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Abstract

We consider the compressible Navier—Stokes—Fourier—Poisson system describing the
motion of a viscous heat conducting rotating fluid confined to a straight layer Q. =
w % (0,€), where w is a 2-D domain. The aim of this paper is to show that the weak
solutions in the 3D domain converge to the strong solution of the 2-D Navier—Stokes—
Fourier—Poisson system on w as ¢ — 0 on the time interval, where the strong solution
exists. We consider two different regimes in dependence on the asymptotic behaviour
of the Froude number.
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1 Introduction

Our motivation for this work is a rigorous derivation of the equations describing astrophysical
objects called “accretion disk” which are thin structures observed in various places in the
universe, as e.g. Saturn’s rings, protoplanetary disks, or disks found in close binary stars in
which one star captures matter lost by its companion through a stellar wind [18] [20] [22].
In fact accretion disks are among the most important objects in astronomy as they
accompany the stellar formation and they are the main sites for planetary formation. Namely
physicists realized already in the sixties that in a binary system (composed of two massive



objects) mass transfer from a neutron star to its companion takes the form of an accretion
disk.

In this context, the hydrodynamical disk structure [2], [24] comes from a subtle competi-
tion between rotation, gravitational attraction and viscosity, and self-gravitation seems also
to play an important role in the disk evolution [21].

Even though, strictly speaking, these disks are indeed three-dimensional, their size in
the “third” dimension is usually very small and therefore they are often modelled as two-
dimensional. Our aim is to study mathematically rigorously the limit when the thickness
tends to zero, hence the object is in the limit described as two-dimensional.

We start from the compressible Navier—Stokes—Fourier—Poisson system describing the
motion of a viscous heat conducting rotating fluid confined to a straight layer Q. = wx (0, €),
where w is a 2-D domain.

The motion of the fluid is described by standard fluid mechanics equations giving the
evolution of the mass density o = o(t, z), the velocity field W = W(t, z), and the tempera-
ture ¢ = ¢(t, 2) as functions of the time ¢ and the spatial coordinate z € Q. C R®. We also
assume that the flow is influenced by the gravitational force due to the fluid itself.

More precisely, the system of equations to be studied in (0,7") x Q. reads as follows:

dyo + div,(cW) = 0, (1.1)

O (oW) + div. (oW @ W)+ o(Y X W) + V.p=div.S+ oV, ® + oV, |V x 7?,  (1.2)
O <0’ (;H/f/z —i—e)) + div, (U (;sz + e) W+ pW +q— SW)

= oV, 0 -W 4oV, ¥ x 2> W, (1.3)

where the body forces are represented by the gravitational force oV, ®, and the centrifugal
force oV,|Y x Z]2. We namely suppose that the system is globally rotating at uniform
velocity x around the vertical direction €5 and we denote ¥ = x€3. Therefore (see e.g. [2])
the Coriolis acceleration o} x @ and the centrifugal force term o'V, |Y x 2|2, must be included
into the momentum equation.

The potential ® obeys Poisson’s equation,

—A® =47G(ac + (1 —a)g) in (0,T) x Q., (1.4)

where G is the Newton constant and « is a positive parameter (see below). The first
contribution in the right-hand side corresponds to self-gravitation while in the second one g
is a given function, modelling the external gravitational effect of a central massive object (or,
possibly, also of all other objects which are important to consider) attracting the system.
Physically this may correspond to the gravitational attraction by a black hole (in the classical
limit) or by a central star in the case of circumstellar disks [24].

Here and hereafter, we assume that the function o is extended by zero outside of €)..
Supposing further that g is such that the integral below converges, we have

®(t,z) =G s K(z—y)(ao(t,y) + (1 —a)g(y)) dy,



where K(z) = ﬁ, and the parameter o may take the values 0 or 1: for o« = 1 the self-

gravitation is present and for v = 0 the gravitation only acts as an external field (astro-
physicists often consider self-gravitation of accretion disks as small compared to the external
attraction described by g, see e.g. [22]). We will explain the choice of the gravitational po-
tential later. Since we also work with V,®, we have further to assume that

/RS IVK(z = y)l(ao(t,y) + (1 — a)g(y)]) dy < oo.

We consider the no slip boundary condition holds on the boundary dw x (0,€) (on the
lateral part of the domain)
W|8w><(0,e) =0, (15)

and the slip boundary condition on the other parts of the boundary w x {0, ¢} (the top and
bottom part of the layer)
W . T_i|w><{0’6} =0, [Sﬁ] X ﬁ‘wx{o’g} =0. (1.6)

Note that we have on w x {0, €} 7 = +€3, hence the first condition in (1.6) can be rewritten
as
W5 =0 on w x {0, €} (1.7)

Let us emphasize that we imposed a slip condition on the boundary w x {0, €} in order
to avoid difficulties in passing to the “infinitely thin” disk limit.
We suppose finally that the no heat flux condition holds on 9f2

- log, = 0. (1.8)

Equations are completed with the initial conditions

-,

0(0,2) = Go.c(2), W(0,2) =Woe, <(0,2) =3.(2) forz € Q.. (1.9)

The thermodynamic pressure p and the specific internal energy e are given functions of
the density o and the temperature ¢. They are interrelated through Maxwell’s relation

de(o,s) 1 Ip(a,s)
= — - . 1.1
o) L (v - 2 (110
Furthermore, S is the viscous part of the stress tensor determined by
. . . 2 . .
S=S(,V.W) =pu (VZW + (V. )T — 3divzW> +n div,W I, (1.11)

where the shear viscosity coefficient p = p(s) > 0 and the bulk viscosity coefficient n =
n(s) > 0 are effective functions of the temperature, and the upper index T denotes the
transposed matrix.

Similarly, the heat flux ¢ is given by Fourier’s law

7= q(s,Vs) = —k(s) V., (1.12)



with the heat conductivity coeflicient x(s) > 0.

Using standard tools and methods from the mathematical compressible fluid dynamics
(see [9]) it is possible to establish the existence of a weak solution to our system (1.1-1.12)
under physically reasonable assumptions on the form of the pressure p(c, <) and the functions
1(s), n(s) and k(s). Our aim is to verify that under reasonable assumptions on the data of
the problem, for ¢ — 07, the solution tends to the strong solution of the corresponding two-
dimensional system (presented below). The essential tool in this paper will be the relative
entropy inequality as developed by E. Feireisl, A. Novotny and co-workers in [8], [10] and
[11] (for utilisation of relative entropy inequalities in other contexts we refer to works of C.
Dafermos [3], P. Germain [13], A. Mellet and A. Vasseur [17] and L. Saint-Raymond [23]).

The aim of this paper is to extend recent results of E. Feireisl, A. Novotny and co-workers
(see [1], [15]) to the rotating Navier—Stokes—Fourier system in presence of the gravitational
forces.

The paper is organized as follows. In Section 2, we collect our main assumptions on
the form of the pressure p(o,<), the viscosity coefficients and the heat conductivity and
introduce the concept of weak solution to our original problem. We also introduce the two-
dimensional target system and present the main result of the paper which claims that the
weak solution to the original system converge for € — 07 to the strong solution of the target
system (on the life span of this solution). Section 3 contains the derivation of the relative
entropy inequality and Section 4 the proof of the convergence result.

2 Hypotheses and the target system

2.1 Thermodynamic concept

As mentioned above, we use the temperature and the density as the main thermodynamic
quantities and assume that the thermodynamic potentials are given functions of them. Hy-
potheses imposed on constitutive relations and transport coefficients are motivated by the
general existence theory for the Navier—Stokes—Fourier system developed in [9, Chapter 3].
As we cannot handle the monoatomic gas model when the self-gravitation is included, we
use the generalization of the model as considered e.g. in [19]; see also [14].

We consider the pressure and the internal energy in the form

P(0.5) = pi(o.) + 5o (2.1)

e(o,¢) =e1(o,¢) + a%, (2.2)
where

pi(o;5) = (v — 1)oe(o,5) (2.3)

with v > 1. Note that v = g corresponds exactly to the model of the monoatomic gas,
as considered in [9]. Recalling the Maxwell relation (1.10), it follows under some regularity
assumptions on the functions p; and e; that

pl(g,g)gﬂlp< ’ > (2.4)

G-t



where P : [0,00) — [0,00) is a given function with the following properties:

P e C'([0,00)) N C?%((0,00)), P(0) =0, P'(Z) >0 for all Z >0, (2.5)
_ /
0< 1P(2) ZP (2)2 <c< oo forall Z>0, (2.6)
. P(Z) _
ZlgnOO 77 = P> 0. (2.7)

The component %§4 represents the effect of “equilibrium” radiation pressure (see [5] for
the motivations).
Using the Maxwell relation (1.10), the corresponding non-radiative part of the internal

energy e is
.
1 ¢t o
= P . 2.8
Note also that the Maxwell relation is equivalent with the Gibbs relation
1 1
3 (De(o, )+ p(o, g)D(;)) = Ds(0,5) (2.9)

which defines a new quantity, the specific entropy. Due to the form of the pressure and the
internal energy the specific entropy is given by

da g3
S(Uv§):31(07§)+§;» (2.10)
with
o 1 ~P(Z)-P(2)Z .
=M M(Z)=— 0 1 M(Z) =
st =M (S ) - 5 TPEZTE co i )

(2.11)

Note that it is possible to show that
s1(0,6) < C(1+|Inol) (2.12)

in the set o € (0,00), s € (0,1), and
s1(0,6) < C(1+ |Ino| +Ing) (2.13)

in the set o € (0,00) and ¢ € (1, c0).
The transport coefficients p, 7, and k are continuously differentiable functions of the
absolute temperature such that

0 <eci(l4¢) <pls), p'(s) <ez, 0<m(s) <es(l+5), (2.14)

0<er(1+6%) <r(s) <es(14+¢%) (2.15)

for any ¢ > 0. For the sake of simplicity, we consider the particular case

u(s) = po + s, po, 1 >0, =0, (2.16)



and
#(5) = ko + Kas® 4+ k3>, Ky > 0,i=0,2,3. (2.17)

As a matter of fact, the total energy balance (1.3) is not suitable for the weak formulation
since, at least according to the recent state-of-art, the term SW is not controlled on the
(hypothetical) vacuum zones of vanishing density. Following [9], we replace (1.3) by the
internal energy balance (it is possible at least formally, for smooth solutions, by subtracting
the balance of the kinetic energy, i.e. the momentum equation tested by W)

dy(ce) + div,(ceW) + div,q§ = S(s, V.W) : V.W — pdiv,W. (2.18)

Furthermore, dividing (2.18) by ¢ and using Gibbs’ relation (2.9), we may rewrite (2.18) as
the entropy equation

. 78 1 . - §-V,
0¢(0s) + div,(osW) + div, (q> = f(S(gVZW) VW — @V g). (2.19)
S S S
2.2 Formal scaling analysis
We introduce the change of variables
(2h, 23) € Qe = (xh,23) € Q1 = Q, where xp = (21, 22), 2, = (21, 22). (2.20)

Note that for z € Q, we have x € Oy =: Q0. For z and z interrelated by (2.20) we introduce
new unknowns defined as follows: the density o(¢,x) = o(¢, z), the velocity u(t, z) = W(t, 2)
and the thermodynamic temperature 9(¢,x) = ¢(t, z). Similarly we set ¢(t,x) = ®(t, 2).

In order to identify the appropriate limit regime, we perform a general scaling, denoting
by Lrefslrefs Tref, Urefs Prefs Pref, Href, the reference hydrodynamical quantities (hor-
izontal and vertical lengths, time, velocity, density, pressure, viscosity) and by xres the
reference rotation velocity.

Lyes Ures UrespresL U
We denote by Sr := —==f Ma = —=2r¢f . Re = ZrefPreflves p. . ref
Y TrefUrey’ /PrefPref’ Kref ’ \/GprefLres’
Uye UregprefLre
Ro = I Pe ;= ZrefPreforel - the Strouhal, Mach, Reynolds, Froude, Rossby and
XrefLref ﬁref“ref
Péclet numbers. We set
gref
€= ——.
llref

We also denote

1
Ve=(Vp, gaﬂﬁs)v Vi = (0z,,0x,),
. . 1 . .
div et = divptip + —0Opyug, U = (ur,u2), divpdy = Oy, u1 + Oy, us,
€

_ 92
Ae - 8$1$1 Tr3T3 "

1
2 2
+ 812352 + 6—28
Note also that

(561 — &1, 70 — §2,€(ZB3 - 53))
(lzn — €nl? + €2l — &)%)

Ved(t) = G /Q ao(t,€) de



o

+G/ (1—a)g(y) (1 — y1,T2 — Yo, €73 — y32 dy =: EQE1 +(1— Q)Ez =: E_"7 (2.21)
R (lzn = ynl* + (exs — ys)?)

2

and

VeIt x #2 = (Val¥ x #2,0) = —=2 (a1, 22,0). (2.22)
T + T35

Performing the scaling the continuity equation reads now

Sr Opo + dive(pl) = 0, (2.23)
the momentum equation
St 0u(0it) + dive (0 © @) + ——g Vep(0,9) + ——0(X X il
r oi(ou WeloUu u Ma2 eP\ O, ROQ X u
_ L v S(V.d) + — 0B + — oV x 2 (2.24)
= o WVeS(Ved) + 508 + ooVl ¥ x 2%, :
and the entropy balance
1 7V, Vi
Sr0:(08) + div, (ost) + Be div, (q(’;)) =3, (2.25)
e

with

_ Ma L 1 40, Vv.)- -V
E—ﬁ(ReS(é‘VU) Vi — Pez?)'

We take Fr = ¢ and set all other numbers equal to 1. We consider in fact only two
(the most interesting limit) cases: 8 = = and g =0 1If g = , we take @ = 1, i.e. we
assume only the self-gravitation and neglect the gravity due to the other objects, and if
B =0, we take a = 0, i.e. we neglect the self-gravitation effects of the fluid and consider
only the gravitational force due to the other objects. Indeed, if 3 = 0, we could also include
into the primitive system the self-gravitation of the fluid, however, in the limit ¢ — 0% the
corresponding part of the gravitational potential would disappear. We comment on this case
below Theorem 2.1.

We obtain the new (rescaled) system of equations

o + dive (i) = 0, (2.26)

0y(0t) +dive (0l @ @) + Vep(o, ) +0(¥ x @) = divS(8, Vi) + € >’ 0E + oV [ ¥ x Z[*, (2.27)

79, Ve 1 7(9, V) - Vi
O0(05) + dive(osi) + div, [ LYY f( (9, Veid) : Vit — M), (2.28)
Y ) 9
with initial conditions
0(0,2) = go.e(x), w(0,z) = ., ¥0,2) = Vo(x), TEQ, (2.29)

where ~
00,e(x) = G0,e(2), Uo,e(x) =Wo,e(z), Do) =750,(2),



and where E is given by (2.21).
The rescaled problem (2.26-2.29) is completed with the boundary conditions

Ul pwx (0,1) = 0, (2.30)
u - ﬁ|u}><{0,l} = 0, [S('lg, Véﬁ)ﬁ} X ﬁ‘wx{o,l} =0, (231)

and
Ve - ]y 0,1y = 0. (2.32)

Recall that due to the shape of (2 we have
ug =0onw x {0,1}. (2.33)
2.3 Weak formulation
To present the weak formulation of our problem, we consider the functional space
Wol,’i(Q?RS) ={ue W(QR?); i Twx {013 = 0, Ulawx(0,1) = 0}.

In the weak formulation of the Navier—Stokes—Fourier system the equation of continuity
(2.26) is replaced by its (weak) renormalized version (cf. [4]) represented by the family of
integral identities

T
/0 /Q ((9 + b(g))@tcp + (Q + b(g))ﬁ' Vep + (b(g) — b'(g)g)div5ﬁ¢> dx dt (2.34)

T /Q (00, +b(00,6))(0,-) dz

satisfied for any ¢ € C°([0,T) x Q), and any b € C*°([0,0)), b’ € C=°([0, 00)), where (2.34)
includes as well the initial condition (0, ) = go.
Similarly, the momentum equation (2.27) is replaced by

T
/ / (0 OnZ + (0T ® ) : Ved — 0(% % T) - @ + plo, O)dived) der dt
0 Q

—/ / (S(ﬂ,Veﬁ) V.G — e PoE -G oV T x F|? 45) de dt (2.35)
0 Q

= _/ QO,eaO,e : QB(O» ) dz
Q

for any ¢ € C([0,T) x Q;R®) such that Bli0,7]x0wx (0,1) = 0 and ©3[0,7]xwx{0,1} = 0,
where (2.35) includes the initial condition ¢#(0,-) = 00,cUo,e-

The entropy equation must be replaced by the entropy inequality. Its weak formulation
is the following

T -
9, VU

/ / (98(9,19)0t<p+98(9719)U-V690+Q( . ) -Vap) dw dt (2.36)

0 Q



T r 7(9,V.0) - V.0
§—/g0€s(90€,1905)90(0,-) dx—/ /f S(ﬁ,veﬁ):veﬁ—M o da dt,
Q ' ' 0o Ja? Y

for any ¢ € C°([0,T) x Q), ¢ > 0. Since we replace the entropy equation by the inequality,
the system must be supplemented with the total energy balance

[ (5ot + ete.)) (7. o (2.37)

1 . 4 28 2 - L2
- / (2 |(Q075u075|2 + @0,66(9076,19076)> dx—|—/ / [e WoFE i+ oV |X x &|? - | dz dt.
Q 00,¢ 0o JQ

Finally, the gravitational force is given by (2.21).
Definition 2.1 We say that (o, ,v) is a weak solution of problem (2.26-2.29) if
0>0,9>0 for a.a. (t,z) € (0,T) x Q,
0 € Cucar([0, T} L7(2)), 0l € Cucar(0, T); L7771 (4 R?)),
i € L*(0,T; Wy (% RY),
9 € L0, T; L*(Q)) N L*(0,T; WH2(Q)),

and if o, @, ¥ satisfy the integral identities (2.34), (2.35), (2.36), together with the total
energy balance (2.37), and integral representation of the gravitational force (2.21).

We denote for fixed € > 0 by the lower index e the solution to our problem on £ (i.e.,
after rescaling). Recall that if & = 0, we neglect the self-gravitation.

Proposition 2.1 Suppose the thermodynamic functions p, e, s satisfy hypotheses (2.1-
2.11), the transport coefficients p, A, k comply with (2.16-2.17) and the stress tensor is
given by (1.11). Lety > 3 ifa =0 orvy> 2 ifa = 1. Let g be such that g € LP(R?) for
p=1ify>6 andp:%for%<’y§6.

Suppose the initial data satisfy

/Q (;gswe? + Qee(ge,ﬂe)> (0,-) dz (2.38)

/ ( 1 | i
= 00,eUo,
a\20,. °°

/ 0e5(06,7)(0,-) do = / 00,e5(00,¢,U0,e) dx > Sp.
Q Q

Then problem (2.26-2.29) with boundary conditions (2.30-2.32) admits at least one weak
solution in the sense of Definition 2.1.

2 + QO,se(QO’E,ﬁO’E)> dz < Ejy,

Proof. The existence of weak solutions to the above problem can be deduced from the
works of Feireisl et al. [6], [7],[10] and [12]. In fact, we fix € > 0, construct a weak solution
in Q. and then rescale the solution. Note that due to the form of the total energy inequality
(2.36) we need stronger assumptions on v and ¢ than in [6]. However, this form will be
important in Section 4. Note that in real situations we may assume that g is compactly
supported, which removes the fact that the assumptions on the integrability of g are in a
certain sense more restrictive for large ~. a



2.4 Target system

The aim of our paper is to investigate the limit process ¢ — 0% in the system of equations
(2.26-2.28) under the assumptions that initial data (go.c, @Wo,e, Yo,c)(x) converge in a certain
sense to (ro, Uy, Og)(z), where Uy = (Vy,0) and all quantities are independent of .

We therefore expect that the sequence (g, U, V. )(t, ) of weak solutions to (2.26-2.28)
converge to (r, lj, 0), U= [‘7, 0] has zero third component and all quantities are independent
of 3.

Then the triple (r#(t,zp), V (¢, x), O(t, x1)) solves the 2D compressible heat conducting
rotating fluid in the domain (0,7") x w. However, the target system depends on the gravi-
tational potential, i.e. on the choice of # (and «).

Ayr + divy, (rV) = 0, (2.39)

T&tﬁ—FTV . Vh‘? + Vhp(’l"7 @) + 7’()2 X [j) = dthSh(@, Vh‘?) +rVion —|—th|)2 X f|2, (2.40)
th(@7 th)) _ l (Th(@, Vh@) . VhQ)

r0ys 4+ 1V - Vs + divy, < (Sh(@, Vh‘?) VLV —

© © €]
(2.41)
Above,
t,
on(t,zn) = G / |T(yh) dyn (2.42)
w [Th — yh‘

ifazlandﬁz%and

on(t,zn) = G 9y) dy (2.43)

|z — ynl? + y3

if « =0 (and 8 =0). Moreover, §,(0, V,0) = —k(0)V;0. Further, we have v\an(O’T) =
07 q’h : ﬁ|6w><(0,T) = 07 and

gh(@, Vh‘?) =Uu (V;LV + (Vh‘?)T — divh‘?) + (77 + %)divh‘?]lh, (2.44)

where I, is the unit tensor in R?*2,

Note that since we consider only smooth solutions to (2.39-2.44), the entropy balance is
in fact expressed as equality and it is equivalent with either the internal or the total energy
balance (in the sense of (1.3)).

Our aim now is to prove that solutions of (2.26-2.28) converge in a certain sense to the
unique strong solution of (2.39-2.44) as explained below.

(From classical results of Matsumura and Nishida [16] we know that the target system
admits a unique global strong solution provided the initial data are close to a stationary
solution.

Another possible result is the existence of local in time smooth solution, i.e. a smooth
solution on possibly short time interval (0,7}), see e.g. [25] for such a type of result. More
precisely

10



Proposition 2.2 Let E be a given positive constant. Suppose that the functions p €
C?((0,0)%), p, n, k € C1(0,00) and that

ro € W*%(w),infro > 0, Vo € W32(w; R*) N Wol’Q(w;]RQ), Op € W*2(w),inf O > 0. (2.45)

Assume that the compatibility condition

1 L o= . — I o
- (Vhp(rm ©¢)+7o(X x Vo) —divySp(Oo, Vi Vo) =10 Vidn —10 Vi |(X X $>|2) low =0, (2.46)
holds. Then:

1. (Local solution) There exists a positive constant Ty such that (r, ‘7,9) 18 the unique
classical solution to problem (2.39-2.44) with the boundary conditions

Vl]gw =0, (2.47)
00

-0 2.4
o |6w 0 ( 8)

and the initial conditions (rq, Vg, ©¢) in (0,T) x Q for any T < T, such that

r € C([0, T]; W32 (w)) N CH ([0, T]; W2 (w)), (2.49)
V e ([0, T); W32(w,R?)) n C1([0, T]; W2 (w, R?)), (2.50)
© € C([0,T); W2(w)) N C([0, T); W2 (w)). (2.51)

2. (Global solution) Let 1o, ‘70, Og, x be such that for a sufficiently small € > 0
Iro =7, Vo, 00 — Blls2 + x| < ¢, (2.52)
where (7,0,0) is a stationary solution to (2.39-2.44) with the boundary condition
90,
200, (2.59)

Then for any T. < +oo there exists a global unique strong solution to problem (2.39-
2.44) with the boundary conditions (2.47-2.48) and the initial conditions (ro, Vo, ) in the
class (2.49-2.51).

Proof. It follows from [16, Theorem 1.1] and [25] with slight modifications due to the
rotation and the self-gravitation. Moreover, in the former case, we also use that the potential
part of the external force does not need to be small. O

11



2.5 Main result

We introduce the relative entropy functional
| = r . =
A (Qg,ug,ﬁg\r, U,G)) = / (2 ocli- —U>+ & (Q5,195|7”,@)> (7,-) de, (2.54)
Q

where for B

we define

Our main result reads

Theorem 2.1 Suppose the thermodynamic functions p, e, s satisfy hypotheses (2.1 - 2.11),
the transport coefficients u, A, k comply with (2.16-2.17) and the stress tensor is given by

(1.11).

Suppose that (if a« =0)

/ 9W)ys dy=0 Vzp €w. (2.55)
R® (V(zn — yn)? +43)?

Let 7y, Vb, Og satisfy assumptions of Proposition 2.2 and let T, > 0 be the time interval of
existence of the strong solution to problem (2.39-2.44) corresponding to o, 170, Q¢ determined
in Proposition 2.2. Let either 3 =0, a =0, v > % and g € LP(RS) with p =1 for v > 6
and p = %for’ye (%,6], orﬁzé, a=1andy > 15—2

Let (0c,Ue, V) be a sequence of weak solutions to the 3-D compressible Navier—Stokes—
Fourier(—Poisson) system (2.84-2.87) with (2.21), emanating from the initial data (o,

ﬁ0,€ ’ 190,6) .
Suppose that

Z(00,e: tio,e» Vo.c, |To, Un, ©g) — 0, (2.56)
where Uy = (Vy,0). Then
esssup; (o 1,1 Z(0c: e, V|, 7. U, ©) — 0, (2.57)
i. — U = (V,0) strongly in L*(0,T; W12(Q; R?)), (2.58)
Y — O strongly in L*(0,T; W'2(Q)), (2.59)
log Y. — log© strongly in L*(0,T; WH2(Q)), (2.60)

where the triple (r,V,©) satisfies the 2-D compressible Navier—Stokes—Fourier(—Poisson,)
system (2.39-2.43) with the boundary conditions (2.30) and (2.32) on the time interval
[0,T] for any 0 < T < T.

Remark 2.1 Indeed, we may also include for 8 = 0 in the primitive system the part corre-
sponding to the self-gravitation of the fluid. However, passing with ¢ — 0F, this term tends
to zero, therefore we do not consider it here, as it would lead to an additional restriction for

5.
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Remark 2.2 Condition (2.55) is the necessary condition for the validity of the 2-D system,
as it means that the gravitational force in the xs-direction in w is zero. Indeed, we may
replace this condition by adding another force term to the right-hand side of (2.40) which
would compensate this gravitational force. The proof is the same as in our case.

Remark 2.3 sFrom (2.57) it follows, in addition to Theorem 2.1
0c = 17 i Cyeax([0,T]; L7(R)), 0c — 7 a.a. in (0,T) x Q. (2.61)

Remark 2.4 Let us mention that we assume more stronger assumptions in Theorem 2.1 in
the case a = 1,3 = % than in Proposition 2.1 since we need estimates independent of € see

(4.7).

Corollary 2.1 Suppose that the thermodynamic functions p, e, s satisfy hypotheses (2.1-
2.11), that the transport coefficients p, A, k comply with (2.16-2.17) and the stress tensor
is given by (1.11).

Assume that (0.0, Ue,0,Pe0); 0e,0 > 0, Ve o > 0 satisfy

1
/ 00.c(z) des — ro  weakly in L'(w), (2.62)
0
1 —
/ 00.c(2)iy,c dzs — Vo  weakly in L'(w;R?), (2.63)
0
1
/ Yo.c(z) dvs — ©g  weakly in L' (w), (2.64)
0

where ro, Wy, Og belong to the regularity class (2.45), and

1 .
/ (290,Eu0,€|2 + Q0,66(90,5a§0,6)> dz
Q

1 S
—>/ (2r0|V02+roe(ro,®0)> dzy,. (2.65)

Let (0e,Ue,9¢) be a sequence of weak solutions to the 3-D compressible Navier—Stokes—Fourier
system (2.20-2.29) emanating from the initial data (9o, Uo,e, Vo,e)-
Then (2.57-2.60) hold.

3 Relative entropy inequality

We introduce the relative entropy inequality which is satisfied by any weak solution of the
Navier—Stokes—Fourier—Poisson system. We follow here the ideas from the paper [10].
Let us consider a triple {r, U, ©}, smooth functions such that r and © are bounded below

away from zero in [0, 7] x £, [7’ =0, and Us =
Owx(0,1) wx{0,1}
We call ballistic free energy the thermodynamic potential given by

H;(r,0) = re(r,0) — Irs(r, ©),

13



where (7,0, 5) are sufficiently regular function so that the definition as well as the compu-
tations below are meaningful. We denote (g, U, J.) the weak solution to (2.34-2.37) with
(2.21) for a fixed € > 0. The relative entropy is then defined by

Using as a test function in (2.34) with b = 0 the function ¢ = 3 |U|? and using that U
is sufficiently smooth, we arrive after standard manipulations at

1 - 1 5
/f@wm@JM—/fmﬂmnPw
Q2 Q2

=/ /95 ([j'at(j“r’lja'vgﬁ-ﬁ) dz dt. (3.1)
0 Q

Next, using as test function in (2.35) ¢ = (j, we get similarly as above

—

/qus( Y- U(r, )dxf/go,saoﬁ.U(o,.) dx
Q Q

= / / ocii- - 0,U + (02 @ @) : VU + ploe, 9e) div U — S(9e., Vi) : veﬁ) dx dt
/ / (X X Ue) ~ﬁ—e_25gsﬁ-l}—ggve|%xf|2~[7) dx dt.

(3.2)
Combining (3.1), (3.2) and (2.37), we get

1 ﬁ
/ <2 Qe'ae - []|2 + Qse(Qsa 796)) (7—7 ) dx
Q

1 N -
= [ (5 eeline ~ DO + ancelonc. o) ) d
Q
+/ / (672IBQ€E_‘" ('Je - (7) - Qs(f X ﬁe) : ('JE - (7) + stebz X JE:|2 : (’Js - ﬁ)) dz dit
0 Q
+/ / ((ggaﬁ ¥ 0. - vj) : (U - as) — ploe,9.) divel + S, Vi) : vﬁ) da dt.
0 Q

(3.3)
Using finally as test function in (2.36) ¢ = O, we get

/ Qo, 65(00 a,ﬁo,e)@(O, ) dr — / QeS(Qmﬂe)@(T: ) dz
Q

/ / < (02, Veide) : Vit — ‘J(ﬁe»Vegs)‘Veﬁs> d dt

_/ / (QES(QEa ﬂe)at@ + 965(Q577~96)ﬂ5 : ve@) dz dt
0 Q
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_/ /M-vee dz dt. (3.4)
0 Q 195

(From (3.3) and (3.4) we get

1
/ ( Qa|ua - U| + oee (Qaaﬂe) - Qg@(@g,ﬂd@) (7-7 ) dz

// ( 1957v6ﬁ5):veﬁs—qwe’vﬁf)'vﬁﬂ dz dt

</ (2Q05|u05— U(0,)]* + 00,c(00.c,0,¢) — 00,e5(00,¢,V0,¢)O(0, )) dz

/ / 0:0,U + 0.1 - VU) ( —ﬁe)—p(gg,ﬁg) diij—i—S(Qs,Veﬁ):Veﬁ) dz dt

_/ / (QES(QEa ﬁe)at@ + QES(QEaﬁE)JE V.0 + gi : vs@) dz dt (3'5)
/ / -U) - (X’xﬁa)-(ﬂs—ﬁ)mgvé\fxfﬁ.(a;—zj)) dz dt.

Using as test function in (2.34) with b = 0 the function ¢ = 0,He(r, ©), we get

/QE&H@(T,G)(T,-) dﬂ«“—/ 00,:0rHe(o, (1(0,-),0(0,-)) dz
Q Q

/ / ggat 6 Ho(r, @)) + 0t - Ve (GTH@(n@))) dz dt. (3.6)

Formulas (3.5) and (3.6) yield

/Q (; 0.1t — U] + Ho(o-, 0.) — Hol(r,0) — 0, Ho(r, 0) (0. - r))) (r,-) da

T ; : m'ﬂs
+/ / il (S(ﬂe,vedg) Vi, — qV> de dt
0 Q 196 196

1 . -
< [ 5 nelio. = 000, do
Q

+ /Q (Ho(o.)(00.c,90.2) — Hoo.(r(0,-), 0(0, )
_arHG(O,-)(T(Ov 1), ©(0, '))(90,5 — (0, ))) dz
+/ / ((gaatﬁ + e - veﬁ) : (17 - a‘a) —p(9., 0.) div T + S(¥., V.i.) : vﬁ) de dt
0 Q

J(ﬂ€7 veﬁs)

_/ / (QES(QEaﬁe)ate + QES(Q6719)UE V.0 + J : ve®> dx dt
0 Q €
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/ / (0 Ho(r,©)) + 0.1 - V. (0, Ho(r,©)) ) do dr
[ (eP0E @ 0) = 00 ) (8~ 0) + 0T % 3+ (@~ D)) do
0 Q

+ / / o, (r@TH@(r, 0) — He(r, e)) dz dt. (3.7)
0o Jao
Observing finally that for D = 9, or D = V one has
DO,He(r,0) = —s(r,0)DO — 19,5(r,0)DO + 82 .He (r,0)Dr + 83, He (r, ©) DO,

and using the thermodynamic relations (1.10) (Maxwell’s relation) and (2.9) (Gibbs’ rela-
tion), the following relative entropy inequality holds

/(; Ol — U|2+5(95,7957”,@)> (1) dz (3.8)

/ / ( ﬁe,veﬁe):veag—qs'ﬁm) dz dt
< [ (Goncline = T0. 08 + £ clr(0.9,000,) )
Q
/ /Qa Ue _‘ ﬁ ((7 ) dl‘ dt
+/ /Qs (s(0e,9c) — s(r,©)) (ﬁfﬁs) VO dzx dt
0 Q
+// 0. (0,0 +0-v.0) - (0-a)) dedt
) (e (2 ) (0-i))
—/ / (p(@s,ﬁs) div.0 — S(Y., Vi) : VJ?) da dt
0 Q
7/ / (96 (8(9671‘96) *5(7”7@))815@) dz dt
0 Q
—/ /Qs (s(0e,9¢) — s(r,©))U - V.O dz dt
0 Q
_/ /M.Vegdxdt
0o Jo Ve

+/OT /H ( (1 _ %) Op(r,0) — % @ - Vep(r,@)) de dt
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4  Proof of Theorem 2.1

4.1 Preliminaries

It is easy to verify that
S(0, V.9 : Vo = ( - iv ]2 02 4+ Vs (V)"
,Vet) : Vet = (n(0) = u(9) )dived]” + u(9)([Vet]” + Vv = (Vet) ) (4.1)
for any 7 € WH2(Q;R?). As for any ¥ € W&,’S(Q;RS)

Ve (Veo)! do = / (div.7)? dz,
Q Q

we have for ¢ € W&”Q(Q;Rg)

n

A S(9,V0) : Vet de > C||17H%,V1‘2(Q;R3), (4.2)
/Q %S(ﬂ, V.3) : Vi dv > Ol gpe): (4.3)
provided p fulfills (2.16), n =0, e <1 and ¥ > 0 in (0,7T) x 2. Indeed, easily
/QSh(@, ViV) 1 ViV da > C VI3 gy (4.4)
/Q ésh(@,v;ﬁ) VRV da > O Ve gome) (4.5)

for any V € Wy (w; R?) and © > 0 in (0,7) x w.
Moreover, note that we also have the Poincaré inequality in the form

HV”Lz(w;RQ) < C||Vh‘7||L2(w;R2x2) (4.6)

for any V € Wy (w; R?).

Due to the energy equality (2.37) combined with the entropy inequality (2.36) and Korn’s
inequality in the form (4.3), we have that the sequence (g, @, ¥.) is bounded in the following
spaces

||Qe||L°°(0,T;LW(Q)) + ||\/@776||L°°(0,T;L2(Q;R3)) + ”ﬁHLz(O,T;Wlﬂ(Q;H@)) + HveﬁeHL?(o,T;L?(Q;RB))

(4.7)
el o240 + 1ellzso,rip0)) = €

with the constant C' independent of e. These estimates hold if v > 2 (if & = 1) or under

the assumptions on g from Theorem 2.1 (if v = 0), for any v > 3. Note that the limit on v

comes from the gravitational potential, as

(v)
HVG/Q (v/(xn — WQ i (w3 — y3))?

dy| < Cllellure)

LP(;R3)
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for 1 < p < oo, with C independent of e.

We recall the necessary definitions of essential and residual sets from [9]. We take four
positive numbers 0 < p <9 <00, 0 <@ < 0 < co. The essential and residual subsets of Q
are defined for a.e. t € (0,7") as follows:

Ot = {015 o< 0lt,) <20, L D <0(1,2) S}, O, (1) = NOLL (). (48)

s 5
"2
For any function h defined for a.e. (t,z) €
[h]ess(t, ) = h(t7$)1(');ss(t) (), [hlres(t,z) = h(t,2) 1o 1) (). (4.9)

Now, using [9], we have the following properties of the Helmholtz function

(0,T) x Q, we write

Lemma 4.1 Let o > 0 and J > 0 be two given constants and let Hy(o,9) = oe — Jps.
Let O,ss5(t) be defined as above with g = 0 and 9 = 9. Then there exist positive constants
C; = Cj(p,9) for j =1,...,4 such that

C (Jo— B +19 — TP) < Hs(0,9) — (0 — 0)0, Hy(2, ) — H(3,7)
<Co(lo—of +[0-9P), (4.10)
for all (0,9) € Oess(t),

Hﬁ(ga 19) - (tQ - @)aQHE(Ev 5) - H§(§7 19)

> il {H(6,9) - (6- 000,H5(2.9) - Hy(0,0)} = s, (4.11)
(2,9)€00 s

for all (0,9) € Oyes(t),
Hy(0,9) — (0 — 0)9,Hy(2,9) — Hy(3,9) > Ca(0e(0,9) + ols(0,9)]) , (4.12)
for all (0,9) € Oy.es(t),

Proof. See [9, Lemma 5.1]. O
As a consequence we get, the following lemma

Lemma 4.2 There exists a constant C = C(o,0,9,9) > 0 such that for all ¢ € [0,00),
r € [0/2,20], ¥ € (0,00) and © € [9/2,27)]

& (0,0r,0) (r,-) =

+(0—7)1o,,. + (W0 -0)10,,.).

The lemma yields the lower bound of the relative entropy functional

C(Qa Ea Qa 5) (1(9,,-55 + Q’Ylo + 19410

res res

Z(0c, tie, Ver, U, ©) > (4.13)

Cle2.2.9) [ (edlie = TP + Lyew + [@hren + [oc = 1l + (08 + 0.~ OFF,) i,
Q
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4.2 Estimates of the remainder

We now return back to (3.8), where we assume that (r,U,0), U = (V,0), is such that
(r,V,©) solves the 2-D Navier-Stokes-Fourier-Poisson system (2.39-2.44) in (0,7) X w, see
Proposition 2.2. We further use the following. In order to integrate over {2, we assume
that the functions defined only on w are extended being constant in x3 for 0 < z3 < 1.
Moreover, we write U instead of V in the situations, when we need to use a vector field with
three components. Similarly, we write in such situations S(0, V.U) instead of Sy, (0, V, V).
Recall that these functions are sufficiently regular and fulfill the corresponding boundary
conditions, therefore they can be used as test functions in (2.34-2.36).

We denote o = 1nf(0 T)xQ T, 0 = SUP(o1)xQ T 9 = inf(o1)x0 © and 9 = sup o, T)XQ@
and use these numbers in order to define the essential and residual sets in (4.8). As above,
(0e, Ue, J¢) denotes the solution to the primitive system. We now rearrange the remainder,
i.e. the terms on the right-hand side of (3.8) which are integrated over time and space, as
follows

/ R(00, e, 0oy T, 0) d

//ge i~ ) V.0 (U —a.) de dt
+/O /Qgg (s(00,9.) — 5(r,0)) (0 ~ i) - VO da d
|

+ /Qe(atﬁ+(7~vﬁﬁ)~(ﬁ—ﬁf)dxdt
0 Q

[ [ (o st - str.0)) 00) s
0 Q

/OT/QQa s(0,9c) —5(r,©)) V- V40 da dt
// (1_7)8”7(7“ @>_iue'vep(r 9)) dz dt
/ /QeXXue —uE dxdt—/ /QeV |X><CC|2 (ﬂ—ﬁg)dxdt
_/ /6_2ﬂ965'(ﬁ—ﬁ6)dxdt—/ /m;givﬁﬂe)~ve@dxdt
0 Jo o Jo -

_/OT/Q (p(Qe,ﬁe) divh‘? —S(9,, Vi) : Veﬁ) dz dt =: /OT (;leRj) d+.

(4.14)

Let us now estimate all terms in R(ge, U, U, r, v, 0).
We have

Ry = / oc(ie —U) - V.U - (U — i) do < CD()I(oe, de, Ic|r, U, ©)
Q
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with .
D = [[V4V || p~(arex2) € L'(0,T),

due to the assumption on the smoothness of V. Next

IRy < ‘/Qg (s(0z,0¢) — s(r,0)) (U — @) - VO dzx (4.15)

< 1940l aiee) (26 [ [[s(0-000) = 500, |10 = ] da

+/Q [[o-(s(0:,9.) = 5(r,©))],.,,| 1T ~ .| da].
Lemma 4.2 together with the properties of the entropy (2.12-2.13) yields
[ 102,02) = s(,0)], |10 = @l do < 810 = 2 o) + CO) | (o011 ©)
Q Q

for § > 0, and
[ lectteeve) = 500,00, |10~ ] o

< 5”(7 - ﬁEH%G(Q;R*?) +C)|l [95(3(967195) —s(r, @))]msuie/sm)-

Using again properties of the entropy (2.12-2.13) together with the fact that the mapping
t— [ € (0c,9c|r,©) dz € L>(0,T), we conclude that

ll[o (s(0s,Ve) — s(r, @))]reSHQLG/s(Q) < C’/QE (0c,elr,0) dz.
So finally, we end up with

|R2| < 6||U - /L_L'€||?/V01=2(Q;R3)

+C(6;m,V, @)/ & (0,9:|r,©) da.
Q
Next, using the fact that (r, ‘7, ©) solve the 2-D Navier—Stokes—Fourier—Poisson system,

Ry = / 0:(0,U +U -V,U) - (U — @.) dz = Rs 1 + Rso,
Q

where
Rsy = / %((7 —i.) - (diveS(0, V.U) — Vep(r, ©)) dz,
Q
) ) 3
R372 = / QE(U - ﬁs) : (—(3? X U) + Vebz X f|2 + vh¢h) dz = ZKi'
Q =1
We write

Ry — / % = 1({ — a.) - (diveS(O, V.0) — Vep(r, ©)) dz
Q

20



+ / (T — @) - (div.S(0, V.T) — V.p(r, 0)) da.
Q

We now divide the first term in Rs3; into the integral over the essential and the residual set
and estimate them similarly as Ry. It reads

‘ / @g; "0 - @) - (diveS(, V.T) — Vep(r, ©)) dz‘
Q

< C6;7,V,0)[ [e — 7] oss “%2(52) +4[|U — ﬁEH%Z(Q;R?’)
+C((5, T, Va @) (H [QE]res ||iﬁ/5(Q) + H [1]’)“68 Hiﬁ/s(ﬂ)) + 6||U - aﬁ”i%ﬂ;ﬂ@)'
Integrating by parts in the second integral of R3 1, we have

/ (0 i) - (d1v,5(6. V1) - Vep(r, ©) ) da
Q

— —

_ / (S(0,V.0) : V(T — ii.) — p(r,0) div. (T — i.)) da.
Q
Hence we conclude

Rsy < / (p(r, ) divy(V — @.) — S(0,V.0) : V(U — a’a)) dz + 617 — e |1 2z
Q

+0(5;r,17,@)/ & (02,0:|r,©) daz,
Q

for any § > 0.
The terms K1—K3 will be treated below, in combination with R;—Ry.

R, = _/ 98(5(967?95) - S(’/‘,@))@t@ dz
Q

= _/(Qe - T)(S(Qea'ﬂe) - 8(7“7@))8159 dr — / 7“(8(&7195) — s(r, @))Bt@ dzx.
Q Q

We rewrite the first term as above, using the essential and residual parts, and estimate them

- /Q(,Q8 —7)(s(0s,9:) — s(r,©))0,0 dw

=— / (0= — ) [s(0e, V) — 5(r,©)] 0,0 da — / (0 — 1) [s(0e,e) — s(r,©)] 0,0 dx
Q Q

< C(8;m,V, @)/ & (0:,9¢|r,0) da.
Q

Finally
—/ r(s(gg,ﬂg) —s(r, @))875@ dx
Q
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T /Q r(s(0,92) = 5(r,©) = 9gs(r, ©)(e= = 1) = Dys(r, ) (0 — ©)) 20 dw

_ /Q r(9,5(r, ©)(0e — 1) + Dos(r, ©)(9. — ©))8,0 da.

The first integral in the right-hand side can be estimated in the same way as before, using
the essential and the residual parts, and we end with

Ry < C(85m, ‘7,@)/ & (0c,9:]0,09) dx—/ r(ags(r, 0)(0: — 1) + Oys(r, 6)(1%—@))@@ dz.
Q Q

In the estimate of the next term we use exactly the same procedure as for R4 and end up
with

Rs = —/ 0 (s(02,02) — 5(r,0))V - V,0 dz < C(6; 7, 17,9)/ £ (02,9:|r,0©) dz
Q Q

_/ r(8,5(r, ©) (0 — 1) + Dys(r, ©)(9. — ©))V -V, du.
Q
Furthermore

Rg = /Q ( (1 - &> Op(r,©) — % e - Vep(r, @)) dz

r

- /Q ( (1 - Q?) (atp(“ 0)+ V- Vhp(n@)) dz + /Qp(r, 0)div.d. dx

-|—/Q((1—%> Vep(r,©) - (@ — U) dz,

and using the same argument as used for Ry, we get

/g((l N %) Vep(r,0) - (i — [7) dz

< C(8;7,V,0) (5”& — |2 ume) + /

& (02,92, ©) dx)
Q

for any § > 0. Hence we end with

Re < /Q ((1 - 97) (atp(r,@) +V- vhp(r,e)) dz + /Q p(r, ©)div.d. dz

+5||U’fﬁ5||‘2/vl,2(g;R3) + C(0;r, ‘7,@)/ & (0c,9:|r,0) dux.
Q

We can rewrite R; and K; as follows (note that (¥ x (U — @) - (U — @.) = 0)

—

R7+K1:/ge(>‘(><(7)-((7—17€) dx—/ge(x'xlj)-(U—ﬁe) dz =0,
Q Q

Similarly, we have



Next we consider the gravitational potential. The case o = 0 (i.e. only the gravitational
effect of other objects than the fluid itself is taken into account) is relatively easy. Recall
that we assume

/ 9(y)ys 0
R (v/]zh — ynl? +y3)?

Therefore we have to show that

Jim [ 0@ =) ([ o (4.16)
{ (Th —yn,—ys) (xh — Yn, €x3 — Y3) } dy) do — 0.
VIzn =yl +93)°  (V]an —ynl? + (exs —y3)?)3

First of all, due to the estimates presented above, it is not difficult to see that (note that to
get estimates independent of € of the integral over R? is easy) it is enough to verify

. _ (Th — Yn, —y3) (Th — Yn, €x3 — Y3)
. () 2 233 2 2\3
=0T JR? (Vlen —ynl* +y3) (V]zn — ynl? + (exs — y3)?)

for all zj, € w, x5 € (0,1) and § € C2(R?). As

}dyz@

lim ( (Th —Yn—ys3) (Th — yn, €x3 — Y3) ) -G
—0 N (V]an —ynlP +93)° (VIen — ynl? + (exs —y3)?)°

for a.a. (zp,23) € Q, (yn,y3) € R?, and

’ (xh — Yn, €xs — y3) ‘ < 1
(V]zn = ynl®> + (exs — y3)?)* ! = lwn — yal? + (exs — y3)?

the Lebesgue dominated convergence theorem yields the required identity (4.16).
The case of the self-gravitation (o = 1) is more complex. Here, we have to show that

R e R = ALt
Q o (Vlen = ynl? + (23 — y3)2) w 12 =yl

| € Lio(R?) Veeo,1],

< 810 — il pogrms) + C(8: 7, V. ©) / E(0,0|r, ©) da + H.,
Q

where H, = o(e) as € — 0T. The derivative of the integral over w with respect to z3 is
indeed zero. First of all, for v > 1—52, as in (4.7), using the decomposition to the essential
and the residual set and proceeding as in the estimates of the remainder above, we can show

that it is enough to verify that
- t - 2(x3 — t
lim [ r0- {/ r(t yn)(@n —yn, € (2 — ys)) dy—i—Ve/ Tt yn) dyy| de =0,
e=0% Jo o (V]zn — ynl? + (x5 — y3)?)? w [T = ynl

Again, it is not difficult to verify that (e.g. using the change of the variables to integrate
over ) it is enough to show

t’ - ) - t, -
fim {/ § yh)(mhz yh;(IS ygz) dy+v5/7r( bn) dy| = 0.
«=0F Lo (\/|33h —ynl? + €2(z3 —y3)?)? w |Th = ynl
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First, note that
t h r t7 h)\Th — Yn
v. / Y :_V.p./ (t, yn)( Y ) dyy.
Ixh—yhl w lon =yl

where v.p. denotes the integral in the principal value sense. Therefore, we have to verify
that
er(t,yn)(z3 — y3)

lim dy =0, (4.18)
=0+ Ja (\/]on — ynl? + €2 (x5 — y3)?)?
and
. er(t, Tp — r(t, Tn —
hrn+ ( y;)( hg Yn) = dy:v.p./ —( Yn)(@n 3yh) dyp,- (4.19)
—0t Jo (v/]zn — yn|? + (x5 — y3)?) w T —unl

Let us fix 29 € w, A > 0, sufficiently small, and denote Ba(z¢) = {x € w; |z — 20| < A} and
Ca(zo) ={zx € Qs |zn —xo] < A,0 < zg < 1}.

We first consider (4.18). Let us fix 6 > 0. Using the change of variables (from © back to
Q) it is not difficult to see that there exists A > 0 such that for any 0 <e <1,0< 23 <1
we have

er(t,yn) (3 — y3)

‘ /CA 930) \/|:E0 - yh|2 + 62(x3 - y3)2)3

and for this A > 0 there exists ¢y > 0 such that for any 0 < € < ¢

dy‘<5

‘/ er(t, yn) (s — y3)
N\Cawo) (V]To — ynl? + (x5 — y3)?)3

dy‘ <.

Whence (4.18).
In order to prove (4.19), we proceed similarly. Since Ifhh:yy:P is a singular integral kernel
in the sense of the Calderén—Zygmund theory, as above, for a fixed zg € w, 0 < z3 < 1 and

6 > 0 that there there exists A > 0 such that

‘/ 7(t, yn) (o — yn)
Catwo) (V]To — ynl? + € (3 — y3)?)?

dy’ < 0,

and

7(t, yn)(Th — yn
Ba (20) h— Yn

For this A > 0, using that
1 1
(V1zo — ynl? + €(x3 —y3)?)® |0 — ynl?

—0 ase—0T
for any y, € w, 0 < z3,ys < 1, except g = yp, we see that for above given A > 0, there

exists €9 > 0 such that for any 0 < e < ¢q

er(t, yn)(@n — Yn) r(t,yn) (@n — yn)
= = 53 dy — v.p. 3
NCa(zo) (\/|17h, —ynl? + €(z3 — y3)?) w\Ba(zo) |zh — Ynl

dyn| < 6.
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Whence (4.19).
Therefore we proved that

K+ Ro S5||l7—ﬁe|\Le(Q;Ra)+C(5;T,\7,@)/5(96,196|r,@)dx+H6,
Q

where H, = o(¢) as e — 0.
Plugging all the previous estimates into (3.8) we get

1 o
[ (5 e~ 0P + € (0r0.0) ) (1)
Q

+/ / (5 S(W., Veids) : Veiie — S(0,V.0) : (Veide — V.U — S(W., Veii.) - vj) da dt
0 Q

/ / q(We, Ve 19 Vo 0 q(ﬁE,Vsﬁs)-Vsﬁs) do dt

A 0.

S/QQ (QOE‘UOE_ ( )|2+5(008>7905|7"( ) @(07))> dz + H.

T N . N 1 . N
[ [0V =l + €60, 7.0) [ (5 el OF + & (0e,0.1r.©) ) da] at

+/7/ (p(r, 0) _p(gaﬁg))divhv dz dt
/ / 1 - = 8tp(r ©)+V - Vip(r, @)) dz dt

- /OT /Q r(9u5(r,©) (0. = 1) + 0ys(r, ©) (9. — ©)) (9O + V - V,0) dx dt,

where H, is as above. We denote

A= / (r,0) — p(oz, 92)) div, V dx+/ (177) (Oup(r,©) + V - Vyup(r, ©)) dz

Q

- /Q r(0,5(r.0) (0: — 1) + 0ys(r. ©)(9: — ©)) (910 + V- V,0) da
= / (p(r, 0) — p(gg,ﬂg))divhv dxr + / r (0 —19.)dys(r,©) (8,5@ +V- VhG) dx
Q Q

—/ (r — gg)agp(r7 @)divhv dz,
Q

where we used the Gibbs (2.9) and Maxwell (1.10) relations and the continuity equation
(2.39). The second term in the right-hand side rewrites as follows

/ (O —9.) dys(r,0)(9,0 + V. V,0) dz
Q
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= / (0 —V.) (0ys(r,0) + V- Vas(r, 9)) dz — / (0 — 9.)dgp(r, ©)div,V dz
Q Q
(0,V1,0)-V,0 . ((n(©,V450)
h@ h )—dlvh(ih @h )} dz

) o
:/ CREAIECICR AR A
0 6

- / (© — 9.)dyp(r, ©)div,V dz,
Q

where we used the same identities as above, together with the entropy balance (2.41). Hence

A= /Q (p(Q, 0) — p(0s,9:) + Opp(r,0) (0= — 1) + Dyp(r, ©) (Ve — @))dith’ dz

CAYIEE vz®> ~ divh(w)} dz.

1 = oo G
+/Q(®—195) [6(Sh(@,th).th— . =

Observing that

A (p(rv 9) - p(gsv /'-96) + 5910(7”’ @)(QS - T) + agp(r, @)(195 — @))leh‘? dz

sCHdithHLw(m/S(QE,ﬁE\r, 0) dr,
Q

we see that (3.8) reduces finally to
Lo =0
3 0e|te = U|* 4+ & (0,9, ©) | (7,-) dz
Q

T @ . . N
+/ / (Fg(ﬁg, Ved.) : Veii. — S(0,V.0) : (Vi — V.U) — S(W., Veid.) : VEU) dz dt
0 Q £

T N 19(-; . .
+/ / © Sh(@,th) VRV de dt
0o Ja ©

T Hﬁu 6195 * Ve ﬁ'ﬂsa 5195 ) 5195
+//(q< Vil): VO O e Vede) Ve g, g
0 Q 196

Ve e

i _ th(@, vh@) : vh@ (j(@, ve®) i ve(ﬁs — @)
o[ [o-ninsgme mon ).,
1

< [ 5 (e0clin = TO.9F + € (o0 90, r(0.),6(0,))) do + E,
Q

+/O (310 — e s sy + Ol V,@)/Qaga,ﬂam@) de] ar. (4.20)

In order to finish the proof, it remains to study carefully the terms in the left-hand side.
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4.3 Dissipative terms

We will consider more carefully only the terms with the stress tensor, referring to [10] for
more details, especially in the case of the terms with the heat flux. In the spirit of [10],
using the special structure of the stress tensor (see (2.16)), we can write

S(We, Veiie) = S°(V.ie) + S' (9., Vi), (4.21)
where )
SY(Veile) = po (vea'e + (Veiie)" — gdiveﬁe 11) ,
1 — — - \T 2 . —
S*(Je, Vetie) = p19 (VguE + (V)" — gleeUe ]I) )
Then

(@) . - .
19—81(195, Vi.): V. —SYO0,VU) : (V. — V.U) - S*(9.,Veide) : VU

+(%S,ﬁ(@,v,ﬁ) : v,ﬁ)

SY(W., Vi) SYO,V.0) . -
— @( PR )  (Veile — V.O)
S'(W.,V.i.) SY®e,v.U -

+(@—q95)( ( 19 ) _ S = )>:VEU.

In the first term we use the Korn inequality and we split the second term to the essential
and the residual parts. As above, we get bounds

’/Q(@ - 195)(81(1935“%) - Sl(@’@vﬁ)) V.U dx‘

< 8l — T ynnrms, + C0) /Q € (02,0217, ©) da.

The part of the stress tensor containing SY can be rewritten in the following way. First,
for 0 < © < 9,

ﬁgSO(VeﬁE) . Vi —SU(VO) : (Veite — VU) —S*(Veis) : V.U
¥, — O - .
5 SUVLV) : YV, V
O o = 0 7 = 7 1 L o 7 = 7
> ﬂ—(S (Vetie) —S°(VU)) : V(i —U) + @(ﬂ— — 6)8 (VU) : V(. = U)
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As 19L < %, the last two terms can be, after integrating over €2, estimated by

Sl = Ul gz + C10) [ Elecdelr©)

Next, for 0 < ¥, < ©,

ﬁggo(vgm) Vil —SUVO) : (Veii. — VU) = SU(Veiie) : VU

9. — © , -
+TSO(WV) VLV
0 -9

—

C(S°(Vede) : Ve — S)(ViV) : Vi V).

> (SO(VeGe) - SO(VJj)) : V(e — [j) + [5)

As V. i, — SO(VJL’S) : Vi, is convex, we have

0 -9,
)

After integration over 2, this term can be controlled on the right-hand side by

(SU(V.i,) : Vi, —SH(ViV) : Vi V) > %s‘)(veﬁ) . V(i —U).

Sl = Ol sy +C0) [ Eloetilr.©) da

Therefore, summing up,
1 - T =
/ (2 oc|ti. —U|>+ & (98,195|r,@)> (1,-) do + kl/ / ’Veﬂ's - VEU|2 dz dt
Q o Jo

+/ / Q(ﬂeave'&s) ) vs@ _ 199 Q(ﬁaveZE) : vTﬂs) de dt

/ / © 9, 6; vh@) Vi qh(G,VE@)éVe(ﬁa —@)) da dt

§/92(905|U05_ ( )|2—|—5(Q05,1905|r( )@(0’))) da

+/0 [5||rj' — |31 2y + C (05, V,@)/

& (02, 9:r, ©) dx} dt. (4.22)
Q

For the terms connected with the heat conductivity, we proceed exactly as in [10]. We
arrive at the following inequality

1 . T .
[ (5 edie =P + £ @rdr©)) ) ot by [ [ (90— 9.0 do
Q 0 Q

Jrkz/ /|V5195*V€@‘2 dx dt+k3/ /|Velog195—velog@|2 dzx dt
0 Jo 0 Jo

1 R .
= / (5 (90,5|u0’5 - U(07 )|2 +& (90757 190,5‘7”((); ')7 6(0’ ))) dz + He
Q
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+ky /T/ (% Qg‘ﬁs — [7‘2 + & (06, 9c|ry @)) dx dt, (4.23)
o Ja

where the positive constants k; depend on (r, ‘7, 0) through the norms involved in Theorem
2.1, and H. — 0 as ¢ — 0T. This inequality, after application of the Gronwall lemma,
finishes the proof of Theorem 2.1.
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