THE CZECH ACADEMY OF SCIENCES

INSTITUTE OF MATHEMATICS

Mathematical theory of compressible
magnetohydrodynamics driven
by non-conservative boundary conditions

Eduard Feireisl
Piotr Gwiazda
Young-Sam Kwon
Agnieszka Swierczewska-Gwiazda

Preprint No. 11-2023
PRAHA 2023






Mathematical theory of compressible
magnetohydrodynamics driven by non—conservative
boundary conditions

Eduard Feireis] * Piotr Gwiazda Young-Sam Kwon T

Agnieszka Swierczewska-Gwiazda ¥

Institute of Mathematics of the Academy of Sciences of the Czech Republic
Zitna 25, CZ-115 67 Praha 1, Czech Republic

Institute of Mathematics of Polish Academy of Sciences
Sniadeckich 8, 00-956 Warszawa, Poland

Department of Mathematics, Dong-A University
Busan 49315, Republic of Korea

Institute of Applied Mathematics and Mechanics, University of Warsaw
Banacha 2, 02-097 Warsaw, Poland

Abstract

We propose a new concept of weak solution to the equations of compressible magnetohy-
drodynamics driven by large boundary data. The system of the underlying field equations
is solvable globally in time in the out of equilibrium regime characteristic for turbulence.
The weak solutions comply with the weak—strong uniqueness principle; they coincide with
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relations is motivated by applications in stellar magnetoconvection.
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1 Introduction

The large scale dynamics arising in stellar magnetoconvection is driven in an essential way by
the boundary conditions, see Gough [11]. The flux separation and pattern formation arise in the
turbulent regime when the fluid flow is far from equilibrium. As the underlying field equations are
non-linear, the existence of global in time smooth solutions in such a regime is not known. Indeed
the vast majority of global existence results in the class of classical solutions is restricted to the
initial state close to a stable equilibrium, see a.g. Matsumura and Nishida [13], Valli [18], among
others. What is more, the recent results of Merle et al. [14], [15] indicate that classical solutions
may develop singularities in a finite time.



In view of the above arguments, the concept of weak solution represents a suitable alternative
to restore global-in—time existence even for problems with large data and solutions remaining out
of equilibrium in the long run. We consider a mathematical model of fully compressible three
dimensional fluid convection driven by an externally imposed magnetic field. The fluid occupies
a bounded domain 2 C R? with regular boundary. The time evolution of the density o = o(t, z),
the (absolute) temperature ¢ = ¥(t,z), the velocity field u = u(t,z), and the magnetic field
B = B(t,x) is governed by the compressible MHD system of field equations (cf. [6]):

( )

Equation of continuity

0o + div,(pu) = 0. (1.1)
Momentum equation
di(ou) + div,(ou ® u) + V,p(o, ) = div,S(J, V,u) + curl,B x B + pg. (1.2)
Induction equation
0,B + curl, (B x u) + curl,({(¢)curl,B) = 0, div,B = 0. (1.3)

Internal energy balance

0y (0e(0,1)) + div,(0e(o, ¥)u) + div,q(¢, V,09)
=S, V,u) : Vou + ((9)|curl,B]* — p(o,9)div,u.  (1.4)

. J

K

The pressure p = p(p, ) and the internal energy e = e(p,?) are interrelated through Gibbs
equation

1
VDs = De+ pD (—> , (1.5)
0

where s = s(p,¥) is the entropy. Consequently, the internal energy balance (1.4) may be reformu-
lated in the form of entropy balance equation

di(0s(0,7)) + div.(os(e, ¥)u) + div, (M)

= % (8(19, V,u):V,u— a

9, Vo) - V0
9

+ C(§)|curlmB]2) ,
(1.6)

see e.g. Gough [11], Weiss and Proctor [20], Tao et al. [16].
The right-hand side of equation (1.4) represents the entropy production rate, which, in accor-
dance with the Second law of thermodynamics, must be non—negative. Accordingly, we consider
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Newtonian fluid, with the viscous stress tensor
2
S(¥, V,u) = u() (qu +Viu— gdivxuﬂ) + n(¥)div,ul, (1.7)

where the viscosity coefficients ¢ > 0 and n > 0 are continuously differentiable functions of the
temperature. Similarly, the heat flux obeys Fourier’s law,

q(?,V,0) = —k(0)V,0, (1.8)

where the heat conductivity coefficient x > 0 is a continuously differentiable function of the
temperature.

The existence of global-in—time weak solutions for the compressible MHD system (1.1)—(1.8)
was shown in [6] under certain physically relevant restrictions imposed on constitutive equations
and transport coefficients. The boundary conditions considered in [6] are conservative,

11|(9Q = 0, Vxﬁ . IllaQ = 0, B- IllaQ = 0, [B X u—+ CcurlzB] X Il|@Q =0 (19)

characteristic for closed systems. If the driving force g in the momentum equation is conservative,
meaning g = V,G, G = G(z), the total energy of the system is conserved and the dynamics obeys
the rather “boring” scenario formulated by the celebrated statement of Clausius:

The energy of the world is constant; its entropy tends to a maximum.

A rigorous mathematical proof of this statement for the Navier—Stokes—Fourier system was given
in [10].

As pointed out by Gough [11], a rich fluid behaviour is conditioned by a proper choice of bound-
ary conditions. Motivated by models in astrophysics, we suppose the boundary 0f2 is impermeable
and the tangential component of the normal viscous stress vanishes on it,

u-nlpo =0, (S-n) xnlspg =0. (1.10)

However, the theory presented in this paper can accommodate more general boundary conditions
for the velocity field discussed in Section 6.

Similarly to the well known Rayleigh-Bénard problem, see e.g. Davidson [5], we impose the
inhomogeneous Dirichlet boundary conditions for the temperature,

19’39 = 193, 193 > 0. (1.11)

To incorporate the effect of an exterior magnetic field, we suppose that B is (not necessarily
small) perturbation of a background magnetic field Bg, div,Bg = 0,

B=Bp+b.



In the context of astrophysics, we may think of By as being the magnetic field imposed by a
massive star. As for b, we suppose either

b xnlpgg =0 = B xnfse = Bp X nlsg, (1.12)

or
b-nlpgn =0 = B-nfsge = Bp - nlsn. (1.13)

The boundary condition (1.12) is of Dirichlet type, compatible with the requirement of solenoidality
of B. The condition (1.13) is of flux type, similar to the first condition (1.10) and must be
accompanied by another flux condition related to the electric field, namely

[B x u+ (curl,B| x n|sg = 0. (1.14)

The flux in (1.14) may be inhomogeneous as well. The borderline case By = 0 in (1.12) and
(1.13) corresponds to a perfectly isolating and perfectly conducting boundary, respectively (see
e.g. Alekseev [1]).

For possibly technical but so far unsurmountable reasons, a mathematically tractable weak for-
mulation of compresible MHD system cannot be based on merely rewriting the system (1.1)—(1.4)
in the sense of distributions. The available a priori bounds are not strong enough to render certain
terms, notably p(g,?)div,u in the internal energy balance (1.4), integrable. A remedy proposed
in [6] is replacing (1.4) by the entropy equation (1.6). Unfortunately, the entropy production rate
is a priori bounded only in the non reflexive space L' of integrable functions. As a result, any
approximation scheme provides merely an inequality

di(0s(0,V)) + diva(0s(e,V)u) + div, <M)

q(v,V,0) - V0

>
- 9

(S(q?, V,u) : Vu — +¢ <0>IcurlmBl2)

(1.15)

X | =

satisfied in the sense of distributions.

Replacing entropy equation by inequality definitely enlarges the class of possible solutions and
gives rise to an underdetermined problem. To save well posedness, at least formally, the integrated
total energy balance/inequality is appended to the system (1.1)—(1.3), (1.15) in [6]. The total
energy balance reads

1 1 . 1 1
) (§Q\U\2 + oe(o,9) + §!Bl2) + div, K§Q|u|2 + oe(o,V) + §|B!2 +p(o, 79)) u}

+ div, [(B x 1) x B + ((9)curl, B x B} — div, (S, Vo) - u) + div,q(d, V,9) = og - u.
(1.16)



If the system is conservative, the total energy flux vanishes on the boundary and (1.16) integrated

over () yields
d 1 1
— —olul® + oe(p,9) + =|BJ? dx:/ 0g - u du. (1.17)
at Jo \ 2 2 o

It turns out that the equations (1.1)—(1.3), the inequality (1.15), together with the integral identity
(1.17) represent a suitable weak formulation for the conservative system. Indeed the existence of
global-in—time weak solutions for any finite energy (initial) data was proved in [6]. The weak
solutions comply with a natural compatibility principle. Any sufficiently smooth weak solution
is a classical solution of the problem. In addition, the weak solutions satisfy the weak—strong
uniqueness principle: A weak solution coincides with the strong solution on the life span of the
latter, see [7].

The situation becomes more delicate for open (non—conservative) systems, with inhomogeneous
Dirichlet boundary conditions. The heat flux q - n as well as the induction flux (the normal
component of the electric field) [B x u x B+ (curl,B x B]-n do not necessarily vanish on 02 and
give rise to additional uncontrollable sources of energy in (1.17). In [4] (see also the monograph [9]),
a new approach has been developed to handle the inhomogeneous Dirichlet boundary conditions
for the temperature. The total energy balance (1.17) is replaced by a similar inequality for the
ballistic energy

1 1 -
ol + oc(e.0) + 1B~ oslo0)]

where 9 is an arbitrary extension of the boundary temperature 95 inside 2. Pursuing the same
strategy, we introduce a “magnetic” variant of the ballistic energy

1 1 ~
EBM: |:§Q|U|2+Q€+§|B’2—19QS—BB'B:| s (118)

After a straightforward manipulation, we deduce equality

d 1, 1y -
B SB|?—Jos —By-B
n Q(2Q|u| +oe+ 5|B" —Jos — By > da
v - V)
+/— S:Vu— aV + (|eurl,B]* ) dz
% vV

= —/ (gs@tﬁ + psu - V0 + a. Vﬂ?‘) dz
Q 9
— / (B -0:Bg — (B x u) - curl,Bg — (curl, B - curleB> dz
Q

—i—/gg-u dz (1.19)
Q

as soon as 5‘]69 =g, J > 0, B X n|gg = B X n|sq. The same is true if B - n|sn = Bp - n|sq and
the vanishing tangential flux condition (1.14) holds. Note carefully that (1.19) does not contain
the boundary flux integrals; whence it is suitable for a weak formulation of the problem.
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The mathematical theory we propose is based on imposing the weak form of the equations
(1.1)—(1.3), together with the entropy inequality (1.15), and the ballistic energy balance (1.19) as
a weak formulation of the compressible MHD system. The basic hypotheses concerning the state
equation and the transport coefficients as well as the exact definition of weak solution are given in
Section 2. In Section 3 we introduce the basic tool to investigate stability properties in the class
of weak solutions — the relative energy inequality. In Section 4, we show that the weak solutions
enjoy the weak—strong uniqueness property. In Section 5, the existence of global-in—time weak
solutions is established by means of a multilevel approximation scheme. The paper is concluded
in Section 6 by a brief discussion on possible extensions of the theory to a larger class of boundary
conditions.

2 Weak formulation

We start by a list of structural hypotheses imposed on the equation of state and the transport
coefficients.

2.1 Equation of state

Our choice of the equation of state is motivated by [9, Chapter 4]. In particular, we consider
the radiation contribution to the pressure/internal energy relevant to problems in astrophysics, cf.
Battaner [3]|. In accordance with Gibbs’ relation (1.5) we suppose that

5 a
p(g’ 19) :pM(Q7 19) +pR<19)7 pM(Q7 19) =v2P (19%) ) pR(ﬁ) - 51947
305 0 a .4
e(0,9) = en(e, ) + er(e,9), en(o,9) = 2o 1) er(0,9) = 519 , a>0, (2.1)

where the function P € C'[0, c0) satisfies

P(0)=0, P'(Z)>0for Z>0, 0< < cfor Z > 0. (2.2)

This implies, in particular, that Z — P(Z)/Z § is decreasing, and we suppose

. P2
Zlgrgo e = Poo > 0. (2.3)

Note that py, e satisfy the relation characteristic for monoatomic gas,

2

Pm = §Q€M>



pr is the radiation pressure with the associated internal energy er, and (2.3) corresponds to the
presence of electron pressure under the degenerate gas regime. It follows from (2.2) that p and e
satisfy the hypothesis of thermodynamic stability:

op(0,v) -0 de(p,v)

D0 oy > 0. (2.4)
In accordance with (1.5), the entropy takes the form
$(0.0) = sule.0) +sule0), swlod) =8 (L) snlon) = HL 29
where st SP(Z) - PI(2)Z 26)
2 A ' '

2.2 Transport coefficients

We suppose the viscosity coefficients in the Newtonian stress S(J, V,u) are continuously differen-
tiable functions of the temperature satisfying

0<pl4+9%) <p@) <a+9%), [WW)| <cforald >0,
1
0 <n() <7 (l+9*) for some 5 <a<l (2.7)
Note that a = % corresponds to Sutherland’s law relevant in astrophysics, see Yang et al. [21].

Similarly, the heat conductivity coefficient in the Fourier heat flux q(1J, V,4) is a continuously
differentiable function of the temperature satisfying

0<k(1+9%) <k() <% (1+97) for some 3 > 3. (2.8)

Here, the case = 3 reflects the effect of radiation.
Finally, we suppose the magnetic diffusivity coefficient { = ((¥) is a continuously differentiable
function of the temperature,

0<((1+7)<¢W) <C(1+9), [('(W)] < cforalld>0. (2.9)

2.3 Boundary data

We suppose the background magnetic field By = B p(t, x) is sufficiently smooth at least of class
CH([0.7] x B ),
div,Bg =01n (0,7) x . (2.10)

Similarly, we suppose the boundary temperature 15 can be extended inside Q, 95 € C12([0, T|xQ),

I > 01in [0,7] x Q. (2.11)
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2.4 Weak solutions

Before discussing the concept of weak solution, it is useful to introduce the function spaces
Ho (9 R?) = {b e L2(Q; RY) ‘ curl,b € L3(Q; RY), div,b =0, b x n|y = o} ,
Hoy (O R?) = {b € L2(Q; R?) ’ curl,b € L2(Q; RY), div,b =0, b - nly = o} .
Both Hy, and Hy, are endowed with the Hilbert norm
o177, = lleurlob||Zaqps) + 1Pl Z2(:m9)

see e.g. Alexander and Auchmuty [2].

-
Definition 2.1. (Weak solution to the compressible MHD system)
data

if the following holds:

identity

T t=r1
/ / (Qat@+ @u~st0> de dt = — U 0p dw} , 0(0,+) = oo, (2.13)
0 Q Q

t=0

holds for any ¢ € C1([0,T] x Q). In addition, the renormalized version of (2.13)

/ / 0)dyp + bo)u - Vi + (b(g)—b'(g)g)divxu> da dt = ng(g)@ dx}

holds for any ¢ € C1([0,T] x Q) and any b € C1(R), V' € C.(R).

t=

e Momentum equation.

integral identity

/ / (gu O+ ou®@u: Vep + plo, ﬁ)divxgo> dx
0o Ja

T T 1
:/ /S(ﬂ,vmu) Ve dxdt—/ / <B®B— —|B|2]I> : Ve dodt
o Jo o Jo 2

A quantity (o,¥,u,B) is termed weak solution of the compressible MHD system (1.1)-
(1.4), with the boundary conditions (1.10), (1.11), (1.12) (respectively (1.13)), and the initial

Q(Oa ) = Vo, 19(07 ) = 190’ u(O’ ) = Uy, B(07 ) = B07 (2‘12)

e Equation of continuity. ¢ € Cyear([0,7]; L3(2)), 0 > 0in (0,T) x €2, and the integral

t=1

(2.14)

ou € Chear([0, T); L3 (Q; R?), u € L2(0, T; WH(Q; R?)), ¢ = 2, u-n|pn = 0, and the




- [ [ aars [/qu-so d] (w)(0.) = goug (2.15)

=0
holds for any ¢ € CY([0,T] x Q; R?), ¢ - n|sq = 0.
Induction equation. B € Ceu ([0, T]; L*(Q; R?)),

div,B(7,-) = 0 for any 7 € [0, 7. (2.16)

In addition
(B - BB) € L2(07 T; HO,T(Q; R3)) (217)

if the boundary condition (1.12) is imposed or
(B —Bp) € L*(0,T; Hy,(Q; R?)) (2.18)

for the boundary conditions (1.13), (1.14). The integral identity
/ / (B - Opp — (B x u) - curl, — ((Y)curl, B - curl, go) dz dt
o Jo

- UQB.QO dmrT, B(0,-) = By, (2.19)

t=0
holds for any ¢ € C1([0,T] x Q; R?), div,p =0,

@ X1n|gpg =0 (2.20)
in the case of boundary conditions (1.12),

@ -1nlpg =0 (2.21)
for the boundary conditions (1.13), (1.14).

Entropy inequality. ¢ € L*®(0,T;L*Q)), ¥ > 0 a.a. in (0,7) x Q, J — Jp €
L2(0,T; Wy (), log(9) € L*(0,T; W'2(Q)), and the integral inequality

2 9, V0
/ / (05(07 9)0y + 05(0, ﬁ)u-stoﬂL%-Vw) dx dt
1 Q

<[5 (Sw, Vou): Vu - GV <<z9>|curle|2) o drdi
1 Q
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t=To+
+ { / 05(0, 9 dx] 0<m < <T, os(0,0)(0—,") — aos(ao, o), (2.22)
Q

t=711—
holds for any ¢ € C1([0,T] x Q), ¢ > 0.

e Ballistic energy inequality. The inequality
| (Gelu + ocle.0) + IBE - Gos(o.0) - Bo B ) (7.) do

/ /g ( 9, Veu): V,u— qv, Vo) - V) —|—C(19)|curle|2> dx dt
Q

9
/ (gs 87519 + 0s(p,V)u - V., 0 + w . V:ﬂg) dx
Q

B:-0,Bg — (B xu)-curl,Bg — ((V)curl, B- curleB> dzdt

1 1 -
+ / <—Q0|U10\2 + 00e(00, Vo) + 5“30\2 — (0, -)005(00, %) — Bp(0,-) - Bo) dx
Q
(2.23)

holds for any 9 € C'([0,T] x Q), U > 0, U]sq = V5.

Remark 2.2. As the magnetic field B satisfies (2.16), validity of (2.19) can be extended to any
(not necessarily solenoidal) test function ¢ satisfying (2.20), (2.21), respectively. Indeed, if ¢
satisfies the boundary condition (2.20), we consider the potential ¥ solving

Ax‘;[’ = le:cQO in Q, \If|ag = O,

and write
p=(p—V,V)+V, 0.
On the one hand, as ¥ vanishes on 0§2 and B is solenoidal, we have
/B-V,}IJ dxz/B-@th\I/ dx = 0;
Q Q

whence the integral identity (2.19) holds for V,¥. On the other hand, the function (¢ — V,¥) is
solenoidal, and, as V,¥ X n|sg = 0, a legal test function in (2.19).
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If ¢ satisfies (2.21), we simply consider
AU =divyp, V.U -nlsg =@ -njsn =0
- the standard potential in the Helmholtz decomposition.

Remark 2.3. Unlike p, pu, and B, the total entropy os(o, ) is not weakly continuous in time.
However, it can be deduced from the entropy inequality that the one sided limits

lim [ os(o,9)(t,-)¢ dz, hm /QS 0,9)(t," )¢ dz
Q

t—7—

exist for any ¢ € C(€2), and

lim [ os(0,9)(t,")¢ dz < hm /QS 0,9)(t," )¢ dz
Q

t—7—

whenever ¢ > 0, see [9, Chapter 3, Section 3.3.3] for details.

Remark 2.4. As we shall see below, the “magnetic” ballistic energy Eg); introduced in (1.18) is
in fact a strictly convex l.s.c function of the variables (o, S = 0s(0,?), m = pu, B). In particular,
its integral is a weakly lower semi-continuous function; whence (2.23) holds for any time 7 with the
convention for entropy discussed Remark 2.3. Alternatively, we may impose a stronger integrated
version of (2.23) in the form

/ M/( olul?® + oe(o, )+1]B\2—1§gs(g,19)—BB-B) dz dt
/ w/ ( (¥, Vyu) : Vou — qtv. v”ﬁﬁ)'vﬂ”ﬁu(ﬂncurlxm?) dx dt

",
/ w/ (gs 0,0)0,0 4 0s(0,9)u - V,0 + q<%ﬁ> ~Vm1§) dx dt

/ " / .8:Bp — (B x u) - curl,By — Ccurl, B - curleB) dz dt

—/ w/gg-u dx dt
0 Q

= 000) [ (Geutuol + nelzo. ) + 5Bl = 0. )ons(en,00) ~ B (0. Bo)
Q
(2.24)

for any ¢ € C10,T), ¢ > 0.
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Remark 2.5. Note carefully that the ballistic energy inequality (2.23) remains valid if we replace
Bp by any other extension B such that

div,B =0,

and _ ~
B x n’aQ = BB X Il‘ag, or B - Il|ag = BB . n|aQ,

respectively. Indeed the difference Bp — B becomes an eligible test function for for the weak form of
the induction equation (2.19), endowed with the boundary conditions (2.20), (2.21), respectively.

The existence of global-in—time weak solutions in the sense of Definition 2.1 will be shown in
Section 5 below.

3 Relative energy
A suitable form of the relative energy for the compressible MHD system reads

1 1
E <Q,19,U,B ‘T,@,U,H) = §Q’u_U’2+ §’B _H|2

p(r, ©)

+ oe(0,9) — @(gs(g, ) —rs(r, @)) - (e(r, ©) — Os(r,0) + >(g —r)—re(r,0). (3.1)

In applications, the quantity (g,v,u,B) stands for a weak solution of the compressible MHD
system while (r,©, U, H) are arbitrary sufficiently smooth functions satisfying the compatibility
conditions

r >0, © > 0in [O,T] Xﬁ, @|8Q:193, U'H|3Q:O,
div,H=01in (0,7) x Q, H x n|go = Bp X nlgq, or H-nlsgq = Bp - n|sq, respectively. (3.2)

As a consequence of hypothesis of thermodynamic stability stated in (2.4), the energy
1 1
E(e,9,u,B) = Solul® + oe(0,9) + 5|BJ*

is a strictly convex L.s.c. function if expressed in the variables (o, S = 0s(p, ), m = gu, B), see [9,
Chapter 3, Section 3.1] for details. Moreover, we have
OE(p,S,m,B) p(o,9) O0E(p,S,m,B)
Do 0 ’ oS

= <e(g, V) — Is(p, ) + =1,

where (e(g, V) — Us(p,9) + 7@) is Gibbs’ free energy. Consequently, the relative energy can be

seen as Bregman divergence associate to the convex function E. In particular,

E(g,ﬁ,u,B

T,@,U,H) >0, and F (g,ﬁ,u,B

r,@,U,H) —0 & (0,9,u,B) = (r,0,U, H)

as long as r > 0.
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3.1 Relative energy inequality

In the remaining part of this section, we derive a relative energy inequality provided (o, v, u, B)
is a weak solution of the compressible MHD system specified in Definition 2.1 and (r,©, U, H)
arbitrary smooth functions satisfying (3.2). Our starting point is the ballistic energy inequality
(2.24). As noted in Remark 2.5, we may flip By for H, and, of course, ¥ for © obtaining

1 1
/ (§g|u|2 + 0e(0,9) + §|B|2 — Ops(o0,9) —H - B) (1,-) dz
Q

- /9 (S(ﬂ V.u): V,u— AW, Vi) - Vad +C(19)|curle|2) da dt
Q

0,
9, VU
< —/ / 0s(0,1)0,0 + 0s(p,)u- V.0 + % . Vx@) dz
0

0
/ / (B oH — (B x u) - curl,LH — {(¢)curl, B - curle) dz dt
0o Jo
+/ /Qg~u dx dt
o Ja
e

1
+ Qo|uo’ + QOQ(QOa 190) _‘BOP - @<07 ')QOS(QO,%) - H(07 ) : BO) dz (3-3)

3.1.1 Momentum perturbation

Our first goal is to replace [u|? by [u—U|%. This can be achieved by considering U as a test function
in the momentum balance equation (2.15). After a straightforward manipulation explained in detail
in [9, Chapter 3, Section 3.2.1], we obtain

[ (Gehu=UR + ge(o,) + 5B - O0s(.0) < H-B) () do

/ / ( (¥,V,u) : Vyu— (G ng) 'V + C(ﬁ)|curle|2) dz dt

_/0 /Q o(u—U) @ (u—U) + plo, ) — SV, Vzu)) .V, U dedt

Y
) gl
oy
A

(curl,B x B)-U dxdt

(9tU+U VU) (u—U) dedt

2

0

=)
2

0
(gs 0,9)0,0 + os(0,0)u - V@+M V@) d:c—i—/ /gg (u—U) dzdt

-OH — (B x u) - curl,H — {(¥)curl, B - curl, H) dx dt

=)
2

14



1 1
+ / <§Q0’uo — U(O, )|2 + Qo@(go, 190) —+ §|:B()|2 — @(0, ')Q()S(Qo, 190) — H(O, ) . Bo) dx (34)
Q

for any (©,U,H) as in (3.2).

3.1.2 Density perturbation
Next, exactly as in [9, Chapter 3, Section 3.4], we use the quantity

(e(r, ©) — Os(r,0) + p(r, @))

r

as a test function in the equation of continuity (2.13):

/ (%mu —UP + eele.9) + %|B|2 — Ogs(0,9) —H - B) () dz
Q
+/Q (@rs(r, ) — (e(r, ©) — 0s(r,0) + @) (o —r) —re(r, @)) (r,) da

+ / % (S(ﬁ, u): V,u— q(", V:cg‘) - V0 . C(§)|CUT1xB|2) A dt
0o Jo

/Q (g(u —U)® (u—"U) + plo,9) — S(¥, Vzu)> .V, U dadt

IA
[
S—

3

:o\n\@\::\s\s\»

(u—U) - V,p(r,0) dedt

+
RS

3

(curl,B x B) - U dzdt

3

<8tU +U-V,U+ %Vzp(r, @)) (u—U) dzdt

=}

3

g(s(g, v) — s(r, @))&@ + Q(S(Q, V) — s(r, @))u - V.0 + M : Vx@) dx

_'_
g;\:;\%c\ﬁ%c\ﬁo\é

0og - (u—"U) dzdt

+

<1 - —> Op(r,©) — —u V.p(r, @)) dz dt

<B 9H — (B x u) - cur,LH — ((¢)curl, B - curl, H) dz dt

\

" (%90“10 —U(0,)* + ooel00, o) + %|Bo|2 —0(0,-)005(00,90) — H(0,-) - B0> de
+ (@s(r, 0) - (e(r, 0) — Os(r,0) + 7@) (00 — 1) — refr, @)) (0,-) d, (3.5)

whenever r € C*([0,7T] x Q), r > 0.

15



3.1.3 Magnetic field perturbation and the final form of relative energy inequality

/11H|2(T,-) dx—/lyHF(o,-) dx:/ /H-@tH d dt. (3.6)
Q 2 Q 2 0 Q

we may rewrite (3.5) in the final form

Since

t=T1
UE(M,u,B r,@,U,H) dx}
Q t=0
LS (307w Vo= ST T i eur, ) s
0 Q

)

A
|

o(u—U)®@ (u—U) + plo,0)I — S(¥, qu)> . V,U dzdt

U) - V,p(r,0) dadt

=
|

s3I

3

_|_

(curl,B x B)-U dxdt

J

/

/.
- /OT/§2@<8tU+U~VxU+ %pr(n@) —g) (u-U) dedt
[ ] (este0 - st.01)00 + ofs(20) - str0))u- w0+ LT w0
| ' [ ((1-2) 0(r0) ~ Lu-V.p(r.0)) doa
_ /0 ' /Q (B-aH - (B xu): curl,H — ((#)curl, B curl, H) dzdt
—i—/OT/QH oH dxdt

(3.7)

for any “test” functions (r,©, U, H) specified in (3.2).

Remark 3.1. In view of future applications, in particular the weak—strong uniqueness principle
discussed in the forthcoming section, the class of functions (r,©, U, H) in (3.2) can be extended
to the “maximal regularity” framework

re WH((0,T) x Q), (6,U,B) € L1(0,T; W*1(Q; R")) nW(0, T; LY(; R")), (3.8)

by a density argument. The exponent ¢ must be taken large enough for all terms in (3.7) to be
well defined.
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4 Weak—strong uniqueness principle

The first important property of the weak solutions introduced in Definition 2.1 is the weak—strong
uniqueness principle. We suppose that (r, ©, U, H) is a smooth solution of the problem, specifically,

Oyr —i— div,(rU) =
1
oU+U-U+ pr(r 0) = —lex 0,V,U)+g+ ;curle x H,
OH + curl,(H x U) 4+ curlx(C( Jeurl,H) = O div,H =0,
) +

o (23)

ros(r,0) +rU - V,s(r,0) +

1
-5 (g(@, v,U): V,U —

together with the relevant initial and boundary conditions.

( )

Theorem 4.1. (Weak—strong uniqueness)
Let Q C R?® be a bounded Lipschitz domain. Suppose the thermodynamic functions p,
e, s satisfy the hypotheses (2.1)~(2.6), and the transport coefficients u, n, k, { comply with
(2.7)-(2.9), with
1
gsasl =3 (4.2)
Let (0,9,u,B) be a weak solution of the compressible MHD system (1.1)—(1.4) in (0,7) x Q
specified in Definition 2.1. Suppose that the same problem, with the same initial and boundary
data, admits a classical solution (r,0, U, H) in the class

r e CH[0,T] x Q), © € CY*([0,T] x Q), U, He C**([0,T] x Q; R?). (4.3)

Then B
o=r,u=U, 9=0, B=H a.e. in[0,T] x Q.

Remark 4.2. As we assume existence of a classical solution in Theorem 4.1, the initial data are
also regular, in particular,
igf 0o > 0, igfﬁo > 0.

Remark 4.3. Remarkably, the result holds in the full range of exponents «, 3 specified in (4.2).
In particular, we remove the gap between the weak—strong uniqueness principle stated in [4], [9]
for § = 3 and the existence result requiring 5 > 6. The main novelty is formulated in Lemma 4.4
below.
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The rest of this section is devoted to the proof of Theorem 4.1. Note that existence of local
in time strong solutions to the compressible MHD system can be established by the nowadays
well understood technique proposed by Valli [18], Valli and Zajaczkowski [19], or by a more recent
approach via maximal regularity in the spirit of Kotschote [12]. As noted in Remark 3.1, the
conclusion of Theorem 4.1 remains valid for the strong solutions in the maximal regularity class
used in [12].

The idea of the proof of Theorem 4.1 is simple: We consider the strong solution (r,©, U, H)
as test functions in the relative energy inequality (3.7) and use Gronwall’s type argument. We
proceed in several steps specified below.

4.1 Magnetic field

As U solves the momentum equation, we get
T 1
—/ / g(@tU +U-V,U+ -V,p(r,0) — g) (u—U) dzdt
0o Ja r
= / / g(diva(@, V.U) + curl H x H) -(U—=u) dedt
o JaT
- / / (9 - 1) (divxS(@, V,U) + curl,H x H> (U—u) dedt
o Ja \T
+ / / (divxS(@, V,U) + curl, H x H) (U — ) dzdt. (4.4)
0o Jo
Similarly, H being the exact solution of the magnetic field equation,
—/ / <B -0H — (B x u) - curl,LH — {(J)curl, B - curl, H> dr dt +/ / H-0H dxdt
0o Ja 0o Ja
= / /(B —H)- (curlx(H x U) + curlw(C(@)curle)> dz dt
0o Ja
+/ / ((B x u) - curl,H + {(J)curl, B - curl, H> da dt (4.5)
0o Ja

Regrouping the terms in (3.7), (4.4), (4.5) that do not contain magnetic dissipation, we get the
expression

—/(curle xB)-U dz+ /(curle xH) - (U—-u) dz
Q Q
+ /(B —H) - curl,(H x U) dz+ /(B x u) - curl, H dz.
Q Q

Now, we claim the identity

— / (curl,B x B)-U dx + /(curl,,:H xH)-(U—-u) dz
Q Q

18



+ /(B —H) - curl,(H x U) dz +/(B x u)-curl,lH dz
Q Q

-~ /Q (Ux (B-H)) - curl, (B - H) dz +/Q ((U-wx (B-H)) cur,H dr
+ /Qdivx (B—H)x (HxU)) dz. (4.6)
Indeed the integrals on the right—hand side can be treated as follows:
/Q [(U x (B — H)) -curl,(B—H) + ((U —u) x (B— H)) : curle] dx

= /(U x B) - curl,(B—-H) dx — /(U x H) - curl,(B — H) dz

- /Q ((U-w xcurL,H) B do +/Q (curlH x H) - (U~ u) do
_ —/(curle x B)U da +/ (curlH x H) - (U - w) de

— /(U x B) - curLH dz — /(U x H) - curl,(B—H) dx
Q Q

— / (U X curlIH> -B dz + /(u x curl,H)-B dz
Q Q

— —/(curlzB xB)-U dx+/ <curle X H) (U—u) dz
0 0
+ /(B x u)-curl,lH dz + /(H x U)-curl,(B—-H) dx
Q Q
- —/(curle xB)-U d:c+/ (curla;H x H) (U—u) do
0 Q
+ /(B x u) - cur,lH dz + /(B —H) - curl,(H x U) dz
Q 0
+ / div, (B—H) x (H x U)) dz.
Q

Summing up the previous discussion, we may rewrite inequality (3.7) in the form

/ (Q,ﬁuB‘rGUH>( ) dx

( ﬁ—I—C( )|curl$B|2) dz dt

// ® (u U)—l—p]l—S):VxU d dt
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(u—U) - V,p(r,0) dxdt

s
|

)
J
J
J
J
J
“)
s

+/0 /Qdivx((B—H) x (Hx U)) dzdt (4.7)

=R

=)
2

v.S(0,V,U): - (u—U) dedt

T
T
T

o

S— S
~—~ ~ =

- o(s —s(r,0))0,0 + o(s — s(r,©))u- V.0 + % ~ Vx@> dz

=]

+

0 0
(1 =) 0(r.©) — “u- Vop(r. @)) da dt

[e=]

+

+

)
(
' (B—H) - curl,(((©)curl,H) dzdt+ /T/ ((W)curl,B - curl,H dzdt
0 Q
(g - 1) (divxS(@, V,U) + curl, H x H> (U —u) dzdt
' (U x (B — H)) ccurl,(B — H) dedt

(B — H)) ccurl,H dz dt

In addition, we have
/(B —H) - curl,({(0)curl,H) dz = / ((©)curlLH - curl,(B —H) dx
Q Q
- / div, (¢(©)(B—H) - curl,H) dz. (4.8)
0
We claim
/ / div, (B—H) x (Hx U)) dxdt+ / div, (((©)(B—H) x curl,H) dz
/ / B H) x (H x U)) n+ (C(@)(B _H). curlggH) ndodt=0.  (4.9)
o0

Indeed either B, H satisfy the boundary condition (1.12) and then (B —H) x n = 0 or H satisfies
the flux condition (1.14). In both cases the surface integral in (4.9) vanishes.
Thus relation (4.7) takes the form

/E(MuB(r@UH)( ) dz

/ / ( (¥,V,u) : Vyu — qtv, VQCg) V) +C(19)]curlmB|2) dx dt
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< /T/Qg(u—U)-pr(T, o) dxdt—/OT/Qp(g,ﬁ)disz dz dt
Ny
-,

[e=]

(0,V,U):V,(u—-1U) dz dt+/ /S(ﬁ,vxu) : V.U dzdt
0o Jo

=)
2

=)
2

+

S~
S~

+

S~

+

S

(

((1 - g) dip(r, ©) — gu (i, @)) de dt
¢

(

g - 1) (disz(G), V,U) + curl, H x H) (U — ) dzdt

i

)

g(s(g, ) — s(r, @))@@ + Q(S(g, J) — s(r, @))u - V.0 + % -V.0

(©)curl,(B—H) - curl,H dzdt+ / / ¢((¥)curl,B - curl, H dzdt
o Jo

+/Q <U x (B — H)) -curl,(B —H) dr —1—/9 ((U —u) x (B-— H)) -curlLH dz

[ v v)

4.2 Pressure and entropy

After a simple manipulation, we can rewrite (4.10) in the form

/QE <g,19,u,B )r,@,U,H) (1,) dz

Sk (Sw,vm Vo WYV <<ﬂ>|cur1xBl2) drdt
0 Q

S/o /Q<p(r,@)—p(g,19)>diva dx dt

<T <S(Q, ) — s(r, @))&5@ + r(s(g, ) — s(r, @)>U . Vx@> A
/Q <1 B g) ((%p(r, ©)+ U - Vap(r, @)) dz dt
S

/ (©,V,U) : V,(u—T) dxdt+/ /S(ﬁ,vxu) .V, U dudt
Q 0 Q

_/ /M-vx@ dde/ R
0 JQ v 0

21

/ ((©)curl,(B—-H) - curl,H dzdt+ / / ¢((¥)curl,B - curl,H dzdt
Q o Ja

(4.10)

(4.11)



with a quadratic remainder

Ri = /T /Q(’I“ —0) (s(g, ) — s(r, @))8,5@ dz dt

(r—o) s(g, v) — s(r, @))U - V0 dxdt

= — 1 leIS(@, V.U) + curl,H x H — V,p(r, @)) -(U—u) dedt

],
/ @))( “w)-V,0 drdi
aAC

(U (B — H)) curl,(B — H) dx+/ ((U-wx (B-H)) curl,H dr

Q

+
\\\\\40

/ (u— U)) . V,U dzdt
/ / Q_ 1 (u—"U)-V,p(r,0) dedt. (4.12)

Using the identity
ds(r, @) 1 9p(r,©)
do 290
we compute, exactly as in [4, Section 3.3],
(1-2) @p(r,©) + U V.p(r,0)) + div, U (p(r, ) = (o, )
op(r,© dp(r,©
o0t 9) W09 — ) plo. 1)

90 (r—e0)——5;
—r(r— Q>—83g,g®) (@t@ +U- Vx@> —r(O© — 19)88%:’9@)

—(6 — ¥)div, <w> i <1 _ g) (g(@’ v,U): V,U — Q(Q,ng)) - Vz®> .

=div, U (p(r, ) —

(at@ YU vie)

Consequently, inequality (4.11) can be written as
/E(Q,ﬁ,u,B 0, UH) () do
Q

[ [ (sw,vm Vou - AV Ve +c<ﬁ>|curle|2) derdt
0 Q

’ - (a(6,V.9)
+/0 /Q (1 - @) (S(@,VIU) V.U — al @) + C(@)\CurleF) de dt
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+/ /S(@,VQUU) : Ve(u—1U) dxdt+/ /8(19, V,u):V,U dzdt

0o Ja 0o Jo

—1—/ /((@)curlx(B —H): curlLlH dz dt—l—/ /C(ﬁ)curle-curle dz dt
o Ja 0o Jo

—/ /M-vm@ dxdt+/ R, (4.13)
0 Q 19 0

with a remainder

(r—o) <S(@, ¥) — s(r, @))&@ dz dt

3

I
S
S— T T S—

(r—o) <S(Q> V) — s(r,@))U V.0 dxdt

+
o\:‘

Q(S 0,0) — s(r, @))(U —u)-V,0 dxdt

_l’_
S~

.
0

+

<§ - ) (lezS(@, V.U) + curl,LH x H — V,p(r, @)) (U =) dzdt

<(U —u)x (B— H)> -curLlH dz

+

x (B — H)) -curl,(B — H) dx+/ﬂ

—~
c
—~

o(u—U)® (u— U)) . V,U dudt

+

) (u—U)-V,p(r,0) dadt

8p(r ©) Op(r, ©)
90 —g, r—0 -5

/ /7’ <s r,0) 85((;’ O — o) - %(@—ﬁ) —s(g,ﬁ)) (0,0 + U -V,0) dzdt.
(4.14)

3

oL ~~
RS

|

—_

+

|
NNO\:‘D\‘D\Q

iv U(p(r, 0) - (© — ) — plo, 0)) d dt

4.3 Diffusive terms

First, as ¢, © coincide on 0f2, we can integrate by parts:

[ (© — ¥)div, 4O VO gy — 7 [ (AOVO) (V20 = V) dadt
iy : VA

Putting all diffusive terms on the left—-hand side of the relative energy inequality (4.13), we get

/ / ( S(¥, Veu) : Vou— S0, V,u) : V,U) —S(0,V,U) : V,(u— U)) de di

_ /0 /Q ((5 _ 1) S(9, Vo) : Vou + (S(9, Vow) —§(6,V,U)) : V(u - U)) dz dt.
(4.15)
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Similarly

/ / ( ¥)|curl,B|* — ((6)curl,(B — H) - curl,H — ¢(J)curl,B - curle) dzdt

/ / (<— - 1) v)|curl,BJ® + (C (¥)curl,B — C(@)curle> - curl, (B — H)) dz dt.

(4.16)

Finally,

/ QqQ’V?9 Vo) qedt+ //@ Ddiv, (LOVON) g
o Ja\V C)
//(1—-)( 9v® )dxdt+//MV@dxdt
o Ja
B ﬁVﬁ)V 9\ q(6,V.0) V.0
(e g
+// aW.Vod) _ a©. VO g 6 v.9) dedt (4.17)
o Jo v ©
Thus (4.13) can be rewritten in the final form
/E(g,ﬁ,u,B
Q
T © T ¥
+/ /(——1> S(9, V,u) d:cdt—i—/ /(——1) S(e,V,U) dedt
0
(——1) ¥)|curl,B|? dxdt—i—/ /(——1) O)|curl, H|* dxdt

(1__) a(o, V) - V19+(1__) q(0,V,0) - ve)) et

r, @,U,H) () da

+

+

J e
(SﬁVu @VU)) Vx(u—U> de dt

)
+

+

/
4
/
/ (C Jeurl,B — ((© )Curle> - curl,(B — H) dzdt
(q ¥,V,9) q(6,V,0)
d

o

+

kL
gy

with R given in (4.14).

5 ) (V.0 — V,9) dzdt

=)
2

&

t, (4.18)

2

o
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4.4 Refined estimates

Similarly to [9, Chapter 4, Section 4.2.1], we introduce the “essential” and “residual” component
of a measurable function. We set

1
Oes =< (t,z) € (0, T XQ‘— inf r<opo(t,x) <2 sup r
{() O.1) % 0| 5 it r<olte) <2 s

1
— inf ©<Y(t,z) <2 sup O
2 (0,1)%xQ (0,T)x2

Ores = ((O,T) X Q) \06587
hess = h]lo hres =h— hess = h]lO

ess ) res *

The remaining part of the proof of weak—strong uniqueness principle follows essentially the
arguments of [9, Chapter 4, Section 4], with the necessary modifications to accommodate the
terms containing the magnetic field as well as the complete slip/Dirichlet boundary conditions.
First, we recall the coercivity property of the relative energy:

E(g,ﬁ,u,B

7,0, UH) > (|0 = tless® + [0 = Olel> + |[11 = Uless* + 1B = Hews?).

E (0,9, 0Br,0,UH) > (Lies + [olu)ues + [06(0, D)]ses + [0l3(0, ) res + [BlPhes) ,  (4.19)

where the constant depend on inf r, supr, inf ©, sup ©.

4.4.1 Temperature gradient

The following crucial estimate was proved in [9, Chapter 4, Section 4.2.2] for § = 3. Here, we
extend its validity to general g > 3.

Lemma 4.4. Under the hypotheses of Theorem 4.1, there is a constant ¢ > 0,

19 = ©llfv1.2(0;m9)

. C/Q ((% - 1) ﬂ(19>|19vxz9|2 . (g - 1) m<@)\@vx@l2) da
+L(M@Vﬁ_ﬂ@Wﬂ>«vﬁ_vm)M+§AE@ﬁmB

= . r.0,U, H) de  (4.20)

where £ > 0 depends on ©, inf ©, and |9 1)

Remark 4.5. As we shall see below, the result holds whenever k(9) ~ 1+ 97, 3 > 2.
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Proof. We consider first the essential part. Rewrite

0 k()Y 02 [0 K(O)V.0)7  (K(O)V,0 KW)V,0
(5_1)T+<§_1) o +( E— )-(Vx@—vmﬁ)
> @F"gj) V.0 — V.0 + 2%(@ —9)(V,0 — V,0) - V,0
+ (@ - @) (V9 — V,0) - V,0 + (“5;9) - ”(@@)) (@g ’9) V. 0. (4.21)

Applying Hélder’s inequality we deduce from (4.21)
/ [V — V,Oless|? d
Q

< K% - 1> 11(19)|19Vz19|2 . (g - 1) H(@)|@vx@|2 . <ﬁ(@)®vz@ - m(ﬁzvm) (V.6 Vﬂ?)]

+§/QE(Q,Q9, u,B(r,@,U,H) de, (4.22)

€ss

ess

where ¢ depends on ©. As a matter of fact, the only hypotheses to be imposed on k is that
k(¥) > 0 whenever ¢ > 0.
As for the residual part, we first rewrite

© k(9)|V9)? v k(©)|V,0? k(O)V.0  Kk(I)V,0
(5 1) — 5 T o 1 5 + 5 3 (V.0 — V,0)
_ORW)|VI? | U K(O)V.OF  K(V)VD k(©)V,.0
=3 3 + o) o 3 -V,0 0 V0 (4.23)
Obviously,
19 K,(@)|Vx@|2 <
[6T = /QE (g,ﬁ,u,B r @,U,H)res de.
Consequently, as inf © > 0, it remains to handle a quantity
k(19| V 0|
[% - 0/4;(19)|Vx@|}

where C' is a positive constant depending on ©,inf ©. Note that this step requires 92 ~ K(0).
To proceed we consider ¢ > 0 to be fixed below. We write

£(9) |V, 02 R V0P
[HOIT.0P _ oo + [T cxviel] 1,

res

cﬁ(mm@q

Obviously, there is ¢ = £(0, ©) such that
/Q vaﬂ]reS|2]lz9<5 dz
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res

s/g [M —Cm(ﬁ)m@@

192 ]119<5 dx—i_g/E(Qﬂ??u?B
Q

res

Thus it remains to handle the integral

/Q {W _ cf;w)yvx@ﬂres 1,5 do = /19219 (M _ cn(ﬁ)yvm@) do

V2 V2

As k(9) = (1 4+ 97), our task reduces to
K(9) |V 0] 8
/ - (% — Cm(ﬁ)m@o dz ~ / - <|Vm192 > — 0195|vx@|> dz.
9> 9>

First observe
s -8\’ —8
/ﬁﬁ\vx(ﬂda:g/ (192—192> |Vx@]dx+/ 7|V,0|dz,
9>9 9>0 9>0

/ Eﬁ\vx@mﬂﬂSC/E(g,ﬁ,u,B‘r,@,U,H) da.
9 Q

>0 res

where

Finally, it remains to handle the integral

_8\?
/(|sz9512—0<19‘3—792) |vx@|> dz
9>
s =8 2 s -8 2
= [ (|V.(v5-9%)] —C(v°-9%) V.0 da.
9>

On the one hand, using Sobolev-Poincaré inequality we get

s =8\ |7
/ Vx(192—192) d:r;:/
>0 Q
6 5 B 6 3
dz = / (192—192> de | .
9>

On the other hand, by Holder’s inequality,

s _8 2 s B 4 2
/ (192—192) V.0|dz < / (w—w) dz (
9>0 9>0
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(4.24)

(4.25)



Next, by Jensen’s inequality,

(L0
A

(.0

o

@ v[w
| |
| |
[SljeY [Nlje
| I | \/
+ Iy
N——— o
S =
o N———
&
I I
e\ ’ :
¥ S
P PN
N <
elw @
! |
<=l |
~—— v
ad +
o N———
QH ~
o
S
\_/
[][%)

whence

[Nl)e
N

B 4 B 6 %
—192) d:z:) é(/(ﬁﬁ—w) dx) .
Y2>19

(4.26)

Our final observation is that as ||9||z4(q) is bounded, for any & > 0, there is J(§) such that

/ V.0 dr < 4.
9>9

Combining (4.25), (4.26) we may infer
J Va1

g 9|V
N/Q {MT'_cﬁ(ﬁ)m@@ d:z:+§/QE(Q,19,U,B

r0,U, H) de (4.27)
Putting together (4.22), (4.24), and (4.27) we obtain (4.20).
m
4.4.2 Viscous stress and magnetic diffusion
Exactly as in [9, Chapter 4, Section 4.2.3], we estimate the viscous stress dissipation:
9 2
Hvx(u —U) +V.(u-U) - =div,(u—U)I
3 La(Q;R3%3)
© 0
<c / O 1) sw v+ (2 -1)s@©,v,U) de
q \ U S
+/ (S(ﬁ,vmu) —S(@,va)) :Vx<u—U> dx+/E (g,ﬁ,u,B r,@,U,H) dx) ,
Q Q
(4.28)
where g
= 4.29
9= (4.29)



Next, repeating the same arguments, we get
S} 0
|curl, (B — H)HiQ(Q;RS) <c (/Q (5 — 1) ¢(9)|curl,BJ* + (6 — 1) ¢(O)|curl, H|* dz

+ / (C(ﬁ)curle — C(@)curle) ccurl,(B—H) dz+ [ FE <g, J,u,B
0

r0 U, H) dx) .
(4.30)

Q

Finally, we recall the generalized Korn—Poincaré inequality [8, Chapter 11, Theorem 11.23]:

+/ olv| dzx (4.31)
La(@:R3x3)  JQ

1
1<q<oo,QEO,/de25,/Qde<S,7>1. (4.32)
Q Q

2.
||V||W1,q(Q;RB) < ¢(9,q) <Hva + Viv — gdlvzv]l

whenever

The previous estimates, together with (4.32), allow us to rewrite the inequality (4.18) in the

form
/ FE <Q, %, u, B
Q

’ 2 2 2
[ (1= Ul + 19 = Ol + eurl (B = Bl )

r,@,U,H) (1,) do

g/ Rgdt—l—c/ /E(g,ﬁ,u,B’r,@,U,H) dedt, ¢ = —>— (4.33)
0 o Ja 55—«

where the remainder R, is specified in (4.14).

4.5 Completing the proof of weak—strong uniqueness

The rest of the proof of weak—strong uniqueness consists in absorbing all integrals appearing in
the remainder Ry by the left—hand side of (4.33) and applying Gronwall’s argument. We omit the
details as the whole procedure is described in [9, Chapter 4].

We have proved Theorem 4.1.

Remark 4.6. The Lipschitz regularity of the domain {2 required in Theorem 4.1 may not be
sufficient for the existence of the strong solution to the MHD system.
5 Existence of weak solutions

The proof of existence of weak solutions can be carried out by means of the approximate scheme,
a priori estimates, and compactness arguments specified in Chapter 5 and Chapter 12 of the
monograph [9].
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The magnetic field equations can be incorporated exactly as in [6] without any additional
difficulties. Similarly to [9, Chapter 12], two additional assumptions must be imposed on the

constitutive relations, specifically,
lim S(Z) =0, (5.1)
Z—00
where S is the function defining the entropy s,;. Moreover, we require
B > 6, (5.2)

where [ is the exponent in (2.8). While (5.1) corresponds to the Third Law of Thermodynamics,
hypothesis (5.2) is purely technical to ensure the necessary a priori bounds.

5.1 Approximation scheme

The existence of weak solutions can be shown by solving the following multi-level approximation
scheme. The equation of continuity (1.1) is replaced by its parabolic regqularization:

0o + div,(ou) = Ao in (0,7) x Q, € > 0, (5.3)
supplemented by the Neumann boundary conditions
V.0 -1n|gq =0, (5.4)

and the initial condition
0(0,) = 00, (5.5)

where gp 5 > 0 is a smooth regularization of the initial density g,. Here and hereafter, ¢ and 4 are
small parameters to be sent to zero successively in the limit passage.
The momentum equation (1.2) is replaced by a Galerkin approximation

/ /[Qu-@cﬁ@u@u:Vx<p+pa(@,19)divxso—Ss(ﬂ,qu):Vm] dz dt
0o Jao
—8/ /VIQ-Vmu-ngo dxdt+/ /[curlexB-go—kgg-cp] da dt
0o Ja o Ja

:/qu(ﬂ.).so dg;—/ﬂ(gu)o-(p(o,-) da (5.6)

for any test function ¢ € C*([0,T]; Xy), where Xy is a finite dimensional space spanned by the
eigenvectors of the Lamé operator with the complete slip boundary conditions (1.10). Here,

2
ps(0,9) = p(o,9) +6 (Q2 4 QF) ,Ss = S(¢,u) + 00 (qu +Viu— gdivmu]l> , 0> 0. (5.7)

Similarly, the induction equation is replaced by a Galerkin approximation. We look for solutions
in the form

B=Bj+b,
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where
/ ' / [(BB b)) A — <(BB +b) x u> -curl,p — C(0)curl, (B + b) - curlxcp] do dt
0 Q
:/(BB—i—b)~g0(7',~) dx—/Bo-cp do (5.8)
Q Q

for any ¢ € C'([0,T];Yy). The finite-dimensional space Yy is chosen in accordance with the
boundary conditions. The functions in Yy are smooth, solenoidal,

divyp = 0 in €2,

and @ xn|spg = 0, UysoYy is dense in Hy , in the case of boundary condition (1.12), and ¢-n|gq = 0,
UnsoYn is dense in Hy, in the case of boundary conditions (1.13), (1.14).

Finally, the internal energy balance is regularized, adapted to the viscous approximation of the
equation of continuity, and solved exactly,

di(0es(0,9)) + div,(oes (0, V)u) + div,qs(d, V,9) = Ss(0, V,u) + ¢(9)|curl,B|?
1

— p(o,0)div,u + €o (QF_2 + 2) V.0l + 5192 e0®, (5.9)
with the regularized initial/boundary conditions
(0, ) = Jos, Vog = Up. (5.10)

Here, we have denoted

0,
es = e + 0. (511)

Q6=q—5<19r+1) )

5.2 Existence of weak solutions

The existence of weak solutions to the Navier-Stokes—Fourier system (without magnetic field)
follows by solving the approximate scheme (5.3)—(5.7), (5.9)—(5.11). The proof in the absence of
magnetic field is given with full details in [9, Part II, Chapter 5]. The crucial observation made
in [6] is that the basic energy estimate consists in considering the scalar product of (5.6) with u
and (5.8) with b - a step compatible with the Galerkin approximation; whence the proof can be
reproduced without any essential difficulties in the present setting. We may therefore state the
following result concerning the existence of weak solutions to the compressible MHD system.
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Theorem 5.1. (Existence of weak solution)
Let Q C R3? be a bounded domain of class at least C®. Suppose the data Vg, Bp are twice
continuously differentiable,

inf[O’T]XaﬂﬁB > O, div,Bg =0 in <O,T> x €.

Let the thermodynamic functions p, e, s satisfy the hypotheses (2.1)~(2.6) and the transport
coefficients p, n, K, and ¢ comply with (2.7)~(2.9), where

<a<l, >6, lim §(Z)=0. (5.12)
Z—00
Then for any initial data

0o, 0o > 07 1907190 > 07 Ug, B07 diVmBO - 07

1 1
/ {§Qo|uo|2 + 00e( 00, Vo) + §\Bo|2 dz| < oo,
Q

and any g € L=((0,T) x Q; R3), the compressible MHD system admits a weak solution in
(0,T) x 2 in the sense specified in Definition 2.1.

. J

Remark 5.2. As a matter of fact, positivity of the initial density and temperature is not really
necessary in the weak framework. Expressing the initial data in terms of the initial density g,
the momentum my, the total entropy Sy, and the magnetic field By, we can show global in time
existence under the condition that the initial energy

1 |myg? 1
/ —’ o + 00e(00, S0) + =|Bo|*| dz < oo
al2 oo 2

is finite.

Remark 5.3. The weak solutions resulting from the approximate scheme specified above satisfy
the differential version of the ballistic energy inequality (2.24).

Remark 5.4. The hypothesis limz_,., S(Z) = 0 can be omitted and 5 > 3 allowed as soon as the
boundary temperature g is constant.

6 Concluding remarks

The theory can be extended in a straightforward manner to other types of boundary conditions.
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e The complete slip boundary conditions (1.10) can be replaced by the Dirichlet (no slip)
boundary conditions

11|aQ = up

as long as ug-n = 0. This enables to include problems of Taylor-Coutte type. The extension
to general in/out flow boundary conditions for the velocity would require a more elaborated
treatment in view of the presence of the magnetic field. For the in/out flow boundary
conditions for the Navier—Stokes—Fourier system in the absence of magnetic field see [9].

e The Dirichlet boundary conditions for the temperature can be replaced by a flux type con-
dition on a part of the boundary:

89 = Fl UFQ, ?9’1“1 = 193, Q'II‘FQ = h.

Note that this type of condition is particularly relevant in the modelling of stellar magneto-
convection, see Thompson and Christensen-Dalsgaard [17].

e The induction flux (electric field) can be prescribed in (1.14):

Bxu+ Ccurle] X n|pg = Ep X n.

e Mixed type boundary conditions imposed on different components of 92 can be accommo-
dated without essential difficulties.
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