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Abstract

We study the energy conservation for the weak solutions to the compressible Primitive
Equations (CPE) system with degenerate viscosity. We give sufficient conditions on the
regularity of weak solutions for the energy equality to hold, even for solutions that may
include vacuum. In this paper, we give two theorems, the first one gives regularity in the
classical isotropic Sobolev and Besov spaces. The second one state result in the anisotropic
spaces. We get new regularity results in the second theorem because of the special structure
of CPE system, which are in contrast to compressible Navier-Stokes equations.
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1 Introduction

In this paper, we investigate the relationship between regularity and conservation of energy
for the compressible Primitive Equations (CPE) system in the periodic domain T3. The system
has the following form
Orp + divk(pv) + 0. (pw) = 0,
9(pv) + divk(pv ® v) + 9:(pvw) + Vxp(p) = divk(pVxV) + 9:(p0:v), (1.1)
9:p(p) =0,

where p, u, p represent the density, velocity and pressure, respectively. The velocity can be defined

as u = (v,w), v(t,x,z) € R? and w(t,x,z) € R represent the horizonal velocity and vertical
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velocity respectively and where x € R? denotes the horizontal direction and z denotes the vertical
direction. From (1.1)3, we can assume that the density is independent of z, which means p =
p(t,x). Such assumption can be seen also in [23, 31], where the authors use the change of variables
to derive the density p is independent of z. Moreover we consider pressure as p(p) = p” (v > 1).

Primitive Equations (PE)! system is an important model which is widely used in the geo-
physical research to describe and analyze the phenomena of atmosphere and ocean. It is derived
from the Navier-Stokes or Euler system by asymptotic analysis or numerical approximation. Let
us briefly recall some important results for such a system.

During the last decades, there is a vast body of literature about rigourous mathematical jus-
tification of deriving PE model. More precisely, for incompressible (PE) system, Azérad and
Guillén [2] proved that the incompressible Navier-Stokes equations converge to PE in the sense
of weak solutions. Further, Li and Titi [40] proved convergence of the weak solutions of incom-
pressible Navier-Stokes equations to the strong solutions of PE. Based on [2, 40], Donatelli and
Juhasz [20] give a justification that PE model with the pollution effect is the hydrostatic limit of
the Navier-Stokes equations with an advection-diffusion equation. Grenier [32] used the energy
estimates and Brenier [7] used the relative entropy inequality to prove that the smooth solutions
of incompressible Euler system converge to smooth solutions of inviscid PE. Precisely, Brenier [6]
proved the existence of smooth solutions in two-dimensions under the convex horizontal velocity
assumptions. Later, Masmoudi and Wong [47] extended Brenier’s result, removing the convex
horizontal velocity assumptions.

On the other hand, Ersoy et al. [23] used the asymptotic analysis to deduce the compressible
primitive system (CPE) with degenerate viscosity coefficients. Gao, Necasovd and Tang [30]

deduced the CPE from anisotropic Navier-Stokes equations with constant viscosity coefficient.

One of the typical features of the PE model is that there is no information for the vertical
velocity in the momentum equation and the vertical velocity is determined by the horizontal ve-
locity through the continuity equation that here reduces to incompressible constraint. Therefore,
the mathematical and numerical study of the PE model was unsolved until 1990s when Lions,
Teman and Wang [41, 42] were first to study the PE and received fundamental results in this
field. Then Guillén-Gonzélez, Masmoudi and Rodriguez-Bellido [33] proved the local existence
of strong solutions and uniqueness with some interesting anisotropic estimates. The celebrated
result was made by Cao and Titi [12], where they first proved the global well-posedness of PE in
the three dimensional case. Then, by virtue of semigroup method, Hieber and Kashiwabara [35]

extended this result relaxing the smoothness on the initial data.

Compressible primitive equations system (CPE) was studied recently. Gatapov and
Kazhikhov [31] proved the global existence of weak solutions with the constant viscosity coeffi-

cients in 2D case. Liu and Titi [44, 46] proved the local existence of strong solutions in 3D case

1PE we mean incompressible primitive equations.



and considered the zero Mach number limit of CPE. Regarding with degenerate viscosity case,
Ersoy et al. [23], and Tang and Gao [52] showed the stability of weak solutions. The stability
means that a subsequence of weak solutions will converge to another weak solutions if it satisfies
some uniform bounds. Liu and Titi [45] and Wang et al. [54], independently, used the B-D
entropy to prove the global existence of weak solutions. Readers can refer to Bresch et al. [§],
Cao et al. [13], Li and Titi [40], the book of Temam and Ziane [53] and references therein for

more physical background and other interesting mathematical results.

The existence of weak solutions is a fundamental question in PDE, especially for fluids models.
The case of the incompressible fluids was investigated already in thirties by famous works of Leray
[38]. He proved the global existence of weak solutions to incompressible Navier-Stokes equations.
On the other hand, the proof of existence for the compressible case is going back to nineties
years by Lions [43] and Feireisl [25, 26, 27] which proved the existence of global weak solutions
of compressible isentropic case and later to full system.

Generally, it is not clear known whether weak solutions satisfy the principle of conservation of
energy for both incompressible and compressible fluids. It is a nature question how high regularity

for weak solutions is needed to obtain the energy equality.

Onsager [49] gave a famous conjecture that the three dimensional incompressible Euler equa-
tions conserve energy if the velocity u € L3((0,7); C%*(T?)) with @ > %. The second part of
conjecture said that there exist weak solutions of the Euler equation for a < % which do not
conserve energy.

The second part of Onsager’s conjecture has been underlined by the celebrated work of Scheffer
[50] and Shnirelman [51]. And a series of breakthrough papers were done by De Lellis and
Székelyhidi [17, 18, 19] by virtue of convex integration. Recently, this part is fully solved by Isett
[36], Buckmaster et. al. [11].

The first part of Onsager’s conjecture was expressed as energy conservation, which is a lively
direction of research at the contemporary mathematical society. It was proved by Constantin,
E, Titi et [15] (also by Eyink [24], and the work of Duchon and Robert [22]), stating that if
u belongs to L3([0,T]; B (T*)) N C([0, T); L*(T?)) with « > %, then the energy is conserved.
Cheskidov et al. [14], and Fjordhlom and Wiedemann [29] made the sharpest result in optimal
Besov spaces. Their main idea is using the suitable commutator estimates for incompressible Euler
system. These results were extended to the bounded domain by Bardos, Titi and Wiedemann
[4], Drivas and Nguyen [21]. Later this result was extended to incompressible inhomogeneous
Euler equations by Feireisl et al. [28]. Precisely speaking, the authors in [28] mollified the weak
solutions of the density p and velocity u and stated that if u belongs to By>°([0, T7; xT3),0, ou €
Bqﬁ’oo([(),T]; xT3), p € Lf;c((O,T) x T3) for some 1 < p,q < oo, p* is the conjugate of p, and
0 < a, 8 < 1, then the energy is locally conserved. On the other hand, Leslie and Shvydkoy [39]

extended these results into the inhomogeneous Navier-Stokes case. Moreover, Gwiazda et al. [34]



proved the corresponding result to general system of first order conservation laws.

Concerning compressible Euler system such result goes to Feireisl et al [28]. Inspired by
Constantin et al. [15] work, Feireisl et al. [28] proved the energy conservation for compressible
Euler system with initial data containing vacuum. Yu [55] used the Lions’s commutator estimates
to show energy conservation for compressible Navier-Stokes equations with degenerate viscosity
but without vacuum. Nguyen et al. [48] extended Yu’s result with weaker regularity condition in
bounded domain. Recently, Wiedmann et al. [1] proved the corresponding results for compressible
Euler and Navier-Stokes system by removing the key assumptions that the pressure is a twice

continuously differentiable function. One can refer to [5, 10, 16] for other related works.

Comparing with fruitful results for either incompressible Euler, Navier-Stokes system or com-
pressible case, there is a few results about PE model due to its special structure. There are many
differences at the mathematical structure between Navier-Stokes equations and PE model, due
to the hydrostatic approximation. There is no information for the vertical velocity in the
momentum equation of PE model, so it is very difficult to analyze the PE model. As far as
we know, there is only one result due to Boutros, Markfelder and Titi [9], in which they showed
the energy conservation for the incompressible inviscid PE. They gave three types of weak
solutions, where their vertical velocity is determined by horizontal velocity by virtue of incom-
pressible conditions. One of the sufficient condition for energy conservation is horizonal velocity
v € L*(0,T); B .(T?)) (o > %) and vertical velocity w € L*((0,T); L*(T?)). It is interesting
to find that the index for velocity regularity is different from conventional Onsager’s exponent,
which coincides what stated in [10], ”Several of these exponents were different from %, which is
the Onsager exponent for the Euler equations. This means that the Onsager exponent is not
universal and is plausibly determined by the regularity of the coefficient functions of the nonlin-
earity...” It also shows the PE has different mathematical structure and corresponding different

results compared with Navier-Stokes equations.

There is no result concerning the energy equality for CPE system. The goal of this
work is to investigate the energy equality for CPE system under some regularity conditions.

The paper is organized as follows: In Section 2, we introduce the definition of weak solutions,
give some useful lemmas and state the main theorems. Section 3 is devoted to the proof of the

energy conservation.
2 Definition and Preliminaries

2.1 Definition of weak solution

Definition 2.1. The (p,u) is called a weak solution to CPE system (1.1), if (p,u) satisfies the

following assumptions for any time t € [0,T]



e p and v have the following regularity:

p >0, pe L®0,T; LY(T%) N LY(T?)), Vi/p € L=(0,T; L*(T?)), Vyp? € L2((0,T) x T?),
VPVxv € L*(0,T; L*(T?)), \/pd.v € L*(0,T; L*(T?)), /pd,w € L*(0,T; L*(T?));

e the continuity equation is satisfied in the sense of distributions as follows

[

for all p € C°((0,T) x T3);

e the momentum equation is satisfied as

[ / PV dxdz}
T3

t=1 T
= / / (pOrp + pvVxp + pwd,p) dxdzdt,
t=0 0 T3

t=T1 T
o = / / (pvOrp + pv @ v : Vi + pvwd. ¢ + p(p)divxp) dxdzdt
= o Jrs
— / / (pVxv : Vi + p0,v0,p) dxdzdt = 0,
o Jrs

for all ¢ € C([0,T) x Q);
e the energy inequality

d

1 t=7 T
fad —plv|® + P(p) dxdz‘ —|—/ / (p|va|2 + p|8zv\2) dxdz <0
dt T3 2 t=0 0 T3

p
for a.a T € (0,T), where P(p) = P/ @ds.
1 s

Remark 2.1. By virtue of the B-D entropy, Liu and Titi [45] obtained the extra estimates and
the existence of global weak solutions to CPE with degenerate viscosity. However, it is still an

open problem the existence of weak solutions to CPE with constant viscosity.

2.2 Function spaces

Let Q := (0,7) x T?, and we define the Besov space: BS>°(€) with 1 <p < 00,0 < a < 1,

normed by
[wl[pg=(0) = llwllLr@) + ztelg{lﬂ’all”tv(' + &) — wllren-e)}

is finite. In order to understand the anisotropic structure in CPE, inspired by [9, 33], we introduce

the following anisotropic spaces:

Hw”H;(m)Lg(Tl) = ||[Jw(z, ')||L2(T1)\|H;(T2)

and considering € = (1,&,,,&.),

[l go (0,785 ;88> (12)) =lwllLe@) + 21618{|€|7a||w(' + &) — wllr)n@-e)}



+ gsu%{léhl‘ﬂllw(- +(0,€5,0)) — wllLr(@)n(@—(0.¢,,00) }»
W€

where 0 < a < 3 < 1. The space H}(T?)L?(T") means its horizontal regularity is H' and vertical
regularity is L?. On the other hand, the space By»>(T; Bg’oo(']l‘z)) means that it is Besov regular
in the z— direction with exponent o while Besov regular in the horizontal direction with exponent
.

Let n € C2°(R4*1) (d is the number of the space dimension) be a standard mollification kernel

and set

1
(%) = (g) ywe=n"xw, fH(w) = f(w)*n°

We should notice that w® is well-defined on Q¢ = {x € Q : d(z,9Q) > ¢}. We first recall some

useful lemmas which will be frequently used throughout the paper.

Lemma 2.1. ([28, 16]) For any function u € By»>°(§2), we have

|u(- + &) — ullLran—g)) < |€|a”uHB§'°°(Q)a
[u® = ullpro) < e®llull e (),

IVl Loy < e Hlullgg =),

where V stands for space-time gradient.
Remark 2.2. It is easy to prove the following equality [28]

g7 = (o) =(fF=Hlg"—9)

[ 8 (= x5 €)= f052) ot~ X~ €5~ €)= g(tx.2) dEpdadr
Lemma 2.2. ([3] Besov space embedding) Let s € R, 1 < p,r < oo, then

By = By T s,

It is easy to obtain the following remark

Remark 2.3. H'(T?) < By>(T%) — By™(T%) (a > 1).

The following two lemmas can be proved as [16]

«@,00 m . m . 1 . . ﬂ [e%e)
Lemma 2.3. Let u € By>°(Q,R™). Suppose f : R™ — R is a C" function with 5u; €L
t =1...m. Then

||Vf(u8) HLP(Q) S Cga_l ||u||B;;"°°(Q)7

where V stands for space-time gradient



Lemma 2.4. Let 1 < ¢ < oo and suppose v € L?1((0,T) x T% R¥) and f € C*(RF;RN). If
0 f
8’[1@61)]'

sup || [ < 00,
2,7

then there exists a constant C' > 0 such that

1f (%) = FF@)]|ea < O(ll0° = vllz2a +  sup () —v(- =5, = ¥)l|724)-
(s,y)€suppne

The following lemma, known as Lions’s commutator lemma ([55] Lemma 2.3 and [37] Lemma

3.2) will be very useful for the estimates below

Lemma 2.5. Let O be a partial derivative in space or time. Let f, 0f € LP(RT x Q), g €
LI(RT x Q) with 1 < p,q < o0, and % + % < 1. Then, we have

10(f9)" = 0(fg")lz- < CllOfl| e llgllLe

for some constant C' > 0 independent of , f and g, with % =14

=5 In addition,

l.
q
d(fg)" = 0(fg") =0, inL",

ase — 0, if r < oo.

Remark 2.4. The original version in [55] is |[(O(fg))¢ — O(f¢)|lr < COflrellgllre. Using
Lemma 3.1 in [37], O(fg)¢ = (O(fg))¢, we get the statement of Lemma 2.5 as

10(f9)° — O(fg*) - = 1(O(f9))* — O(fg") L
2.3 Main result
Our main results can be stated as follows:

Theorem 2.1. Let (p,u) be a weak solution of CPE (1.1) with p > 0. Let us assume v €
B5((0,T); By™(T*)), p, pv € BY((0,T); By (T%), and

0<p<p<p, aein(0,T) x Q

for some constants p,p and 0 < o, 8 < 1, a > % and o + 3 > % Moreover, we assume the
additional regularity w € L*(0,T; L?(T?)), v € L?((0,T); H(T?)), pv € L3((0,T); H*(T?)) and

p € Clp,p]. Then the energy is locally conserved i.e.

1 . 1
Oy <2p|v|2 + P(p)) + p|Vxv]? + p|0.v|? + divy [(2/)|v|2 +p(p) + P(p) — pva)v}
. (2.1)
+0. [(2,0V|2 +p(p) + P(p)) w— pd,Vv - v} =0.



Remark 2.5. Our result is still valid for the constant viscosity coefficient whose corresponding

energy is
1 2 2 2 . 1 2 _
O | 5PV + Plp) | + Vxv]™ +10:v]" + divx | | 5oV +p(p) + P(p) = Vxv | v
1
+0. |(GovE +20) + (o) ) w 0w v <o,

Remark 2.6. There are some major differences between our work and Feireisl et

[28], Wiedemann et al. [1], Titi et al.[9]. Theorem 2.1 seems similar and parallel to
the results in [28, 1]. However, in contrast with compressible Euler and Navier-Stokes system,
we have only information on the horizontal velocity in CPE. It means it is a hurdle to control
the estimate of vertical velocity in the isotropic space. In order to overcome this difficulty,
we need the additional assumption pv € L3((0,T); H) in Theorem 2.1. Fortunately, by deep
investigation of the structure of CPE, we find that we can work with the anisotropic space to
solve the corresponding problems. Therefore, we are able to remove this restriction by virtue of
the anisotropic regularity in Theorem 2.2.

Compared with [9], we deal with the compressible situation which completely changes the
behaviour of fluid: Firstly, the only way to obtain the information of vertical velocity is through
continuity equation instead of incompressible constraint. Moreover, the pressure depends on
density and needs to be controlled. Last but not least, we have dissipative term and the viscosity
depends on density, which brings the new commutator estimates. Therefore, the conventional
method used in incompressible PE [9] can not be applied straightforwardly to the CPE model.
Here, we find a new observation and use the Lions’s commutator lemma (Lemma 2.5) to control

the convergence of vertical viscosity commutator which is different to [1].

Inspired by [9, 33], we introduce the horizontal and vertical regularity and obtain the following

theorem:

Theorem 2.2. Let (p,u) be a weak solution of CPE (1.1) with p > 0. Let us assume v €
B5%°((0,T); BS"™(T; By (T?))), p, pv € B3 °((0,T); Bs"*°(T; By*°(T?))), where 0 < v < 8 <

1, a> % and 2« + 3 > 2. Moreover, we assume future
0<p<p<p, aein(0,T) xQ

for some constants p, p. Moreover, we assume w € L*(0,T; L?(T?)) v € L*((0,T); Hx(T?)L%(T"))
and p € C[p,p]. Then the energy is locally conserved i.e.

1 . 1
o <2p|v|2 T P<p>> T Vv + plOv[? + dive [(zmv? T p(p) + Po) pvxv) ]

+0.|(3oIVE +00) + ) ) w = p0ov -] =



Remark 2.7. The corresponding constant viscosity coefficient result is also valid as in Remark
2.5.

Remark 2.8. Notice that our assumption 3 > «, in the definition of the anisotropic Besov
space and Theorem 2.2, satisfies the special structure of CPE, which means that the hori-
zontal regularity is higher than vertical one. Moreover, from the assumptions > « and
2a+ B > 2, we can deduce [ > % It is important to point out that our result could be ex-
tended to different regularity with v and p, such as v € B$**°((0,T); B§**°°(T; BS°°(T2))) and
p € BY>((0,T); B§>>°(T; B§>°°(T?))). But it will produce many complex index relationships.
In order not to bring confuse to readers, we just uniform the regularity and assume they are in

the same regularity space.

Remark 2.9. It should be noticed that vertical regularity of v in the Theorem 2.2 is lower than
in [1], in which they assume v € L?((0,T); H'), by virtue of the anisotropic regularity and the
special structure of CPE.

3 Proof of Theorem 2.1 and Theorem 2.2

3.1 Energy equality

We follow the strategy from [1, 28]. Precisely speaking, we mollify the CPE in both space and
time, then derive the local energy equality for regularized quantities, estimate commutator errors
generated by nonlinear terms and, passing (g,d) — 0 (see below), commutators tend to zero and
the result is obtained in the original quantities.

Firstly, we mollify the momentum equation (1.1), and obtain
9(pv)® + divk(pv @ v)* + 9. (pvw)® + Vxp®(p) = divk(pVxv)® + 0:(p0.v)". (3.1)

Notice that the pressure term in (3.1) does not belong to C2, thus it does not satisfy the conditions
in [28]. Therefore, we need mollify the pressure as the following (based on [1]): Take a sequence

p® € C? [0, p] that converges uniformly to p € C[p, p], that is for each § > 0
I’ = pllL= < 6.
Replacing p° in (3.1), we obtain

€

O (pv)° + divy(pv ® v)° + 8. (pvw)® + Vs (p°(p))
= divy (pVxV)® + 0. (p0.v)® + Vx ((p‘s(p))a - pe(p))-

It is easy to obtain

O (p°v®) + divx((pv)s ® VE) + @((pw)svg) + pr‘s(ps) — divk (p°Vxv®) — 9, (p°0,v°)



=0, (pavf = (pv)®) +divk ((pv)* @ v — (pv ® V)E)
I
— divy (pavxve — (pVxv)®) = 0.(p°0.v° — (Pan)E)

+ Vi (2°(0) = B (0)°) + V(07 ()" — 1 ()

7
=R =) R (32)
i=1
Multiplying with v¢, we get
a €<, €]2 68 ‘V€|2 3 1<, €]2 5 |v6|2 8 €<, €|2 ea |V€|2
IV A p O+ divk (pV) VLT A (pV)T Vi 82 (pw) IV - (pw)0:

+pVE V(PP (%)) + 07|V P + p°[0.vE|? = div(p Vv - vE) = 0. (p 0. v° - v°)
= R°V® (3.3)

where
Vi’ (07) = (0°(p))'Vp® = p°(P* (%)) Ve, = p Vs (P° (7))
Mollifying the continuity equation (1.1); with space and time, we have
Ot + divk(pv)® + 9, (pw)® = 0. (3.4)

It is easy to obtain the following equality

|v
2

5‘2

(0up® + divk(pv)© + 9. (pw)©) 0. (3.5)
We rewrite (3.5) and get
DupF + diva(p°vF) + 0x (pw)° = div(p°v° — (pv)°),
then
0:P° (p°) + divyc(p°v) (P (%)) + 0 (pw)* (P’ (p°))' = divy (pevs - (pV)E) (P°(p%)).  (36)
We define s° = divy(p"vE — (pv)5)(P(p°)Y, and put (3.3)-(3.6) together to obtain
00 (5rIVE + PP ) 47 1Vav P 4 oy
raive ()7 IV + (PP = Tv™ve)
1o, (<pw>6;|v€2 T (pw)* (PP ()’ — prove vf) — RV 5. (37)

Therefore, we just need to prove the limit ¢ — 0 for each fixed § > 0, then consider 4 — 0 in the

following section.

10



3.2 Commutator estimates

Section 3.1 can be seen as the prior estimates of energy equality. We will deduce the local
energy equality for the regularized quantities as follows:

Let p € C2°(Q) be a test function and take e > 0 small enough so that supp(¢) C (e, T—e)xT3.
Multiplying (3.2) with ¢v® and integrating in time and space, we have

/ at(pf?vf) . (pVE dxdzdt + / / diVx((pv)E ® VE) . (pVE + az((pw)f?vf) . (pVE dxdzdt
0 JT3 o JT3
+ / / Vap (0°) - v dxdzdt
0 T3

= / divk (p°Vxv®) - ov® + 0,(p°0.v®)pv® dxdzdt
o Jrs

7 T
R - ov® dxdzdt.
+ZZ:;/O - ;T PV axaz

1
Then, multiplying (3.4) by 3 ©|v|?, multiplying (3.6) by ¢ and combining together, so that

we obtain the form of (3.7) in the distribution sense. By the same taken as [1, 28], we just need

to show that each commutator error term converges to zero as

//Rfcpdxdzdt—)O,/ / sfpdxdzdt — 0.
0o J13 o J13

In the following sections, we will divide into two parts to prove the above convergence. Therefore,

we complete the proof of both theorems.

3.2.1 Proof of Theorem 2.1

The terms RS (i = 1,2) and s° is dealt by the same way as [28]. For readers’ convenience, we

recall the main steps and take R5 as an example to show the proof. Using Remark 2.2, we have

(pv)* @ Ve = (pv @ V)" = ((pv)* — pv) @ (v = V)
_ [ /[3 N (1,€,, &) (pv(t — T, x — &), 2 — &) — pv(t, %, 2))

Q(v(it—T,x—E&,,2—&) —v(t,x,2)) d§,dE.dr.  (3.8)
Therefore, for the first term we split it into two parts according to (3.8),

/T / divk ((pv)® — pv) @ (V& — Vv)) v dxdzdt
o Jrs

<llellerl(ov)® = pvllzs 1ve = vllzsllvilizs + l[elicoll(pv)™ = pvllLs|lve = vilLs|[ Vv Ls

< O (™8 4+ 27 v e VI -

From the assumption in Theorem 2.1 oo 4 5 > %, it is easy to deduce 2« + 3 > 1, so that we can

obtain the term vanishes when € — 0. For another part of R5, we use the Fubini’s theorem and

11



Holder’s inequality, and get

/OT/TSdiV (/:/Tsnf(f,i) (pv(t—T,x—éh,z—ﬁz)—pV(t,X,z))

~<v(t —1,x—§&,,2—§&) —v(t,x, z))déh dg, d’l’) - ovedxdzdt
< € (£ 4+ 22 v oo [V B (39)

Next, we turn to estimate the commutators R§ and RS, the proof is inspired by [1] and we include

the proof here for completeness

/OT /TBVX (pé(PE) - (pé(/?))e)sovadxdzdt

[ 600 = 070 (divey® + Vv s
0
< lelleol? (5°) = 07 (9))° 3 v s + Cliglien 167 (6°) = (2 (0)) 3 1v°
< ()~ Pl g = vl + () B )] 1V
<Olo* o3+ swp o)~ pl- = )IE) " + DY)

Yy Esuppn®
<Ce?Per 4+ 1)HP||QB§Y°°||V||B§“°°’

a,c0
B

where we have used Lemma 2.4 in the second inequality and

/OT / Ve (P’ (p))° — 7 (p)) pvEdxdzdt
/ /11‘3 (p))" pdivevdxdzdt — / /T 3 ()" Vv s

SCIlelcoll( (p) = p(p))" L= [[divxv €||L2+C||30||01||( (o )—p(p))EIILmllvellLs
< C6.

The remaining is to estimate RS and Rt. We give a different proof compared with [1] as the

following:

/ / divk (p°Vxv® — (pVxV)®)pvedxdzdt
o Jrs

f/ / (p°Vxv® — (pvxv)g)vxgovgdxdzdtf/ / (p°Vxv® — (pVxV)?)eVxvedxdzdt.
o Jrs o Jrs

(3.10)
Using Remark 2.2, we split the two terms on the right hand side of (3.10) into four terms:
/ /TS (p°Vxv® — (pVV)*)VxpvTdxdzdt
:/ / " —p)( — VxV)ve - Vypdxdzdt
+ / / plt—m,x—§&,) — p(t7x)> (va( — &2 — &) — Vxv(t, z, z))v6 - Vxpd€,de dr

12



and

I
&
_l’_
S

Observe that Jy and Jy has been written taking into account that p is independent of z.

We just concern on the terms J; and Js, the remaining ones can be estimated similarly by

applying the Fubini’s theorem (see in [1, 28]).

[J1] + | J3]

/ / (p° = p)(Vxv® = VvV Vyp dxdzdt‘ + / / (p° = p)(Vxv® = VxV) : Vyvepdxdzdt
0o J13 0o J13

< llellerllp® = plls V(v = v)llL2[lvillzs + llellcollp™ = pllLs[[Va(vE = v)[[L2[Viv®| Lo

< lellcre?llpll g V(v = )2 lVilz + lelleoe® 732 pll ppoe V(v = V)2 [Vl po-r/20

< llellere®llpll po. IV (v = V)llzz vl + lellcoe™ = 2|pll go.e [ V(v = V)l 12 ][V ] 5=

where we have used Lemma 2.1 and Lemma 2.2 to get

_s _s
Vv [e <e® 2HVHB§‘%"’° < e 2||v|[peee. (3.11)
_1
Because we deduce v € By '™ by virtue of the assumption v € By"™ and the embedding

B> Bg_%’m from Lemma 2.2.
Remark 3.1. In (3.11) we applied Lemma (2.1)3 with w

Vv lzs < vl =
Setting w = a — 1/2 we get (3.11). Since o > 3, it converges to zero.

Recalling v € L?((0,T); H'), we have R — 0 as ¢ — 0. For the term R, it is similar as
R3 — 0, hence we omit the detail.

Finally, we turn to analysis the difficult commutator error R5. As usual, the decomposition

to RS is similar to RS, we divide it into two parts as the following:
(pw)*v® = (pwv)® = ((pw)” = pw)(v" = v)

- / /TB n°(7,€) (pw(t —1,x—&,,2—&) — pw(t,x, z)) (V(t —mx—&,,2—&)—v(tx, z)) dg, d¢.dr.

13



We only focus on the first part only, as the second part produce the same estimates after applying
Fubin’s theorem. It is difficult to estimate this term directly, because we do not have enough
regularity for the regularity of vertical velocity. This is the essential difficulty and distinction

between Navier-Stokes system and CPE system.

Remark 3.2. The following equality plays a key role in the existence of CPE [45], which is also

helpful and important in our analysis,

z 1
(pw) = —/0 divy[p(v(z, 2’ 1) 7/0 v(x,s,t)ds)]dz’.
_ —/Ozdivx([ﬁ)dz’, (3.12)

wherev=v—v =v— fol v(x, s,t)ds. Observe that here it is crucial the fact that p is independent
of the z-variable (see [45]).

Since pv € L3((0,T); H(T?)), which means pw € L3((0,7T); L?(T?)) from (3.12), thus we get

/T/ ((pw)® — pw)(v® — v)(D.v" + 00, v®) dxdzdt
0o J13

< l(pw)* = pllzz v = vilzs (llellor [v¥llzo + lellco 17 l1e)

< Cllowl 2|1Vl 5~ (1Iv]

_3
po-de + T ||v||B:,%,W)

feY 20— 3 2
<C (e e viee,
where we use similar method from (3.11) to get

o < TR v pace. (3.13)

_3
10:v¥l1z0 < =22 v] L,y

6

Recalling the assumption o > %, we could deduce this term converges to zero.

Remark 3.3. We used similar argument as in (3.11). From Lemma 2.1, it is easy to obtain
that ||0,ve|| s < 5“’_1||V|\Bﬁw,x. Then, setting again w = o — 1/2 (since a > 3/4), we can deduce
(3.13).

In order to complete the proof of Theorem 2.1, we need to show the final level of convergence

for §. For each fixed § > 0, we have the in the limit (3.7) ase — 0
1 . 1
o (2p|v|2 n P%)) T Vv 4 pl0v]? + divi (<pv>2|v|2 LGP () + P (o)) — pvxvv)

40, ((po)ghvP + 420 + PP p0iv v )
(3.14)
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where P°(p) = p° /ﬂ @dr.

We will prove (31.14) converges in the sense of distributions on €2 as 6 — 0 to (2.1). This limit
process of ¢ is similar to Wiedemann et al. [1]. We just show the slight difference in contrast to
[1], since our system has different behavior in vertical direction, that is w € L2(0,7T; L?(T?)).

Taking ¢ € C°(Q2), we have

|| [ 7o) = towasdzin| < Cglenllp’ (o) = plo)l oo ol < €6
Recalling the estimates from [1]

/p [P (r) = p(r)|
7.2

1

P11
IPo(0) ~ P(o)] < r <18 = plimp| [ ar] < (4 Pl = plim.
1

we can obtain that
| / | 0:0(P(p) - P(p)yw dxdzdt| < llc (1+ ol ) Ip° = pllzs ol < C6.

3.2.2 Proof for Theorem 2.2

Comparing with the Theorem 2.1, we delicately combine the anisotropic regularity with the
special structure of CPE system, and observe some new results. The process of proving Theorem
2.2 is similar to Theorem 2.1. We just focus on some different estimates for commutators R5 and

R§. First we observe for R

/T . divk ((pv)® — pv) @ (V& — v))ov® dxdzdt
0
< |lellerl(pv)® = pvlal[vE = vLsl[vE [z + [[ellcoll(pv)® = pvilLe[[vE — v][La ][ VxvE]|Ls
< CgQa||pV||B§ft(B§,z(B§,h,))||v||23§)t(B§Z(B§h))
+ O NpVligg, ms (53,0 Vs, 55 82,05" " Vs 85 5,0
<O+ ) levllpg, ms 52,0 IVl (582,

We can use the same the idea on the commutator of horizontal dissipative term Rj. For the
vertical dissipative commutator term R, we utilize the anisotropic regularity to give an different
and interesting proof. Recalling the density is independent of z, we integrate R by parts and

rewrite it as

15



/ / L(p° — p)v ) . (VeazgaJrazvega) dxdzdt.
T3

For the first term, we use Holder’s inequality to obtain

‘/ / 0. (pv)*® ) . <v€8z<p+8zv€<p) dxdzdt‘
T3
< 119:(ov7) = =(pv) o (I N0 10 1o + 10312 o ).
Recalling Lemma 2.5, we have ||0,(pv®) — 0,(pv)?||rs — 0 as € — 0, where we take p = f and
v=g.
Due to the independence of p with respect to z, Besov estimates for p only depends on

variations in the -index, which is the index related to the horizontal components. Based on this

fact, we observe the second term as the following

‘/ /Tg =(p" = p)v ) (Ve z@+8zve<p> dxdzdt‘
/0 /TS o — p)(azv‘f) - (veazw + 8zveap) dxdzdt‘

< Cllo* = pllasl1O-v¥llzs (VLo + 10115 )

B -1 -1
< CNpllgg, s 82, Vlisg, (85 (82,)) (HVIIL3+€°‘ ||V||B§,t<B;z<B§,h>>)

a+B—1 2a+8-2 2
< C(E te )”””Bé%t(B;z(Bs‘?,h))”V”B;AngB?,h))'

Then for Rg, it is similar to obtain

[ Vs = 0P o)) v x|
—| - [ [ 06 - P07 otivev® + Vipw?) axazar
< olleo 16 () — )1, 3 ldivaev?llzs + Cligllor I () — B ()13 I
< O (6°) — (0 () 2= IV g g + NP 0F) = (07 (0D s

< e 2 . N2 (a—l )
<l = ol + s o) = o= )13 ("7 4 1) Wl ooz,

28 1 2
< 0 (e 1)””‘3.& s, Vlsg, s .82,

2f+a—1 23
< O(2* 7 2 ol% e iz, IV g g 2,0

where we use the assumption 2+ 3 —2 > 0 and 8 > « to deduce a4+ 25 — 1 > 0.

Let us stress that for the term R§, we need to apply the important property of (CPE), see Re-
mark 3.2 and the equality (3.12). Due to the assumption pv € B3> ((0,7T); Bs">(T; By > (T?))),
then we can deduce pw € B5"™((0,T); By ™H°(T; BS ~°°(T?)). It means pw has B$TH™ regu-
larity in the z— direction, B? ~Leo regularity in the horizontal directions, and B; ™ regularity in

time. Therefore, we can estimate R5 as follows

/OT /TS (pw)" — pw)(v* = V) (D=0 + 0.v°) dxdzdt
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col=

t
< (] 1owr = pultacmydt) <18 =l (Il lIvelas + lellcoll10:v°]s)

1
t 3
< B—1 3 a 2
< Ce (/O IprIB;f(B?,hl)dt) Vs, s cm2,0)
1
3

t
—1 3 —1
+C€’8 (/0 pwlB;erl(Bgzl)dt> EQHVHB?,t(B;z(th))Ea HVHB?t(B;z(th))

t
= at+p-1 20+6-2 3 5 2
C (5 +e ) (/0 HPwHBQ;rl(Bg;l)dt))d Hv”Bé’,t(Bé",z(Bg,h))

_{atB-1 |, _2a+8-2 2
= (e te Mol sg, a5 sz70) IVIise, (Bs_(52,)

4 Conclusion

Theorem 2.1 can be seen as a kind of generalization of Feireisl et al. [28] and Wiedeman
et al. [1], by different proof of some part of estimates (like R3) together by observation of the
special structure of CPE. But the conventional isotropic spaces in Theorem 2.1 do not reflect the
different regularity in the horizontal and the vertical directions of the velocity field. Since the
regularity of the w follows from the continuity equation under assumptions that the density is
independent on the vertical direction, we need additional regularity condition about pv to control
the convergence of R5. In Theorem 2.2, we show that we can solve the corresponding problem
and remove this additional regularity condition by virtue of anisotropic space. Theorem 2.2 not
only considers the continuity of the pressure but also reflects the anisotropy of the velocity field
in the vertical and horizontal directions of the velocity field, the density and also the momentum.
Moreover, our CPE model also contains dissipation term, vacuum and it is compressible which

means different from the structure of the problem investigated by Titi et al. [9].
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