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Abstract

One of the millennium problems is discussed. The results of the author’s solution to
this problem are explained. The problem discussed is the Navier-Stokes problem in the
whole space.

1 Introduction

There is a large literature on the Navier-Stokes (NS) problem in R? ( see [2], [3] and references
therein.) The global existence and uniqueness of a solution in R® was not proved for a long
time. It is mentioned as one of the millennium problems in [3]. This problem was solved in
[9]. The goal of this paper is to explain briefly the new ideas in this solution and formulate the
results of this solution. Therefore parts of paper [9] are used verbally.

The NS problem in R? consists of solving the equations

V4 (0, Vo= -Vp+rvAv+f, z€R} t>0, V-v=0, v(z,0)=uvx). (1)

Vector-functions v = v(x,t), f = f(x,t) and the scalar function p = p(z,t) decay as |z| — oo
uniformly with respect to ¢t € Ry = [0,00), v := v, v = const > 0, the velocity v and
the pressure p are unknown, vy and f are known, V - vy = 0. Equations (1) describe viscous
incompressible fluid with density p = 1. By ¥ complex conjugate of v is denoted.

We assume that | f|+|V f|+|vo| +|Vvo| decay sufficiently fast as [z] = oo, [~ No(f)dt < oo
and No(f) := || f|lr23). By Vv any of the first derivatives of v is understood.

We use the integral equation for v:

/ds/RS ( —y,t — 5)(v, V)ody. (2)

Equation (2) is equivalent to (1), see [7]. Formula for the tensor G is derived in [7]. The term
F = F(x,t) depends only on the data f and vy (see equation (18) in [7]):
t
Fie [ gl puis+ [ ds [ G-yt 555 )
R3 0 R3

MSC: 35Q30; 76DO05.
Key words: Navier-Stokes equations; global existence and uniqueness.

Date of Submission: 2019-01-21
Date of Publication: 2019-01-30
BY



The new idea in the author’s solution to to NS problem is to use the Fourier transformed
equation (2) and a new a priori estimate for v. We assume throughout that f and vy are such
that F' is bounded in all of the norms we use.

The author’s results in [9] can be described as follows:

a) The solution to NS problem exists for all ¢ > 0 in a suitable Banach space X of smooth
functions and is unique in X.

b) The solution depends continuously in a suitable norm on the data. It is assumed that the
data are smooth and decaying sufficiently fast as |z| — oo, uniformly with respect to ¢t € [0, T,
where T" > 0 is an arbitrary large fixed number.

A consequence of these results is the conclusion that turbulent motion of fluid cannot occur
in the whole space, that is, in the space where no bodies with boundaries are placed.

Let X be the Banach space of continuous functions with respect to ¢ with values in L?(R?)
with the norm ||v|| = ||[v||x := supseo,r||v(2,t)||L2(r3), Where T' > 0 is an arbitrary large fixed
number.

The new a priori estimate of the solution v is

N (V) ::/|Vv(x,t)|2dx§C, /:: /RS, (4)

where C' > 0 is a constant and the estimate (4) holds uniformly with respect to ¢t € [0,T]. If
the data decay sufficiently fast with respect to = and ¢ then C' does not depend on ¢.

Let us prove that ¥ (t) := No(Vv) < ¢(t).

Take the Fourier transform of (2), denote #(¢,t) == (2m)2 Jos €7 €%0(z,t)dz and let G
denote the Fourier transform of G. Then

- / G(&,t — 5)0x (—i€D)ds := B(D). (5)

Here % denotes the convolution in R? and for brevity we omitted the tensorial indices: instead
of Gy * (—i€;)D,, where one sums up over the repeated indices, we wrote G(&, t — s) 4 (—i&D).

Let ¥(t) := No(Vv) = No(|€]|0), No(v) = No(0), where the Parseval’s identity is used. From
(5) one gets

O(t) < No([€|F) + / No(lElIG(E, £ — 3)[)i(s)ds. (6)

Here and below ¢ stands for various constants independent of ¢; we have used the a priori
estimate sup,» No(?) < ¢ and the standard estimate [0« w| < No(0)No(w). One can check
that
~ _3 = s
No(|G(&t = s)]) < clw(t = )77, No([€l|G(S,t = s)]) < clw(t —s)] 7. (7)

In the derivation of (7) we use the estimate |G(£,t)| < ce %", where |G| is a norm of the
matrix, see formula (9) in [7]. We use below s ome lemmas proved in [9)].

Lemma 1. The operator Af = fg(t — s)Pf(s)ds in the Banach space Xy := C([0,T]) has
spectral radius 7(A) =0 for p >0 and any fited T >0, 0 <t <T.

Lemma 2. Let A be a linear operator in a Banach space X. If f = Af + fo and r(A) =0,
then f = Z;’io A fy for any element fo e X. If fo =0 then f = 0.

Denote ®5(t) := p(,\ 7 A #0,—1,-2,..., where t;7! := 0 for t < 0 and ;" := t*~! for
t > 0. This ®, is defined as a dlstnbutlon O\ x D, = Dyyy, PaxP_\ = I, where x here denotes
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the convolution in [0,00) and [ is the identity operator whose kernel is the §-function. The
convolution of the distribution ®,(¢) with any distribution vanishing for ¢ < 0 is well defined,
see [1]. This holds also in the case when the convolution integral diveres in the classical sense.
The following lemma allows one to claim that a solution of an integral equation (inequality)
with a strongly singular kernel solves an integral equation (inequality) with an integrable kernel,
see [8].
Lemma 3.If h = hqg+ ®_\ xh, then h= P\ xh — P\ xhg, A > 0.
One has [)(t — s)"itds = ['(—1)®_1 x ¢, where the convolution is in Ry := [0, 00).
Inequality (6) can be written as

VSt (=0 %, o= No(€1F), ®

and I'(—1) = —40(3/4) := =b7', b > 0.
Let us prove (4). Applying to (8) the operator ®,4% and multiplying by ¢ 'b one gets

U < TPy x thy — 0Py g K. 9)
Using Lemmas 1 and 2 one derives from (9) by iterations that
»(t) < h(t), (10)
where h(t) is the unique solution of the equation
h=c 0@y x g — ¢ 0Py g * h. (11)

Equation (11) is solvable by iterations and the iterations converge by Lemma 2. The solution
h is bounded by a constant depending only on the data, that is, on f,vg and T, 0 <t < T. By
(10) the 9 is bounded by h. Since T' > 0 is arbitrary, estimate (4) is proved. O

Using formulas (2), (5) and (4) one can estimate |v(z,t)| and |0(&,t)].

Since problem (1) is equivalent to (2) and to (5), it is sufficient to prove that (5) has a
solution and this solution is unique in X.

Uniqueness proof. Let 97 and ¥y solve equation (5). Define

w:=70; — 0y, No(w):=gq, No(|¢|w):=Q. (12)
Subtracting from equation (5) for ¥; equation (5) for 7,, one gets the equation

w=— /0 Gl (—i€Ta) + s * (—icw)]ds, (13)

where the x is the convolution in R?. Taking the norm Ny of both sides of (13), denoting
z = q+ @, using estimates (4) and formulas (7) and (12) one derives the following relation:

< c(F(1/4)®1/4*z+F(—i)(I>}l v2), (14)

where % here denotes the convolution in [0,00). The operator ® * with A > 0 maps the set
of non-negative functions (or distributions) into itself, it preserves inequality sign. Applying
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the operator ®,4% to (14), taking into account that I'(—1) = —4'(3/4), @\ x &, = ®y,,, and
Oy xP_, =1, one gets:

4CP(3/4)Z < CF(1/4)(I)1/2*Z—<D1/4*Z. (15)
It follows from (15) and (10) that z = 0 (because f, = 0 in our case, see Lemma 2). This proves
the uniqueness of the solution to problem (1) in the space X for any T'> 0,0 <t <T. O

Ezistence proof.  Let us show that the operator B in (5) is a contraction in X for a
sufficiently small 7, 0 < ¢t < 7. With w = ©; — 02 one obtains from (5) the following equation:

t
0
Here the x denotes the convolution in R3. Using the second estimate (4) one derives:
[0z % (—igw)| < No(w)No((€] + [€1)T2(€)) < eNo(w)(1 + [€*)"/. (17)
Using estimates (4), (7) and (17), one obtains from (16) the following inequality:
t ) t
No(B(%1) — B(2)) < c(/ (t — s)’%qu + / (t — 3)’%qu>, q = No(w). (18)
0 0
Using the formula ¢~ 3% = —4F(%)Cl>i, rewrite (18) as
No(B(#1) — B(1)) < C(F(1/4)®1/4 g —AD(3/4)D 1 * q), (19)
where the x denotes the convolution in [0, 00). Applying A;®;/4x to (19), one gets

M@ x No(B(01) — B(ta)) < Mcl(1/4) @12 xq—q, Ap' = 4cl(3/4) > 0. (20)

Since ¢ > 0 one has

M@ % No(B(01) — B(va)) < Ml (1/4) 172 % q. (21)
From (21) one derives
No(B(01) — B(t2)) < cI'(1/4)®1/4 % 1 st} q(t). (22)
te|0,T

Clearly, lim;_,o ®1/4 x 1 = 0. Thus, B is a contraction on a ball Bg, Br := {q: ¢ < R}, if 7 is
sufficiently small, 0 < ¢ < 7, and R > 0 is an arbitrary large fixed number. Consequently, the
operator B in (5) is a contraction on By for ¢t < 7. Therefore the solution to (5) exists in X
for t < 7. Estimate (4) does not depend on 7 < T'. Therefore one can repeat the argument for
7 < t < 27 considering the initial value to be #(¢, 7) and the free term to be F(&,t), t € [r, 27].
The solution v is unique in X, as we have proved. So, one gets the existence of the solution on
0 <t < 27. Continue this process and in finitely many steps get the existence of the unique in
X solution in [0,77]. Since T' > 0 is arbitrary, the solution exists for all 7" > 0. O

It follows from Theorem 2 that there cannot be turbulent motions of fluid in the NS problem
in the whole space R? if the data f and vy are smooth and rapidly decaying.
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