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Abstract

We establish the uniqueness and local existence of weak solutions for a system of partial differen-
tial equations which describes non-linear motions of viscous stratified fluid in a homogeneous
gravity field. Due to the presence of the stratification equation for the density, the model and the
problem are new and thus different from the classical Navier-Stokes equations.
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1. Introduction

The objective of this paper is to study the qualitative properties of the weak solutions of the system of partial dif-
ferential equations which describes nonlinear motions of stratified three-dimensional viscous fluid in the gravity
field, such as existence, uniqueness and smoothness. This model of three-dimensional stratified fluid corresponds
to a stationary distribution of the initial density in a homogeneous gravitational field, which is of Boltzmann
type and is exponentially decreasing with the growth of the altitude. The results may be applied in the mathe-
matical fluid dynamics modelling real non-linear flows in the Atmosphere and the Ocean.

The additional unknown function (density), as well as the stratification equation itself, constitutes the novelty
of the problem. To construct the solutions, we will use the Galerkin method.

We consider a bounded domain Q < R® with the boundary of the class dQ e C” piecewise, and the fol-
lowing system of fluid dynamics
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Here x=(X,X,%) is the space variable, u(x,t)=(u(xt),u,(xt),u;(xt)) is the velocity field,
p(x,t) is the scalar field of the dynamic pressure and p(x,t) is the dynamic density. In this model, the sta-
tionary distribution of density is described by the function e ™, where N is a positive constant. The gravitatio-
nal constant g and the viscosity coefficient v are also assumed as strictly positive.

For linear non-viscous case, Equations (1.1) are deduced, for example, in [1]-[3]. For linear viscous compres-
sible fluid, system 1.1 is deduced, for example, in [4]. The linear system corresponding to 1.1, was studied from
various points of view, and some results may be found in [5]-[10].

There exists, of course, huge bibliography concerning Navier-Stokes system (see, for example, [11]-[14]).

However, the non-linear system modelling stratified viscous flows have not been studied mathematically yet,
and thus our research was motivated by the novelty of the presence of the term o in the third equation of 1.1,
and also by the presence of the fourth equation itself.

2. Construction and Existence of a Weak Solution

We denote e, = (0,0,l) and observe that, without loss of generality we can consider g =1. In this way, we
write Equations (1.1) in the vector form:

Zt—u—vAu+(u-V)u+pe3+Vp:O

op
E—Nzu-eS:O (1.2)

divu=0

We associate system 1.2 with the initial conditions

u(x,0)=u,(x
{ (%.0) =t (x) w3
p(x.0)=py(x)
and the Dirichlet boundary conditions
ul., =0
Pl =0

Let J; (Q) be a functional space of smooth solenoidal functions with compact support in Q. We denote as
J(Q) the closure of J5'(€) in the norm L, (). We also denote as J, (€2) the space of solenoidal func-
tions from C! (Q) which satisfy homogeneous Dirichlet condition.

Definition 1.

Let 0<T <o, u(t,x)e[L,(0,T)xJ(Q)]N[L,(0.T)xJ,(Q)], p(t.x)eL,(0.T)xL,(Q).

12
For any pair of vector functions f,geL,(Q) we denote (f,g) = [I( f,0,+ f,0, + fsgg)dxj .

Q
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We will call (u, p) a weak solution of 1.2-1.4, if the following integral identities hold

]{(u,cbt)+<u,(u V) ®)+v(Vu, VD) +(pe,, @)dt + (u,, ®(0)) = 0 (15)

O —)

{(p¥)), +N?(vey, W), Jdt+(p,, ' (0)), =0, (1.6)

for every pair of functions @®,¥ such that
®eC'(0,T)xJ,(Q), ¥eC'(0T)xL,(Q),and ®(T)=0,¥(T)=0.

We observe that the relations 1.5 - 1.6 are obtained in a natural way after multiplying by (d),LP) the system
1.2, and integrating by parts over Q for x and over the interval (O,T) for t. After knowing the functions
(u,p) , the function Vp can be easily found from 1.2.

Let {¢,} be a complete orthonormal system in J (Q). We observe that, without loss of generality, it can be
chosen as a system of eigenfunctions of Stokes operator (see, for example, [11] [13] [15]).

We construct the solutions of 1.2 as Galerkin approximations

u" (t,x) =Y ¢ () (), .7
k=1
where ¢, (t)eC*[0,T] are unknown coefficients and p, (t,x) are obtained as solutions of Cauchy problem

ol (t,x)=N?u"e;, p"(0,x) = p, (X). (1.8)

Our primary aim is to determine the existence of c,, (t) and the resulting properties of the approximations
un

If we consider 1.5 for u" and ®(t,x)=H (t)¢p, (x),H eC'(0,T),H(T)=0,
then, the arbitrary election of H (t) will imply the relations
<ut” —vAU" +(un oV)u” +p”e3,gok>= 0,
k=1---,n.

We transform now the system 1.9 into an autonomous system of differential equations of the first order with
respect to the variables c,, , where the vector field is C” . If we denote

X(t)=(cp (1)1 (1)) Bf = <(¢)i -V)(pi ,g0k> , then it can be easily seen that the system 1.9 is equivalent to

(1.9)

X'(t)=F(x(t))+ sz'Gx(s)ds, (1.10)

where
X"Mx </7093!¢71>
F(x)=| & |+vHx+ : :
XTMnX <p0e3l(pn>

ﬁlkl ﬂlkn <(¢1 'e3)e3'(01> <((Dn 'e3)e31(ﬂ1>
M,=| ¢ . i |G= : : ,
ﬁ:l ﬁr:(n <((P1'e3)es’¢’n> <(¢’n'e3)es-¢7n>

(Vou.Voa) - (Vo Va)

,(V@,V‘P)zi(V@i,V‘{’i>.

i=1

H= ; .
(Vo.Ve,) - (Ve Ve,)
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After differentiating 1.10, we obtain
xX"(t) =K (x,x'), (1.11)

where K, (X,x')=M X" x+M x-X'+v(H -x')j +N2(G~x)j Jj=1-n

We introduce the notation x’=z and thus rewrite 1.11 as

[)z(j =L(x2). (1.12)

Since L(x, z) is an infinitely differentiable vector field, then, from the theory of ordinary differential equa-
tions, we conclude that 1.12 admits a maximal solution in the interval [0,T, ].

Now, we shall deduce some estimates to prove that T, =T is independenton n.

Lemma 1.

The solutions u" (t, x) of the approximate system 1.9 are defined uniquely by 1.7.

Additionally, the following estimates are valid. Forall ne N there exists T* >0

such that

n 2 1
o () <loff + bl

1) sup
0<t<T*
2) .:["Vu"(T,X)"Zdrﬁé("uonz+$"po"2) forall te[0,T],

n

3) |u,

’ s\/%tan(\/% T*+M) forallte[0T"],
) "Vu”(t,x)"2£§(||uo||+%||po||]2+%\/%tan(«/£ T +M) forall te[0T°],

t sec \/EHM

5) 'l.utn(T,X)"izdfggln% fora” tE[O,T*:|,

6) [|u"(z x)der{nu Fea ||2j(t+£) forall te[0T]
: ) 21 - 0 N2 0 v ) )

where the positive constants a, b, M and T"depend only on the initial data 1.3, the parameter of the system N
and the domain Q.

Remark.

The values of the constants a, b, Mand T" are given below in 1.22, 1.28 and 1.29.

Proof.

2 C 2

2

n n

u

For ¢>0 we introduce the following auxiliary real-valued function E(t) :%

We observe that
E'(t)= <ut",u”>+c(pt”,p)L2 = <ut”,u">+cN2 (u;‘,p)L2 . (1.13)
After multiplying each equation of 1.9 by c,, (t) and summing them with respect to k , we obtain

<ut“,u“>+v||Vu" i +<p“e3,u”>:0.

In this way, choosing ¢ = iz , we have that
N

2

E'(t)=—v|vu"| <0. (1.14)

Therefore, E(t)<E(0) forallt, and thus

&)
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1 1
ol <l + el @15)
In particular, we have Zn: Cn (t)|2 =[u|f g||uo||2+$||p0||2. Thus the statement “a)” of the Lemma is
=1
proved.
From 1.14 we obtain that
v offae <2(loof el (116)
d 1 v 0 Nz 0

which will prove the statement “b)”. Indeed,
t t
" ' 1
[v[vu" (z.x)[ dz = [ E'(r)dr = E(0)~ E(t) < E(0) + E(t) < 2E(0) = u, ] +W||p0||2.
0 0

Now, differentiating 1.9, we obtain <ut’; — VAUl + (U - V)u" +(u" -V )uy +pt”e3,(pk>: 0.

We multiply the last relations by c,, (t) and sum them with respect to k:
’ +<(ut“ -V)u”,u{‘>+<(u” -V)u{‘,ut”>+<pt”e3,ut“> =0.

Therefore, keeping in mind that <(u" ~V)u[”,ut"> =0, we have

n n n
<utt , Uy >+ v"Vut

id
2dt
We would like to estimate the right-hand terms in 1.17. Evidently, from 1.15 we obtain

n 2

2 n
u | + v"Vut

=—<(ut”-V)u”,ut”>—N2<u3”e3,ut“>. (1.17)

N? 2 2\ _N? 1 T
‘N2<u§e3,ut”> < NZ{u" [ty £7( ul +fuf )ST("%'FJFW"%”ZJJFT u'll . (1.18)
We will need the following estimate:
v"Vu” ’ :—<ut”,u”>—<p”e3,u”>s <ut”,u”> + <p”e3,u”>
1 1 2 (1.19)
S o e o e < (b ol o+ Bl
On the other hand, from the generalized Holder inequality and the interpolation inequality
1 3
If ||L4 <||f ||E2 |t ||E6 , We can estimate the term
n n n n n n n 2 n n 1 n E n
<(uI -V)u ,ul>s u, vu ], = (e, vu . < iz U, EGHVU L (1.20)
1 1
From the Young inequality with “c” for p=4, ng, x=[u'z [vu"| ,y=[u[2 , we obtain
4 L L L,
K(uln .V)u”,ul”> Sg"Vu" iz u/ l +C(&)|u/ ; (1.21)
Now, using 1.19 and the inclusion Sobolev inequality |u,’ ; sC’"VuI" i , We have
2

n
ul

2
L

n
u'[

D v o\ 2e Ty oY 1, Y
(e )< 22| (el ol B, (el Do

If we choose ¢ such that C(s)C’ :%, then the last estimate, together with 1.17 and 1.18, implies

)

iz J+C(s)C’||Vut”
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1d

2dt

2 nl[

"l 85 1, oY
()

n
ut

L2 dga) |
N2y (O NI b de

1 2
:7(||Uo||+ﬁllpollj : (1.22)

<a+b

Evidently, from 1.22 we have

t
Lroa 0 (1.23)

from which, after integrating with respect to t, it follows that

2
2 a \/6 Utn (0, X)"
u|” <[> tan| v/ab t+tant| — L || (1.24)
o] eom | 5L
Now, to obtain a uniform upper estimate with respect to n for |u; ’ , we only need to prove such estimate for

u (0,x)||2 . We remind that the system {(pk} , being formed by eigenfunctions of Stokes operator is orthonor

mal inJ(Q), and also in J, (Q) with the scalar product (V®,V¥), as well as in J, (Q)NW,’ (©) with the
scalar product (PV®,PV¥), where P is an orthogonal projection of L,(€) onto J(Q). From 1.9 we have

) ==(" (0)es,u7 (0))-v{Pauy (0),u7 (0))((u" (0)-¥)u" (0),u7 (0)).
Proceeding analogously to 1.17-1.21 and also using Lemma 1 from [11], we obtain
o (0)]| <o (0)]+v[Paur (0)|+ Ju" (0) Vu" (0)] <[|o (0)]+ v||PAu™ (0)] +[u

|

O, [vu" (0)

o,

Ls

<o)+ v[pav O]+ 0] [P

1 3
<[lp(0)]+v|Pau" (o) ||+C'||PVU" (O [ve @) +c'[vur (o)
21
S||p(0)||+v?+§"PAu o) +(C)* ePvu” (0. +C(e)[vu" (O] +C'[vur (O)], -
If we choose & = ]7/2(C’)4 , then we finally have
2
u (0)||S||p(0)||+v?+"PAu O +(c'+c(e)|vu" (o) - (1.25)
Now, from the Bessel inequality and the properties
1
C, (0)=(®,,u(0)) =———(Veg,,Vu(0)) =——(PAg,,PAu(0)), (1.26)
ki ( ) <(pk ( )> "V(Dk"Z( Pu ( )> "PA(Dk"2< Pu ( )>
we can express 1.25 as
()] <[ (0 ||+—+||PAu ) +(c'+C(e))vu (o) (1.27)

In this way, using 1.27 and the evident inequality (x+y+2)° < 4(x2 +yi+ zz), we can estimate 1.24 as

s\/étan(\/%HM), (1.28)

&)

nll2

U,
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(Il | sl et oy

a

where M =tan*

T
—-M
Taking 0<T" <2W, we assure that tan(\/% T +M ) <oo and thus we obtain the result that for all
a
ne N thereexists T* > 0such that
u/ 2s\/%tan(\/% T*+M) forall te[0,T"], (1.29)

which proves the statement “c)” of the Lemma. It is easy to see that the statement “d)” is a direct consequence of
1.19 and 1.29. The statement “e)” of the Lemma is obtained immediately if we integrate both sides of 1.29 with
respect to t. It remains to prove the statement “f)”. For that, we use 1.15 and 1.16 and therefore obtain

(effye = (o (roof + o (e e <l + Szl ) 42,
0

which concludes the proof of the Lemma.

We would like to obtain now more estimates for the approximate solutions u"(t,x), with an intention to
show that their limit, which is an obvious candidate for a solution of 1.2 - 1.4, would preserve certain regularity
properties of u".

Lemma 2.

Forall neN and forall te O,T*J there exists a constant C >0 which does not depend on u", such
that the following estimate is valid:

n(,

Jdr<C(T", I-N.Q). (0.1)

Proof.

We continue using the notation of P as an orthogonal projection of L,(Q) onto J(Q). Let A4 be eigen-
values corresponding to the eigenfunctions ¢, of the Stokes operator. We multiply 1.9 by c,,4, and sum up
the resulting equations with respect to k. In this way, we have

<u{‘—vAu”+(u”-V)u”+p”e3,—PA¢k>=O. (1.32)
We would like to estimate the following term in 1.31:

<vAu", PAg, > = <ut“, PA¢k>+<(u“ -V)u”, PA¢k>+<p”e3, PA(pk> . (1.32)

By using Cauchy and Holder inequality, together with the inequality xy < ex® +4i y?, we obtain
&

|
L

Now we use Sobolev inclusion inequality and Lemma 1 from [11], which allows us to estimate 1.33 as
2
<VAU" PA ><g| n|? ’ "
FAQ ) S t L

We take &= Zi , consider the inequality (x+ y)2 < 2(x2 + yz) and use the property

14

2

(v Pag,) < {urf [}+ClPanl (1.33)

e[ } ZPag . (134
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2

(Au",PAg, ) = (Au",P?Ag, ) = (PAU", PAg, ) = [PAu"|".

)

n
P&

Proceeding in this way, we obtain

2£i=
2v

_i{
2v

3
< =
21/{

Now, if we take 7 = Ziz we will finally have

vu" p'e,

]

4

%"PAU“ u; ‘4 2C’||Vu”

’ ("PAU”

+ ||Vu”

|

3 4

g 2C'||Vu” PAu" +

n
ut

+20’||Vu”

[ +4nc? ||Vu” ‘4 2C’||Vun

z}

+

n
P&

° +i||PAu”
4n

4
+

2 6
"PAu" u; +||Vu” +||Vu”

)

P&

2
<K

(1.35)
K =%max{l, 2C/, %C’Z}.
1% 1%

The term ||u/' * on the right side of 1.35 can be estimated by 1.29. The terms ||Vun * and ||Vun 6, can be

estimated analogously, we use the statement “d)” of Lemma 1 and the inequality (x+ y)p sZ"(xp +y"),
where we consider p = 2 and p = 3. Now, taking into account the properties

[tan? (Vab r+M)dr=%[t&n(@ r+M)-(vab r+M)} (1.36)
jtans(@ r+M)dr:%Btan2(\/ﬁ r+M)+In‘cos(\/E 1+M)H (1.37)

we can proceed estimating the integral of 1.35 as follows:

J[Pau (e, x)[fd
0

1 sec(\/%HM) 1 *oal 1, cos(\/%tJrM)
<K{BlnW+64(||u°||+ﬁ||p°|0 '[+b—2 tan (\/%HM)—Etan M +InW

1, Y. 1]a 1
+16(||u0||+ﬁ||p0||j t+B\E(tan(«/£ t+M)—M)+(||uO”2+W" ponz)t}

(1.38)
We note that the estimate 1.38 is valid for t<|0,T" |. From 1.28 - 1.29 we have that the value T" is chosen
in such a way that the right side of 1.38 is positive. Finally, we use the result from [15] where there is shown

that in the functional space J, (Q)NW,’ (Q), the norms ||PAf ||L2 and | f ||WZZ are equivalent, which concludes
the proof.

Theorem 1.

Let Q< R® be abounded domain with the boundary of the class C*, and let u, € J, (Q)NW,’ (Q),
Po €L, (Q).

Then, there exists an interval (0,T*) and there exist the functions u(t,x), p(t,x), p(t,x) which satisfy the
system 1.2 and the conditions 1.3 - 1.4 in sense of 1.5 - 1.6, such that

O
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Proof.
From Lemma 1 and Lemma 2 we have that there exist a function u and a subsequence of {u”} (which, for
brevity, we will denote also as {u”} ), such that

u" —>u “weakly in LOO(O,T*)xJ (Q),
u" —>u weaklyin L, (0,77)x[ 3, (Q)NW,; (@) ], (1.39)
ou" 0

u - *
anden weakly in LZ(O,T )xJ(Q).

We note that the inclusion J,(Q)c J(Q) is compact and continuous, and that {u”} is bounded in
L, (O,T*)x J,(Q) from Lemma 1. On the other hand, from the statement “c)” of Lemma 1 we have that for

h>0 and 0<t<T"-h, the following estimate holds:

u"(t+h)- || dt < j jtan(J_T +M)drdt<hT tan(J_T +|v|) (1.40)

In this way, from 1.39, 1.40 and Lemma 245 [12], it follows that {u"} belongs to a compact set in
L, (O,T*)x J (Q) . Therefore, the subsequence in 1.39 can be chosen in such a way that

u" —u strongly in L, (0,T")xJ (). (1.41)

It is easy to see that u satisfies the regularity properties of the Theorem. Indeed, since
uel, (0,T7)x[J,(Q)NW; ()] and u, L, (0,T")xJ (), then, from Theorem IV.5.11 [15] we obtain

that ueC,[0,T"]xJ,(€). Using Sobolev inequality we have the estimate

or-©)er il

T
Therefore, H‘(u V)u * dr <CT* forall n ; which, in turn, implies (u-V)u" e, (OT )<L, (Q) . Now,
let us show thafu satlsfleslé Evidently, u" and p" satisfy 1.5 for

4 4

n

14
I | <cul

L

<C.

'—z

L

sC2|

m

®=)H, (t)p,H, eC[0,T ], H,(T")=0. (1.42)

k=1

Since u" —u weaklyin L, (0,7")xJ,(Q), then

n—o0

T“Vu Vv>dxdt - I (Vu,w)dxdt,ve L, (OT )xJ (Q).
0

T T T T
Analogously, we have that j(u”,v>dt N j(u,v)dt, j(p”e3,<1>>dt N j(pes,cD>dt. It remains to prove
0 0 0 =% %
the limit
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Tf<u",(u”~V)(D>dtn:>w.[<u,(u-v)d)>dt. (1.43)

To verify 1.43, we note first that
<u”,(un -V)CI)>—<u,(u -V)CD> = <u” -u,(u -V)<D>+<u”,((u” —u)-V)CD>. (1.44)
We integrate by t the relation 1.44 and use the properties that u, is uniformly bounded in
L, (0,T)xJ(Q) andthat u" —u stronglyin L, [(O,T*)x (Q)J In this way, we obtain that 1.43 is valid.

Now, we pass to the limit for n—> oo in
T{<u”,®t>+<u”,(u”-V)d>>+v<Vu”,V<D>+<p“eg,<b>}dt+<u0,<D(0)>:0,
and thus obtain 0
IK“’@‘)*(”’(“'V)®>+V<VU’V®>+<pes7®>}dt+<uovﬂ>(0)>=0 (1.45)

for the functions @ from 1.42. Due to the density of the set 1.42, we have that 1.45 is valid for all the func-
tions @ from Definition 1, which completes the proof.

3. Uniqueness of the Solutions

Theorem 2.
The weak solution in sense of Definition 1, is unique.

Proof.
Let us exchange o by % p and thus rewrite the system 1.2 in a more symmetrical way:

P
U, Au, le 0 u-vu,
—| u, |-v| Au, |+ gp =/ 0 [-]u-Vu, |, (2.1)
Us Au, 2 1 u-vu,
op - P
— N
0%,
o Ly o M N 2.2)

_u3 ,
ot N OX, OX, OX,

Let (u,o,p,) and (w,p,, p,) be two solutions of 2.1 - 2.2 which satisfy the conditions 1.3 - 1.4 and also
the conditions of Theorem 1. We denote U =w—u,P = p, — p,, and thus obtain

U 0 u-vu, —w-vw,
%—vAU:—VP+ 0 +lu-Vu, —w-Vw, |. (2.3)
1 u-Vu, —w-Vw,
_W(pz_,ol)

t
From 2.2 we have p, —p, = %J'U3 (s,x)ds . We observe that we can express 2.3 as follows:

&)
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U 0 u-vu, -U-vw,
E—vAU =-VP+ 0 +|u-VU,-U -Vw, |. (2.9)
1 u-vu, -U-vw,
__(pz_/)l)

N
We multiply 2.4 by U, integrate by parts in Q. In this way, we have

1d 2 2 1 /5
EE"U" +v[vu| :—F<£U3(s,x)ds,u3>—<(u.V)W,U>. (2.5)

By using the generalized Holder inequality and Young inequality, together with the inequity

Ju "'—4 <Clu ||% [vu ||% , We can estimate the last term in 2.5 as

4

1 3
(U -9)w)|<Uf, [Pl < clufe [Vl [vw] < sC VU +¢, (U [l @9)
If we take ¢ = % then we will have the estimate
t
S2F ok Jus s, o o I @
0
t
Now we would like to estimate the term <'[U3 (s, x)ds,U3> . Itis easy to see that
0
t t
<IU3(s,x)ds,U3> IU s, X) ds{|Us (t, x |dx<—{j(j 5,X) dsj dx+J'U t,x)dx j
0 0
t
<—[t”U s ) + U3 ] Lol 2ol
In this way, from 2.7 we obtain the estimate
d 1.5
GV <t as (ol Ju T @8)
Now, let us consider the following initial value problem for the function y(t) :
f _
y'=f(ty)=g(t)y+g jy 29)
y(0)=0.

Evidently, for continuous ¢(t) the unique solution of the problem 2.9isy=0.
By comparison principle, therefore, for every solution of the differential inequality

{z’s f(tz),

2(0) <0,

the property holds: z(t)<0. In this way, we conclude from 2.9 that |U ||2 =0, which implies that u=w.
Using 2.2 we obtain also that p, = p,, and thus the theorem is proved.
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