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A TROPICAL ATMOSPHERE MODEL WITH MOISTURE:
GLOBAL WELL-POSEDNESS AND RELAXATION LIMIT

JINKAI LI AND EDRISS S. TITI

ABSTRACT. In this paper, we consider a nonlinear interaction system between the
barotropic mode and the first baroclinic mode of the tropical atmosphere with
moisture; that was derived in [Frierson, D. M. W.; Majda, A. J.; Pauluis, O. M.:
Dynamics of precipitation fronts in the tropical atmosphere: a novel relaxation limit,
Commum. Math. Sci., 2 (2004), 591-626.] We establish the global existence and
uniqueness of strong solutions to this system, with initial data in H!, for each fixed
convective adjustment relaxation time parameter € > 0. Moreover, if the initial data
enjoy slightly more regularity than H'!, then the unique strong solution depends
continuously on the initial data. Furthermore, by establishing several appropriate
e-independent estimates, we prove that the system converges to a limiting system,
as the relaxation time parameter € tends to zero, with convergence rate of the
order O(y/€). Moreover, the limiting system has a unique global strong solution,
for any initial data in H', and such unique strong solution depends continuously
on the initial data if the the initial data posses slightly more regularity than H'.
Notably, this solves the VISCOUS VERSION of an open problem proposed in the
above mentioned paper of Frierson, Majda and Pauluis.

1. INTRODUCTION

1.1. The primitive equations for planetary atmospheric dynamics. In the
context of large-scale atmosphere, the ratio of the vertical scale to the horizontal
scale is very small, which, by scale analysis, see, e.g., [38,42], leads to the hydrostatic
approximation in the vertical momentum equation. This small aspect ratio limit can
be rigorously justified, see [1,29]. Taking into account the Boussinesq approximation
and the hydrostatic approximation to the Navier-Stokes equations, one obtains the
primitive equations, which model the large-scale atmospheric dynamics.
The primitive equations read (see, e.g., [17, 27, 33, 138, 142, 43, 45])
OV + (V-Vp)V+Wo,V—uAV +V,d =0,
0.0 = 22
z 00 Y
00+ V-V,0 +Wo.0 + 0 = S,
V- V+0o,W =0,

(1.1)
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where the unknowns V = (V;,V5)T, W, ® and © are the horizontal velocity field,
vertical velocity, pressure and potential temperature, respectively, while the positive
constant p is the viscosity coefficient. The total potential temperature is given by

(__‘)totaul(x7 Y, Z,t) — (90 + H_(Z) -+ @(xa Y, Z,t);

where 6, is a positive reference constant temperature and 8 defines the vertical profile
background stratification, satisfying N? = (g/6y)0.0 > 0, where N is the Brunt-
Viisild buoyancy frequency. Here we use V), = (0,,0,) to denote the horizontal
gradient and V*+ = (=15, 17)7T.

During the last two decades, a lot of efforts have been done on the mathematical
studies of the primitive equations. Up to now, it has been known that the primitive
equations, with full viscosity and full diffusivity, have global weak solutions (but the
uniqueness is still unclear), see [30-32], and have a unique global strong solution,
see |11, 22, 24, 125], and also see [3, 16, 12, 28] for some recent developments towards
the direction of partial dissipation cases. Moreover, the recent works [7-9] show that
the horizontal viscosity turns out to be more crucial than the vertical one for the
global well-posedness, because the results there show that the vertical viscosity is not
required for the global well-posedness of strong solutions to the primitive equations.
Notably, the invicid primitive equations may develop finite time singularities, see
[4, 44]. Combining the results of |#H9] and those of [4, 44], one can conclude that
the horizontal viscosity is necessary for the global well-posedness of the primitive
equations, and if ignoring the temperature effect, the horizontal viscosity is also
sufficient for the global well-posedness.

1.2. The barotropic and the first baroclinic modes interaction system. In
the tropics, the wind in the lower troposphere is of equal magnitude but with opposite
sign to that in the upper troposphere, in other words, the primary effect is captured
in the first baroclinic mode. However, for the study of the tropical-extratropical
interactions, where the transport of momentum between the barotropic and baroclinic
modes plays an important role, it is necessary to retain both the barotropic and
baroclinic modes of the velocity.

Consider the primitive equations (ILI)) in the layer R? x (0, H), for a positive
constant H. Since we consider the tropical atmosphere and take into consideration
the tropical-extratropical interactions, we can impose an ansatz of the form

(g) (z,y,2,1t) = (z) (z,y,1) + (;1) (z,y,t)V2cos(rz/H)
h (g) (2,y,2,1) = @) (z,y,)V2sin(rz/H),

which carry the barotropic and first baroclinic modes of the unknowns.
By performing the Galerkin projection of the primitive equations in the vertical
direction onto the barotropic mode and the first baroclinic mode, one derives the
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following dimensionless interaction, between the barotropic mode and the first baro-
clinic mode, system for the tropical atmosphere (see [33] and also |15, 19, 135, 41] for
the details):

ou+ (u-Viu—Au+Vp+V-(v®v) =0,

V-u=0,

v+ (u-V)v—Av+ (v-V)u= Vb,

O +u-VO—V - -v=._5,

where u = (uq,us) is the barotropic velocity, and v = (v, v2), p and 6, respectively,
are the first baroclinic modes of the velocity, pressure and the temperature. The
system is now defined on R?, and the operators V and A are therefore those for the
variables x and y.

(1.2)

1.3. The moisture equation. An important ingredient of the tropical atmospheric
circulation is the water vapour. Water vapour is the most abundant greenhouse gas
in the atmosphere, and it is responsible for amplifying the long-term warming or
cooling cycles. Therefore, one should also consider the coupling with an equation
modeling moisture in the atmosphere.
Following [15], we couple system ([L.2)) with the following large-scale moisture equa-
tion
Oq+u-Vg+QV-v=—P, (1.3)

where () is the prescribed gross moisture stratification. The precipitation rate P is
parameterized, according to [15, 120, 137, 41], as

1 )
P= g(q—a9—q)+, (1.4)

where ft = max{f,0} denotes the positive part of f, ¢ is a convective adjustment
time scale parameter, and o and ¢ are constants, with ¢ > 0.

In order to close system (L2))—(L3)), one still needs to parameterize the source term
Sp in the temperature equation. Generally, the temperature source Sy combines three
kinds of effects: the radiative cooling, the sensible heat flux and the precipitation P.
For simplicity, and as in [15, 36], we only consider in this paper the precipitation
source term, i.e., we set

Sp =P,

with P given by (4.
As in |15, 136], by introducing the equivalent temperature 7, and the equivalent
moisture ¢, as

Te:q+97 Qe:q_a‘g_éa
system (L2)—(L3) can be rewritten as
Ou+ (u-Viu—Au+Vp+V-(v®@v) =0, (1.5)
V-u=0,
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1
v+ (u-Vv—Av+ (v-V)u= H—av(Te — qe), (1.7)
T, +u-VT,—(1-Q)V-v =0, (1.8)
- 1
Oge +u- Vg +(Q+a)V-v=— _Ig—aq:, (1.9)

in R? x (0,00), where the constants a and @ are required to satisfy (see [15])
0<@Q<1, a+Q>0. (1.10)

1.4. Main results. We will work in the framework of strong solutions, which are
defined below.

Definition 1.1. Given a positive time T and the initial data (uo,vo, Teo,Geo). A
function (u,v,T,,q.) is called a strong solution to system (L3)-(1.9), on R* x (0,T),
with initial data (ug, vo, T, ¢eo), if it enjoys the following regularities

(u,v) € C([0, T]; HY(RY)) N L*(0, T; H*(R?)),

(&gu, 8{0, 8,5Te, &gqe) S L2(0, T, L2(R2)),

(T¢, ) € C([0, T]; L2(R?)) N L>(0, T HY(R?)),

and satisfies equations (1L.3)—(1.9), a.e. on R? x (0,T), and has the initial value
(u,v, Te, Ge)|t=0 = (uo, vo, T0, qe,o)-

Definition 1.2. A function (u,v, T, q.) is called a global strong solution to system

(I3)-(13), if it is a strong solution to system (I1.3)-(1.3), on R? x (0,T), for any

positive time T .

Throughout this paper, for positive integer k and positive ¢ € [1, o], we use L9(R?)
and W*4(RR?) to denote the standard Lebesgue and Sobolev spaces, respectively, and
when ¢ = 2, we use H*(R?), instead of W*2(IR?). For simplicity, we usually use || f||,
to denote the || f||Lo(r2)-

The first main result of this paper is on the global existence, uniqueness and well-
posedness of strong solutions to the Cauchy problem of system (L.3])—(T.9):

Theorem 1.1. Suppose that (1.10) holds, and the initial data
(U(), Vo, Te70, qep) € Hl(R2), with V -ug = 0. (111)

Then, we have the following:
(1) There is a unique global strong solution (u,v,T,, q.) to system (1.3)-(1.9), with
initial data (uo, vo, Te0,Geo), such that

T 2 T Hq:H%ﬂ 2 \V4 d
sup ||(u, v, T, o) (£) Iz + i —— =+ [[(w, )52 + | Vull« ) dt

0<t<T €

T
+ / ||(atu> 8t'Ua atTe) ||§dt S C (Oé, Qa T> || (u0> Vo, Te,Oa QE,O) ||H1) )
0
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for any positive time T, here and what follows, we use C(---) to denote a general
positive constant depending only on the quantities in the parenthesis.
(ii) Suppose, in addition to (L11), that q.o < 0, a.e. on R?, then

OB, [T 10 2t < (o
sup + || thHth ~ C (Oé, Q>Ta ||(u0>'U0>Te,OaQE,O)||H1> )
0<t<T € 0

for any positive time T .
(iii) Suppose, in addition to (LI1), that (VT.0,Vgeo) € L™(R?), for some m €
(2,00), then the following estimate holds

()iltl<p7’ ||(VT67 vqe)(t)||2 S C (OK, Q7 T7 ||(u07 Vo, Te,07 qe,(])HHlv H (VTe,Ov qu,O)Hm) )

for any positive time T, and the unique strong solution (u,v, T, q.) depends contin-
uously on the initial data, on any finite interval of time.

Formally, by taking the relaxation limit, as e — 07, system (L.3])—(L.9) will converge
to the following limiting system

Ou~+ (u-V)u—pAu+Vp+ V- (v®@v) =0, (1.12)
Vou=0, (1.13)
1
v+ (u-V)v—pAv+ (v-V)u = H_—@V(Te—qe), (1.14)
T, +u-VT,— (1-Q)V-v =0, (1.15)
Ot +u -V + (Q+a)V-v <0, (1.16)
g <0, (1.17)
Oige +u -V + (Q+a)V-v=0, ae on{g <0} (1.18)

Note that equation (L9) is now replaced by three inequalities (L.I6)—(LIS).

Inequality (LI6) comes from equation (I.9]), by noticing the negativity of the term
—”To‘qj, while inequality (II7) is derived by multiplying both sides of equation
(L3) by ¢, and taking the formal limit ¢ — 0%. Inequality (I.I8) can be derived by
the following heuristic argument: Let (uc,ve, Tee, gee) be a solution to system (LH])—
(CY), and suppose that (u.,ve, Tee, gee) converges to (u,v,T.,q.), with g. < 0; for
any compact subset K of the set {(z,y,t) € R? x (0,00) | qo(z,y,t) < 0}, since qe.
converges to ¢., one may have ¢.,. < 0 on K, for sufficiently small positive ¢; therefore,
by equation (L), it follows that 9,ges + ue - Vee + (Q + )V - v, = 0, a.e. on K, from
which, by taking ¢ — 0T, one can see that (IR is satisfied, a.e. on K, and further
a.e. on {¢g. < 0}.

The other aim of this paper is to prove the global existence and uniqueness of
strong solutions to the limiting system ([I2)—(LI]), and rigorously justify the above
formal convergences, as ¢ — 07. Strong solutions to system ([L.I2)—(LI8) are defined
in the similar way as those to system (L5)—(L9).
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Theorem 1.2. Suppose that (1.10) holds, and the initial data
(0,0, Tt 0, Geo) € HY(R?), V-ug=0, go<0, ae onR>: (1.19)

Then, there is a unique global strong solution (u,v,T,,q.) to system (I.13)-(1I13),
with initial data (ug, vo, Tt 0, @eo), Such that

e
Oiljlel(u,v,Te,qe)(t)Hip +/ (Il(w, v)772 + I Vulloo + (G, Orv, AT, Bege)|I2) dt
sSis 0

SC (OK, Qv T7 ||(u07 Vo, Te,(]v qa,(])HHl) )
for any positive time T .
If we assume, in addition, that (VT,o,Vqeo) € L™(R?), for some m € (2,00),
then we have further that

Oiltl<p7’ ||(VT67 vqe)(t)H?n S C (OK, @7 T7 ||(u07 Vo, Te,07 qe,(])HHlv H (VTe,Ov qu,O)Hm) )

for any positive time T, and the unique strong solution (u,v, T, q.) depends contin-
uously on the initial data.

Theorem 1.3. Suppose that (1.10) holds and the initial data
(1o, 0, Tv0, Ge0) € H'(R?), 'V -ug =0,
(VT&O? qu,()) E Lm(R2)> QE,O S 07 a.e. on R2a

for some m € (2,00). Denote by (ue,ve, Tee, Gee) and (u,v,T.,q.) the unique global

strong solutions to systems (L3)-(14) and (I12)-(LI8), respectively, with the same
initial data (uo, vo, Te.0, Ge0)-
Then, we have the estimate

sup ||(u€ — U, Ve — 0, Tee - Tev Qe — Qe)(t>’|§
0<t<T

4 _ _ 2 ||q:a’|% d <C
/] 10V (ue = u), V(e = w))llo + =2 t < Ce,

for any finite positive time T, where C is a positive constant depending only on
«, Qa m, T; (Z’fld the ZTLZtZ(Zl norm || (u0> Vo, QE,Oa Te,O) ||H1 + || (VTE,Oa qu,o) ||m
Therefore, in particular, we have the convergences

(ué" U€) - (u7 U) in LOO(Ov T7 L2(R2)> n L2(07 Ta Hl (R2))7
(Tec, gec) = (Teyqe) i L°(0,T; L*(R?)), qf — 0 an L*(0,T; L*(R?)),

for any positive time T, and the convergence rate is of order O(\/€).

Remark 1.1. (i) In the absence of the barotropic mode, global existence and unique-
ness of strong solutions to the inviscid limiting system was proved in [36], and the
relazation limit, as ¢ — 0%, was also studied there, but the convergence rate was
not achieved. Note that in the absence of the barotropic mode, the limiting system is
linear, while in the presence of the barotropic mode, the limiting system is nonlinear.
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(i1) Erxistence and uniqueness of solutions to the limiting system (1.132)-(1.13),
without viscosity, was proposed as an open problem in [15], and also in (21,134, 36].
Notably, Theorem[L.2 settles this open problem for the VISCOUS VERSION of (L.12)-
(I18). Note that we only add viscosity to the velocity equations, and we do not use
any diffusivity in the temperature and moisture equations.

Remark 1.2. Global well-posedness of strong solutions to a coupled system of the
primitive equations with moisture (therefore, it is a different system from those con-
sidered in this paper) was recently addressed in [46], where the system under consider-
ation has full dissipation in all dynamical equations, and in particular has diffusivity
in the temperature and moisture equations. Note that we do not need any diffusivity
in the temperature and moisture equations in order to establish global regqularity of
the systems considered in this paper. It is worth mentioning that the global reqularity
of the coupled three-dimensional primitive equations with moisture and with partial
dissipation is a subject of a forthcoming paper.

The rest of this paper is organized as follows: in section 2] we state and prove several
preliminary lemmas, while the proofs of Theorem [[LT] Theorem and Theorem
are given in section B], section [ and section [ respectively. The last section is an
appendix in which we prove some parabolic estimates that are used in this paper,
and which are of general interest on their own.

2. PRELIMINARIES

We will frequently use the following Ladyzhenskaya inequality (see, e.g., [26])

1 1
1) < CIF 2 IV Fl2asy, VS € H'(R).

The following lemma on the Gronwall type inequality will be used to establish the
global in time a priori estimates to the strong solutions to system (LH)—(L9) later.

Lemma 2.1. Given a positive time T, a positive integer n and positive numbers
ri € [1,00),1 < i <n. Let ap,a; and b;, 1 < i < n, be nonnegative functions, such
that ag, a; € L*°((0,T)) and b; € L*((0,T)). Suppose that the nonnegative measurable
function [ satisfies

F0) < aolt) + 3l ( / t bi(s)f”(S)dS) g

i=1
for any t € [0, T]. Then, the following holds

£l (0,77 <(n+ 1) [laoll5, exp {(n + 17l (1 + IIbz'Ill)’"”} )

i=1
where 1 = maxj<;<, i, and || - ||1 and || - || denote the L'((0,T)) and L>=((0,7))
norms, respectively.
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Proof. By the Holder and Young inequalities, we deduce

([rorrion) N [0 (b 5) " o %

<(/ t b(5)is - (/ t bi<s>f’"<s>ds)%

<+l ([ bras)

for 1 < i < n. Therefore, by assumption, we have

70) <lloall+ 3 a0+ ) ([ no177 (0305

from which, taking the r-th powers to both sides of the above inequality, and using the
elementary inequality (>0 ¢;)" < (n+1)""1 3" ¢}, where ¢; are positive numbers,
we arrive at

PO < 0 2 el + 017 3 el il ([ s (9)as)

Applying the Gronwall inequality to the above inequality, we have

i=1

() <(n+ 1) ao|%, exp {(n 7Y el (L + IIbilll)T/0 bi(S)dS}

<(n+1)""[laol| exp {(n + 1)) llailln (1 + IIbiHl)’“H} :

i=1
from which, taking the r-th power root to both sides of the above inequality, and
taking the supremum with respective to ¢ over (0,7 ), one obtains the conclusion. O

The next lemma will be employed to prove the uniqueness of strong solutions.

Lemma 2.2. Given a positive time T, and let my, my and S be nonnegative functions

on (0,7), such that
my1,S € L'((0,7)), my € L*((0,7)), and S >0, a.e. on (0,7).

Suppose that f and G are two nonnegative functions on (0,7T ), with f being absolutely
continuous on [0,7T), and satisfy

Jun

{ F1(1) + G < mi(B)f(1) +ma(t) [F0G) 10g" (55)]7 @ on (0.7),
£(0) =0,
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where log* 2z = max{0,logz}, for z € (0,00), and when G(t) = 0, at some time
t €10,7), we adopt the following natural convention

G(t) log* (%) ~ i 2log” (w) .

Then, we have f =0 on [0,T).

Proof. Suppose, by contradiction, that there is some time ¢, € (0,7), such that
f(ts) > 0. Recalling that f is absolutely continuous on [0,7), by the property of
continuous functions, there must be a time ¢, € [0,t.), such that f(ty) = 0 and
f(t) > 0, for any t € (to,t.]. In the rest of the proof, we will focus on the time
interval [to,t.). For any o € (0,00), one can easily check that

loa

logtz< 2, forze (0, 00).
oe

Recall the Young inequality of the form ab < % + %, for any nonnegative numbers
a,b, and for any p,q € (1,00), with % + % = 1. Thanks to the above inequality, and
choosing o € (0, 1), it follows from the assumption and the Young inequality that

ff+G < mif+me [fGi <§>Jr :mlf+m25%G1%cr <i)2
ec \G

eo
r % licr
€eo

1
1— 1 2, THo
— mf+——G+ +%@“SHUCL)

1—0 1+0
G
m1f+ 9 -+ 9

IA

2 2 eo

2 THo
< myf+G+myT7 ST (g) , a.e.on (0,7).

Note that the arguments used in the above inequality are for the time when G(¢) > 0;
however, for the time when G(t) = 0, recalling that we understood the term involving
G as zero, therefore, the above inequality result holds trivially. Therefore, we obtain

1
, H% e f 1+o
f S mlf +m2 SIJFJ - )

g

for any o € (0,1), and for a.e. t € [ty,t.). Recall that f(t) > 0, for t € (to,t.).
Dividing both sides of the above inequality by f 1%0, then one can deduce

_9_
0’1+o’

o ! O- o L g
Tto < —m fi+e mate Sito
(f ) S T I

O- o o L o
< —mlfm +0mm21+05m7
l+o
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for a.e. t € (to,t.). Applying the Gronwall inequality to the above inequality, and
recalling that f(tg) = 0, it follows from the Hélder inequality that

t t 1+
iy < oreaim [ gt
t

0
1 a
o o t t 1+_<7 t 1+_<7
< grieeTie i mi()ds (/ mg(s)ds) (/ S(s)ds)
to 0

from which, taking the 1j’T"—th power to both sides of the above inequality, one obtains

, ¢ L
F(t) < geligme)ds ( / mg(s)ds) / S(s)ds,
to 0

for any t € [to,t.), and for any ¢ € (0,1). Recall that my € L?*((0,7)), by the
absolute continuity of the integrals, there is a positive number n < t, — ty, such that
ftz m3(s)ds < 1, for any t € [ty, to +n). Therefore, the above inequality implies

: t
f(t) < oelo ml(S)dS/ S(s)ds,
0

for any t € [tg,to + 1), and for any o € (0,1). By taking o — 07, this implies that
f =0, for any t € [ty,to + 1), which contradicts the assumption that f(¢) > 0, for
any t € (to,t.). This contradiction implies that there is no such ¢, € (0,7) that
f(t.) > 0, in other words, recalling that f is a nonnegative function, we have f =0
on [0, 7). This completes the proof. O

We also will use the following elementary lemma.

Lemma 2.3. Let Q C R? be a measurable set of positive measure, and f be a mea-
surable function defined on Q). Suppose that, for any positive number n, there is a
measurable subset E, of Q, with |E,| <1, such that f =0, a.e. on Q\ E,. Then,
f=0, ae onQ.

Proof. Suppose, by contradiction, that the conclusion does not hold. Then there is
a subset E of 2, with 0 < |E| < oo, such that |f| > 0 on E, here |E| denotes the

L?-Lebessgue measure of the subset £. Then, for n = @, by assumption, there is a
subset E, of 2, with |E,| <n, such that f =0 on Q\ E,. This implies that £ C E,,
and thus
22

5
Therefore, |FE| = 0, which contradicts the assumption that |E| > 0. This contradic-
tion implies the conclusion of the lemma. O

B < |Ey| <n=
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3. GLOBAL EXISTENCE AND UNIQUENESS OF THE SYSTEM WITH POSITIVE &

In this section, we will prove the global existence and uniqueness of strong solutions
to the Cauchy problem of system (L5)—(L.9), for any positive €. Several e-independent
a priort estimates will also be obtained.

Let’s start with the following result on the local existence and uniqueness of strong
solutions to the Cauchy problem to system (L5)—(T3).

Proposition 3.1. Suppose that (1.10) holds. Then, for any initial data
(10,0, T2 0, Ge0) € HI(R2), with V - ug = 0,

there is a unique local strong solution (u,v,T,,q.) to system (L.3)-(1.9), on R? x
(0,7), with initial data (ug,vo, Tv0,4e0), where the existence time T depends on «,
Q, € and the initial norm ||(uo, vo, Te.0, @eo) | 1 -

Proof. (i) The existence. The existence of strong solutions to system (LI3)—(L9),
with initial data (ug, vo, Tt 0, ge0) can be proven by the standard regularization argu-
ment as follows: (i) adding the diffusivity terms —npAT, and —nAg, to the left-hand
sides of equations (L8) and (L.9]), respectively, in other words, we consider the fol-
lowing regularized system

Ou+ (u-Viu—Au+Vp+ V- (v®v) =0,
V.u=0,
v+ (u- Vv —Av+ (v- V)u= 5 V(Te — ¢), (3.1)

AT, +u-VT, — (1 —Q)V -v—nAT, =0,
Nge +u-Vg + (Q+a)V-v—nlAg = —1E2g;

)

(ii) for each n > 0, the Cauchy problem of the regularized system (B.I]), with initial

data (ug, v, Tv0,Geo), has a unique short time strong solution (u("),v("),Te("),qgn)),

which satisfies some n-independent a priori estimates, on some 7-independent time
interval (0, 7), for a positive time 7 depending only on on «, @), € and the initial norm
|| (w0, vo, Te05 @e0) || i1 ; (iii) thanks to these n-independent estimates, by adopting the
Cantor diagonal argument, one can apply the Aubin-Lions lemma and take the limit
n — 07 to show the local existence of strong solutions to the Cauchy problem of
system (LB)-(L.9), with initial data (ug, vo, T¢0, ¢e0). Since the proof is standard, we
omit it here; however, the key part of the proof, i.e., the relevant a prior: estimates,
are essentially contained in the ”formal” proofs of Propositions B.2H3.5, below. As
it was mentioned above, these formal estimates can be rigorously justified by estab-
lishing them first, to be n—independent, for the regularized system (B.]) and then
passing with the limit as n — 0. .

(ii) The uniqueness. Let (u,v,T,,q.) and (u, 7, T, G.) be two strong solutions to
system (LO)—-(L9), with the same initial data (ug,vo, T¢0, ¢e0), On the time interval
(0,7). Define the new functions

(5u7 51}7 5Te7 5qe) = (u7 ,U’ Te’ qe) - (ﬁ7 ,[}’ TE? QE)'
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Then, one can easily check that

Oou+ (u-V)ou+ (du- V)i — Adu+ Vip+ V- (v ® dv + v @ 0) =0,
V:-dou=0,
00v + (u-V)ov + (du - V)o — Adv + (v - V)ou
+(0v- V)i = 5= V(6T, — 0q.),
00T, +u-VoT, +o6u-VT, — (1 —Q)V - dv =0,
010q. +u - Vqe + 0u - Vie + (Q + )V - dv = —HTa(qj —qh).

(3.2)

(3.4)

(3.5)
(3.6)

Since equations (3.2)-(B.5) hold in L*(0,7; L*(R?)), we multiply equations (3.2),
[B.4) and ([B.5) by du, dv and 6T}, respectively, and integrating over R?, then it follows

from integration by parts that
1d,
2dt
:—/ [(du-V)a+ V- (v®dv+ v 0)| - dudedy
R2

loull3 + 16v]l3 + 10715 + [ Voull; + [[Vavll3

5Te_5QE
14+«

- [ {1600+ @ 90+ G0 950+ V6o dady

— / [6u - VT,0T, — (1 — Q)V - 6v|6T.dxdy =: 1.
R2
By the Young inequality, we deduce

fg/ (16ul[Vil| + (o] + [5)|V60] + (Vo] + [Va])|6v]][uldzdy
R2

. _ Vv
+ [ {1oulqvel+ (9D -+ olvounise] + 2001 + 160 f doay
R2

(67

+ [ 1sul[VTI6T. + (1 = Q)IVaul|oT. oy
R2

S% /]R2(|V5u|2 + |Vév|*)dxdy + C/Rz[(\va\ + V3| + [V + |v]?
+ [0 ([0ul? + [60*) + [0T.1* + |6g.[* + [VT.||6u| 0T dwdy,
and thus
%H(Mﬁv,éTe)II% +[Voullz + [[Voulf3
SC/R2[(IV11I + V| + [Vol + [v]* + [3*)(|6ul® + |6v]?)

+ ST + 0. + [VT.||5ul |57, |ddy.

(3.7)
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Multiplying equation ([3.6]) by d¢q., integrating the resultant over R?, then it follows
from integration by parts and the Young inequality that

1d 1+«
~— 103 + —— F— 4 (g — Ge)dxd
5 g0l + — /RQ(qe Ge )(ge — Ge)dxdy

=— / (6u-Vie + (a+ Q)V - $v)dq.drdy

R2
1 ~
<1950l -+ C [ (60 + Va5l a.dsdy
R

from which, noticing that the function z* is nondecreasing in z, thus (¢ — ¢)(ge —
Ge) > 0, and one obtains

1

d 9
— <
dt ||6q6||2 =9

IVéull3 + 0/2(|5qe|2 + [Vel|0ul|0ge|)dxdy.
R
Summing the above inequality with ([8.7)) yields

d 1
(8w, 60, 0T;., 6qc)lI3 + 5 (Voull; + [ Vovllz)

IN

C/ (V| + V0] + [Vo] + [0 + [0])(|6ul* + [6v]?)
R2
+|6T. 12 + |0qe|? + | VTL||0u]|0TL) + |Vie||6u||dge||dzdy, (3.8)

from which, by the Holder, Ladyzhenskay and Young inequalities, we deduce
d 1

7110w, 80, 0T, 0e)llz + S (IVoull3 + [[Vov]2)

C(l(Va, Vo, Vo)l + [ (v, 2) )| (u, 6v) |13

+C||(0T, 0ge) 5 + CIN(VTL, Vo) llal| 6wl oo 1 (6T, dge) |2

C(I(Va, Vo, Vo)llz + [[(v, 0) [ (9u, 60)[|2[|(Vou, Vv) |5
+C||(0T, 0ge) 5 + CIN(VTL, Vo) llal|dullso 16T, dge) |2

1 R .
(Vou, Vvl + C ([(Va, Vo, Vo)l[3 + [1(@ 0)][3) 11 (5w, 6v) 3
+C(8Te, 8qe) I3 + CIIVTL, Vo) |12l (0u, 6)llocl (9T, dge) 2.

IN

IA

IN

Therefore, one has

d 1
7 10w, 0v, 0T, 0qe)3 + /0w, 0v) I3
C 1+ ll@ )i + 1(Va, Vo, Vo)|3) [[(du, dv, 6T, dqe) |13

+C||(VTe, Vi) o1 (91, 60) oo | (6T, 5ge ) ||2- (3.9)

IN
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Recalling the following Brezis-Gallouet—Wainger inequality (see [2,13])

1 (I f 2 e
1l g2y < CJlf Nl ey log? (#H |
1 f1 i m2)

and denoting U = (u,v), U = (&, ?) and 6U = (Ju, dv), we have

1 ([[0U][ 2 ) 1< S(t) )
0U||ee < Cl6U|| 1 log2 +e ) < CoU|| g1 log?2
5] 50 o ({5717 o0 togt (757

= C {H(SUH%ﬂ log™® (Hféﬁll)} %, (3.10)

where ~ -
S@t) = [Ulm2 + [[Ullmz + e(|Ullg + U] 111)-
Note that, when §U = 0, (8.10) still holds, as long as we understand the quantity on
the right-hand side as zero, in the natural way as in Lemma
Denoting

1
f = ||(5u75v75T675qe>H§7 G = ZH(&L?&U)H%{U

mi = C (1L+ (@ 0)]; + (V& Vo, Vo)[3),  ms = CI|(VT, Vie)ll2,
then it follows from (3.9) and (3.I0) that

'+ G <mif+mo {fGlong (%M)r

Here, at the time when G(¢) = 0, the term involving G(t) on the right-hand side
of the above inequality is understood as zero, as it was in Lemma 2.2l Recalling
the regularities of (u,v,T,,q.) and (@, 0, T, §.), one can easily check, thanks to the
Ladyzhanskaya inequality, that m, S € L'((0,7)) and my € L*((0,7)). Therefore,
we can apply Lemma to conclude that f = 0, which proves the uniqueness. [

For the rest of this section, we always suppose that (u,v,T,,q.) is the unique
strong solution to system (L3)—([T3), on R? x (0, T), for some positive time T, with
initial data (ug, vo, Tt,0, ge0). We are going to establish several e-independent a priori
estimates on (u,v, T, q.). Before performing these a priori estimates, we point out,
again, that the arguments being used in the proofs of Propositions [3.3H3.5], below,
are somewhat formal, because (u, v, T, ¢.) may not have the required smoothness for
justifying the arguments. However, one can follow the same arguments presented
in the proofs of Propositions to establish the same a prior: estimates to the
regularized system (B.I]), for which the solutions fulfill the required smoothness, and
then take the limit 7 — 07, recalling the weakly lower semi-continuity of the relevant
norms, to obtain the desired a priori estimates on (u, v, T¢, g ).

Let’s start with the basic energy equality stated in the following proposition. We
observe that here we have energy equality, instead of inequality, as in the case of
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strong solutions of the Navier-Stokes equations. Observe, however, that for the rest
of the proof of the main result it is sufficient to have energy inequality.

Proposition 3.2. We have the following estimate

1d 2 2 I Te]l3 13 )
—— {2+ |Jv)|? + — + -
th(”||2 Iell (1+a)(1-Q) (1+a)(Q+a)

Va2 + Vol + €l
e(Q + a)

for anyt € (0,7).
Proof. Multiplying equations (LH) and (7)) by u and v, respectively, summing the
resultants up and integrating over R?, then it follows from integration by parts that
Sl + ll) + 19l + 190l = = [ (a0~ TV -vdzdy,  (3.11)
u v u vl = —— e — 1)V - vdzdy, :
2 dt 2 2 2 14+« R2 4 4

where we have used the following fact
/ [V-(v@v)-u+(v-V)u-v]da:dy:/ [(v-V)u-v—(v®wv): Vuldedy = 0.
R2 R2

Multiplying equation (L8) by (1+«a)~!(1— Q) 7., and integrating over R, then it
follows from integration by parts that
TR -
21+ a)(1—Q)dt" " 1+«

Multiplying equation (L9) by (1 + a)~}(Q + a)~'q., and integrating over R2, then it
follows from integration by parts that

/ 1.V - vdxdy = 0. (3.12)
R2

1 1
e ev' dxdy = _ + 2d d 3 13
2(1+a)(Q+a)dt||q||2 1—|—oz/qu varay / g [*ddy. )
Summing (B.I1)-(BI3) up yields the conclusion. 0

As an intermediate step to obtain the L>°(0, T; H'(R?)) estimate for (u,v, T}, q.),
we prove the L>(0, T; L*(R?)) estimate in the next proposition.

Proposition 3.3. Denote U = (u,v). Then, we have the estimate

.
sup_ (U, Ty )4+ / (902 + 19)2) dt < ¢

0<t<T

for a positive constant C depending only on the parameters o, Q,T and the initial
norm ||(Uop, Te0, Geo) || L2(r2)nra®2), and in particular, C' is mdependent of €.
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Proof. Multiplying equations (LH) and (IL7) by |U|*u and |U|?v, respectively, sum-
ming the resultants up and integrating over R?, then it follows from integration by
parts and the Holder inequality that

rlot= [ (1wpvor+ JwgupR) ey
= [ 590 - (7 e ) Ui

T.

—@-V)IUW%F1+Q - (|UPv)]ddy

S%ZHPHUWU\ +|UMNUL+ (.| + | T)IUPIVU | dady

<3(Ilplla + NP, + 1 Tella + gl T [TV U], (3.14)
Applying the divergence operator to equation (IL3]), in view of (L)), one can see that
—Ap=V-V:-(u®@u+v®uv).

Note that p is uniquely determined by the above elliptic equation by assuming that
p — 0, as (x,y) — oo. Thus, by the elliptic estimates, one has

Iplls < Cllu@u+v @y <

Substituting this estimate into (B.14]), and using the Ladyzhenskaya and Young in-
equalities, one deduces

T IO+ 019U + VIR
<C(IUP||, + ITella + llgell) U || U1V T,
<C(WPIZIVITEE + 1Tl + laela) 10110190,
1UIvU 5+ [VIOR[)5) + CUUIENTS + llgel3) + 1T15]
L+ [TID AT + llgellz + 1T117)
+3(NOVU 2+ [I0P]R)

<C(
1
<5(
<C(

and thus
d 2
gﬂUM+2WWVUMSCX®+WW®N£%+H%%+HUM) (3.15)

Multiplying equation (LX) by |T,|*T,, and integrating over R?, then it follows from
integration by parts and the Holder inequality that
1d

IR = 0= Q) [V olBP Tdedy < (1= QIVolLITIE,
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which implies
d _
ZITelE < 200 = Q) Vo llal|Tells. (3.16)
Similar manipulation to equation (L9) yields
d _
Tlaeli < 2(Q + a)lIVollallgella. (3.17)

Summing (B.I5)-(B.I7) up, and integrating the resultant in ¢ yield

t
2
N5+ NTells + ||qe||i)(7f)+2/0 [1UIVU||;ds
t
<|1Uoll3 + 1Teoll3 + llge.oll +2(1 + a)/o IVOlla(ITells + llgella)ds

t
+ C/O A+ NUID AT+ NTellE + llaelD)ds, (3.18)

for t € [0, 7).

We need to estimate the term fot |Vulla(||T:|l4 + ||gel|4)ds on the right-hand side of
(B18). To this end, applying Lemma[6.2] (in the Appendix section) to equation (L))
yields

t t 2 t
/0 IVo|ids <C ||wo||;*+( / H|U|VUH§ds) + / <||Te||i+||qe||i>ds], (3.19)

for all t € [0,7), where C' is a positive constant independent of ¢. Thanks to this
estimate, it follows from the Holder and Young inequalities that

t
21+ a) / IV lla(I Tl + Nl la)ds

t i t i
<o ( / ||Vv||iid8) ( [+ ||qe||i>ds)

t % t 4
1 2
<ctt (1wl + [ fwrvelas) ([ omiis o)
o :
vt (([amit+ i)

t t 2
2
</ H|U|VUH2ds+C( / <||Te||ii+||qe||i>ds) OVl (3.20)

Substituting (3:20) into ([B.18), and denoting

F@) = (U5 + ITeIE + llgell3) () +/0 llw1vo]ds,
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we have

F(t) < £(0) + Cl|Vuollt + € ( / f2<s>ds)§ +0 [+ 1UIse)as

for all t € [0,7). By Proposition B:2] and using the Ladyzhenskaya inequality, one
can easily check that fOT(l + ||U||1)dt < C, for a positive constant C' depending only

on o, Q, T and the initial norm ||(ug, vo, Tr.0, Ge.0)||2- Therefore, applying Lemma 211
to the above inequality, one obtains

.
sup (0. L) O+ [ lUIvUa <
0<t<T 0

and further, recalling (3.19), proves the conclusion. O

Thanks to the a priori estimate stated in the above proposition, one can immedi-
ately obtain the L*>(0,7; H'(R?)) estimate on u as stated in the following proposi-
tion.

Proposition 3.4. We have the following estimates
T
sup [[Vult) 3+ [ flaulds < ¢
0<t<T 0
for a positive constant C depending only on the parameters o, Q,T and the initial

norm ||uol| g @2y + [|(v0, Te,05 Ge0) | L2@2)nL4 2y, and in particular is independent of €.

Proof. Multiplying equation (LI) by —Au, and integrating over R?, then it follows
from integration by parts that

1d

IVl + 180l = [ [(u- V)u+ V(o) Sudady

R2

1
<3 [ UIUlauldsdy < 3 |Aul+ CllUivUf
R2
where, again, U = (u,v), and thus

2
27

d
I Vullz + [ Aull; < Cllluvu
for all t € [0, 7). From which, in view of Proposition B3] the conclusion follows. [

Finally, we are ready to prove the L>(0, T; H'(R?)) estimate on (v,T,, q.), that is
the following proposition.

Proposition 3.5. The following estimate holds

2 T 2 ||Vq;r||%
sup II(W,VTe,qu)(t)Hﬁ/ ||Av||2+78 + [Vullo | dt < C,
0

0<t<T
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where C' is a positive constant depending only on a,Q,T and the initial norms
| (w0, v0, Te.05 @e0) || 1, and in particular is independent of €.

Proof. Multiplying equation (L) by —AT,, and integrating over R?, then it follows
from integration by parts and the Holder inequality that

||VT 15=(1-Q) | VT, -V(V-v)drdy — | Owu-VT,0;T.dvdy
th R2 R2
<(1 = QAo VT2 + ([ Vullo [ VT3

Similarly, one can derive from equation (L9) that

1+ _
2OZtIIquIIz —IIVq 15 < (a + Q)Av]|2|Vaell2 + [ Vullo | Vaell3.

Summing the previous two inequalities up yields

1d I1+a 2
S UVTIE +19al3) + vt 13

<(1+ )| Av[2([VTell2 + [[Vaell2) + [Vl IVl + 1 Vaell3)
1
<7IAvIE + [IIVelloo + 2(a+ DAAIVT + [1Vaell2),

and thus

d
SAIVTIS+ 1 Val3) +
1
< 2[||Vur|oo+2<a+1>2]<||vcrer|2+||qur|§>+§r|mu§. (321)

Multiplying equation (IL7) by —Aw, and integrating over R?, then it follows from
integration by parts and the Young inequality that

5 dt||Vv||2 + || Av]|3 = / {?V( qe) — (u-V)v—(v- V)u} - Avdzdy
2
<Havlz + ¢ (IVLIE + 19413+ [l01vv]2).
and thus
d 2 3 2 2 2 2
CIvul+ DAl < ¢ (IVTIE + IVali +I01V0)2) . (3:22)
Summing (321 with (3:22)) up yields

d
(Vo VI, Vel + | Aol -

2
< Cl[luIvul,+ C(IVull + 1)(||VTe||2 + IIquH%),
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from which, by the Gronwall inequality, and using Proposition 3.3] one obtains

1+«
||Vq:||%) i

€

.
sup (V. VT, Va0 + [ (||Av||§+
0

0<t<T

-
SechT(IIVullooﬂ)dt (||(VUO,VT6,0,qu,0)H§ + C’/ H\U\VUszt)
0

_ T
<C(e, Q, T, [|(Uo, Te.0, Ge0) || 11 ) exp {C/ (IVullo + 1)dt} : (3.23)
0

To complete the proof, one still need to estimate fOT |Vul|sdt. It follows from
Propositions B.3H3.4] and the Ladyzhenskaya inequality that
T

T
/0(||VU||fI+||V?f||§i)0lt§0/0 (IVull3ll Aull3 + [[Vol|3)dt
SC(OK, Q7 T7 H(Uo, Vo, Te,07 qe,O)HHl)’ (324>

We decompose u as u = u + 4, where @ and u, respectively, are the unique solutions
to the following two systems

Ot —Au+Vp=—(u-V)u—V-(v®uv),

V-u=0, (3.25)
Uli=o = 0,
and
ot — Au+ Vp =0,
V-u=0, (3.26)
ﬁ|t:0 = Ug.

We are going to estimate @ and 4. Let’s first estimate 4. By the L7(0,T; W>9)
type estimates for the Stokes equations (see, e.g., Solonnikov [39, 40]), we have

| (Ostt, Aw) || Larzx 0,7y < CI|IUIVU || La@zx (0,7

for any ¢ € (1,00), and thus it follows from the Hélder inequality and Gagliardo-
Nirenberg inequality, ||¢[|3s < Cllell2|Vells, 324) and Proposition 3.3 that

T T T
/0 |Aa|ddt <C / |0V U |dt < © / IVUIR U, dt

-
SC/ HVUH?;HUHidt < C(Oéa Q,T, ||(u07U07Te,07QG,O)HHl)-
0
One can deduce easily from equation (3.25)), by using Proposition 3.3, that

T T
sup [[Va(t)|2 + / |Aa|dt < C / WUV U |2dt

0<t<T

SC(OK, Qv T7 ||(u07 Vo, Te,Ov qa,(])HHl)'
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Thanks to the above two estimates, it follows from the Gagliardo-Nirenberg, ||¢||oo <
1 3
Cllells [|Aells, and the Holder inequalities that

T T 1 3
/ IVadt <C / IVald | Aalid
0 0

T 5 T 1
<o ([ 1vatgar)” ([ naalgar)
0 0
SC(Q7Q7T7 ||(u07U07Te,07qa,O)HHl)' (327>
Next, we estimate 4. Multiplying equation ([B.28) by (tA? — A)d, and integrating
the resultant over R2, then it follows from integration by parts that

1d
2dt
Therefore, we have

X X Lo X
(Ivall; + [VEAw) + SllAall; + [VEVAL3 = 0.

-
(IVal3 + [IVtaal3) +/0 (1G5 + [VEVAulR)dt < [ Vuolls.

sup
0<t<T
Thanks to this estimate, it follows from the Gagliardo-Nirenberg (Agmon), ||¢||o <
1 1
Cllell3|Ael|3, and Holder inequalities that

T T 1 1 T 1 1,
/ |Vildt <C / IVali|vAalide = C / HNGAT P
0 0 0

T /T 1T N
gc(/ ||Va||§dt) (/ ||\/EVAa||§dt) (/ t_2dt)
0 0 0

1 1
<CTH|Vuoll3 | Vuoll; T+ = CT | Vol
Combining the above estimate with (827, one has

T T
/ IVullodt < / (Vi + [IVilloo)dt < Clar, Gy T (o, v, Toos deo)lan)-
0 0

which, when substituted into (3.23)), yields the conclusion. O

As a corollary of Propositions [B.22H3.5], we have the a priori estimate to (u, v, T, q.),
as stated in the following:

Corollary 3.1. Suppose that (1.10) holds, and the initial data
(w0, 00, Te.0, Ge0) € HY(R?*), V-uy=0. (3.28)

Let (u,v, Ty, q.) be the unique strong solution to system (L3)-(1.9), on R* x (0,7),
0 < T < oo, with initial data (ug, vo, Tt 0, ¢e0). Then, the following hold:
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(i) We have the estimate

o 1
sup v T O+ [ (Y )+ 9l )
0<t<T 0

.
T / 1 (Bea, o, ) |2t < C (0, 0T |t v, Toos deo)nt)
0

(i) Suppose in addition to (F28) that q7y =0, a.e. on R?, then we have

T
qe 2
sup m / Hgtqu%dt S C (Oé, Qv T7 H(u07U07Te,07 qe,O)HHl) .
0

o<t<T €

(iii) Assume in addition to (3.28) that (VT,o,Vqeo) € L™(R?), for some m €
(2,00), then we have the estimate

OitlpT || (VTE7 Vq@)”?n S C (Oé, Qa Ta m? || (u07 ’U07 Te,Oa qe,o) ||H1? ||(VT€70? vq€70) ||m) ‘
<t<

Proof. (i) The estimate on all the terms, except those involving the time deriva-
tives, follow directly from Propositions B2H35 The desired estimate for (dyu, 0v)
follows directly from the a prior: estimate in Propositions B.3] and B3], by using the
L?(0,T; H?) type estimates to the Stokes and heat equations. By Propositions 3.2}
B.4] and B.5] it follows from equation (L.8)) and the Sobolev embedding inequalities
that

T T
/0 ||0tTe||§dt§/0 (1= QUIVYIS + [lullZ IV T 5)dt

T T
§o+o/ a2 dt < o+c/ ul2dt < C.
0 0

(i) Multiplying equation (L9) by 0;q., and integrating over R?, then it follows
from the Young and Sobolev embedding inequalities and Proposition that

1+ad _
DB+ oal; = - / -V + (O + @)V - 0)dug.dady
26 dt R2

1
< S10ellz + CllulZNVaels + [Voll2)

1
< S10ellz + Clllulli= + 1),

from which, by (i), the conclusion in (ii) follows.

(iii) Applying the operator V to equation (L), multiplying the resultant by
|VT,|"2VT,, and integrating over R?, then it follows from integration by parts
and the Hoélder inequality that

1 d
CIVTIp =0 -Q /|VT\”” VT, V(Y - v)dady
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o - VT,|VT,|™20,T,dvdy

R2

<1 = NVl VT + [ Vulls [V T
Thus q
EHVTeIIm < (1= QIV0lm + IVl VT m-

Similarly, one can derive from equation (L) that
d _
ZVaeln < (@ + Q)IVZ0lm + [Vulool Vaelm-
Summing the above two inequalities, one obtains
d
23 UV Tellm + 1VGellm) < (1 + )Vl + I Vulloo IV Tl + [[VGellm)
from which, integrating with respect to ¢, we have
t t
I(VTe, Vae)|lm(t) < 0/ V20l mds + C/ IVullol[(VTe, Ve ) [lmds,  (3.29)
0 0

for all t € [0,7).
Applying Lemma[6.3] see the Appendix section below, to equation (L.7)), and using
the Sobolev embedding inequality, one deduces

t t 1
J19luds < ||VU0||2+( / ||<VT6,qu,\uuw,\v||w>||;ds) ]
0 0

i t .
<C Vo2 + (/0(II(VTE,qu)Ilfn+||UI|§mIIWII§m+||v||§m||VUI|§m)d8) ]

<C ||Vuolls + ( / (H(VTe,qu)l|2m+H(u,v)llipH(Vu,Vv)!l?p)ds) ]

for any ¢t € [0,7), where C' is a positive constant depending only on m and 7T, and
is in particular independent of ¢ € [0,7). By (i), the above inequality implies

t t 2
/ ||v2v||mdssO+c( / ||<VT6,qu>||?nds) |
0 0

for any t € [0,7), and for a positive constant C' independent of t € [0,7). Substi-
tuting the above estimate into (3.29), and settlng f(t) = |[(VT., Vae)|lm(t) yield

f<t>s0[r|wor|2+( / f(8)2d> / IVl f (5) ]

for any t € [0, T), where C'is a positive constant independent of ¢t € [0, 7). Recalling
(i), and applying Lemma [2.1] the conclusion stated in (iii) follows. O
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Now, we are ready to prove the global existence, uniqueness and well-posedness of
strong solutions to the Cauchy problem of system (L5)—(T9):

Proof of Theorem [1.1l The uniqueness of strong solutions follows from Proposi-
tion Bl directly, while the a priori estimates in (i)—(iii) follow from (i)—(iii) of Corol-
lary B.1l respectively. Therefore, we still need to prove the global existence of strong
solutions as stated in (i), and the continuous dependence of the strong solutions on
the initial date as stated in (iii).

To prove the global existence of strong solutions, it suffices to extend the local
solution established in Proposition Bl to be a global one. By repeating Proposition
[B.1] one can extend the local solution (u, v, T, g.) to the maximal interval of existence
[0, 7%). Then, we need to show that 7, = oco. Suppose, by contradiction, that 7, < oo,
then we must have

lim ||(u7U7Teuq6)||%{1 = 00.
t—=T.

However, by Corollary 3.1} which holds since 7. < oo, the quantity ||(u, v, T, ¢)||%:
is bounded on [0, 7.), which is a contradiction, and thus 7, = oo.

We now prove the continuous dependence of the unique strong solutions on the
initial data as stated in (iii) on any finite interval [0,7]. Therefore, we choose ar-

bitrary T € (0, oo) and focus on the interval [0,7]. Let ( M @ 7 MY and
LV e the unique solutions to system , respectively, wi
u® v TP ¢ be th lutions to syst tively, with
initial data (u(() ), vél), Te(lo), qéo)) and (u?, v, T(O), qéo)) Denote by

e

(0u, 6v, 6T, 0g.) = (u®, oW, TH ¢y — (1@ 0@ 7@ ¢@)),

and
(5U0,5U0,5Te 0,5% 0) (u(() )avél)aTe(O)aqgl)) (u(() )av(g2)>T(0)aQS(%)'
Then, similar to (3.8]), we have

d 1
2110w, 60, 0T, 0ge)llz + S (IVoull5 + [[Vov]3)
< C/ [(IVu®] + Vo] + Vo] + [ + 0@ ) (|6ul® + [60]%)
R2

HOTe* + 10g.|* + VT2 ||6ul|6Te| + [Vl |6ul[dqe|dady, (3.30)

for all ¢ € (0,7]. All the integrals on the right-hand side of the above inequality,
except the last two terms, can be dealt with in the way as before in (3.9), while for
the last two terms, we estimate them by the Holder, Sobolev embedding and Young
inequalities as follows

¢ [ (VT&6ull5T.| + 4 60l dady
R2

<CIVTE | 5]

|07 |2 + C Vgl ml|0u|

2 (54,2
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<C|IVTP [lmlldull s 1T ]2 + CIVGE [mll0w] 1|6 |2
S%H&Lllip + VT2, + IV ) ST N3 + lagll3),
for all £ € (0,7]. Therefore, we deduce from (B3.30) that

d 1

1|8, 60, 6T, 013 + 51 (0w, v) s

C (14 | u®, o)} + (T, Vo, 7o) 3) ||(6u, 50, 5T, 6q.) |
FC(IVTOIE, + 1962 12 )IOT.IE + 15 1),

for all t € (0, 7]. Applying the Gronwall inequality to the above inequality yields

IN

1 t
sup (50,60, 67..02)s) [+ 5 [ 1(6,50) s
0

0<s<t

2 2
< O (I ® @) (Vul® T To) B (VIE Vo) 3, ) ds

X || (5UQ, dvo, 5Te,0> 5%,0) ”g’

for all ¢ € (0,7]. Recalling the regularities in (i) and (iii), the above inequality
implies the continuous dependence of the strong solution on the initial data on [0, T,
for any arbitrary 7 € (0, 00). This completes the proof. O

4. GLOBAL EXISTENCE AND UNIQUENESS OF THE LIMITING SYSTEM

In this section, we prove the global existence and uniqueness of strong solutions to
the Cauchy problem of the limiting system (LI2)—(TIR):

Proof of Theorem [1.2. (i) The global existence and regularities. By Theo-
rem [T} for any positive €, there is a unique global strong solution (u., v, Tec, gee) tO
system (L5)-(L9), with initial data (uo, vo, T¢ 0, ge0), such that

q;;t 2 T Vq;@ 2
sup (V20 o ol ) + [ (T 4 e o

0<t<T €
T
[ (10,00 0T, i)+ [ V) e < €,
0

for any positive finite time 7, where C' is a constant depending only on «, @, 7 and
initial norms ||(uo, vo, T¢.0, ge0)| g1, and in particular, is independent of €. Moreover,
if in addition that (VT,0,Vgeo) € L™(R?), for some m € (2,00), then we have
further that

SU.p ||(VTeEa vq@E)(t)H?n S C (Oé, Qa Ta m? ||(u07 ’an Te,Oa qE,O)HHl? ||(VT€70? VQe,O)Hm) ’

0<t<T

for any positive finite time 7, and, again, the estimate is independent of e.
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Thanks to the above e-independent estimates, there is a subsequence, still denoted
by (ue, Ve, Tee, Gee ), and (u, v, Ty, ge), such that
(te,v:) = (u,v), in L>(0,T; H'(R?)),
(ue,v.) — (u,v), in L*(0,T; H*(R?)),
(Opue, Opve) — (Qyu, D),  in L*(0,T; L*(R?)),
(Teey Gee) = (Teyqe),  in L0, T3 H'(R?),
(atTesu 8th5) (3tTe, ath)a in L2(O7 T; L2(R2))7
gt — 0, in L>(0,T; L*(R*) N L*(0,T; H'(R?)),

for any positive finite time 7", where — and — are the weak and weak-* convergences,
respectively. The last convergence in the above implies that

g; =0, or equivalently ¢. <0, a.e. in R* x (0,7).

Moreover, by the Aubin-Lions lemma, and using the Cantor diagonal argument, we
have a subsequence, still denoted by (u., ve, Tee, gez ), such that
(ue,v.) — (u,v), in C([0,T]; L*(Bg)) N L*(0,T; H'(Bg)),
(Tee, Gee) = (Teyqe),  in C([0, TT; L*(Bg)),
for any positive finite time 7, and disc Br C R?, of arbitrary radius R > 0.

Thanks to the previous convergences, one can take the limit ¢ — 0% in the equa-
tions (LA)-(LY) for (ue,ve, Tee, gee) to deduce that (u,v,T.,q.) satisfies equations
(LH)—(L8), a.e. in R? x (0,00), since R in the previous strong convergences is arbi-
trary; and moreover, by the lower semi-continuity of the norms, the a prior: estimates
stated in Theorem hold. In order to complete the proof of existence, we still need
to prove that ¢, satisfies inequalities (LI6)—(LI8). Inequality (I.I7) has already been
verified before. While for (LI6]), note that equation (L.9)) for ¢.. implies that

OiGee + e - Ve + (Q + )V -0, <0, ae. in R? x (0, 00),

from which, recalling the previous convergences, one can take the limit ¢ — 07 to
see that B
O1Ge +u- Vg + (Q+a)V-v <0, ae in R? x (0,00),

which is (L.I6).

It remains to verify (LIS). To this end, let’s define the set
O ={(z,t)|ge(x,t) < 0,7 € R* t € (0,00)},
and for any positive integers 7, k, [, we define
O = { (@1
where B, C R? is a disc of radius k, and 7, &k, € N. Noticing that
O = U]O'o UZ‘;l U?iloj_kl’

1
Ge(z,t) < —3,3: € Bi,t € (O,l)},
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to prove that (LI8) holds a.e. on O7, it suffices to show that it holds a.e. on O},
for any positive integers j, k,l. Now, let’s fix the positive integers 7, k,[l. Recalling
that g.. — g. in C([0, T]; L*(Bg)), for any positive time 7 and positive radius R, it
is straightforward that ge. — ¢, in L*(Qjx). Therefore, there is a subsequence, still
denoted by g, such that g.. — ¢e, a.e. on Oj;;. By the Egoroff theorem, for any

positive number 7 > 0, there is a subset E, of Oy, with [E,| <7, such that
Gec = e, uniformly on Oy, \ E.
Recalling the definition of O, this implies that for sufficiently small positive ¢, it
holds that ] ]
QG€SQG+2_j§_2_j<07 Onoj_kl\Eﬁ‘

As a result, by equation ([L9]) for g.., we have, for any sufficiently small positive e,
that

G. = 0yGec + U V@ee + (Q+)V-v. =0, a.e. on O \ E,.
Noticing that
G- —0g.+u-Vg.+(Q+a)V-v=G, inL*0,T;L*(R?),
for any positive finite time 7, which in particular implies G. — G, in L*(Ojy \ E,)).
Since G. = 0, a.e. on Oy \ E,), we have G = 0, a.e. on O,y \ E,, that is
O +u-Vg+(Q+a)V-v=0, ae onQy\ E,.

By Lemma [2.3] this implies that the above equation holds, a.e. on (’)j_kl, and further
on O, in other words, (LI8]) holds.

Therefore, (u,v,T.,q.) is a global strong solution to system ([I12)—(LI]), with
initial data (ug,vo, Tt0, Ge0), satistfying the regularities stated in the theorem.

(ii) The uniqueness. Let (u,v,T,,q.) and (@,v,T,,G.) be two strong solutions
to system (LI2)-(I.I8), with the same initial data (ug,vo, T¢ 0, ¢e0). Define the new
functions

(6u, 0v, 0T, 6qe) = (u,v, T, qe) — (1,0, T, Go).-
Then, one can easily check that (du, 0v, 0T, dq.) satisfies equations (B3.2)—(3.5), and
the same argument as that for (3.7) yields

d
210w, 80, 6T |3 + [ Voullz + [ Vovll3

SC/ [(IVal + Vo] + [Vl + of* + [8]*) (|oul* + [dv]?)
R2

+ 0T + 16ge|* + |VT.||dul|0T. | dzdy. (4.1)

We need to estimate dg.. To this end, we first derive the equation for dq.. We
divide the domain Q := R? x (0, 00) as follows

Q=0 UQUQ3UQy,
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where
0 ={ge <0}N{g <0}, Q2 ={g <0}N{g =0},
Q5 ={ge =0} N{g <0}, Q={g =0}n{g =0}
On the set €21, ¢. and ¢, satisfies, respectively
Oqe +u-Vg+ (Q+a)V-v=0,
O1Ge + 1 - Ve + (Q+a)V -9 =0.
Subtracting the above two equations yields
010q. +u - Vg +0u-Vi. +(Q+a)V-5v =0, on . (4.2)
On the set €2, q. satisfies
Oqe +u -V + (Q+ )V -v =0,

while for g, since g. = 0 on s, one has (9;q., Vq.) = 0, a.e. on s, and thus 0,4, +
u-Vq. =0, a.e. on €. Here, we have used the well-known fact that the derivatives
of a function f € W,21(Q) vanish, a.e. on any level set {(x,y,t) € Q|f(z,y,t) = ¢},
see, e.g., [14] or page 297 of |16]. We will used, without any further mentions, this
fact several times in the proof of this part. Therefore, one has

016qe +u - Vg +6u-Vi, +(Q+a)V-v=0, ae. on Q. (4.3)
Similar to (4.3]), on the domain 23, one has
010q. +u- Vg +6u-Vi.— (Q+a)V-9 =0, a.e. on Q. (4.4)

Finally, since ¢. = g. = 0, on €24, one has
0:0q. +u - Voge + ou - Vg, =0, a.e. on 4.
Thanks to the last equation, as well as (£2))—(4.4]), we obtain the equation for dq¢. as
010q. +u - Vg +0u- Vi = —(Q + )[V - duxg, + V- vxa, — V - Uxas]
=—(Q+a)[V-0v—V-dvxa, + V- dxa, — V- vxa,l, (4.5)
a.e. on 2 = R? x (0, 00). Moreover, equation (ZH) holds in L% ([0, c0); L?(R?)).

loc
Multiplying equation (3] by dq., and integrating over R?, then it follows from
integration by parts that

1d _
——|6qe|l3 = — / [0u - V@.dq. + (Q + )V - dv]dq.dxdy
th RZ

—(@+a) [ (T xo, = Ve ona) o — d)dsdy

R2
1
Si/ |V5@\2dxdy+0/ (16ge|* + |Ve||6u||0qe| ) dxdy
R2 R2

—(Q + ) /R2(V “UXa, — V- UXas) (e — Ge)dxdy. (4.6)



A TROPICAL ATMOSPHERE MODEL WITH MOISTURE 29

Recalling that . = 0 on {2y, we have 9;G. + - Vg, = 0, a.e. on €2y, and thus it follows
from (CI6) for (@, o, T, G.) that V-0 < 0, a.e. on . Similarly, one has V- v < 0,
a.e. on 3. Thanks to these facts, we deduce

V- 0X0,(ge — Ge) = V - Uxuqe 2 0,
-V UXQs(qe - Cje) =V. UXnge > 0.
Therefore, it follows from (4.6]) that

d -
G160l < 519001+ C [ (50 + Vallsulloa])dudy.
Summing the above inequality with (A1) yields

d 1
(8w, 60, 0T;., 6qc)lI5 + 5 ([ Voull; + [ Vovll3)

IN

C/ [([Val + [Vo] + Vol + [of* + [0*) (|ou]* + [6v]?)
R2

+6T,|* + |6qe|* + \VT6||5UH5T6| + |V ae||dul|dge|]|dxdy, (4.7)

which is exactly the same as inequality (B.8]), from which, by the same argument as
that in the proof of the uniqueness part of Proposition B.I], one obtains

[(6u, 6v, 6T, 8ge)[|5 = 0.

This proves the uniqueness.

(iii) Continuous dependence. Let (u(, (i),T(),qe ) be the unique solutions
to system (Dj])f(m), With initial data (ué),vél),Te(fg,qé7%), i = 1,2. Suppose, in
addition that (VTe(fg, Vqé%) € Lm(Rz) for some m € (2, 00). Then, recalling what we

have proven in (i), (u®,v®, T ¢ ) has the additional regularity that (T B ,qéz))
L>(0, T; L™(R?)), for any positive time 7.
Denote by

(0u, 6v, 6T, dg.) = (UM, oW, TH ¢y — (u® 0@ TP ¢@),

and

(80, 800, 8T 0, 80c0) = (ug v, T2 acg) — (g v TL0  aco).

Then, similar to (4.1), we have
d 1
7110w, 80, 0T, 0ge)ll3 + S (IVoull3 + [[Vov]3)
< C/ [(IVu®] + Vo] + Vo] + 0@ 4 [o® ) (|u]* + |6v])
R2

HOTL|? + 10ge)? + VT2 ||6ul| 0T, + |Vat?||oul|dq. || dzdy,
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which is exactly of the same form as (3.30). Therefore, by the same argument as that
in the proof of the continuous dependence part of (iii) of Theorem [T, we obtain

1 t
sup H(éu,év,éTe,éqe)(s)Hg—l—§/ ||(5u,5v)]|§{1ds
0

0<s<t
< LI (I o (Vul® 7o@ o) F+|(VTE Va3, ) ds
x||(6ug, dvg, 6T 0, 6Ge,0) |I3-
Recalling the regularities of (u®,v®, T, jo qéi)), i = 1,2, the above inequality implies
the continuous dependence of strong solutions on the initial data. This completes
the proof of Theorem [I.2 O

5. STRONG CONVERGENCE OF THE RELAXATION LIMIT

In this section, we prove the strong convergence of the relaxation limit, as e — 0T,
of system (LH)—(L9) to the limiting system (LI2)—(TIR):
Proof of Theorem [1.3. Define the difference function (due, dve, 6Tz, 0¢ee) as
(0ue, 0ve, 0T e, 0qec) = (e, Ve, Tees Gee) — (U, 0, T, ge).

Taking the subtraction between equations (LE)—(LS)), for (u.,ve, Tec, gee ), and equa-
tions (LI2)-(LIH), for (u,v, T, q.), one can easily check that

O0us + (due - V)oue + (du. - V)u + (u - V)ou. — Adu,
+ Vip: + V- (v ® dv. + dv. @ v + v ® dv.) = 0,

V- ou. =0,
0p0v: + (0u. - V)ov: + (0u. - V)v + (u - V)dv. — Adv, + (0v. - V)du.
1
+ ((5’05 . V)u + (’U : V)5u€ = H—aV((STeE — 5%5)7 (53)
16T e + du. - VT, + du. - VT, +u-VéT,. — (1 —Q)V - v, = 0, (5.4)

where (5.1I)-(54) hold a.e. on R? x (0,00) and in L ([0, 00); L*(R?)).

Multiplying equations (5.1l), (53) and (&4) by du., dv. and 0T, respectively,
summing the resultants, integrating over R?, and noticing that

/ [V - (dv: ® dve) - due + (dve - V)ou, - dv|dzdy = 0,
RQ

it follows from integration by parts that
1d
2dt
= - / [(6ue - V)u+ V- (6v: @ v+ v ® 0v.)] - Sudrdy
RZ

1(0ue, 6ve, 6Tec )12 + [|(Voue, Vove)I2
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~ [ G- Do+ G Vyut (v V)b - bo.dady

1
1+«

—/ [bu. - VT, — (1 — Q)V - 6v 6T .dxdy,
RZ

/ (V- 60.) (0T — Sg..)drdy
R2

from which, by the Young inequality, we deduce
1d

57

/ [(|Vul|due| 4+ 2|Vv||dve| + 2|v]|Vov.|) [due| + (|Vol|du]
R2

OUg, OV, 5Te€)]|§ + ||(Véue, Véve)Hg

IN

1
V||| + |v]|Voue])|dv. || dedy + 1+—a/ V60| (|6Tsc| + |0gee|)dady
R2

T / (1 = Q)|V60.||6T,e] + VT |60 15T, dady
RZ

1
5 [ (90w + (Vo0 Pydsdy +C [ [(Ful+]T0]+|oP)
R2 R2

X ([0ue|* 4+ |6ve|?) 4+ |6Toe|® + [0ee)® + |V To||0uc| [0T . || dady.

IA

Therefore, we obtain

d
%H(éusu Oz, 5Te€)||§ + [[(Véue, Véve)“%

< o/ (V] + (Vo] + [v]2)([6ucl? + [5v.]?)
R2
+0T e |? + 0ec|* + |VT| | S| |0T 2] | dzdy. (5.5)

We still need to estimate ||dge.||3. To this end, we first derive the equation for dq...
On the set {(z,y,t) € R? x (0,00)|qe(x,y,t) < 0}, ge and g, satisfy equations (.9
and (LI8), respectively, and thus dq.. satisfies

l+a

qes I

0:0ee + Oz - Vqee + 6z - Ve +u - Vigee + (Q + )V - v, = —

a.e. on {(z,y,t) € R* x (0,00)|ge(x,y,t) < 0}. On the set O := {(z,t) € R? x
(0,00)|ge(z,t) = 0}, recalling, again, the well-known fact that the derivatives of
a function f € W!'(R? x (0,00) vanish, a.e. on any level set {(z,y,t) € R* x

(0,00)|f(x,y,t) = ¢}, we have 0yqe + u - Vg. = 0, a.e. on O, and q.. satisfies (L9]).
Consequently, dq.. satisfies

I+a |

at(SQEa + 5“& : VCSQEa + 5“& : V(]e +u- V5Qea + (Q + a)V Ve = — c Gees
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a.e. on . Combing the above two equations, one can see that dq.. satisfies

at5QG€ + 5“5 ' V5QG€ + 5“5 ' er +u- V(SQee

_ 1+ _
FQ+a)V 0o =~ "¢t~ (Q+ )V - vxolwy,0),  (56)
a.e. on R? x (0,00) and in L?

loc([07 00)7 L2(R2))
Multiplying equation (5.6) by d¢.., and integrating over R?, then it follows from
integration by parts that

1d 1+«
0qee
5 160l +

- / [5ue Vg + (Q + a) (V ~ov. + V- UX@(SL’, Y, t))]éqesdxdyv (5'7>
RZ

/ ¢ 0qedzdy
RZ

a.e. t € (0,00). Recalling that g. < 0, we have

/ ¢ 0qedzdy =/ 02 (qee — qe)dady 2/ g gecdady = ||gL]|3. (5.8)
R2 R2 R2

Note that 0;q. + u - Vg. = 0, a.e. on O, it follows from (LI6]) that V- v <0, a.e. on
O, and thus

-V UXO(xa Y, t)(sQeE =-V- 'UXO(ZEa Y, t)Qea S -V UXO(xa Y, t)qg_a

Thanks to the above inequality, it follows from (B.7)), (5.8]) and the Young inequality
that

1d 14+«

el + 3

— / [du. - V. + (Q + )V - 0v.]0qedrdy — (Q + ) V -vxol(z,y, t)gldrdy
R2 R2

1 _
< / Va5 Sacldody + V50 3+ (@ + )10
1+a 2 @Q+a) )

and thus
d 1+« - (Q+ a)?
%HCSQ%HS gz 1I3 —||V5va||§+2(Q+a)2ll5qea||§+Hia)fllvl)llg
+2 [ [Valiou bl dndy, (5.9)
RZ

Summing (5.5) with (5.9)) yields

d 1 14+«
(G v, T e + 3 (Vs V) +

lg 13
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SC/ [(IVul + Vol + [0?)([0us]* + [6ve[*) + [0Tec]* + dgee |
R2
+ VL |0uc|[0Tec| + [V ge||ue][0ec |dwdy + Ccl| Vo3,
from Which it follows from the Holder, Ladyzhenskay, Gagliardo-Nirenberg, ||¢]| om <

C’HQOHQ ]|V<p||2 , and Young inequalities that
1+«

at ||(5u€, OV, 0T, 5%5)”% + §||(V5u€, V&%)Hg queH2

<C ([(Vu, Vo)ll2 + [[ol13) [|(due, dv) (17 + C!|(5Tesa5qee)!|2
+ CH(VT& qu)HmH(Sug’ |(5Te€v 5%5)”2 + 05||VU||2

<C ([I(Vu, Vo)llz + [Jv]|2 HVUH ) [(due, ove) |2 !|(V5U57V5Us)||2 + Ce|| V|3
+C||(5T65,5qe€)||2 "‘CH(VTequ6)||mH5u€||2 | (5Te€=5q66>“2
S—H(VMa Vvl + C ([(Vu, Vo)lf3 + ||UH2||VU||2) [ (due, 5v€)l|§ + Ce||[Volf3

2 m

+ C||(5Te€v 5‘166)”2 + CH (VTev qu)

m— 1 H5u€

= ’|(5Te€=5q66>’|
S—H(VME,V%JH% + C<1 + [1(Vu, Vo) I3 + Jo]l3]| Vo3

+ |(VT,, Ve )||m

7 ) 1(6ue, 60, T, 00 3 + Ce[ Vw3 (5.10)

Therefore, we have
1+«

g 113

<C(1+ I(Vu, Vo)l + ol [+ 17, Tl )

x [|(ue, 0ve, 0T, 5%5)“2 + C€||VU||2-

Applying the Gronwall inequality to the above inequality and recalling the regu-
larities of (u, v, T, q.) yield

d 1
%H(éua&]eu 0T, 5%5)“3 + _H(V(Sua V&Js)“g

.
sup 6000 6T )01 + [ (195, a0z + 122) e < e
0

0<t<T

for a positive constant C' depending only on a, Q, T, m, ||(uo,vo, T, Geo)||z and
|(VTe0, V@eo)|lm- This proves the desired estimate in the theorem, while the strong
convergences are direct consequences of this estimate. O

6. APPENDIX

In this appendix, we state and prove several parabolic estimates, which have been
used in the previous sections.
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Lemma 6.1. Given a time T € (0,00), and a function g € L*(0,T; L°(R?)), with
1< a,B <oo. Let U be the unique solution to

U — AU =g, inR2x(0,7),
Uljmo =0, in R2

Then, we have the estimate

10:U|| Lo 0,78 ®2y) + |AU || oo, 7508 ®2)) < Casllll oo, 7508 ®2)),

where Co 5 15 a positive constant depending only on o, 8, and in particular is inde-
pendent of T and g.

Proof. Introducing the scaled functions Uy and g7 as
Ur(z,t) =UNTx,Tt), gr(et)=g(VTx,Tt), zeR%te(0,1),
then one can easily verify that Uy and g7 satisfy

atU'T - AUT = Tg’T> in R? x (Oa ]-)7
U|t:0 = 0, in Rz.

Applying the maximal regularity theory for parabolic equations to the above system
(see, e.g., [13], |18] and [23]), one has

H&tUTHLa(o,LLﬂ(R?)) + HAUTHLG(O,LLWRQ)) < Ca,BTHgTHLa(07T;L‘*(R2))'

From which, and after observing that,

_1_1

||8tUT||La(o,1;L6(R2)) =7 ﬁHatUHLQ(O,T;LB(R%)a
_1_1

|AUT| Lo (0,1;05(R2)) =T's FI|AU || poo,7:08®2))

1

1
HQT||La(o,1;LB(R2)) = > Hg||L&(0,T;Lﬁ(R2))7
one obtains the conclusion. O

Lemma 6.2. Given a time T € (0,00), and let f and g be two functions, such that
feLl?(R?x(0,7)) and g € L*(R? x (0,T). Let v be the unique solution to

Ow—Av=f+Vg, mR>*x(0,7T),
V|t—o = vo € H'(R?), in R2.

Then we have the following estimate

T T 2 T
/0 Vol < © r|wo||3+(/o Hf||§dt> ; / lgllidt )

where C is an absolute constant, and in particular is independent of T, vy, [ and g.
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Proof. Decompose v as v = ¥ 4+ 0, where v and © are the unique solutions to systems
00 —Av=f, inR*x(0,7),
U)j=o = v9 € H'(R?), in R?

and

{ 00 — Av=Vyg, inR?*x(0,7), (6.1)

’U‘t:() = 0, in Rz,

respectively. The standard energy approach (multiplying the equation for v by —A®v,
integrating over R?, integration by parts, using the Young, and integrating with
respect to ¢t over (0,7)) to the system for v leads to

T T
sup VoI5 + [ 80l < Vel + [ 113t
0<t<T 0 0
Defining U to be the unique solution to the system

U — AU =g, inR2x(0,7),
U‘t:() = O, in R2.

Then VU satisfies the same system as that for 0, and therefore, by the uniqueness
of the solutions to system (G.I]), we have © = VU. Thanks to this fact, and applying
Lemma [6.1], it follows from the elliptic estimates that

V0| o, 7 La®2yy = [IV2U || a0, 700 m2))
< Ol AU pao,mp0 @2y < Cllgllpao, ey

for an absolute positive constant C'.
Combining the estimates for v and v, we deduce from the Ladyzhenskaya inequality
that

T T T
/ vauidtgc/ y|vm|3dt+c/ V||t
0 0 0

-
§C<sup HW(t)H%)/ 1AD]15dt + CllglLao,7:002))
0<t<T 0

T 2 T
sc(r|wor|é+(/o ||fr|§dt) v Hgl|3dt>,

for an absolute positive constant C'. This completes the proof. 0

Lemma 6.3. Given a time T € (0,00) and a number m € (2,00). Let f €
L2(0,T; L™(R?)), and v be the unique solution to

Ow—Av=f mR*x(0,T),
V|i=o = vo € H'(R?).
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Then, we have the following estimate

T T 3
/ | A||dt < Coo(1 + VT [IIVvollz + (/ ||f||3ndt) ] ,
0 0

where C,, is a positive constant depending only on m, and in particular is independent
of T, f and vy.

Proof. Decompose v as v = v + 0, where v and ¥ are the unique solutions to systems

{ 00— Av = f, inR?x(0,7),

'U|t:0 = 07
and

’U|t:0:’Uo EHl(Rz), )
respectively.

By Lemma and using the Holder inequality, for v, we have the estimate

T ) T 3 ) T 3
| sl < 7 (/ ||Av||;dt) <0, T (/ ||f||3ndt) .
0 0 0

To estimate 9, we multiplying equation (6.2) by tA?d — A9, integrating the resultant
over R?, then it follows from integration by parts that
1d
2 dt

from which, integrating with respect to ¢ yields

R . Lo .
(Vo3 + [IVeAd[5) + S A8]15 + [VEVAS|; =0,

-
(Vo3 + VA (®)13) +/0 (1A + IVEVAD|3)dt < [|Volf3.

sup
0<t<T

1—2
V()0||2 ma and

2
m
2

Thanks to this estimate, by the Gagliardo-Nirenberg, |||l < C||¢
Holder inequalities, we deduce

1—2

T T 2
/0 |86t < C / |AG|F |V AG|L ™ de

T 2 .
—o [ el Ivivael Firle-ba
0

m—2

T % T 2
<c ([ naitgar) " ([ 1vivailge)
0 0

<Cy/mT ||V

T 3
(/ t—(l—fﬂdt)
0
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Combining the estimates for v and v, we then deduce from the Young inequality
(recalling m > 2) that

T T
/0 | Avdt < / (A0 + | AD])dt

T 3 )
<, T ( / Hf||2mdt> CVIRTE Vula
0

T 5
Vool + ( / ||fr|$ndt) ] ,

proving the conclusion. ([

<Cpn(1+VT)
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