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Abstract. The paper presents results of the research of gradient catastrophe development during
phase change. It shows that classical methods of the function estimation theory do not fit well
to study gradient catastrophe problem. The paper presents results, indicating that embedding
theorems do not allow to study a process of a catastrophe formation. In fact, the paper justifies
Terence Tao’s pessimism about a failure of modern mathematics to solve the Navier-Stokes problem.
An alternative method is proposed for dealing with the gradient catastrophe by studying Fourier
transformation for a function and selecting a function singularity through phase singularities of
Fourier transformation for a given function. The analytic properties of the scattering amplitude are
discussed in R?, and a representation of the potential is obtained using the scattering amplitude.
A uniform time estimation of the Cauchy problem solution for the Navier-Stokes equations is
provided.Describes the loss of smoothness of classical solutions for the Navier-Stokes equations
-Millennium Prize Problems.
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1. Introduction

The research presents a process of gradient catastrophe formation under conditions of
phase change. The paper shows that classical methods of the function estimation the-
ory in context of Sobolev- Schwartz Space Theory are not suitable for studying gradient
catastrophe problem. Results which are presented here show that the embedding theorems
do not allow to study a process of a catastrophe formation. Actually, the paper justifies
Terence Taos pessimism about a failure of using present mathematical methods for solv-
ing the Navier-Stokes problem. An alternative method is proposed for studying gradient
catastrophe by applying Fourier transformation to a function and selecting function sin-
gularity through phase singularities of Fourier transformation for a given function. We
know a general definition of a gradient catastrophe - an unbounded increase of a function
derivative upon conditions of boundedness of the function itself. This phenomenon occurs
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in various problems of hydrodynamics, such as a formation of shock waves, weather fronts,
hydraulic and seismic fracturing, and others. In modern physics and mathematics, as well
as in many other areas of science and technology, this phenomenon is considered as a very
difficult problem, both from a theoretical and applied perspective. From a theoretical
point of view this is important as we have to know how to describe qualitative changes in
processes, which are manifested in appearance of new quality objects during a process of
description model evolution, and in the context of applied research, the problem is facing
numerical instability in the event of a gradient catastrophe formation. Thus, we approach
an important obstacle while using modeling - a barrier created by the gradient catastrophe.
Since, on the one hand, the gradient catastrophe is still unknown phenomenon, it is very
important from a practical point of view, because the phenomenon is connected with the
most interesting and important aspects of reality. Terence Tao formulated and illustrated
this in [1] based on the Millennium problem stated by Clay Institute for the Navier-Stokes
equations. Our point of view on these issues agrees with one, stated in article [1],[5],[6]
but in our research we propose a way for solving these problems. Our point of view is that
the modern mathematical methods of the theory of functions dedicated to the function
estimation have ignored such an important component of the Fourier transformation as its
phase. Our research is outlined as follows: first, we give examples of the gradient catastro-
phe caused by the phase change, and then proceed to an expansion of classes of functions
subjected to the gradient catastrophe. Our final results lie in the nonlinear representation
of functions showing some new classification of functions through a phase classification.
In addition, the notions of discreteness and continuity of functions are naturally merged.
And, in our opinon, this leads to understanding of how discrete objects are born under a
continuous change of the world. Discrete objects are associated with discrete spectrum of
the Liouville- Schrdinger equations. And they, as it is known, reflect the wave nature of
things. But here, we abstract away from the quantum formalism, because our goal lies in a
purely mathematical approach to the analysis of the arbitrary functions. For the analysis
of which, we formally consider a function as a potential of the Schrdinger equation. At
the same time we come across the concepts that generated by the Liouville- Schrdinger
equations. These concepts allow to classify and estimate functions by a phase generated
by discrete spectrum of the Liouville equation.

2. Results for the one-dimensional case

Let us consider one-dimensional function f and its Fourier transformation f Using
notions of module and phase, we write Fourier transformation in the following form f =
|f|exp(i¢) , where ¢ is phase. To cite Plancherel equality: ||f||r, = Const||f||r,. Here
we can see that a phase is not contributed to determination of X norm. To estimate
a maximum we have a simple estimate as maz|f|*> < 2||f||,||Vf||L,-Now we have an
estimate of the function maximum in which a phase is not involved. Let us consider
a behavior of a progressing wave running with a constant velocity of v = a described
by function F'(z,t) = f(z + at). For its Fourier transformation along x variable we have
F = fexp(iatk). Again in this case we can see that when we will be studying a module
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of the Fourier transformation, we will not obtain major physical information about the
wave, such as its velocity and location of the wave crest because of |F| = |f| . These
two examples show w eaknesses of studying Fourier transformation. On the other hand,
many researchers focus on the study of functions using embedding theorem, but in the
embedding theorems main object of the study is module of function. But as we have seen
in given examples, a phase is a main physical characteristic of a process, and as we can
see in the mathematical studies, which use embedding theorems with energy estimates,
the phase disappears. Along with phase, all reasonable information about physical process
disappears, as demonstrated by Terence Tao [1] and other research considerations. In fact,
he built progressing waves that are not followed energy estimates. Let us proceed with
more essential analysis of influence of the phase on behavior of functions.

Theorem 1. There are functions of Wa(R) with a constant rate of the norm for a gradient
catastrophe of which a phase change of its Fourier transformation is sufficient.

Proof. To prove this, we consider a sequence of testing functions jf; =A/(1+k?),A=

(i — k)"/(i + k)™ it is obvious that |f,| = 1/(1 + k%). maz|fu|? < 2||full ]|V fallL, <
Const.. Calculating the Fourier transformation of these testing functions, we obtain:
= x(—1) " Dag exp(—x)L%n_l)@x) where L%n_l)(2x) is a Laguerre polynomial. Now
we see that the functions are equibounded and derivatives of these functions will grow with
the growth of n. Thus, we have built an example of a sequence of the bounded functions of
W (R) which have a constant norm W3 (R) and this sequence converges to a discontinuous

function.

Thus, we have demonstrated an importance of the phase and that the phase is not
involved into energy norms that are inherent to the mathematical arguments used in
physical processes analysis. Our next goal is to maximally expand this class of functions
in which a phase is important. Our goal is also to use a phase, which appears in the
inverse scattering problem; moreover we will be interested mainly in a phase generated
by a discrete spectrum of the Liouville equation. Thereby, we come now to an important
subject of our research, such as an occurrence of discontinuities, fronts and other instable
states in numerical modeling and which are at the same very stable physical objects.

Theorem 2. There are functions of Ws(R) with a constant rate of the norm for a gradient
catastrophe of which a phase change of its Fourier transformation is sufficient.

Proof. To prove this, we consider a sequence of testing functions jf; =A/(1+k?),A =
(i — k)*/(i + k). it is obvious that |f,| = 1/(1 + k2). max|fa* < 2||fullz. |V fallL, <

Const.. Calculating the Fourier transformation of these testing functions, we obtain:
fn = 2(=1)" D21 exp(—1x) %n_l)(Qx) where L%n_l)(2x) is a Laguerre polynomial. Now
we see that the functions are equibounded and derivatives of these functions will grow with
the growth of n. Thus, we have built an example of a sequence of the bounded functions of
W (R) which have a constant norm W3 (R) and this sequence converges to a discontinuous

function.
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Thus, we have demonstrated an importance of the phase and that the phase is not
involved into energy norms that are inherent to the mathematical arguments used in
physical processes analysis. Our next goal is to maximally expand this class of functions
in which a phase is important. Our goal is also to use a phase, which appears in the
inverse scattering problem; moreover we will be interested mainly in a phase generated
by a discrete spectrum of the Liouville equation. Thereby, we come now to an important
subject of our research, such as an occurrence of discontinuities, fronts and other instable
states in numerical modeling and which are at the same very stable physical objects. As
we think, our arguments are very important in issues of plasma stability in nuclear fusion
technology, since the gradient catastrophe formation serves as a preamble to a process of
nuclear fusion stop. To build more in-depth analysis we apply results of scattering theory
to our problem. For this, we consider a spectral problem for the Liouville equations with
a potential q that satisfies and belongs to M space of functions with the following norm

+oo
llgllar = [ lg(@)|(1 + |z|)dz As it is known from

—0o0
U 4 qU = [k]?, keC (1)
with the following asymptotics:
lim Uy(k,z) = e*® + s19(k)e” ™, lim Uy(k,z) = s11(k)e (2)
Tr——00 r—+00
lim Wo(k,z) = sgo(k)e™*, lim Wo(k,z) = e~ 4 511 (k)e® (3)
T——00 T—r+400

It is also known from the theory of equations [2], that any solution is a combination of
some fundamental solutions satisfying certain boundary conditions.

lim fi(k,z)e”* =1, lim fo(k,z)e*® =1, (4)

T—00 T—r—00

It is known [2], that they satisfy the following equations:

+o0o
fi(k,z) = e — / Gi(k,z,t)q(t) f1(k, t)dt, (5)

_O:OO
fo(k,z) = e % 4 / Ga(k,x,t)q(t) f1(k, t)dt, (6)
(7)
Ei(k,x)=e* E_(k,x)=e"™ (8)
iy, 1) = Oz — t)szz(k:(a? - t))’ Gl ) = O(x — t)szz(k(x — t))’ )
fi=By =Y GIE., p=E_+)Y GJE_, (10)

i=1 j=1
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Let us also provide known results for the scattering coefficients and fundamental solutions
outlined in [2].

uf(k‘,x) = 812f2(l{7,.1‘),u3_(k‘, z) =sufi(k,x),uy (k,x) = uf(k, x), u;(kz, x) = ug’(k‘,aé), |
11
S1157 + S12, by = 0, 87| + 8Ty = 555 + 551 = 1, 555(—k) = 57 ;(k), (12)
lim sy =821 =1+ O(1/]k|), , lm s17 = s90 = O(1/|k|), (13)
1 = (s1a)) B+ k
’I’L S12 (3
1= exp(2m / K —k —7—5 H ( —iE; ) (14)
. . s12(—k)s11(k)
k) = lim = k k= - —""F————"2 1
s11(k) lim s11(k +ie), s21(k) 11 (—k) (15)
1 0o . 1 oo .
o | exp(ikt)q(t) fa(k, t)dt o | exp(—ikt)q(t) f1(k,t)dt
s21(k) = 70100 , s12(k) = 7OO+OO ;
1-— ﬁ f exp(ikt)q(t) fo(k,t)dt 1-— ﬁ f exp(ikt)q(t) f1(k,t)dt
(16)
a a
) = 5= [ espl-ibta(t1fi (o) =1 - 5 [ explkiai a1

Now we are able to return to our question of the gradient catastrophe for more general class
of functions. For this we consider Liouville equation and a sequence of inverse scattering
problems with constant in module scattering coefficients s; j, where discrete eigenvalues
E;,0 <i<n+1such that lim = EF

n—oo

Theorem 3. There are potentials from W (R)M with the constant norm of Wi (R)M for
the gradient catastrophe for which existence of limit point for the discrete spectrum with
given potential in the Liouville equation is sufficient.

Proof. Following notations [2], we introduce functions A, By, according to the
formulas:

so1(k /A+ ) exp(2ikt)dt, Qi(t) ZM exp(—Ejt) + A (t) (18)
i=1
+oo
0

where M jl are normalized numbers. In other words, we will consider inverse problems of
the potential recovery, and for the n-th potential we will consider a case with an accuracy
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up to n discrete eigenvalues. It is sufficient to consider a first approximation of these
equations. In a first approximation, the n-th potential is recovered by the equation for
By (x,y) and also in a first approximation. We have the following arguments for the first

approximation
d d
iQ (2z) = i —E;M}exp(—Ejt) + iA (z) (21)
de t N pot 3G TP J de’ T
For the last term, we also consider a first approximation
d N
d—A+(x) = / d+ (2t) exp(2ixt)d(k)3dt, (22)
T
1B + k ln |812’ I
o(k) = J — =22 dk 2
(k) ]l_[1<k—zE> V/ K —k ) (23)

To prove this, let us consider a sequence of & Z- A, (r)with n going to infinity and under a
proper selection of scattering coefficients, we fall into conditions of the Theorem 1.

Let us come down from specific obvious examples to more systematic analysis of the
gradient catastrophe. In given below all our arguments will be based on well-known
equation:

s21(k) = —s12(—k)s11(k)/s11(—F)
Let us consider so1, s12 in the following form:

—_——

227‘5812(/?) = q(2k) + Il(k), 2ik821(k) = q(—2k) + Ig(k) (24)

—~—

Let us conceive q(2k) = u(k) + iv(k). Then we will have the following equation for u, v

u(k) + iv(k) = 2iksio(k) — I (k), uw(k) —iv(k) = 2iksoi (k) — Ir(k), (25)
Sil((_k]z) = exp(2i6(k)), 5(k) = arg(s11(k)). (26)

Now we can formulate the following theorem.
Theorem 4. The following equations are true

(14 cos(26(k)))R1 + sin(20(k)) R (—=1+ sin(20(k)))R1 + (1 — cos(20(k))) R

u(k) = sin(26(k)) T sin(20(k))

(27)
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Proof. Using equation (26) and representation for Fourier transformation we obtain
Whence, solving the equation for u and v, we obtain

uw(k) +iv(k) + I1 (k) = (u(k) —iv(k) + I2(k))(cos(20(k)) + isin(26(k))), (28)

from last equation we have

u(k)(1 — cos(26(k)))) + v(k)(1 —sin(26(k))) = R1, (29)
—u(k)sin(26(k)) + v(k)(1 + cos(26(k))) = Rz (30)
where
Ry = Real(—1I1 + Iz cos(20(k)) + (11 sin(20(k)))), (31)
Ry = Im(—11 + I2cos(26(k)) + i(11 sin(26(k)). (32)

Theorem 5. If 6(k)(k) =0, |¢(k)| < C < oo then Ri(k) = 0.

Proof. using equation (30-31) and conditional theorem we obtain proof.

Theorem 6. The following estimates are true for Fourier transformation

lul < C(|R1| + |Ra| + |V R1]), (33)
lv| < C(|R1| + |Ra| + [V R1l), (34)
lq| < C(|R1| + |R2| + [V Ry]). (35)

Proof. follows from the representation of u, v. Here, we just point out this as a separate
theorem in order to emphasize the significance of this result. We note separately the terms
with a derivative VR;. Obviously, these terms are appeared due to points of the phase
nulling.

Theorem 7. For estimation of a mazrimum of the potential the following estimates are
true

“+o0o
g <C / (C(L|+ B + VL + [VL)dk (36)

Proof. follows from the estimation of u, v and use of R, R which are simple arguments.

Here we outline the theorem in order to emphasize importance of this result for 3-
dimentional case. Analyzing the last formula, we see again an effect of the phase on
the function behavior. In addition, a finiteness of the discrete spectrum is the main
requirement of the gradient catastrophe nonoccurrence. And from other hand, in case of



A. Durmagambetov / Eur. J. Pure Appl. Math, 10 (4) (2017), 763-785 770

unconstrained growth of points in discrete spectrum, we fall into the terms of theorems 1
and 2. The last theorem expands a class of functions described in in Theorem 1, as we
planned at the beginning. Now, studying the behavior of a gradient depending on q we
come to the conclusion that its unconstrained growth will be dictated by the phase cluster
point, which, in its turn, is due to discrete spectrum acquisition. Hence we get the most
important conclusion - we get information about the catastrophe with discrete jumps!

Theorem 8. For a potential the following representation is true

q¢=Q(q, E1,...Ep); (37)

Proof. just consists in calculating I;(k), I2(k) in a form of series of q and substitution
of a result of the calculation into the formula for u, v moreover a right side of the obtained
formula contains second-order terms only.

This representation, in contrast to the classical inverse problems, allows using arbi-
trary information on the potential for closure of these equations, because a skeleton of
this integral equation is represented by sets of constants in the form of eigenvalues. One
of the surprising properties of this representation and all this research is discreteness in
continuity. Since a value of the phase, as we can see, changes discontinuously, while a
potential-function itself may vary continuously. This implies an important conclusion
about the instability in numerical methods, i.e. it is necessary to control phase jumps
in numerical modeling to avoid falling into a state of instability. A conclusion of non-
scalability of such models is critically important since eigenvalues may appear or may
disappear under changes in the potential scale, whereupon a model will be changed signif-
icantly. This theorem shows that we have obtained fundamentally new nonlinear integral
relations that allow taking a fundamentally fresh look at the problem of estimating func-
tions. Now, instead of integral representations, that generate embedding theorem in the
Sobolev spaces and by which numerous outstanding achievements in modern mathematics
have been gained, we turn to the newest non-linear integral relations and hope thereby
opening up new pages of mathematics that will take us further into the wonderful world
of mathematics.

3. Introduction for the three-dimensional case

In this work we present final solving Millennium Prize Problems formulated Clay Math.
Inst., Cambridge in [3] Before this work we already had first results in [4]-[6]. The Navier-
Stokes existence and smoothness problem concerns the mathematical properties of solu-
tions to the NavierStokes equations. These equations describe the motion of a fluid in
space. Solutions to the NavierStokes equations are used in many practical applications.
However, theoretical understanding of the solutions to these equations is incomplete. In
particular, solutions of the NavierStokes equations often include turbulence, which remains
one of the greatest unsolved problems in physics. Even much more basic properties of the
solutions to NavierStokes have never been proven. For the three-dimensional system of
equations, and given some initial conditions, mathematicians have not yet proved that



A. Durmagambetov / Eur. J. Pure Appl. Math, 10 (4) (2017), 763-785 771

smooth solutions always exist, or that if they do exist, they have bounded energy per unit
mass. This is called the NavierStokes existence and smoothness problem. Since under-
standing the NavierStokes equations is considered to be the first step to understanding the
elusive phenomenon of turbulence, the Clay Mathematics Institute in May 2000 made this
problem one of its seven Millennium Prize problems in mathematics. In this paper, we
introduce important explanations results presented in the previous studies in [4]-[6] . We
therefore reiterate the basic provisions of the preceding articles to clarify understanding
them. First, we consider some ideas for the potential in the inverse scattering problem,and
this is then used to estimate of solutions of the Cauchy problem for the Navier-Stokes
equations. A similar approach has been developed for one-dimensional nonlinear equa-
tions [7,8,9,10], but to date, there have been no results for the inverse scattering problem
for three-dimensional nonlinear equations. This is primarily due to difficulties in solving
the three-dimensional inverse scattering problem. This paper is organized as follows: first,
we study the inverse scattering problem , resulting in a formula for the scattering potential
. Furthermore, with the use of this potential, we obtain uniform time estimates in time
of solutions of the Navier—Stokes equations , which suggest the global solvability of the
Cauchy problem for the Navier—Stokes equations. Essentially, the present study expands
the results for one-dimensional nonlinear equations with inverse scattering methods to
multi-dimensional cases. In our opinion, the main achievement is a relatively unchanged
projection onto the space of the continuous spectrum for the solution of nonlinear equa-
tions, that allows to focus only on the behavior associated with the decomposition of the
solutions to the discrete spectrum. In the absence of a discrete spectrum, we obtain es-
timations for the maximum potential in the weaker norms, compared with the norms for
Sobolev’ spaces. Consider the operators H = —A, +q(x), Hy = —A, defined in the dense
set W2(R?) in the space Lo(R?), and let ¢ be a bounded fast-decreasing function. The
operator H is called Schrodinger’s operator. We consider the three-dimensional inverse
scattering problem for Schrédinger’s operator: the scattering potential must be recon-
structed from the scattering amplitude. This problem has been studied by a number of
researchers [ 9,11,12] and references therein]

4. Results for the three-dimensional case
Consider Schriodinger’s equation:
—AV 4 qU = k2T, ke C (38)
Let ¥, (k,6,x) be a solution of (38) with the following asympotic behavior:

cilkllel

]

U, (k,0,7) = bo(0,7) + Alk,0.0)+0 <1> 7

]
|z[ = o0, (39)
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where A(k,6',0) is the scattering amplitude and §' = et € S? for k € C* = {Imk > 0}
¢o(6, ) = ™0
’ 1 10!
Ak, 0,0) == | a(@)¥.(k, 0, z)e k02 dy, (40)

™ JR3

Let us also define the solution ¥_(k,0,x) for k € C~ = {Imk < 0} as
U_(k,0,x) =V (—k, —0,2)
. As is well known[9] :

k / ! /
U, (k0,2) — V_(k0,2) = —— Alk,0 ,0OV_(k,0,2)dd, k € R. (41)
T )52
This equation is the key to solving the inverse scattering problem, and was first used by
Newton [11,12] and Somersalo et al. [13]. Equation (41) is equivalent to the following:

U, =SU_, (42)

where S is a scattering operator with the kernel S(k,#), S(k,8 = [ps U4 (k, 2)0* (} z)dx.
The following theorem was stated in [2]:

Theorem 9. (The energy and momentum conservation laws) Let ¢ € R. Then,
SS§* =1, §*S =1, where I is a unitary operator.

Definition 1. The set of measurable functions R with the norm, defined by ||q|lr =
o a(z)q(y)

lo—y|? dxdy < 0o is recognized as being of Rollnik class.

Let us take into consideration a series for A :

= 1 oy
AR K) = 3 A, Aol ) = b [y, (43)
n=0 R3

1 (=1)" , etlkllmo—z1]
An(k,k:,) — ( ) / el(k,mo)q(,ﬁljo)mq(ﬂfl) X ... X
R3(n+1)

cilkllen—1—an|

X X q(Tp—1) (xn)e_i(k/’x")dxo...dmn.

T ¢
‘:L'nfl - $n|
As well as in [8], p.120 we formulate.

Definition 2. Series (43) is called Born’s series.

Theorem 10. Let g € Li(R*) NR . If |ql|k < 4w, then Born’s series for Ak, k')
converges as k, k' € R3.
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Proof. is in [8], 121.

Let us introduce the following notation:

Q(k,0',0)f(k,0)do’

T Js2 Q( 2
Qf = / Q(k,0',0)f(k,0')d0 , TS f = / e 10 s2ds,
F= 100, QUet.0) = alk =K). 6 = o0 = .66 € 52
S%f:/ f(k,0)e @R ag, for f=f(k,6,2), Df =k | A(k,0,0)f(k, 0, x)dd
S2 52

(44)

Lemma 11. Suppose that ¢ € R, mazk,k/\Tg(k,kﬂ < 1/co, Csupe,,.e,, k|Qk, k)| < 1,
then

gk +p)g(p—K
Ak, k') = coq(k — k) +0// (B = k2= ))dk—i-

Ak, k’) = c0Q(k, k') + GTEQ + GTHTH Q...
A(k7 k/)| < Csupek,ek/,k|Q(k’ k;/)| + Csupek,ek/,k|TQ(ka kl)’u
Supey e k| TA(K, K| < Csupey e, k1T (F, K|+ Csupey e, k|Q(K, K|

SUPe,,,

Proof. folows from the definition A(k, k'), Tg f and the formula for a geometric pro-
gression

As shown in [14], W (k,z) is an orthonormal system of H eigenfunctions for the con-
tinuous spectrum. In addition to the continuous spectrum there are a finite number N of
H negative eigenvalues, designated as —EJ? with corresponding normalized eigenfunctions

(LHES —Ef)(j = 1,N), where ¢;(z, —EJQ) € Lo(R3). We present Povzner’s results [14]
below:

Theorem 12. (Completeness) For both an arbitrary f € Lo(R3) and for H eigenfunc-
tions, Parseval’s identity s valid.

vﬁzmm%ﬁ<&¢mm

PDf Zfﬂ/}j PAcf / /5'2 \I/+ S, 0 m)d@ds (45)

where f and f; are Fourier coefficients for the continuous and discrete cases.

Theorem 13. (Birmann—Schwinger estimation). Let ¢ € R. Then, the number of
discrete eigenvalues can be estimated as:

Y)
$2)9Y) 1edy. 46
R (46)

RS
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This theorem was proved in [14]. We define the operators T4, T for f € W} (R) as
follows:

o0 o
Lo f(s) 1 £(5)
A et I T f=.— 1 I 4
+f 27 a0 s — st, mz>0,1-f 2 Imaso s — st, m z <0, (47)
—00 — 00
1
Tf=5T +T)f. (48)

Consider the Riemann problem of finding a function ®, that is analytic in the complex
plane with a cut along the real axis.Values of ® on the sides of the cut are denoted as &,
®_.The following presents the results of [16]:

Lemma 14.

1 1 1 1 1
TT=>I, TTy = T\, TT- = —-T_, Ty =T+ 1, T- =T — -1, T.T_ = —T_
4 2 2 2 2
(49)
Theorem 15. Let g€ R, N(q) <1, g=(®y —D_). Then
Dy = Tag. (50)

Proof. The proof of the above follows from the classic results for the Riemann problem.
Lemma 16. Let g € R, N(q) <1 g4+ = g(k,0,2), g = g(k,—0,z),). Then,
Ui(h0,0) = (Tegy + €™, W.(hoz) = (Tg + ™) (51)
Proof. The proof of the above follows from the definitions of g, &4,V .
Lemma 17. Let

T [ pA(p.0.0)d6' T oo pA(p. 0. 0)odd
fSQ p (p7 Y ) dp < a < 1 Sup fS2 p (p7 9 )¢0
A (p — k 4 i0) k 4m(p — k +i0)

o0 o0

, N(q) <1, sup dpl < a<1
k

Then

T g =(I—-T-D)'T_ D¢y, ¥_ = (I —=T_-D)"'T D¢+ o, |T-Deo| < % (52)

Proof. using equation

U (k,0,2) — V_(k,0,2) = _g 52A(k,e’,a)qf_(k,e’,x)de’, k € R. (53)

we can rewrite
Tig+ — T g- = D(T_g- + ¢o)



A. Durmagambetov / Eur. J. Pure Appl. Math, 10 (4) (2017), 763-785 775
Applying the operator T_ last equation we have
T_g- =T_-D(T-g- + o)

(I-T_-D)T_g- =T D¢y, T-g_=» (-T-D)" ¢o
n>0

Estimating the terms of the series, we obtain

fSQ kj Ak, 0., O, )6
T g | <> |T- D”¢>0|<Z/ / o= ) rdi <
J

n>0 n>0 (Kj+1)

fsszp,H 0)¢—co
<Zsup/ (o= k—}—zO) dp H sup

n>0 0<j<n ki

0o [ kjA(k;, H;Cj,ﬁkj)dﬁ;cj
— 00 47T(/{7j+1) - k‘j + iO)

Sza”—

n>0

kj

Using operator A = A = Z 8k2 we can formulate folows results:
=1

Lemma 18. Let ¢ € R, N(q) < 1, and assume that (I — T_D)~! exists. Then,
T_-DT_Ag- =T_-Ag_+T_(VD,VT_g)+T_AD¢y
T Ag. = —-T_-D) ' (T_(VD,VT_g) — T_-AD¢q) (54)

Proof. The proof of the above follows from the definitions of ¢, ®L, ¥_ and equation
(41)

Lemma 19. Let q € R, N(q) < 1. Then,
= l.lll H \I/_ \II_ (3<;
q Zl 0 0 / ) ( )
q = m AHo / (56)

Proof. The lemma can be proved by substituting ¥_ into equation (38).

5. Conclusions for the three-dimensional inverse scattering problem

This study has shown once again the outstanding properties of the scattering operator,
which , in combination with the analytical properties of the wave function,allow to obtain
an almost- explicit formulas for the potential to be obtained from the scattering amplitude.
Furthermore, this appro. The estimations follow from this reach overcomes the problem
of over-determination, resulting from the fact that the potential is a function of three
variables, whereas the amplitude is a function of five variables. We have shown that it is
sufficient to average the scattering amplitude to eliminate the two extra variables.
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6. Cauchy problem for the Navier—Stokes equation

Numerous studies of the Navier-Stokes equations have been devoted to the problem
of the smoothness of its solutions. A good overview of these studies is given in [17]-[20].
The spatial differentiability of the solutions is an important factor, this controls their
evolution. Obviously, differentiable solutions do not provide an effective description of
turbulence. Nevertheless, the global solvability and differentiability of the solutions has
not been proven, and therefore the problem of describing turbulence remains open. It is in-
teresting to study the properties of the Fourier transform of solutions of the Navier-Stokes
equations. Of particular interest is how they can be used in the description of turbu-
lence, and whether they are differentiable. The differentiability of such Fourier transforms
appears to be related to the appearance or disappearance of resonance, as this implies
the absence of large energy flows from small to large harmonics, which in turn precludes
the appearance of turbulence. Thus, obtaining uniform global estimations of the Fourier
transform of solutions of the Navier-Stokes equations means that the principle modeling
of complex flows and related calculations will be based on the Fourier transform method.
The authors are continuing to research these issues in relation to a numerical weather pre-
diction model; this paper provides a theoretical justification for this approach. Consider
the Cauchy problem for the Navier-Stokes equations:

g —vAq+ (¢, Vq) = =Vp+ f(x,1), div ¢ =0, (57)
qli=0 = qo(z) (58)

in the domain Q7 = R x (0,T),where :
div qo = 0. (59)

The problem defined by (57), (58), (59) has at least one weak solution (g, p) in the so-called
Leray—Hopf class [16]. The following results have been proved [17]:

Theorem 20. If
g0 € Wy (R?), f € La(Qr), (60)

there is a single generalized solution of (57), (58), (59) in the domain Qr,, Ty € [0,T],
satisfying the following conditions:

at,V3q, Vp € La(Qr). (61)

Note that 77 depends on gg and f.
Lemma 21. Let g0 € Ws(R3), f € Lo(Qr). Then,

t
2 2 2
OZ?ETHQHLQ(R:s) + 0/||VQHL2(R3)d7' < HQOHLQ(RiS) + HfHLQ(QT)' (62)
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Our goal is to provide global estimations for the Fourier transforms of derivatives of
the Navier-Stokes equations’ solutions (57), (58), (59) without the that the smallness of
the initial velocity and force are small. We obtain the following uniform time estimation.

Lemma 22. The solution of (57), (58), (59) according to Theorem 20 satisfies:

T=+ / e~ 1= (. V)q] + F)dr, (63)
0

where F' = —Vp+ f.

Proof. This follows from the definition of the Fourier transform and the theory of
linear differential equations.

Lemma 23. The solution of (57), (58), (59) satisfies:
Z G ITREDY k5 (64)
IW Tk

and the following estimations:

3 1
ollacen < 31Vl o lallE sy (65)
\vg’.ﬁy_m+|i|2+—‘vﬂ+3\vq\ (66)
Lt

Proof. This expression for p is obtained using div and the Fourier transform presenta-
tion.

Lemma 24. The solution of (57), (58), (59) in Theorem 20 satisfies the following in-
equalities:

/|x| lq] dm+//\a:| |Vq|?dzdr < const, /|x! |q\2dx+//|:1:] |Vq|2dzdr < const,

0 R3 0 R3
(67)
or
t t
Hv(ﬂ\LQ(RS)JF//\kﬂ%y?dkdr < const, |[V?q]| , gy +//]k2]v2q|2dkd7§const.
0 R3 0 R3
(68)

This follows from the a priori estimation of Lemma 21, conditions of Lemma 24,the
Navier—Stokes equations.
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Lemma 25. The solution of (57), (58), (59) satisfies the following inequalities:

t
~ T 2 2
_ T v dr, (69
m}gxm < m]€aX|QOI + 9 O?ETHQHL?(m) T ()/H 0l rsydr, (69

t

~ T —
max Vgl < max|Vg| + 7 sup [|[Vqll,zsy + //\k|2\Vq]2d/~cdr, (70)
k k 2 0<t<T A
R

t

- ~ T -
mﬁWﬂéI@W%>+2§2mem+!¥mwm%w<m

Proof. This follows from the a priori estimation of Lemma 21, conditions of Lemma
25,the Navier—Stokes equations.

Lemma 26. The solution of (57), (58), (59) according to Theorem 20 satisfies C; <
const, (i =0,2,4), where:

t t t
_ ~ 2 -2
Co = /|F1’2d7, o= (¢,V)g+F, Cy = /‘VFl‘ dr, Cy = /)VQFl‘ dr. (72
0 0 0

Proof. This follows from the a priori estimation of Lemma 21, the Navier—Stokes
equations.

Lemma 27. Suppose that g € R, max |g] < oo, then
T
[ [ 289 ndy < ol + a1
|z -y k
R3 R3

Proof. Using Plansherel’s theorem, we get the statement of the lemma.
This proves Lemma, 27.

Let’s consider the influence of the following large scale transformations in Navier-
Stokes’ equation on

Fy

Fé:AZ
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Lemma 28. Let 4
=—F———, then K <
v3(CCyh+1)3
Proof. By the definitions C and Cy, we have

~J| Co

1 1 -1 -1
(V)2 v 5_47rCCO B ;_47rCCo 8
K_(A> ((A) A2 ) - (” : > <7

N

A2
This proves Lemma
Let us introduce operator Fii,, as Fip f = ng, ei(k’z)*i(””’k/)f(x)dm

Lemma 29. Let Q € Wi(R3), Q € La(Q7),vi(k, k') = v|k — k'|?. Then, the solution of
(57), (58), (59) in Theorem 20 satisfies the following inequalities:

s QUK <, sup MQU K| < ——— o,
(exexr)ES? (erepr)ES? (1 —cos(9))
sup Ak, K| <C, sup k|A(kK)| < ¢ (73)
(er,exr)€S?

(eksepr)ES? (1= cos(6))’
Proof. This follows from

Q —

—Fu((¢,V)el +  Fuu(vAg +  Vp)

+ Fy F (74)
After the transformations we obtain

Q = —Fiwl(q, V)] + (Ve Frtrq + FryVp) + Fyp F,
(75)
Q =

Qo + /e_lklg(l_cos(e))(t_ﬂ(Fkk/[(qav)Q]+Fkk/Vp+Fkk/F)-
0

from last equation we have

Q| <[Qo| +Cr

Integrating by 6 and carrying out the coordinate transformations, we obtain

t
Q=Qo+ / ¢ Ik? (1=cos(0))(t=7) (—Frrl(q, V)] + FeryVp + Fygo F)
0

C
Q] < |Qol + k+/(1 — cos(0))
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Lemma 30. Let Q € Wi (R3), Q € La(Q7),vi(k, k') = v|k — k'|?. Then, the solution of
(57), (58), (59) in Theorem 20 satisfies the following inequalities:

sup ‘TQ(k,k')‘ <C, sup ‘ATQ(k,k')‘ <C,

(ek,ek/)ész (ek,ek/)ESQ
sup |TA(k, k)| <C, sup |ATA(kK)|<C, (76)
(er,exr)ES? (ek,epr)ES?

Proof. This follows from

t
TQ = TQo + T/ o WP A=cosO)(t=1) (_ . 1(q, V)q) + FisVp + Fiaa F).
0
from last equation we have

ITQ| < [TQo| + Cr

Using operator A = Z 8k2

t
ATQ = ATQo + AT/ ¢~ IkI*(1—cos(6))(t-7) (—Frr((aq, V)] + FerVp + Fip F)
0

IATQ| = |[ATQo| + Cr

Lemma 31. Let Q € W3 (R?), Q € La(Qr), vi(k, k') = v|k — k|2, X () = x.Then, the
solution of (57), (58), (59) in Theorem 20 satisfies the following inequalities:

sup / 1S5, Qb K)|dls < C Sup a(@)| |1+ X2) V)] s d
(ek,epr)€S2J0 0 zeR

sup [ A8y, QU )k < © /0 supye sl @) |(1+ X2)Val|, sy dr - (77)

(ek,epr)€S?J0

Proof. This follows from
from last equation we have

5., Ql < |Sg,,Qol+  sup / S, @k, K)|dk < C Sup la(@)! |1+ X*)Val s
TER

(er,err)€S?2J0

Using operator A = Z akQ

dr
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[AS6., Ql < |96.,Qol+  sup

(Ek,ek/)€S2

t
ASy,, /0 e iz ON(t=n (—Frre[(q, V)] + FraVp + Fr F)| <

t

2
C [ sup W0+ X5l

Lemma 32. Let ¢ € RN Ly(R3), and Csupey e, k| Tq(k, K| + Csupey e, k| Q(K, K| < 1.
Then,

v

8
[\
|

‘A\Piq‘ ’r:a:g,k:O C. (78)

Proof.

AV_|,_o = |T-Ag— + A®o|,_y > 2 — |(I = T_D)~" (T_(VD,VTg) + TAD¢v)|, _,
>a® — |(I = T-D)" (T-(VD,VT((I - T-D)~'T_D¢y)) — TAD¢y)|,_,
>z - C (79)
Lemma 33. The following permutation formulas hold true
Tn . 1 i Tn—1
H0<i<n($i+1 — i) (@ — Tn-1) H0<i<n(xi+1 ) H0<i<n(mi+1 — ) (Tp — Tn_1)
Tn—1 _ 1 +
[ocicn(@ivr — i) (@n —2n-1)  [ocicnizn1(@it1 — i) (@n — Tn-1)
o2 (80)

HO<i<n(mi+1 - xl)(xn - xn—l)

Proof. Simple transformations, but in the future plays an important role. With the
help of this transformation we will be able to prove a very important estimate for the
derivatives of wave functions and show that it is actually close to an estimate without
derivatives

Lemma 34. Let Q € W3(R?), Q € Lo(Qr),vk(k, k) = vk — K|?,K(k) = k, X(z) =
x.Then, the solution of (57), (58), (59) in Theorem 20 satisfies the following inequalities:
t
sup [o(e)] < [ sup la(@)]]|(1+ X*) V4],
TERS 0 zeR?

sup |q(z)| < C (81)
TER3
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Proof. Using equation
q= Iin% AHyW_ /AT _ (82)
zZ—r

using lemmas (11-21) we have

< C|HoAV_|,_y = C |T-Ag_|,_y

k=0 Lo = @ lk=0
< C|(I - T-D)"" (T_(VD,VTHog) + TADHogo)|,_,
C|(I = T-D)™ (T_(VD, VI (K?g + qg)) - TADK )|, _, <
C|(I =T-D)™ (T (VD,VTK>((I - T_D)~'T_Déy)) - TADK ¢
< C|S4,,Ql + C|Sag,, Q|

k=0

< C/ sup, la(a)| [|(1+ X*) V||, ok

Using the Grnwal - Bellman inequality

we have sup [g(z)] < C
z€R3

Theorem 35. Let gy € WE(R?), V2qo € La(R%), f € La(Qr), f € L1(Qr)NLa(R?), V2f €

L1(Qr) N La(R3). and ml?x\Tq0| < const, max ITV?q| < const, Then, there exists the

following a unique generalized solution of (57), (58), (59)satisfying inequality: sup |g;| <
x

const, where the value of const depends only on the conditions of the theorem .

Proof. It suffices to obtain uniform estimates of the maximum velocity components
i, which obviously follow from max |g;|, because uniform estimates allow us to extend
xT

the local existence and uniqueness theorem over the interval in which they are valid. To
estimate the velocity components, Lemma (15)can be used :

T
o= 0/ llaal ot + Ao+ 1. Ao = 4/(H(CCo + 1))
0

Using Lemmas (11)-(21) for

T
m-%ﬂAH%%Mmﬁ+%+U

we can obtainf52 ||Ai||l7adf < o < 1, where A;is the amplitude of potential ¢; and
N(g;) < 1.That is, discrete solutions are not significant in proving the theorem , so its
assertion follows the conditions of Theorem 35, which defines uniform time estimations for
the maximum values of velocity components.

t

HVqHLQ(RS)Jr/ \Vq|*dkdr < const + sup lg(x ‘/HVQHLQ(R?) V24|, s A7, (84)
0 R3
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Theorem 35 asserts the global solvability and uniqueness of the Cauchy problem for
the Navier-Stokes equations.

Theorem 36. Let g0 € W2(R3),V2qy € La(R3), f € La(Qr), f € Li(Qr)N La(R?)

Jin (1741 ) = o0, (85)
Then, there exists 1, 7, xg
tli)r% Y;(xg,t) = 00 or tlglrft N(gi) = 0 (86)

Proof. A proof of this lemma can be obtained using ¢; = Pa.q; + Ppg¢; and uniform
estimates Pa.q;.

Theorem 36 Describes the loss of smoothness of classical solutions for the Navier—
Stokes equations. Theorem 36 describes the time blow up of the classical solutions for the
Navier-Stokes equations arises, and complements the results of Terence Tao [1].

7. Conclusions

Uniform global estimations of the Fourier transform of solutions of the Navier—Stokes
equations indicate that the principle modeling of complex flows and related calculations
can be based on the Fourier transform method. In terms of the Fourier transform, under
both smooth initial conditions and right-hand sides, no appear exacerbations appear in the
speed and pressure modes.A loss of smoothness in terms of the Fourier transform can only
be expected in the case of singular initial conditions, or of unlimited forces in Lo(Q7). The
theory developed by us is supported by numerical calculations carried out in the works
[21-23] Where the dependence of the smoothness of the solution on the oscillations of the
system is clearly deduced.
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