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Introduction

1. HISTORY AND SIGNIFICANCE OF THE PROBLEM

Classical partial differential equations have been developed and studied intensively since the
beginning of the nineteenth century and represent the foundation of knowledge about waves,
heat transfer, hydrodynamics and other physics problems. The study of those real problems has
motivated mathematicians to explore and apply new methods in pure mathematical research to
solve partial differential equation problems. This is a large topic that is closely related to other
sciences such as physics, mechanics, chemistry, engineering science and has many applications to
industrial problems. Although the theory of partial differential equations has undergone a great
development in the twentieth century, there are still a number of problems that remain unsolved
up to now, mainly related to global existence, uniqueness, the solution, the smoothness as well

as the decay rate of solutions.

One of the most famous and interesting forms of partial differential equations of mathemati-
cians is the nonlinear Parabolic equation. Referring to nonlinear forms of Parabolic equations, we
cannot fail to mention one of the seven famous millennium problems, which is the Navier-Stokes
system of equations. It is the equation that describes the motion of a fluid, such as the flow of

an ocean, or the creation of a small whirlpool within the currents.

The question of the uniqueness and regularity of the Navier-Stokes equations remains one of
the 18 open problems of this century. So far there is no solution for the uniqueness of the solution
except for small time intervals, and it has been questioned whether the Navier-Stokes equations
really describe general flows? However, they also cannot prove they are not unique. It is possible
that the methods used so far are not suitable and the Navier-Stokes equation system needs a
different approach.

The uniqueness of the solutions of the equations is the foundation of the study of motion
problems in partial differential equations. If more than one solution satisfies the same initial
condition, it is said that the space of solutions is too large. Solution uniqueness can be restored
if nonphysical solutions are excluded. More precisely, a non-unique result would contradict the
study of fluid mechanics problems, and the introduction of a more complex model to study the
motion of viscous fluids is necessary. If the problem of uniqueness involves the predictive aspect
of the theory, then the problem of the existence of a solution touches on the question of physical
model self-consistency regarding the Navier-Stokes equations. If the solution does not exist, the
theory makes no sense.

In the twentieth century, instead of explicit formulas in special cases, the problem of solutions
to the Navier-Stokes equations was studied in their general form. This leads to the concept of
weak solutions. However, for weak solutions, only the existence of solutions can be guaranteed.
Another problem related to the Navier-Stokes system of equations that has also attracted the



attention of scientists in recent years is the problem of the asymptotic shape of the solution
as time approaches infinity. Because when we know the asymptotic shape of the solution, we
can predict the development trend of the system in the future and from there make appropriate
assessments and adjustments.

Because of the above reasons, we have chosen the research topic for our thesis as:

“The regularity and the decay rates of solutions to the Navier-Stokes equations”.

2. GOALS AND OBJECT OF THE THESIS
a. Goals of the thesis

e Topic 1: Study the boundary value problems of the Navier-Stokes equations in a general
domain with the following aspects:

- The regularity of weak solutions.

- The decay rates of weak solutions.

e Topic 2: Study the Cauchy problems of the Navier-Stokes equations in the three-dimensional

space with the following aspect:
- The decay rates of strong solutions.

b. Object of the thesis

- The subjects of the thesis are the boundary value problems and the Cauchy problems of the

Navier-Stokes equations in a general domain and in three-dimensional space.
3. RESEARCH METHODS OF THE THESIS

e The regularity of weak solutions for the Navier-Stokes equations in a general domain is
studied by using the theory of the existence of local strong solutions and the uniqueness of strong

solutions in a general domain and semi-group estimates.

e To study the decay rates of the weak solution for the Navier-Stokes equations in a general
domain, we use the theory of the uniqueness and the decay rates of the strong solutions in a

general domain, the embedding theorems and some semi-group estimates.

e The decay rates of strong solutions for the Navier-Stokes equations in the three-dimensional
space is studied by using the theorem about the existence of local strong solutions, uniqueness
of strong solutions in R?, the decay rates of the global strong solutions when the initial value is

small enough with some tools of harmonic analysis.
4. RESULTS OF THE THESIS

In the thesis we obtain the following main results:



e For the regularity of the weak solutions problem in a general domain, we prove that u is
1
regular if the kinetic energy %Hu(t) Hi is left-side Holder continuous with Holder exponent 5 and

with a sufficiently small Hélder semi-norm.

e For the decay rates of the weak solutions problem in a general domain, we prove that
the time decay rates of the weak solution u in the L?-norm like ones of the solutions for the
homogeneous Stokes system taking the same initial value in which the decay exponent is less
than z Moreover, we show that under some additive conditions on the initial value, then u

coincides with the solution of the homogeneous Stokes system when time tends to infinity.

e For the decay rates of the strong solutions problem in the three-dimensional space, we prove
that the time decay rates of u in the L3-norm coincide with ones of the heat equation with the

initial value |ug].
5. STRUCTURE OF THE THESIS

Together with the Introduction, Overview, Conclusion, Author’s works related to the thesis

that have been published and References, the thesis includes three chapters:
e Chapter 1: In this chapter, we present some preliminaries.

e Chapter 2: In this chapter, we present two results on the regularity and the decay rates of

weak solutions for the Navier-Stokes equations in a general domain.

e Chapter 3: In this chapter, we present the decay rates of weak solutions for the Navier-Stokes

equations in three-dimensional space.



Overview of the thesis

The results on properties of solutions such as the existence, the uniqueness, the regularity
and the decay rates of solutions of the Navier-Stokes equations have been mentioned quite a lot
in domestic and foreign mathematical publications in recent years.... However, the development
of the above results for the case of unbounded domains is still a new research direction that
requires new approaches and technical tools in the proof. In this thesis, we study two properties
of the solution, there are the regularity and the decay rates of the solution to the Navier-Stokes

equations in a general domain ) C R3.

The problem of regularity of weak solutions for the Navier-Stokes equations was first obtained
in 1982 by authors L. Caffarelli, R. Kohn and L. Nirenberg and was extended in many publications
of mathematicians in the world in recent years such as the authors H. Sohr, H. Kozono, R. Farwig,
W. Varnhorn, PF Riechwald .... However, most of the results are only obtained for bounded

domains in the three-dimensional space R?.

In 2008 and 2009, R. Farwig, H. Kozono, and H. Sohr obtained the same results about the
regularity but the domain 2 is additionally supposed to be bounded. Consider the weak solutions

of the instationary problem of the Navier-Stokes system

—Au+u-Vu+ Vp =0,

divu =

ivu =0, (0.1)
ulpg =0,
u(0,z) = ug

in a general domain Q0 C R3. They proved the regularity of v under a condition
u(t lu(to)||?
o 13 utto = O3 = 3ol 02)
5—)0+ o

where % < a < 1. In 2010, they improved the their results, in which the condition (0.2) is replaced

by the weaker condition

1 1

3 Ju(to — )2 — 5 [u(to) |5
lim T <C
§—0+ 02

and the domain €2 is bounded.
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In 2016, R. Farwig and P. F. Riechwald proved the regularity of weak solutions when € is a
general unbounded domain with uniform C?-boundary 9. Since the usual Stokes operator A,

cannot be defined on all types of unbounded domains Farwig and Riechwald have to replace the

space L4(Q),q > 2 by LI(Q) = LU(Q) N L*(Q).

The space L9 is equipped with the norm
[ul|ze == max {[Jullg, [lull2} if ¢ =2

and

|ullzq := inf{l!ulHq +fuglly : w = uy + ug} if1<q<?2
where u; € L1(Q),uy € L*(Q).

In 2012, R. Farwig, H. Sohr, and W. Varnhorn showed that if u is a weak solution of the
Navier-Stokes system (3.1) satisfying u € L% ([0, T), L*(Q2)) with a bounded domain € or u €

loc

LOO

loc

([O,T),]D(Ai)) with a general domain € then w satisfies the local right-hand side Serrin

condition in [0, 7).

In the next section, we will introduce some results obtained with the problems of the decay
rates of the solutions for the Navier-Stokes equations. The decay rates of the solution problem in
L?(Q) for the Navier-Stokes equations was first studied in 1934 by J. Leray in the space R?. The
first results about the decay rates of the solutions for the Navier-Stokes equations was proved by
T. Kato in 1984 in the case = R?, d = 3.4. From his publication developed studies for strong
solutions in the general LP spaces. The result of M. E. Schonbek applied to the case where (2 is
a half of R?, d > 2 or a domain of R, d > 3.

In 1986, the authors R. Kajikiya, T. Miyakawa continued to develop results on the decay rates
of weak solutions for the Navier-Stokes equations in R¢, d = 3.4 with the initial value ug € L2(R%),
the authors proved that there exists a weak solution u of the Navier-Stokes equations satisfy the
following properties:

(i) [Ju(t)]]2 — 0 when t — oo .
(i) If ug € LZ(RY) N L7 (R?) with 1 < 7 < 2, then

lu()|s <Ct 2 forallt >0,

S
NI

where C' is is a positive constant that depends only on d,r and uq.

In 1992, W. Borchers and T. Miyakawa improved the results in the case of the unbounded
1
domain, they showed that if ||e”"4uglls = O(t®) with a € <0,§>, then [|u(t)|l. = O@t™%).
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Consider the Navier-Stokes equations in a general domain Q C R3:

0

a—?—Au+u~Vu+Vp:0 (z € Q,t>0)
divu =0 (z€Qt20)
U‘aQZO

uly_g = o,

where u = (uq, ug, ug) and pressure p are unknown quantities. We have the main result of W.

Borchers and T. Miyakawa as follows:

Let 2 C R? is any unbounded domain and uy € L2(f2). Then, there exists a weak solution u
of the Navier-Stokes equations such that
(i) lu(®)|l2 — 0 when t — oo.

(ii) If He‘“‘u()”2 = O (t7*) with a > 0, then

Ot if «
O

0 (tf—

1
where 0 < € < 7

The second problem studied in the thesis is the Cauchy problem for the Navier-Stokes equa-

tions in three-dimensional space. Consider the following integral:
t
u(t) = S(t)ug — / S(t—s)PV - (u®u)(s)ds.
0

The global existence of weak solutions was studied for the first time by J. Leray in 1934 and E.
Hopf in 1951. In 1964, the problem of the existence of global strong solutions of the Navier-Stokes
equations with the value small enough in Sobolev space HY/2 was studied by H. Fujita and T.

Kato, then developed by J. Y. Chemin in 2009.

In recent years, the problem of existence of a global solution has continued to be developed
in other spaces such as Sobolev-Lorentz spaces, Sobolev-Fourier-Lorentz spaces, homogeneous
Sobolev-Lorentz spaces and Besov spaces by authors N. M. Tri and D. Q. Khai from 2014 to
2017.

In 1984, T. Kato studied the decay rates of the solution in the spaces L4(R?) by applying the
estimates L? — LP to the semi-group which is generated by the Stokes operator. The author has

shown that there exists 7' > 0 and a unique solution u satisfying

20Dy e BC(]0,T); L?) with d < ¢ < o0,

2@~ Dvu e BC([0,T); L9) with d < ¢ < oo,

when ug € LY(R?). Moreover, the above estimate is hold for T = oo if HuOH LA(RY) small enough.
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In 1997, M. Cannone generalized the results of T. Kato. The author has shown that if 1, € L?

and HUOHB% 1.0, (¢ > d) small enough, then there exists a unique solution u satisfying
q
1(1-9) ST wr
t2v "'y € BC([0,00); LY) with ¢ > d.

For the the decay rates problem of a strong solution in a large time interval, if u € C([0, 00), X)
is a global solution with ug € X, where X is Hz(R3) or L3(R?), then we have tlgcr)loHu(t)HX =0.
These results were proved by 1. Gallagher with X = Hz(R?) and with L*( mathbbR?). For the
case X = L3(R3), I. Gallagher proved the following result: Suppose u € C; (L3(R?)) is a milk

solution of the Navier-Stokes equations.

Consider the Cauchy problem for the Navier-Stokes equations in R3:

uw—Au+V- - (u®u)+ Vp=0,
div u =0,
u(0, ) = uo.
Then, the global solution u of the Navier-Stokes equations decays to zero as the time t goes

to infinity in the space L3(R?), that is

lim [Ju(-,t)||s =0

t—o00

and this solution is stable, that is, there exists a positive constant () such that if ||vg — ug||; <
e(u), then the local solution v € C; (L3(R?)) of the Navier-Stokes equations is a global solution
with

sup [[v(-, ) — u(- )]s < C(w) [lvo — ol -

From the above studying results, we see that there are still many open problems related to
the regularity and the decay rates of the solutions for the Navier-Stokes equations in the general
domain and in the three-dimensional space. Therefore, in this thesis, we will present the following

open problems:

- Studying on the regularity of solutions for the initial boundary problem of the Navier-Stokes

equations in the general domain in three-dimensional space.

- Studying the decay rates of the solution for the initial boundary problem of the Navier-Stokes

equations in the general domain in three-dimensional space.

- Studying the decay rates for the Cauchy problem of the Navier-Stokes equations in three-

dimensional space.



Chapter 1

Preliminaries

Chapter 1 is a preparatory chapter that presents the most basic knowledge and is used to
demonstrate the studying results achieved in the following chapters of the thesis. Specifically,
Section 1.1 presents the function spaces to be used and the necessary inequalities in those spaces.
Section 1.2 presents the basic operators in the Navier-Stokes equations and the estimators related
to Stokes operators and Stokes semi-group. Finally, Section 1.3 introduces the Navier-Stokes
equations and the classes of solutions of the Navier-Stokes equations studied in the thesis, includ-

ing: weak, strong and milk solutions.



Chapter 2

The regularity and the decay rates of
solutions to the Navier-Stokes equations

in the general domain

In this chapter, we study the regularity and the decay rates of weak solutions for the initial
boundary problem of the Navier-Stokes equations in the general domain. Here, we obtain the-
orems on the regularity, the decay rates of weak solutions in the general domain 2 C R3. The
method of proving theorems is based on the theory of the existence of local strong and global
strong solutions, some properties of the bilinear operator B(u,v), the embedding theorem and a

Stokes semi-group estimates.

The content of this chapter is based on articles [1], [2] in the List of published scientific

publications related to the thesis.

2.1 The regularity of weak solutions to the Navier-Stokes equations

in the general domain

2.1.1. The setting of the problem

We consider the instationary problem of the Navier-Stokes system

u — Au—+u-Vu+ Vp =0,
divu =0,

(2.1)
ulyq =0,

u(0,x) = ug
in a general domain 2 C R3, i.e a nonempty connected open subset of R?, not necessarily bounded,
with boundary 02 and a time interval [0,7),0 < T" < oo and with the initial value ug, where
u = (u1,ug,u3); u- Vu = div(uu), uu = (u;u;); j=1, if divu = 0.
Now we recall the definitions of weak and strong solutions to (3.1).

9
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Definition 2.1.1. Let uy € L2(Q).
1. A vector field
we L=(0,T; L2 () N Li ([0, T); Wy 2 () (22)

is called a weak solution (in the sense of Leray-Hopf) of the Navier-Stokes system (3.1) with the

initial value u(0) = wug if the relation
— (u, w)qp + (Vu, V) p — (uu, Vw)g 1 = (ug, w)q (2.3)
is satisfied for all test functions w € C§°([0,T); C5%(€2)), and additionally the energy inequality

1 t 1
SO+ [ 196l < 3 ol (2.4)

is satisfied for all ¢ € [0, 7).
2. A weak solution u is called a strong solution of the Navier-Stokes equation (3.1) if additionally

local Serrin’s condition
loc

we Ly ([0,7); L)) (2.5)

2 3
is satisfied with exponents 2 < s < 00,3 < ¢ < 00, where — + — = 1.
s q

As is well known, in the case the domain € is bounded, it is not difficult to prove the existence

of a weak solution u as in Definition 2.1.1 which additionally satisfies the strong energy inequality

1 t 1 ,
Sl +/ IVa(r)lzdr < 5 ()15 (2.6)
t/

for almost all ' € [0,T) and all ¢t € [t/,T). For further results in this context for unbounded

domains.

A weak solution u is called regular in some interval (a,b) C (0,7") if Serrin’s condition

ue Ly (a,b; L)) (2.7)

loc

2 3
is satisfied where 2 < s < 00,3 <q¢< o0, —4+ - =1.
s q

A time t € (0,7) is called a regular point of u if there exists an interval (a,b) C (0,7") such that

w is regular in (a,b) with a <t < b.

2.1.2. Properties of the bilinear operator B(u,v) and the Stokes semi-group e *4
First, we define an auxiliary space K3, which is made up of the functions u such that
t3u € BC([0,T); D(A?))
and
lim ¢ || A2u(t)]|, = 0 (2.8)

t—0
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with —1 < 3§ <5 <00, a =3 — 5. The auxiliary space KZ ;- is equipped with the norm

= suf t2 ||Ag H2 (2.9)

In the case s = s, it is also convenient to define the space ICST as the natural subspace

s

BC([0,T);D(Az)) with the additional condition that its elements u(t, z) satisfy

hm||A2u H =0.

t—0

We define
5T "= ]C?T nL> (07 T; Lz(Q)) N LY([0, T); Wolg(Q))

Lemma 2.1.1. Let E and F' be two normed spaces such that E N F is a Banach space with the
norm ||z||par = ||z||g + ||z||F. Assume that B is a bilinear operator from (ENF) x (ENF) to

E N F such that there exists a positive constant n > 0 satisfying

1B, y)lle < nllzlellylle, forall x,ye ENF,
1B, y)llr < nllzlellylle forall z,y e ENF,

1B(z, y)llr < nllzllrllylle, for all z,y € ENF.

Then for any fixred y € E N F such that ||y||p < ﬁ, the equation x = y — B(x, ) has a unique

solution T € ENF satisfying ||T||g < %}

In the following lemmas a particular attention will be devoted to the study of the bilinear

operator B(u,v) defined by
t
B(u,v) = Az / e’(t’T)AA’%]P’(u -Vo)dr.
0

Lemma 2.1.2. Let sy, S9,53,5 and T € R be such that

1 1 3
—1<581,5 <1, s1+59 >0, —1<53§$1+32—§, max{33,—§}§§<§, T > 0.

Then the operator B is a bilinear operator from G} s X 982 o to le3 1 and the following inequality

holds

s1+sp—s3—1/2
ST ol (2.10)

HB(U’U)) K3
s3,T

Lemma 2.1.3. Let p and s € R be such that

Then the operator B is a bilinear operator from

=

(61 L7 (0, 7):D(A%))) x (GL N L2(10, T D(A)) ) to LP(0,T);D(A%))
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and the following inequalities holds

s—1/2

HB(U,U)‘ ST =20

L (jo,1)D(A?)) HUH’CE,T o1l (om)p(ad))

and

s—

ST

~J

| Buv)| ol

L ((01):D(A2)) kil (l0.)p(a}))
Lemma 2.1.4. Let
E =Kt F = g;T N g&T’

1
3.1’

where 0 < T < oo. The space F' is equipped with the norm

Jule = ey, + ey, + 1l o ymats) * 10 (ryz o)

Then the operator B is a bilinear operator from F X F' to F satisfying

1B(u, )|z < nllulls lvlle, Yu,veF, (2.11)
[1B(u, )lle < nllulls lvlle, Vu,veF, (2.12)
[1B(u,0)lle < nllullr vlle, Vu,veF, (2.13)

where 1 1s a positive constant independent of T'.

Lemma 2.1.5.
(a) Ifup € D(A2), 0 < s <1 then e “ug € Kl ..
(b) If ug € D(A7) then e *ugy € F.

2.1.3. The regularity of weak solutions to the Navier-Stokes equations in the general

domain

In this section, we present two results on the regularity of weak solutions for the Navier-
Stokes equations in the general domain  C R3. The first results extend the results of the group
of authors R. Farwig, H. Kozono, H. Sohr in 2010 with €2 as the bounded domain and extend the
results of R. Farwig, P. F. Riechwald in 2016 with general domain but boundary 92 belongs to
class C?. To prove the main result we need the theorem on the existence of the strong local and

the global strong solutions in the following general domain.

Theorem 2.1.6. Let Q C R? be a general domain. Then

(a) There ezists a positive constant D such that for all uy € D(Ai) and 0 < T < oo satisfying

sup tiHA%e*tAuOH2 <D (2.14)
0<t<T

the Navier-Stokes system (3.1) has a strong solution u in time interval [0,T) with the following

properties:
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D=

ue L*([0,T);D(A2)) (2.15)

and

(1+1t)iu € BC([0,T); D(A1)). (2.16)

In particular, for arbitrary uy € D(AT), there exists T = T(ug) small enough such that the
inequality (2.14) holds.
(b) Suppose ug € D(A2), 1 <s <1. Then the inequality (2.14) holds if

73672 || Asugl|, < D. (2.17)

From the condition of existence of the local strong solutions and the global strong solutions

of the Navier-Stokes equations in the general domain, we obtain the following main results.

Theorem 2.1.7. Let Q C R3 be a general domain. Then there exists a positive constant C such
that if u is a weak solution of the Navier-Stokes system (3.1) on (0,T) verifying the strong energy
inequality (2.6) and at ty € (0,T) the kinetic energy satisfying

1 2 1 2
po [t = 9)ll5 — 3 futto)ll3]

1
§—0t 02

C, (2.18)

then w s reqular at ty.

Theorem 2.1.8. Let Q C R? be a general domain. Then there exists a positive constant C' such
that if u is a weak solution of the Navier-Stokes system (3.1) on (0,T) satisfying u(t) € D(A1)
for allt €[0,T) and

lim ||Ai (u(t — &) —u(t)||, < C for all t € (0,T) (2.19)

6—0t

then uw € Lt _([0,T); L5(%)).

loc

In Theorem 2.2.7, if the function w is left-continuous from [0,7) to D(A1) then
lim HA% (u(t — &) — u(?)) H2 =0 for all t € [0,T"). Therefore, the condition (2.19) holds.

6—0t

2.2 The decay rates of weak solutions to the Navier-Stokes equations

in the general domain

In the second part of this chapter, we study the decay rates of weak solution to the Navier-

Stokes equations in the general domain with the norm in L?((2).



2.2.1.
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Properties of Stokes operators in the general domain

We consider the in-stationary problem of the Navier-Stokes system

in a general domain 2 C R?, ie a non-empty connected open subset of R?

bounded, with boundary 02 and a time interval [0,7"),0 < T' < oo and with the initial value wuy,

uy — Au~+u-Vu+ Vp =0,
div u = 0,

Uy =0,

U(O,QT) = Uo,

where u = (u1, ug, u3); u - Vu = div(uu), vu = (u;u;); j=1, if divu = 0.

Let us construct a weak solution of the following integral equation

t
u(t) = e g — / Aze~"DAATIP(y - Vu)dr,
0

We know that

is a weak solution of the Navier-Stokes system (3.1) iff u satisfies the integral equation (2.21).

u € L(0,T; L3(€2) N Liy ([0, T); Wy 7 (42)

In order to prove the main theorems, we need the following lemmas.

Lemma 2.2.1. Let v,0 € R and t > 0, then
(a) If 0 < 1, then

N+

/ (t — 1) %dr = Kt
0

where Ky = foé(l — 7)1 < 0.

(b) If v < 1, then

¢
/ (t — 1) 0%dr = Kyt' 0
3

where Ky = [1(1—7)777%dr < 0.

The proof of this lemma is elementary and may be omitted.

Lemma 2.2.2. Let u € L*(2) and Vu € L*(Q)). Then

1
where B is positive constant such that 3 <pf <=

Lemma 2.2.3. There exists a positive constant § such that if ug € D(AT) and ||Atuglls < 0,

then the Navier-Stokes system (3.1) has a strong solution with the initial value ug satisfying

B
2

_1 5_
e P wu)| S5l Vulli ™
2

2

IVut)|ly St2 for all t > 0.

, not necessarily
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Lemma 2.2.4. Let u be a weak solution of the Navier-Stokes system (3.1) with the initial value
ug € L2(Q). Then there exists the positive value to large enough such that |[Vu(t)||ls <2 for all

t>to.

Lemma 2.2.5. Let uy € L2(Q2). Then
(a) |le"*uglly = 0 as t — oo.

(b) If ug € L2(2) N LY(Q) for some 1 < q < 2, then

He_tAuOHQ = o(t_%(;_§)> as t — 00. (2.22)

2.2.2. The decay rates of weak solutions to the Navier-Stokes equations in the gen-
eral domain

The first results proved that the weak solution u of the Navier-Stokes equations with the
norm in L?(2) has the same decay rates in time as the solution of a homogeneous Stokes system
with the same initial value and the exponent is less than % This result extends the result of W.
Borchers and T. Miyakawa with the convergence exponent a € <0, 1) The main results are as

follows:

Theorem 2.2.6. Let Q@ C R3 be a general domain, vy € L2(Q) and u is a weak
solution of the Navier-Stokes system and satisfying strong energy inequality. Then

3
(a) If |le gl = O(t™%) for some 0 < a < 7 then ||u(t)||2 = O(t™*) as t — oc.

3
(b) If |le"ug|lo = o(t=*) for some 0 < a < 7 then ||u(t)|]2 = o(t™*) as t — oc.

The second result shows that, when adding some conditions of the initial value, the weak
solution u coincides with the solution of the homogeneous Stokes system as the time ¢ goes to
infinity. The results in Theorems 2.2.7 and Theorem 2.2.8 are stronger than those of W. Borchers

and T. Miyakawa when the condition of the initial value is added.

Theorem 2.2.7. Let Q C R® be a general domain, ug € L2(Q) and u is a weak solution of the
Navier-Stokes system satisfying strong enerqy inequality. If ug € LY(Q)NL2(Q), 1 < q <2, then
()] = o(t%(é%)) as t— co.

Theorem 2.2.8. Let Q@ C R3 be a general domain, vy € L2(Q) and u is a weak
solution of the Navier-Stokes system satisfying strong energy inequality. If there exist positive

constants ty, C1, and Cy such that

C1t™ < |le ™ uglla < Cot™2 for t > ty,
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where aq, and ag are constants satisfying

1 1
0§a2<§ and a2§a1<a2+1,

then u coincides with the solution of the homogeneous Stokes system with the initial value ug when

time tends to infinity in the sense that

) et

t=00 [u(®)]]2

= 0. (2.23)



Chapter 3

The decay rates of strong solutions to
the Navier-Stokes equations in the

three-dimensional space

In this chapter, we study the decay rates of strong solutions to the Cauchy problem of the
Navier-Stokes equations. Let u € C([0,00); L*(R?)) be a strong solution of the Cauchy problem
for the Navier-Stokes equations with the initial value ug in the three-dimensional space. We prove
that the time decay rates of u in the L3-norm coincide with ones of the heat equation with the
initial value |ug|. Our proofs use the theory about the exitstence of local strong solutions, time

decay rates of strong solutions when the initial value is small enough, and uniqueness arguments.

The content of this chapter is based on articles [3] in the List of published scientific publica-

tions related to the thesis.

3.1 Some properties of strong solutions to the Navier-Stokes equa-

tions in three-dimensional space

We consider the Cauchy problem of the incompressible Navier-Stokes equations in the whole

space R3
u — Au+V - (u®u) + Vp =0,
divu =0, (3.1)

u(0, ) = uyp.
The unknown quantities are the velocity u(t, ) = (ui(t, x), us(t, ), us(t, z)) of the fluid element

at time ¢ and position x and the pressure p(t, ).

In this section we prepare some auxiliary lemmas, we first establish the LP — L7 estimate for

the heat semigroup with differential.

Lemma 3.1.1. Assume that o = (a1, 9,3) € N3t > 0 and 1 < p < q¢ < oo. Then for all

17
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f € LP we have
tﬁDaetAf e BC(]0, 00); Lq(]R3)) and ||DaetAqu < Cp,q,afﬁ“fﬂp-

where D* = 031092093, |a| = an + s + a3, 8 = %(% - %) + %‘, and Cp 44 1s @ positive constant

which depends only on p,q, and c.

Lemma 3.1.2. Fort > 0, the operator O; = e*P is a convolution operator O,f = K, * f, where

the kernel K, satisfies Ki(x) = %K(%) for a smooth function K such that
t2
(1+|z)*T DK € L®(R?),

1/2
where |x| = (Zle :I;f) / ,x = (21, T2, x3), v = (g, (vg, (3).

Lemma 3.1.3. Assume that o = (ay,9,a3) € N3t > 0 and 1 < p < ¢ < oo. Then for all

f € LP we have
tﬁDaetAPf c BO([O’ OO); Lq(Rg)) and ||Da€tA]Pqu < Cp,q,at_/BHfHPa

where [ = %(% — %) + % and Cp 4.4 15 a positive constant which depends only on p,q, and o.

In order to proceed, we use the auxiliary space K%, 3 < ¢ < oo which is made up of the
functions u(t, z) such that
t20-Du(t) € BO([0,T); LY(R?))
and

lim #2079 |u(t)]|, = 0. (3.2)

t—0 q

In the case ¢ = 3, it is also convenient to define the space K2 as the natural subspace of

C([0, T); L¥(R%)).
The space K% is equipped with the norm

lulleg = sup 2079 fu(t, )], < oo (3.3)

In the following lemmas a particular attention will be devoted to study of the bilinear operator
B(u,v)(t) defined by
t
B(u,v)(t) = / TIAPY - (u®v)ds.
0
Lemma 3.1.4. The bilinear operator B is bicontinuous from KL x KL to K% for any 3 < p <
3¢

6—gq
inequality holds

if3<q<6;any3 <p<ooifq=06; cmdg§p§ooif6<q<ooandthefollowmg

1B(w, )|z, < Cllulleg lvllcg for all u,v e K,

where C' is a positive constant independent of T'.
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Lemma 3.1.5. If ug € L3(R?) then e'®ug € K%, and ||e"®uq||, .. < lluolls for all g € (3,00].

Denote Ef := KL N K with 3 < ¢ < oo, we have the following lemma.

Lemma 3.1.6. Let 6 < ¢ < oo, T' > 0. Then the bilinear operator B is bicontinuous from

EL x E% to EX and the following inequality holds
1B, v)llgg, < C llullpg lvllgg for all u,v € Ex, (3.4)

where C' is a positive constant independent of T.

To prove main theorems, we define the auxiliary space G, 0 < a < 1 which is made up of

the functions w(z) = (wi(x), wa(x), w3(z)) € L*(R?) such that
sup to‘HetA|w|H3 < 00
£>0

and

tliglo taHetA]w]HS =0. (3.5)

The norm of the space G is defined by

Hw” . = ||wl||z +su taHetAw‘
e 1= ol +sup ¢,

where

w(@)] = (Y wi(2))"

i=1
Lemma 3.1.7. The space G* is a Banach space which is invariable with translation in the sense

that

||w( — xo)”Ga = ||wHGa for all zy € R3.

Lemma 3.1.8. Let h € L™ and w € G“. Then, hw € G* and

hellge < [1All.ol[ello-

We define auxiliary the space Ff, 0 < o < 1, which is made up of the measured functions
u(t, x) such that

u(t) € G* for all t € [0,T] and sup Hu(t)HGa < 00.
0<t<T
We have the following lemma.

Lemma 3.1.9. Let p,a,T € R be such that

0<a<l,3<qg<oo,1T>0.
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Then the bilinear operator B is bicontinuous from Ef. x F to F¢ and from F¢ x Ef to F and

the following inequalities hold
HB(u,v)(t)”F% < HUHE%HUHF% for all ue EL v e Fy (3.6)

and

HB(u,v)(t)HF% < HUHF%”UHE% for all u e Ff, v € EX. (3.7)

Lemma 3.1.10. Let3<q¢<o0, T >0, and 0 < a < 1. Then
(a) If ug € L? then e"®ug € Ef and || upl|ps. S lle" uol| k.-

(b) If ug € G* then e®uy € F¥ and HetAu()HFa < |luol|ge -
T
Lemma 3.1.11. Let p,a, T € R be such that
6<g<12,0<a<l, and T > 0.

Then there exists a positive constant C' = C(q,«) such that for all uy € G* with div(ug) = 0
satisfying

sup t%(l—g)Hemuqu <C, (3.8)
0<t<T

the Navier-Stokes equations (3.1) have a solution u € ELNEFNBC([0,T); L3(R?)). In particular,

for arbitrary ug € L3, there exists T = T (ug) small enough such that the inequality (3.8) holds.

Lemma 3.1.12. Ifu € C([0,00); L*(R?)) is a mild solution of the Navier-Stokes equations (3.1)

with the initial value uy € G, then u(t) € G* for all t > 0.

Lemma 3.1.13. Suppose that uy € LP"(R?) with 1 < p < oo and 1 < r < oo. Then
lim HXnuOHLw =0, where X,(z) =0 for x € {z: |z| <n}N{z: |u(z)| < n}, and X,(z) =1
n—oo

otherwise.

3.2 The decay rates of strong solutions to the Navier-Stokes equations

in the three-dimensional space

Consider the Cauchy problem of the incompressible Navier-Stokes equations in the whole
space R3.In this section, we prove that if u € C([0, 00); L3(R?)) is a strong solution of the Navier-
Stokes equations with the initial value 1o then the time decay rates of u in the L3-norm coincide
with ones of the heat equation with initial value |ug|, see Theorem 2.1.6, in the particular o = 0

then we get back the result of 1. Gallagher in 2003.

The main result in this section is the decay rates theorem of strong solutions for the Navier-

Stokes equations in the three-dimensional space R3.
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Theorem 3.2.1. Let u € C([0,00); L3(R?)) be a mild solution of the Navier-Stokes equations
(3.1) with the initial value uy. Then

(a) If ||e" |uol||, = o(t™*) with 0 < a < 1, then ||u(t)||, = o(t™).

(b) If [|e"® [uol||; = O(F™) with 0 < a < 1, then |ju(t)|, = OF™).

(c) If ug € LP"(R®) with 1 < p <3, 1 <71 < oo, then ||¢"*[uol||, = o(t*%(%*l)).

(d) If [uo| € By **(R?) with 0 < a < 1, then ||e"|uel||, = O(t7°).



Conclusions

The thesis has studied the regularity and the decay rates of weak solutions for the Navier-
Stokes equations in the unbounded general domain  and in the three-dimensional space R3.

Specifically, the thesis has achieved the following three main results:

1. The regularity of weak solutions for the Navier-Stokes equations in a general domain:
Suppose u is weak solution of the Navier-Stokes equations in a general domain  C R? and u
satisfy the strong energy inequality. Then we can prove that the weak solution w is regular if
the kinetic energy %Hu(t)”i is left-side Holder continuous with Holder exponent % and with a
sufficiently small Holder semi-norm. The second result in this section proves if u(t) € D(A)1)
and lim HAi (u(t — 0) — u(t)) Hz < C for all t € [0,T) and for C being a small enough positive
consg;?; then w is regular in [0,7"). This result has been published in the article [1] in the List of

published scientific publications related to the thesis.

2. The decay rates of weak solutions to the Navier-Stokes equations in the general domain:
We proved that the weak solution u of the Navier-Stokes equations with the norm in L?(Q) has
the same decay rates in time as the solution of a homogeneous Stokes system with the same initial
value and the exponent is less than Z Moreover, when adding some conditions of the initial value,
the weak solution u coincides with the solution of the homogeneous Stokes system as the time ¢
goes to infinity. This result has been published in the article [2] in the List of published scientific

publications related to the thesis.

3. The decay rates of strong solutions to the Navier-Stokes equations in the three-dimensional
space: We proved that the decay rates of strong solutions to the Cauchy problem of the Navier-
Stokes equations. Let u € C([0,00); L*(R?)) be a strong solution of the Cauchy problem for the
Navier-Stokes equations with the initial value ug in the three-dimensional space. We prove that
the time decay rates of u in the L3-norm coincide with ones of the heat equation with the initial
value |ug|. This result has been published in the article [3] in the List of published scientific

publications related to the thesis.
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