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2

Abstract: We consider the Cauchy problem of the three-dimensional primitive equations of geo-
physics. By using the Littlewood-Paley decomposition theory and Fourier localization technique,
we prove the global well-posedness for the Cauchy problem with the Prandtl number P = 1 in
variable exponent Fourier—Besov spaces for small initial data in these spaces. In addition, we prove
the Gevrey class regularity of the solution. For the primitive equations of geophysics, our results can
be considered as a symmetry in variable exponent Fourier—Besov spaces.

Keywords: well-posedness; primitive equations; analyticity; variable exponent Fourier-Besov spaces

1. Introduction

The primitive equations of geophysics are a fundamental mathematical model that
describes the dynamics of the oceans and atmosphere on a large-scale. For more study of
these equations and their applications, see the monographs [1-3]. The vast atmospheric
and oceanic circulations, as geophysical flows, apart from obeying the fundamental rules of
fluid mechanics, are also influenced by the essential properties of the Earth. The effects of
Earth’s rotation and the stratification of density caused by gravity are the main properties
that differentiate fluid flow in the oceans and atmosphere.

The rotation produces the Coriolis force, which mathematically results in the occur-
rence of the Poincare wave. Waves generated by Poincare are dispersive and travel rapidly
inside the region. Additionally, the Coriolis effect generates fluid vertical rigidity, which is
explained in the Taylor-Proudman theorem. The theorem states that when a fluid rotates
fast, all particles on the same vertical have the same horizontal velocity.

Gravity has a tendency to pull the denser fluid downwards and the light fluid up in
the same direction. The fluid has a steady stratified structure under equilibrium conditions
and consists of horizontal layers that are stacked vertically. Gravity makes systematic
attempts to restore equilibrium as fluid motions disrupt it. The Brunt-Vaisala frequency and
buoyancy are used to determine the importance of these stratifications. Small perturbations
result in the generation of additional dispersive waves known as internal gravity waves. In
geophysical fluids, an interesting situation occurs when there is a significant interaction
between rotation and stratification, but neither is dominating.

On this basis, the large motions of the oceans and atmosphere are generally formulated
by the following 3D primitive equations:

ar+uha+ (a-V)a+ Qe xa+Vp=wdes (ty) € (0,00) x R?,
O +vAd+ (a- V)0 = —M?a3 (t,y) € (0,00) x RS, 1)
diva =0 (t,y) € (0,00) x R3,
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where 2 and p denote the unknown velocity field and pressure of the fluid. A scalar function
¢ represents the density fluctuation in the fluid, while ay is the given initial velocity field
that satisfies V - a2 = 0. w, y and v are positive constants related to gravity, viscosity and
diffusivity, respectively. The Coriolis parameter () € R denotes the speed of rotation around
the vertical unit vector e3 = (0,0,1). M > 0 is the stratification parameter represents the
Brunt-Visala wave frequency. The ratios P := L and B := £ represents the Prandtl number
and the “Burgers”number of geophysics, respectively. The derivation of the equations
and more explanations related to their physical foundation can be found in [4,5] and the
references therein.

If M =0,Q =0and ¢ = 0, Equation (1) is reduced to the following 3D incompressible
Navier-Stokes (NS) equations

diva =0 (t,y) € (0,00) x R3. @

{at +uha+(a-V)a+Vp=0 (ty) € (0,00) xR3,

The mathematical theory of Equation (2) comes from the well-known article by Jean
Leray [6], which studies the global existence of NS equations with respect to weak solutions,
but the uniqueness and regularity question are still open in three dimensions (3D). The first
well-posedness result of Equation (2) was obtained by Fujita and Kato [7], which shows the
local well-posedness when the HP(R3) with g > % and global well-posedness belonging to

H? (R3) when the initial data are small. This solution was further extended to a family of
function spaces. For a detailed study in this direction, see [8-10]. It is important to note
3

that results related to well-posedness are proved in Bp,rl o (R3) for1 <r<oo,1<p< oo
for1 <r < oco,1 < p < coby Cannone et al. [8], Koch and Tataru [9] in BMO~! and
Lei [10]. However, Bourgain and Pavlovi¢ [11] studied the ill-posedness of Equation (2) in
Bq_l’m (R3%) for 1 < g < oo and Yoneda [12] in F5L(R3?) for 2 < r < co.

If Q) # 0, M = 0and ¢ = 0, Equation (1) reduces to 3D incompressible NS equations
with Coriolis force

®)

ar+puha+ (a-V)a+Qes xa+Vp=0 (ty) € (0,00) xR,
diva =0 (t,y) € (0,00) x R3.

The global well-posedness of Equation (3) has also received a great interest, for more
study in this direction, see [4,13]. In particular, Giga et al. [14] proved the global well-
posedness of Equation (3) for small initial data in FM, 1(R3), Hieber and Shibata [15] in

2-3
H? (R3), Fang et al. [16] in FBy,* (R3) when1 < r < coand 1 < p < o0, Konieczny and
Yoneda [17] in ]-"Bl_,ll (R3)N ]-"B?,l (R3), Iwabuchi and Takada [18] and in .7-'5’1_,21 (R3).
In this paper, we consider the Cauchy problem for 3D primitive equations of geophysics.

ar+pha+ (a-V)a+Qes xa+ Vp=gdes (ty) € (0,00) x R3,

O + VA + (a- V)8 = —M?0; (t,y) € (0,00) x R?, @
diva =0, (t,y) € (0,00) x R?,

a(y,0) = ap, ¥(y,0) = B y € R3,

where vg and 6 are the given initial data.

The following is a brief review of the existence of solutions to Equation (4). Chemin [19]
established the global well-posedness of Equation (4) using very careful energy calculations
for initial data belonging to H'(R3) N H!(R3), assuming that Q) = M? is sufficiently large.
Babin et al. [4] obtained the global solvability of Equation (4) in HP(T®) with g > % for
small initial data and large enough M. Koba et al. [20] obtained the global well-posedness to
Equation (4) by considering P = 1in H 2 (R3) N H'(R3). Additionally, they established the
global existence to the solution of Equation (4), when the initial data are small and belonging
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to H? (R3). Iwabuchi et al. [21] recently proved the well-posedness to Equation (4) with
P = 1 for the large oscillatory component of initial data belonging to HF (R?)( < B < 3)

and the small quasi-geostrophic component belonging H 2 (R3) with sufficiently large M,
by utilizing the full dispersion effect of stratification and rotation. When the rotation is fast,
Charve and Ngo [22] proved the global well-posedness for primitive equations. Recently,
Abbeassi et al. [23] obtained the local well-posedness and global well-posedness results
of Equation (4) for small initial data belonging to Fourier-Besov-Morrey spaces. We can
conclude from the above-mentioned results that there is a significant difference in the well-
posedness of Equation (4) and the incompressible NS Equation (2) or the incompressible NS
equations with Coriolis force (3). Motivated by [17,18,22], we can extend the well-posedness
results of Equations (2) or (3) to the Equation (4).

In this paper, the global well-posedness of the Equation (4) is considered in variable

)

exponent Fourier-Besov space F' 5’5 (.'m. As these spaces are symmetric, the results proved
in this work also have the property of symmetry. The space of variable integrability,
also known as Lebesgue space LPC)(R™), originated with the article of Orlicz [24], and
was further studied by Musielak [25] and Nakano [26]; however, the present development
started with the papers of Kovaik and Rakosnik [27]. It has received a great deal of attention
in harmonic analysis, as evidenced by [28,29]. For more study in this direction, we refer
the readers to [30] and the references therein. In addition to the theoretical study, these
function spaces have significant uses in image processing [31], fluid dynamics [32], and
partial differential equations [33].

Throughout the paper, we write f < g to represent f < Cg, where C is a positive
constant. In Section 2, we give definitions of some important function spaces and some
useful propositions related to variable exponent function spaces. In Section 3, we establish
the global well-posedness result. In Section 4, the analyticity of global solution is obtained.

2. Preliminaries

First, we give an overview of some important harmonic analysis related to the variable
exponent function spaces.

Definition 1. For the measurable function p(-), let

Po:={p(-) : R" = (0,00);0 < p_ = esssup p(y), esssup p(y) = p4 < c0}.
yeR” yeR"

The variable exponent Lebesgue space is:
LPO(R") = {a : R" — R is measurable, / la(y)|PWdx < oo}
Rn

with norm

lall o) = inf{oc >0: . (@)p(y)dx < 1}.

To distinguish between constant and variable exponents, we use the notation p for
constant exponents and p(-) for variable exponents. In addition, (L°()(R"), ||a|| p()) isa
Banach space.

Definition 2. Let p(-), q(-) € Po(R"), the mixed variable exponent Lebesgue-sequence space is
the set of all sequences {a;} ez of measurable functions in R" such that

Habicall oy 3= {2 > 00 0y ({1} ) <1 <
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where

i€Z AW
]

Zi”f{)\j - O,/Rn ({aj(ly)})(?(y) < 1}'

Q500 (Lp(')) ({ﬂ}jeZ) =

Note that, if 1 < oo, then Qs (120) ({a}jez) == Ljez 1a; 1701 ) -
L

()
q()

The LP() does not have the same desired properties like L as it is not translation
invariant. To ensure the boundedness of Hardy-Littlewood maximal operator on L°(") (R"),
it is assumed that the standard conditions given below are satisfied.

(i) Locally log-Holder continuous: For any y,x € R", there exists a constant Cjoe(p)
such that

o) — p(x)] < ——es®)

= Toglet ly —x 1) 7Y

(ii) Globally log-Holder continuous: For all y € R", there exists a constant independent
of y and some other constant Cjyq(p) such that

B Clog(P)

The set of all functions p(-) : R” — R satisfies (i) and (ii) is denoted by C'°8 (R").
Definition 3. Let B(-) € C%(R") and p(-), q(-) € Po(R") N C8(R™"). The variable exponent
homogeneous Besov space Bg (:) a0) is

85((“)),‘1(,) = {a eD'R"); lallpy < °°}

p()a()

with norm

lallgy = [[{2"0da} s
Bo)at) Pl

The space D' (R™) represents the dual space of
D(R") = {a € 7(R") : (D%)(0) = O,sz}.

Definition 4. Let B(-) € C8(R") and p(-), q(-) € Po(R") N Cl8(R™). The homogeneous
variable exponent Fourier—Besov space F Bﬁ ((>) o) is defined by

5B(-) — /(TR .
FBar = {n PR el <o)

with norm

lall g = [{2°0hia},
FBp(ac) 1€ e o,

Definition 5. For1 <r,y < ocoand T € (0, T|, the variable exponent of Chemin—Lerner type in
a homogeneous Fourier-Besov space L7 (0, T; F B’fj (()) r) is defined by

£7(o, T"]:Bﬁ((:)),r) - {a € D'(R"); ””Hm(o,T;fzsﬁ( )< °°}
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with norm

1
||a||£7(O,T;FB£((')) )~ (ZZ HZJS(')AJ'“HVL}LM-)) :
o =

Proposition 1. The following estimates hold for variable exponent function spaces.
(1) Holder's inequality[29]. Let P(R)" is the set of all measurable functions p : R" — [1,00) and

p(-),q(-),r(-) € P(R)" such that ejses[élnpp(y) = p4 < coand % = p(lj + q(lﬁ Then,

||‘1b||Lr(-)(Rn) = HaHLP(‘)(RH)||b||LFI('>(]R’1)‘

(2) Sobolev Embedding [34]. Let so(-),s1(-) € L*® with so(-) > s1(-) and po(-), p1(-),q(-) €
P(R™). Ifq(l—) and so(+) — % =s51(-) — % are Locally log-Holder continuous, then

Boa0) = By
(3) ([34]) Let so(-),51(-) € L® with so(-) = s1(-) and po(-), p1(-),4(-) € PR"). If 5, 45
and so(+) — ﬁ =s51(+) — ﬁ + €(y) are Locally log-Holder continuous, where e?/sesﬂynpe >0,
then

Boan) = B
Proposition 2. ([35]) Let B > 0,1 < v,7v1,72,0,9,7,0 < 0, (17 = %—0— L and % = % + %

Then,
512y, S lall g 100 rers + 16l o ol

3. The Well-Posedness

In this section, we first convert Equation (4) to an equivalent integral form. We refer
the readers to [20] for a comprehensive derivation of the equivalent integral form.

By setting

M = Mw, u := (Nul, u?,u,ut) == (al,a?,a3,Jwd/M), ug = (u(l), u%, ug, ué) =
(a(l), a%, a%, Vwby/ M) and V := (91,0, 03,0), Equation (4) can be written as follows:

ur+ du+Bu+Vp=—(u-V) (ty) € (0,00) x R3,

V-u=0, (t,y) € (0,00) x RY, (5)
u(y,0) = up y € R3,
where
—uA 0 0 0 0o -0 0 0
o —ua 0 0 la o0 o o0
=10 0 —ua o0 |7 o 0 0 —M

0 0 0 —uA o 0 M 0

In order to solve Equation (4), we consider the following integral equation
t ~
u(t) = Sa (o + /0 Som(t—T)PY - (@ u)dT, ©)

where the Helmholtz projection onto the divergence-free vector fields P := (B, )44 is
given by
- Omn + RuRy 1 <m,n <3,
Prun = .
Smn otherwise.
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In addition, S 4 (-) represents the Stokes—Coriolis Stratification to the corresponding
linear equations of (1.2) using the Fourier transform under the assumption of y = v, which
can be explicitly written as:

Som(Hu = FLcos(Q

7]

/ !/
il YNy + sin(th)Nz + Na] * (e #0tu),

]

where
o[22, 2 r.o_ 2 2 2
Il = VR +772+’73/|77| = \/M2771 +M2772+02‘:3
and
0?2 0 My QMo
In|"2 |2 n|'2
0 Or  _Mun _0Mu
2 2 2
Ny = ] ] ]
1 Pz Q%ipngs MZ(@?"‘C%) 0 ’
In|'2 n|2 In|'2
OMippns QM 0 M2 (3 +13)
2 2 2
[7] |71 Ul
0 0 Qi3 Mz
) [7llnl [llnl’ [7llnl
T 0 ~ThE e
Ny — 1l 1y 7l )
R A
7lln 7lln iy
_ Mgz Mgy MEEAE 0
[l [7llnl [llnl
M2y2 _ My QM
In|'? \gl’j |2
_M2’7,1772 M /’71 Q/\/171'73
N3 = In7|2 ]2 l7|2
0 0 0
_ OMpys QMg 0 Q%3
2 2 2
7] Ul ul

It is clear that a non-vanishing N{;l satisfies the following condition, if we denote
(k, 1)-th element of matrix N;(77) by by N]jd (n)

INji| <2fory € R%j=1,23andk,l=1,234.

In order to get the global well-posedness and analyticity of the viscous primitive
equations of geophysics in critical variable exponent Fourier-Besov spaces, we use the
following lemma on the existence of fixed point solutions.

Lemma 1 ([36]). Let Y be a Banach space with norm || - || and H : Y X Y — Y is a bounded linear
operator that satisfies ||[H(a,b)|| < ¢|al|||b]| for all a,b € Y and a positive constant . Then, the
equation y = x + H(a, b) has a solution y € Y such that 4¢||y|| < 1 for any x € Y. Particularly,
there is a solution such that ||y|| < 2||x|| and it is the only one such that ||y|| < ﬁ

Considering the integral form in Equation (6), we have to make a priori estimates
to prove our main result. In the lemma given below, we prove the linear estimate for
Equation (6).

Lemma 2. Let p(-), pr(-) € P(RY) for pi() < p(-), B() € CUS(R"), 1 < 7,q < oo,

ﬁ('Hm
I=10,T), Te€ (0,00] and ug € pr(Jq :

HSQ,M (t)uo‘ B(:
LM (I;]-'E'S’p1 N
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Proof. Since Sn zq is a bounded
absolute constant. Let p* =
we obtain

N

N

N

N

HZJ ﬁ( %)(p]ﬁoHLPUHM

oo
]—"BM)+W
p1()a

eW)p1(y)
e(y)—pr1(y)’

(2~ —
2 P1<‘)
0 LP(-)H
~ i
u 2Me
0 Lp(»H

[OLFS ‘
Pj+k 1o

Fourier multiplier, it can be simply estimated by an
by using Proposition 1 and considering p1(-) < p(-),

ml(I;Lf’l('))’ 19

3 2B
+71)

40 —t|-]?

Pj+ke uo’

L(nLe*y I

e
T e

—$22B(j+k) ‘ 2

e '

‘b\

~ ’

LeC) Il1a

The following fact has been used in the above estimate:

O

p()fm(-)dx <1

j

) p()p1()
Pj+k ‘ CORZION

. “Sdx < 1}

P )py (D)

Btk ) g < 1) 5 .

14

Theorem 1. Let p(-) € CI%(R") N Py(R"), 2 < p(-) < 6,1 < ¢ < 3and v € [1,00].

+
Then, there exists a positive constant € such that for any uy € F B o )q

[[uol|

e}
}—Bp(»)ﬂap (R™)
ue L (R+,.7:B ()0
such that
[Jue] ,Hi%
LrRyFB PO

()

A42 ,
)ﬂﬁ'y(R+;Bzzrq v )ﬂﬁw(R+;B§q)

O(R™) that satisfies

< ¢, Equation (1) has a unique global solution

i(-'r% e o 1
)N TR BS, ) N L™ (R4 BY,)
T @)

o)
p()a
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Proof. We define

LJFZ 1,2

5 .5 .1
Z .= LV(R;FB INLY(Ry; By, TN LY (Ry; BS )

()

and we shall prove that the following is a contraction mapping.

Y:u— SQ,M(t)uo + /Ot SQ/M(t - T)]P’? (u®@u)dT.
Next, we can write
9], < [samtmol, +] [ somte~ TV (uouar]
=0+ I.

To estimate Iy, consider the hypothesis p(-) > 2 and Lemma 2, we obtain

143
p().q )

3
14+ ’
o'()

H Sa,m (f)uo‘
LY (R4, FB

o

2
oo, FBET) FB

[ESem

1 _
LRy, FB,) Fg 70

Hence, we obtain

A

: o' ()
]:Bp(')/q

, using Propositions 1 and 2, we have

m(m;pr(A),qP'“ )
t 3 2 —
1+ 5=+5) )2 e
< H/ 2 O IN] pje (=TI v'(”®”)dTHU(R+;LP<'>)HM
3 2
i(5+3 —T].
S| [ 12 gt T>”||Lﬁ<.>|mj<u®u 54T v,

PG D @) ol vy e 2 e

S
Sl

19

2+ )|”||c<>o R;L3)
1,2 |lull
B'ZZ/qu’Y Lo

LY(Ry;B

T(Ry;

Likewise, we have

1,2

t ~
| [ samt=TPY - (o u)dT| 1z
o LYRFB ) )

S [l ye2 [lull

1,
Cr®B2T) LRGBS

Z 5 2i
S I 2 DT 2 g i @) 6T g,

®)

©)

(10)

(11)

(12)
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and

/ot St~ TIBY - (u @ u)dT|

1
L£7(R;FB2

p(-),q)
S lul] 102 [lull 1 (13)
L R+;B.22,11+7 EOO(R+}=%22[q)
Hence, we obtain
t ~
| [ somtt =P wewar|_ < ljullzlullz. (14)

Using the inequalities (10) and (14) in (9), we can get

ol

e, <cilu]| s +Collullzlulz
]:BP(-M

< C1HuoH .3+ Caed.
s ()
p(")a

1+

Choosing ¢ < and for any u € ’FBP(') q”/“ with

1
2max{Cy,Cp}
€0

<57/~
H;’”,f(.) 2max{Cy,Co}
o)

[|uol|

we get

) )
< — — = €p.
H‘YWHZ Sp Ty =

By applying Lemma 1, we can directly obtain that Equation (4) has a global unique
solution with ||u|| < ¢ for sufficiently small e. [J

143
FB 1+P’(')

p().q

4. Gevrey Class Regularity

Next, we prove Gevrey class regularity for the solution of Equation (4). The analyt-
icity related to the NS equations has been studied by many authors. For more results
in this direction, we refer [37,38]. The lemma given below is very important to get the
spatial analyticity.

Lemma 3 ([39]). Forall x,y € R" and 0 < s <t < oo, the following inequality holds

N —

1
tx|2 — 5 ( = ) |x| = slx —y|2 —sly|? <

Theorem 2. Let p(-) € C%8(R")NPy(R"), 2 < p(-) < 1,1 < g < 3, then, there exists a
A
positive constant € such that for any initial data uy € F Bp(.) q" 'O satisfying ||uo| 3 <e
’ FB o'()
p()a

Equation (4) has an analytic unique solution u in the sense that

—142 42

1,2 1
Lr®FB ) PO e R GFBL T NLo (R FBE,)
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Proof. Assuming ¢(,y) = e¥IPlu(t,y) and considering Equation (6), we get

t
8t) =/ Plsau(buo + e/ PlS0 pa(t = TIPY (& )T,

It is easy to obtain that

Hg(t,y)]

< eV Plsop (B

13 42
g POT
EW(R*’FBP(-MP )
+‘/ VIPISe (= TPV - (u @ u)dT | ek
LTRFBy ()4 )
< ‘Heﬁwww STt >(Pl ‘ H
~ LY(Ry;LeO) Ml
+ Eon (,)/ =T [ V= =TT (gl +el)
Rn

(V- (uly - LTVPu(E, T))dzaT]

L7 (Ry;Le( ))Hlﬂ'

Using eVilnl=3tnl® = p3(Vin=1%+3 < o3 and by Lemma 3, we get

(14342
S HHE_%”'”ZZI( 1+P/(')+7)(Piu0

PN ‘

LY(Ry; Lp(‘))Hm

t
z<%+%>¢i/0 e 2T (T (u(y ¢, LTIV 7)e]

L7(R ;LA ))Hm‘

The rest of the proof follows the same argument as Theorem 1, the details are therefore
omitted. [

5. Conclusions

We studied the primitive equations of geophysics in variable exponent Fourier-Besov
spaces. Young’s inequality is a significant tool to determine the global well-posedness of
these kind of equations. Recently, Abbassi et al. [23] obtained the local well-posedness
and global well-posedness results of Equation (4) for small initial data in Fourier-Besov—
Morrey spaces. In order to obtain the global well-posedness result, we cannot use Young’s
inequality in variable exponent function spaces. In this paper, we overcame this problem
and obtained the global well-posedness results of Equation (4) for small initial data ag
belonging to the homogeneous variable exponent in Fourier-Besov spaces. Furthermore,
we proved the Gevrey class regularity of the solution.
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