paper,we deal
with p(p) = p, A(p) = 0.

Assumption 2. The cold pressure P,(p) is a suitable increasing function satisfying

(1.4) lim P.(p) = oo.
p—0

More precisely, we assume
(1.5) Pl(p) =

where v,y > 1,¢1,c0 > 0.
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Assumption 3. The magnetic diffusion viscosity coefficient v4(p) is a continuous
functions of the density, bounded from above and take large values for both small and
large densities. Furthermore, we assume that there exists M > 0, positive constants
do, dq,ds, ds large enough, and 2 < a < a < 3 such that

d d
2 < uy(s) < =5 < M,
(1.6) 54 54

dy < p(s) < dys®, s > M.
Assumption 4. Functions H(p) and H.(p) are satisfy the following relationship:

(1.7) pH (p) — H(p) = P(p), pH.(p) — He(p) = Pe(p).

Our paper is organized as follows: In section 2 we collect some elementary facts and
some important inequalities which will be used in the proof of our result. In section 3
we state our main result. In section 4, 5 we prove the global existence of weak solution
for the approximate systems by using Faedo-Galerkin method. In section 6 we devoted
to deriving the B-D entropy which plays an important role to perform the limit for the
parameters. In section 7 we justify the vanish lower planck limit.

2. PRELIMINARIES

In this section we recall some known facts and inequalities which will be frequently
used through out the paper. The following well-known Gargliardo-Nirenberg inequality
which can be found in [24]

Lemma 2.1. Let Q C R"™ be a bounded open set with 9 € C%', m € N,1 < p,q,r < .
Then there exists a constant C > 0 such that for all u € W™P N L4

0 1-0
D% < Cllullyyms lullza”

where 0 < |a] < m —1, and%—%z@(%—%)%—(l—@)%. Ifm—|oz|—%§éN0, then

0 € [la] /m, 1] is allowed.

The following two lemmas will be used to get the strong convergence of the solutions
through out this paper.

Lemma 2.2 (Aubin-Lions lemmal19]). Let Xo, X and X be three Banach space with
Xo C X C Xi. Suppose that Xg is compactly embeded in X and X is continuously
embeded in X7.
(1) Let G be bounded in LP(0,T;Xo) where 1 < p < oo and % be bounded in
LY(0,T; X1), Then G is relatively compact in LP(0,T; X).
(2) Let F be bounded in L>(0,T; Xo) and % be bounded in LP(0,T; X1) with p > 1
then F' is relatively compact in C([0,T]; X).

Lemma 2.3. Let K be a compact subset of R™(n > 1). And a sequence v¢ satisfy

(1) v¢ is uniformly bounded in L'+t (K) with a > 0,
(2) v converge almost everywhere to v,

then v¢ converge strongly to v in L'(K) with v € L'**(K).
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Lemma 2.4 ([13, 21]). For any smooth positive function p(x), we have

Cl/‘VQ\/E‘de—i—CQ/‘Vpl/‘lrdxg/p]VIngIde,

where C1,Cy are positive constant.

3. MAIN RESULTS

In this section we present two results. The first one gives the existence of weak
solutions to (1.1) without any assumption on 7 for 3-dimensional case. The second one
is devoted to lower planck limit and also shows that global weak solution of (1.1) tends
to the weak solution of (1.1) with k = 0. Next, we will give the definition of the weak
solution to (1.1).

Definition 3.1. Functions (p,u, B) are called a weak solution to (1.1) if the following
conditions are satisfied:

(1) The continuity equation holds in the sense of distributions, i.e

(3.1) [ e+ [[ oo+ VovpuTedndt =

for any smooth test function with compactly supported ¢ such that o(T,.) = 0.
(2) The momentum equation satisfies

(3.2)

[moet0)+ [[ (o + VBue VauVe + Pl)divie + Pu(p)div ) dade

— //[Q(ﬁu @ V/p)Ve)Ve —2(V/p & /pu)Ve — \/py/puldp — \/py/puV div p|dzdt
— 452 //(Vﬁ@V\/ﬁ)V@— 2k7 //\/,BV\/ZVdivgo— //(v x B) x B - pdxdt = 0,

for any smooth test function with compactly supported ¢ such that o(T,.) = 0.
(3) The magnetic field B satisfies

(3.3) /BogD(O) = // (Bpi + (ux B) - (V x ) —p(p)V x B : V) dzdt,

for any smooth test function with compactly supported ¢ such that o(T,.) = 0.
Our main results on the weak solutions reads as follows:

Theorem 3.1. AssumeT > 0,7~ > 4,7 > 1, and let (po, uo, Bo) satisfies pg > 0
and

2
O (% + Hpo) + Helpo) + 262 |9/ + |Bo|2> dr<C.

Then, there ezists a global weak solution to the problem (1.1)-(1.7) in the sense of
distribution of Definition 3.1. In particular, the weak solution (p,u,B) satisfies
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the energy estimate (4.14) and entropy inequality (6.2), (6.20).
p>0,4/p€L>0,T; H')N L*(0,T; H?),
p € LX(0,T; L), p~ " € L¥(0,T; L"), p7 € L*3(0,T; L),

1
Vpu € L=(0,T; L*),V <%> e L*(0,T; L?),

B e L>*(0,T; L*)N L*(0,T; H').

Remark 3.1. It should be noted that the Assumption 3 on the magnetic diffusion
coefficient is required, which plays an important role to obtain the B-D entropy
inequality.

Remark 3.2. Compared with Yang-Ju [23] work, we make an improvement in the
present paper. In [23] both the continuity equation and the momentum equation
are become parabolic with respect to p and pu by using a transformation.

Theorem 3.2. Assume T > 0,7~ > 4,y > 1, and the initial data (pg,ug, Bo)
satisfies the assumption in Theorem 2.1. If we assume (pw, Uy, By) are solutions
of system (1.1) .We have when xk — 0 the limit function (p,u, B) is the weak
solution to the problem (1.1)-(1.7) with k = 0.

4. FAEDO-GALERKIN APPROXIMATION

In this section we proved the existence of approximate solutions to the systems (1.1) by
the Faedo-Galerkin method. Motivated by the work of Feireisl, Novotny and Petzeoltova,
we proceed similarly as in [7, 6].

4.1. Local solvability of the approximate system. This section is dedicated to
prove the local existence of the approximate system. We adopt the following strategy:

e For given u € C([0,7T]; X, ), the approximate continuity equation can be solved
directly by means of the classical theory of parabolic equations p = S(u).

e Given u, the magnetic equation is also a linear parabolic equation and we can
also find a solution B = G(u) by the standard Galerkin method.

e Having solved the p, B, we can treat the approximate momentum equation as a
nonlinear integral equation. The solution of the approximate equation is based
on the fixed point argument in the Banach space C([0,T]; X,,).

We introduce the finite dimensional space X, = span{ej,es,...,e,},n € N, each e;
is an orthonormal basis of L? which is also the orthogonal basis of H? we notice that
u € C([0,T]; X,,) is given by

(4.1) u(t,z) =Y Ai(t)ei(@), (t,z) € [0,T] x Q.
=1

for some functions \;(¢), and the norm of u € C([0,T]; X,,) can be define as

n

u(x,t _ = sup ()]
llu(z, )l opo,17:x0) te{gﬂ;! (t)]
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And, u can be bounded in C([0,T]; C¥) for any k > 0, thus we have

(4.2)

lulleo.rpomy < CE) l[ull o,y -

(1) Approximate continuity equation

(4.3)

(4.4)

(4.6)

(4.7)

(4.8)

Op + div(pu) = eAp,
with the initial data
p(x,0) = po(x) > p >0, po(z) € C™.

where p > 0 is a constant. For given u € C([0,T]; X,,), there exists a classical
solution to (4.3). By the maximal principle we know that the density satisfies
the follows inequality

T . T .
inf po(x) exp™ Jo Idvulloods <z 4) < sup po(x) explo 1V ullzoeds.
e 2€Q

for all (z,t) € [0,7] x Q. Furthermore, we can also get that there exist a constant
p such that

0<p<plx,t) <= (x,t)€]0,T] xQ.

=

Thus, we can introduce a operator S from C([0,T]; X,) to C([0,T];C*) by
S(u) = p. and the operator is Lipschitz continuous in the following sense:

1S (u1) = S(u2)ll o, ry.0r) < Cn k) lur — w2l o r:22) -

Since for given u € C([0,T]; X,,), the density is solved in terms of u. The
magnetic equation become a linear parabolic-type equation. we can find a unique
solution B € L*(0,T;L?) N L*(0,T; H') by the standard Galerkin method and
satisfies the following

B —V x (ux B)+V x (n(p)V x B) =0,

div B =0,

B(0,z) = By(z).
In fact, if we assume B = B; — By where By, By are two solutions of equation

with the same data then we know that B also satisfied the (4.8). Multiplying
the equation (4.8), by B and integrate over 2 we get

55/\3] dac—l—/ub(p)\VxB] dx
:/(uxB)-(VXB)dx

1
< 5/|v ><B|2da:+C(|u|oo)/|B|2dx.

Due to the assumption 3, we know that v, (p) has lower bound, then by Gronwall
inequality to (4.9) we can get that B = 0 .Furthermore, there exists a continuous
solution operator G from C([0,T]; X,,) to L>(0,T; L?>)NL?(0,T; H') by G(u) =
B.
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Now we turn to solve the approximate momentum equation on the space X,,.
For p = S(u), B = G(u) , we are looking for a function v € C([0,7T]; X,,) such
that
(4.10)

T
/ pu(T)edr — / mopdx — / / (pu@u: Vo — P(p)dive — P.(p)div ) dzdt
Q Q 0 Q
T T
+ 252 / / VP div(py)dzdt + E/ / Vp-Vu - pdxdt
0o Ja VP 0o Jo
T T
— 5/ / A¥(div(pp)) : AT pdxdt + 2/ / pD(u) - Vdxdt
0 Q 0 Q
T T
+77/ / Au-Agodxdt—/ / ((V x B) x B) - pdxdt =0,
0 Q 0 Q

for all p € X,,. we will apply the Banach fixed point theorem to prove the local
existence of solutions for the equation (4.10). Following the same argument [5]
we can solve (4.10). Next, we introduce an operator defined on the set {p €
Ll,pZ£> 0}, and M[p] : X, = X

(4.11) < Mplv,u >= /pv ~udx,v,u € Xy,

where X stands for the dual space of X,. And the operator M|[p| has the
following properties:

o 1Mol x, xs) < C) o
e M~1[p] is invertible under the condition p > p > 0 and

[~ o] HL(X*,X,L) <™,

n

where M~1[p] : X} — X,,.
e M~1[p] is Lipschtiz continuous.

The first two properties of the operator is easily to get. Since

M~ p1] = M~ pa] = M~ [pa](M[p2] — Mp1])M " [p1],

where p1,p2 € {p € L*,p > p > 0}. we can get

1M~ [o1] = M~ [pal|| = xy < C,p) o1 = p2lle -

Thus, M ! is Lipschitz continuous. Now, using the definition of the operator M][p] the
equation (4.10) can be rewritten as

(4.12) un(t) = Mg (ms +f N[p<s>,u<s>,3<s>]ds> |
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where p = S(u), B = G(u) and
Np(s), u(s), B(s)] = /Q (pu- @t + pu@u: Vo + P(p) dive + Pe(p) div p) da

A
— 22 / ave div(pp)dx — e/ Vp-Vu- pdr
(4.13) o VP @

- 5/ A% (div(pp)) : AT pda — 2/ pD(u) - Vpdx
Q Q

—77/ Au-Agpdm—{—/ ((V x B) x B) - pdx,p € X,.
Q Q

Due to the operators S, G, M~! are Lipschitz continuous, the above nonlinear equation
can be solved by the fixed point argument on a short time interval [0,7"],7" < T in the
Banach space C([0,T]; X,,). Therefore, we can proved the local existence of solutions
(P, tn, By) to the approximate systems (4.3),(4.8) and (4.10).

4.2. Uniform estimate and global existence of solutions. Assume (py,,uy,, By) is
the approximate solutions exists on the [O,Tl],T, < T. Our goal in this section is to
extend the approximate solutions (py, uy, By,) to the whole interval [0, 7], it is sufficient
to establish the uniform bound on the norm [[uy ||y, which allows us to iterate the above
procedure many times to reach the whole interval [0, T].

Lemma 4.1. Assume T < T, (pn,un, Bn) be the solutions to the (4.3),(4.8) and (4.10).
then we have the following holds:

d 1" 1
B G B) 42 [ g D) do e [ (1 (o) + H (p0)) Vo0 do
Q Q

(4.14) —|—/ Vb(,on)|V><Bn|2dx—|—77/ |Aun|2dx+5e/ ‘As+1pn|2d:c
Q Q Q

+en2/pn|V210gpn‘2dx:0,
Q

where
(4.15)
1 2 1 1) s 2

Proof. Differentiating (4.10) with respect to time and using the test function ¢ = uy
we have

(4.16)

d |ul

1 2
7 §,o|u|2 dm—/(at,o—i—div(pu))Tda:+6/Ap|u|2daz+5/Vp-Vu.ud:c

T T
+/V(P(p) + P.(p)) - udz — 5/0 /QAS(div(pu)) s AT pdadt + 2/0 /Qp|D(u)|2 dxdt

A
77/ |Aul? da + 22 / 7\/'5 div(pu)dzdt — /(V X B) x B -udx = 0.
0
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due to the fact that

/v (0)) - udz
= [P )+ o)V puda
= [V )+ (o) - puds

- / (H (p) + H.(p)) div(pu)da

= /(H'(p) + He(p))(Dep — €Ap)der

_4d
Cdt

(4.17)

(H(p) + Hal(p))dz + ¢ / (H (o) + H.(0)) |V ol da,

A
2/-@2/—\/5div(pu)dxdt

= Ii2 \/7 1‘62 X
(4.18) =2 % PAp—4 /A\/ﬁat\/ﬁd

= ek /p‘V2logp| dr + — 5 dt/\v\/_\ dzx.

and similarly calculation

(4.19) 5/ A*(div(pu)) : As“pdm—eé/\AS“ | dx + gdt/\v%ﬂ 1? d.

Then multiply the magnetic equation by B, we get

1
(4.20) 5 / |B,|*> — /V X (u X By) - Bpdx + /I/b(p) IV % Bp|?dz = 0.

where we used the following the identity
/(VXB)xB-udx:—/Vx(uxB)-Bdm.

Summing up (4.16) and (4.20) together, we can get the desire estimate (4.14).
From Lemma 3.1 we have the following estimate
pn € L=(0,T;L7), p,' € L®(0,T; L7 ),V/p, € L=(0,T; L?),
VP, tn € L¥(0,T; L?), /p, Duy, € L*(0,T; L?), /7Au, € L*(0,T; L?),
(4.21) VpZ € L2(0,T; L?),v/3pn € L0, T; H2+1),
B, € L>®(0,T; L*>) N L*(0,T; HY), Véepy, € L*(0,T; H**2),
Vevp, V2 og p, € L*(0,T; L), /vy(pn) VB € L*(0,T; L?).
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By sobolev embedding we have Hp_luLoo <C Hp_1HW3,1 and

3 4
(4.22) Vi . <C <1 T HVBPHLOO(O,T;B)) (1 T HpiluLw(O,T;L‘l)) :
Therefore, provided that v~ > 4,2s +1 > 3 we can get
(4.23) Hp_luLoo((O,T)xQ) < C(9).
Furthermore, by lemma 2.4 we get
(424) 6/1 H\/_ HL2 0,77 H2) + 61/4 1/2 va1/4‘ L4(O,T;L4) S C

Together with (4.21) we get the uniform bound for u,, i.e

sup [y, < C.
[O,Tmax]

where C is independent of T .. Thus, we get a global existence of approximate solutions.

5. PASSAGE TO THE LIMIT n — 00

After we have already constructed a family of approximate solutions (pn,un, By).
The purpose of this section is to let n — oo. This can be achieved by using the uniform
estimate of approximate solutions and Aubin-Lions lemma.

Lemma 5.1. The following estimates holds for some constant C' independent of n
10conll L20.1;22) + 1onll 20,7 pr2s 2y < C

Hat\/ﬁnHB(o,T;Hfl) + H\/ﬁnHLQ(O,T;HQ) <0,

10 (onwn )|l L2 (0.1 11— 2s+0) + [ (Pnwn )| 20 7wrr3/2) < C

1P (o)l Lsrs + 1 Pe(pn)ll psrs < C,

10eBnll 20,111y + [|Bnll 200,701y < C

Hat(l/\/ﬁn)HLW(O,T;W—Ll) <C.
Proof. By the continuity equation we have
Opn = eApy, — div(ppun) € L*(0,T; L?).

Then since

NPy, + T div(pnun) = <A\/_ + | \/\/ﬁ—n | >

together with the estimate (4.24) yields that
O/p, € L*(0,T; H™ ).
due to the momentum equation

(pnun) = — div(ppun @ un) — V(P(pp) + Pe(pn)) + 2div(pnD(un)) + nAuy,

A
+ 26%p,V <ﬂ

NG ) — (V X By) X By + 6p, VAT o + eV, - V.
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we deduce that 9 (ppuy,) € L*(0,T; H-25TD) . Moreover, we also have

V(pntn) = 2V\/p, /P, tn + 2/p, Vu,V/p, € L*(0,T; L*/?).

then we have P(p,) € L*(0,T;LY) and P(p,) € L*(0,T;L3) by the interpolation in-
equality we get P(p,) € L°/3(0,T; L%/3). and similarly we can proof P.(p,).Finally, by
the magnetic equation and (4.24) we have

OB =V x(uxB)—V x (n(p)V x B) € L*(0,T; H1).

Since

2
1 l : —-1/2,\ § -3/2 1; _ A\/ﬁn ‘v\/ﬁn{
O <—\/ﬁn> +3 div(p™/“u) 5P divu = —e A + p‘?/Q .

and using the previous estimate (4.21) we have (925,0;1/2 e L2(0,T; W—16/5),
By Aubin-Lions lemma and the Lemma 4.1, we have

VP, — +/p strongly in L*0,T; HY),

pn — pstrongly in L2(0,T; H**%1), and weakly in L?(0,T; H*72),
(5.2) pntin — pustrongly in L2(0,T; L?),

u, — uweakly in L*(0,T; L?), B, — Bstrongly in L*(0,T; L?),

p;1/2 — p_l/zalmost everywhere.V B, — V B weakly in LQ(O, T, L2).

Moreover, we can get that p,u, ® u, — pu ® u in the distribution sense. Together with
the estimate (4.21) and (5.2), we can prove that

P(pn) — P(p)strongly in L'((0,T) x Q),
P.(pn) — Pu(p)strongly in L'((0,T) x Q).

The viscosity term can pass to the limit
// div(pn D (uy,)edzdt — // div(pD(u)pdxdt.
due to the fact that
/ / p(Vu+ (Vu) ") : Vodzdt
= //(p@iujaiwj + pdju' Oyp;)dadt
= //(ﬂuj)iaz'@j + (pu') ;030" — Bypu? Dyp? — B pu’ B dx
B //(V\/ﬁ © /pu) - Vipdedt — 2 //(\/ﬁu © V) : Vedudt
— // VoV pu - Apdxdt —/ VP puV div pdxdt.
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For the quantum term can also pass to the limit by using the convergence of the /p, .
In fact, for any test function

Jor (322

= — —A\/ﬁ" iv T
= /\/@L div(pnep)d

__ / A/, divpdz — 2 / AN
__ / div(y/p, V/p,,) div pda + / V5, |2 div pda

o / div(V/B, ® Vo/p, )od +2 / (Y5, - V)V, pda
= /\/ﬁnv\/ﬁnv div pdx + Q/V\/ﬁn ®@ Vy/p, Vedz.

For the capillarity term we can pass to the limit

6// pn VA2 odadt — 5// PV AZ L podzdt.

due to the strong convergence of p, and the following fact

5// anA28+1pngpdxdt:6/ V2T, A% div(ppp)dzdt.

(5.3)

From the assumption, we get 1v4(p) has uniform lower bound which yields the weak
convergence of VB,. Then together with the strong convergence of the B, and weak
convergence of u,, enable us pass to the limit for the magnetic equation. Therefore, the
proof of pass to limit n — oo is completed.Thus, we can show that (p,u, B) solve the
following systems

Op + div(pu) = eAp,x € Q,t > 0,

Bulpu) + div(pu @ w) + V(P(p) + Pe(p)) — 2 iv(pD(w)
A

(5.4) +nA2%u + eVp - Vu — §pVA= Ty — 252V <—\/ﬁ>

\/,5
—(VxB)xB=0,

L 0:B —V x (ux B)+ V((p)V x B) =0.

in the distribution sense and also satisfies the energy estimate (4.14) and (4.24).

6. B-D ENTROPY ESTIMATE AND PASS TO THE LIMIT €,7,d — 0

The purpose of this section is to derive the B-D entropy estimate for the approximated
system (5.4). This estimate first established by Bresch-Desjardin-Lin in [4]. By the (4.23)
and (5.1) we get

(6.1) plz,t) > C(0) >0, and p € L0, T; H*+?) N L>(0,T; H*T).
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then we can choose Vo(p) = 2Vp/p as test function to multiply the momentum equation

to derive the entropy estimate.

Lemma 6.1. (B-D entropy estimate) The following equality holds
(6.2)
d

G [ (Golu+TowP + 1)+ Holp) + 2 9B + 5 1BE + 5 [741 ) do
[ 180 do+2 [ plade +2 [ 5 (P )+ (o) 9 do
—|—2&2/p|v210gp|2d:6—|—652/p|V210gp|2d:c+/Vb(p)|V x B|? dx
+65/|As+1p|2dx+25/p‘As+1p|2dx+6/%(P,(p)—l—Pcl(p))\Vp\de
/w )Apdw—e/Vp V- V¢(d+/w¢p Apdz

- n/Au -VA¢(p)dx — e/div(pu)gb (p)Apdz + /(V X B) x B-V¢(p)dx

2
Proof. We first multiply the approximate continuity equation by M, we have

d
N B DI

:/patcw( )d +/a (o) I

= [696l0)- V(6 pouots+ [ oo vel Dl

2 2
= /pV(]ﬁ(p) . V(qﬁ,(p)@tp)dx—i—e/Ap 2(p)| dw—/%div(pu)dw.

(6.3)
———dx

due to the first term on the right hand side is equal to
(6.4)

[ 596(0)- 96 (o)
=e / PV (p)V (¢ (p)Ap)dz — / pVu : Vo(p) ® Vo(p)dr + / p|Ve(p)[ div ude
+ [ 6 o) divuds + [ 196(p) diviouids + [ pu-V2o(p) - To(p)da
—c [ 090V (A9~ [ pVusVolp) o Vol + [ p|Vo(e) divuds

+ [ 76 o) divuds + 5 [ [96(6) div(pu)da,
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Thus

% %p!W(p)\de X / PNV G(p)V (8 (p)Ap)da — / pVu : Vo(p) @ V(p)da

’ \v4 2
+ [ oIV Paivudn+ [ 06 (oo divude -+ [ 2,29 0,

Next, we need to calculation the following term

o | puVolp)dz
©6) = [alw)-Volpdo+ [ pu- 96 (oo
= [0t olp)iz + ¢ [ pu- V(& ()ap)dz + [ & (o)(civ(ou)Pa

Combine (6.5) and (6.6) together, we have
(6.7)

d

& [5o100) + [ pu-olp)is

—c / POV () Ap)ds — [ Vs Vol )@ ey / pIV6(p)? div uda
4 / 226 (0)Ad(p) div uda + ¢ / Ap’w / & (p)(div(pu))
+ [divtpuw w: Voo — ¢ [ divloud (9)apda ~ [ V(P(o) + P(p) - Volp)da
+2/Vu : Vp®V¢(p)dw—2/Vp-(b(p) div ude — E/Vp-Vu-V(b(p)dx
—2/,0A¢(,o) divudx—2/{2/p|vzlogp|2dx—25/|A2S+1p‘2daz
_ n/Au VAG(p)dx + /((v « B) x B)- v¢( Jdo

= [ vov@ ani + [ 5 VOE [ )+ Volp)da
+2/p|D(u)|2dx—2/p|A(u)| dx—e/dw(pu)¢ (p)Apdx—Qa/\A%Hpﬁdx
—2/@2/,0‘V210gp‘2dx—n/Au-VAgb(p)dx—e/Vp-Vu-qu(p)dx
+ /((v « B) x B) - Vé(p)da

Together with (6.7) and (4.14) yields the desire estimate. Therefore,the proof of lemma
is completed.
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Next, we turn to estimate each term on the right hand side of (6.2). The sign of the

first term is negative. In fact, integration by parts

(6.8) /qu (p)Ap)dx = — /% |Ap|? da.

For the second term which can be estimate as follows

1
(6.9) e/Vp-Vu-V¢(p)dw = 2¢ /;Vp-Vu-Vpdx
WP’Q 1/2
= 2¢ Wp Vudzx
4
Se/ |V§| dw—l—e/p\Vu]Qdm.
p
due to

[ p1vup iz <2e( [ pla@P da+ [ plDw) o)
Therefore, we have
(6.10) e/Vp -Vu - V(p)dx

The third term can be estimated as follows

Vo(p)|? Vpl|?
(6.11) 6/#Apd$ = 2¢ %Apdm
Vo> Ap
= 2¢ 32 1/2d

A2
ge/|v§| dx+e/| oLy
p p

The fourth term estimated as follows

(6.12) ‘ / Au-VA¢(p)dz| <

and the second term on the right hand side is equal to

o,
VAG(p) = 204 ( i )
1 0;
= 20 (——Qakpaip + kp)
p P

_ 1 0;
=2 (2,0 3 (Okp)*Oip — 2 0kkpdip — 819/)8119/) + ';kp>

_2VAp  4(Vp-V)Vp +4]Vp\ Ap 2ApVp
p p? p? P2

5 [ Aul3 + S 1V AG()3.

then we get
(6.13) IVAG(p) |l < C(L+ [lpll e P (L + ||| o0 )® < C(5).

4
<e [Efharsoc [ plawp e+ 2 [ oD@ da.
0
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we can choose 7 small enough with respect to § such that we can get the uniform bound.
The fifth term on the right hand side of (6.2) is equal to

/ A
(6.14) 26/div(pu)¢ (p)Apdx = QG/Apdivud:U + 26/ —pr-udx.
p
since

2¢

A2
/Apdivudx ge/%dx—i—e/p\Vu]Qdm

2
< e/ Al d:r:—|—26/,0|A(u)|2 dm—l—/p|D(u)|2 dx.
p

A
/—pr-udac
p

we can choose € small enough with respect to § yields the uniform bound.
Finally, we estimate the last term on the right hand side of (6.2).

2 < 2¢||p Y32 1ol oo -

B 2
(6.15) /(V x B) x B-V¢(p)dr < /%dm + E/ |Vp x B|?dz.

The first term can be absorbed by the magnetic diffusion term under the Assumption 3,
and the second term estimated as follows

2 2 2 2 2 2
‘ / Vp x Bl de < ¢ |Vl IBIZ < [Vpl3 1 BIE < CellplZass

we can follow the same argument choose € small enough with respect to ¢ enable us get
the uniform bound.

6.1. pass to the limits as ¢,7 — 0. In this step we assume (p,y, Uey, Bey) are the
approximate solutions. Then from the B-D entropy estimate we can deduce that

pen € L0, T5 L), pcy € L=(0,T; L7 ), V/p, , € L=(0,T; L?),

Vheytien € L0, T; L2), \/p, , Dtieyy € L2(0,T5 L2), /iiAucy € L(0,T; L2),
(6.16) VPE%,U € L*(0,T; L%),Vépe, € L=(0,T; H*T1),

Be, € L®(0,T; L*) N L*(0,T; HY), \/gpgm € L2(0,T; H2+2),

VP, V2108 pey € L2(0,T5 L?), \ | Ub(pey)V Bey € L*(0,T; L?).

and also satisfies the following
(6.17) N/ H\/ﬁfw

where C is independent of the parameters €, n, d.
By the above estimate we can get Vp;%/Q € L%(0,T; L?). Since
1Vpe, v\/ﬁe,n

—1/2 _
VPE,U 9 p3/2 - Pem
67"7 ’

<C
L4(0,T;L4)

2|

L2(0,T;H?)
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For the case p > 1 then the proof is obvious. then we focus on the case p < 1

¥

Vo 2=V T )

-1

= p:{%vl)_% + ij2—p_j2_
—p T VT 4+ (1= )Vp VR
507~ Vp 12 = p* 5 Vp~ T, due to fOT [ H. (0) |Vp|* dzdt < C together with the rela-
2

. . 17 / . T —
tionship pH, (p) = P.(p) yield fo Jar” '
L2(0,T; L?).

Following the same procedure as in the proof of the Lemma 4.1. Application to
Aubin-Lions lemma and (6.16) and (6.17) give rise to the following compactness

foWT dxdt < C.Thus, we have Vp~1/2 ¢

Lemma 6.2. The following convergence holds

N y VP strongly in L*(0,T; H),

Peny — p strongly in L0, T; H**1), and weakly in L?(0,T; H*%?),

Pe.nlbe,y — pu strongly in L*(0,T; L),
(6.18) Uey — u strongly in L*(0,T; L), B.,, — B strongly in L*(0,T; L?),

,0;,%/2 — p71/2almost everywhere.V B, — VB weakly inL*(0,T; L?),

P(pey) — P(p) strongly in L'((0,T) x Q),

P.(pey) — Pe(p) strongly in L'((0,T) x Q).
Proof. Here we just show the convergence of velocity other convergence can be referred
to the previous process. It is noted that the strong convergence of wvelocity u can be
obtained in this step. In fact, since the lower bound of the density is just depend on
the parameter & and the regularity of \/pVu € L?(0,T;L?). Then we get the uniform
bound of Vu € L%(0,T; L?) which is independent of e,1. By the strong convergence of

Penleny = pu we have pepten — pu almost everywhere in (x,t) € (0,T) x Q. together
with the convergence of p;,% yields that the strong convergence of velocity ue .

Thus, we can pass to the limit for the nonlinear term p. ,ue, ® ey, Similarly we
can also pass to the limit for the capillarity term 5p67nVApzf;7+1, the quantum term and
viscosity terms. And we have

‘77/ Azus,n@dﬂcdt' < V1 [VnAUe |l HA<PHL2(0,T;L2) — 0,

6/ Aﬂe,n@dﬁﬂdt‘ < Ve ||VPHL2(0,T;L2) HVSDHL2(0,T;L2) — 0,

€

/ / Ve - vumgpdmt' < CVe|[VeVpey|| 2.2 | Vttemll 20 72y = O-
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Thus we have shown that the limit function (p, u, B) is the weak solution of the following
system
((Oip + div(pu) = 0,z € Q,t > 0,
9 (pu) + div(pu ® u) + V(P(p) + Fe(p)) — 2div(pD(u))
6.19 A
(6.19) — 6pVA» Ty — 212 pV (—\/’5> —(VxB)xB=0,
\/ﬁ
(0B —V X (ux B)+ V((p)V x B) =0.

and satisfies the BD entropy estimate (6.2) and energy estimate (4.14). Moreover, we
also have the

(6.20) B INEl 2o + 572 [ V01|

where C is independent of §.

<C.
LA(0,T;L%)

6.2. pass to the limit as § — 0. Our goal in this step is to perform the limit as 6 — 0.
Here we will lose the uniform lower bound of the density. we can also get additional
regularity information. Furthermore the following estimate also holds

ps € L°(0,T; L"), p; ' € L=(0,T; L7 ), V/ps € L>(0,T; L?),
Vpss € L=(0,T; L), \/psDus € L*(0,T; L?),
(6.21) Vp? € L2(0,T; L%), Vaps € L0, T; H+1),
Bs € L>®(0,T; L*) N L*(0,T; H'),Véps € L*(0,T; H**2),
VsV log ps € L*(0,T; L), \/vy(ps)V Bs € L*(0,T; L*).
and satisfies the estimate

(6.22) k H\/ﬁéuLQ(O,T;H?) + 2 HVP¢15/4‘

L4(0,T;L4) —

Lemma 6.3. From the above estimate (6.21) and (6.22) , there exists a constant C
independent of § such that

2y~ 6y~
\V4 . < C, = sqd = 3
| UHLp(o,T,Lq) >0, p 1 q 3 +1
3q
HUHLP(Q,T;Lq*) <C ¢ = 3_¢’

VPl oy < Cop > 2.0 > 2.

Proof. Vu = %\/ﬁu, since \/pu € L>(0,T; L?) and using the previous estimate we get

% € L (0,T; L5), apply the Holder inequality yields that desire estimate. Due to

Wha embedding LY, we can obtained lull (07,107 < C. Next we turn to estimate the
w. First for 0 <r < 1/2 we have /pu = w)2 ul =2 pl/2=7 by the estimate (6.21
p p p p
yield \/p € L>(0,T; L3) and we get P2 e L>(0,T; L3/A/2=1)  As q consequence we

have (/pu)? € L>®(0,T; LY") and u'~%" € Ll—’;?T(O,T;le—%) By Holder inequality we
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/ / _ 1/2— _
deduce H\/ﬁuHLp/(O’T;Lq/) <C,p >2,q > 2 where i =1 p2r,$ T+ /3 r —i—lq% then

take 1—10 <r< % can enable us to get the estimate.

Repeated the same procedure as shown in the above part. we can deduce the following
compactness information
V/Ps — +/p strongly in L*(0,T; HY),
Vpsus — +/pustrongly in L%*(0,T; L?),
psus — pustrongly in L?(0, T; L?),
(6.23) us — wweakly in L2(0,T; L?), Bs — Bstrongly in L*(0,T; L?),
pgl/Q — pfl/Qalmost everywhere.V B; — V Bweakly in L?(0, T; L?),
P(ps) — P(p)strongly in L'((0,T) x Q),
P.(ps) — P.(p) strongly in L*((0,T) x Q).

In this step we can get the strong convergence of /psus which is different with
the above process. Since from the momentum equation we can get the information
of O¢(psus). Apply to the Aubin-Lions lemma yields the almost everywhere convergence
of psus, which, due to the almost everywhere convergence of \/p. we can get \/psus —
V/pu almost everywhere. Thus we can get the strong convergence of /psus — /pu in

L?(0,T;L?). The main obstacle in this step is deal with the term §psVA%ps. Other
terms can be easily treated as the above process.

Lemma 6.4. For any test function ¢ we have

5// sV A® pspdadt — 0.
Proof. By (6.21) we have the following uniform estimate
ps € L®(0,T; L%),Véps € L=(0,T; H*+1),Véps € L*(0,T; H*1?).
Together with the Gagliardo-Nirenberg inequality yields

(6.24) 172 5| o < CllpslISyzssac loall 15* -

where a € (0,1) satisfy the following relationship

1
3 3

2 1 1 2 2 1 4 2
5 :a<2 S; >+(1—a)—,a= 2

Moreover, we can also get 62 |V28+1p5| € L%(O,T; L3) by using (6.24). Due to

5// psVA® pspdadt = —5// A s A div(psyp)dadt.
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Then we focus on the most difficult term

‘5 / AS“pgAVpg(pdxdt‘

< C(p)d 2" |53V V2 s

L& (0,T;L3) ‘ L2(0,T;L2)

—0 asd— 0.

Other terms also converge to 0 by the same approach, Thus the proof of the Lemma 6./
is completed.

7. LOWER PLANCK LIMIT

Our goal in this section is to prove the Theorem 3.2. For the sequence of solutions
(P, Uk, B), then we need to prove that we can pass to the limit for each term that
occurs in the equation. Following the same procedure as shown in section 4 we can get
the same compactness information on the solutions. It’s worth noting that the strong
convergence of \/p_ in this step is only in the space L?(0,T; L?) rather than L2(0,T; H).
Since the uniform bound of /p_ in the space L?(0,T; H') is just only enable us to get
the convergence in L2(0,T; L?).

Lemma 7.1. Under the condition of Theorem 3.2 and using the uniform estimate we

have
VP, = /p strongly in L(0,T; L?),
VP Uk — /pu strongly in L%(0,T; L?),
Py — pualmost everywhere,
w, — wweakly in L*(0,T; L?),

(7.1) p 2 = p712almost everywhere,

P(px) — P(p) strongly in. L*((0,T) x Q),

Pe(px) = Pe(p) strongly in L'((0,T) x ),

B, — B strongly in L*(0,T; L?),

Vs (pe) VB = 1y (p)V B weakly in L*(0,T; L?).

Proof. We can use the same procedure as shown in section 8 to obtained the convergence
of the above terms. The only different here is the strong convergence of \/p,_ in the space

L?(0,T;L?). Due to Vyp € L?(0,T; L?) and Oi\/p € L?(0,T; H™Y), Together with
Aubin-Lions lemma yields \/p, — \/pin L?(0,T; L?).
Next we focus on the quantum term p,V <%_%>

Lemma 7.2. For any test function we have

(7.2) 252 // eV (j‘/?) wdxdt — 0.
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Proof. By the inequality (5.3) we get

7.3)

2K2

s (25
/ / VP.Vvp,V div cpdxdt' + 4r° / Vb, © V/p, Vedrdt|.

< 2K H\/ﬁ/@HLOO(O,T;LQ) Hv\/ﬁnHL(O,T;L2) HVdiV‘p”L‘”((&T)XQ)
+ 4/‘62 HV\/ﬁnHi(O,T;LQ) HV@HLOO((O,T)XQ)

< Ck*—0, ask— 0.

< 21

Finally, the proof of Theorem 3.2 is completed.
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