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Abstract. The semilinear normal parabolic equations corresponding to
3D Navier-Stokes system have been derived. The explicit formula for so-
lution of normal parabolic equations with periodic boundary conditions
has been obtained. It was shown that phase space of corresponding dy-
namical system consists of the set of stability (where solutions tends to
zero as time t — o0), the set of explosions (where solutions blow up
during finite time) and intermediate set. Exact description of these sets
has been given.
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1 Introduction

As well known (see e.g. [II,[2]), existence of weak solution to 3D Navier-Stokes
equations is proved with help of energy estimate, which is true because the im-
age B(v) of nonlinear operator from Navier-Stokes equations consists of vectors
tangent to sphere in the Lo-space with the centrum in origin. If these vectors
would be tangent to sphere in Soblev H'-space, one could prove existence of
strong solution to 3D Navier-Stokes system by the methods similar to ones used
to prove existence of a weak solution. But this is not the matter: in this case
B(v) = B, (v)+ B, (v) where B, (v) is the component tangent to sphere in H' and
B,,(v) is normal component. In this paper we change nonlinear operator B(v)
of input system on its normal part B, (v). Obtained equations, which we call
Normal Parabolic Equations do not satisfy to analog in H' of energy estimate
”‘in the most degree”’. We hope that investigation of these equations can help to
understand better the problems connected with solvability of 3d Navier-Stokes
system in the class of strong solutions.

In this paper we study Normal Parabolic Equations (NPE ) corresponding to
3D Navier-Stokes system. In Section [2] we derive NPE. In Section [ we study
some properties of NPE. The key property obtained there is existence of ex-
plicit formula for solution to NPE. In section Ml the structure of dynamical flow
corresponding to NPE is investigated.

* The work has been fulfilled by RAS program ” Theoretical problems of modern math-
ematics”’, project ”‘Optimization of numerical algorithms of Mathematical Physics
problems”’.
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Note that NPE has been introduced in [3] where normal parabolic equation
corresponding to Burgers equation was studied. Here we generalize results from
[B] on the case of NPE corresponding to Navier-Stokes system and, besides,
continuer to develop the theory of NPE.

2 Semilinear Parabolic Equations of Normal Type

Our aim is to try to understand better how to investigate 3D Navier-Stokes sys-
tem in phase space of one time differentiable vector fields where energy estimate
is not true. To this end we derive some semilinear parabolic equation.

2.1 Navier-Stokes System and Helmholtz Equations

Let consider 3D Navier-Stokes equations with periodic boundary conditions:

Ov(t, ) — Av+ (v, VYo + Vp(t,z) =0, dive =0, (1)
v(t,. .o @) =0t .. @+ 2w, L), i=1,2,3, (2)
v(t, @)|t=0 = vo(x) 3)

where t € Ry, x = (z1,72,23) € R3, v(t,x) = (v1,v2,v3) is the velocity vector
field of fluid flow, Vp is the gradient of pressure, A is Laplace operator, (v, V)v =
Z?Zl vj0y,v. Periodic boundary conditions () mean in fact that Navier-Stokes
equations () and initial conditions ) are defined on torus T3 = (R/27Z)>.

We transform problem ([{I)-([) for velocity to the problem for curl of velocity
as unknown function:

w(t,x) = curl v(t,x) = (Opyv3 — OpgV2, Opg¥1 — Oz, V3, Oz, V2 — Ogyv1)  (4)

Recall the following well-known formulas of vectorial analysis:

[v]?
(v,V)v:wxv+V2, (5)
curl (wxv) = (v, V)w— (w,V)v, if divev=0, divw=0 (6)

where w X v = (wav3 — W3V2, W3V — wWiv3, Wive — wav3) is vector product and
|v]? = v} + v3 + v3. Let substitute (@) into the first equality of () and apply
to both parts of obtained equality operator curl. Then in virtue of ({]),(@), and
formula curlVF = 0 we obtain the Helmholtz equations

Ow(t,z) — Aw + (v, V)w — (w, V)v =0 (7)
We add these equations with initial conditions
w(t, )le=0 = wo () (8)

where wg = curl vy.
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2.2 Normal Parabolic Equations (NPE) and Their Derivation

For each m € Zy = {j € Z: j > 0} we define the space
V= V(T = {u(z) € (H™(T*)? : dive = 0, / o(z)dz =0} (9)
T3

where H™(T?) is Sobolev space.
Multiplying Navier-Stokes system (Il) on v scalarly in Lo(T?) we obtain after
integration by parts (on z) and integration on ¢ well-known energy estimate

¢
/ |v(t,x)|2dx+2/ |va(7,x)|2dxd7'§/ lvo(2)|?dx (10)
T3 o Jrs T3

that gives opportunity to prove existence of weak solutions to problem (I)-(3).
Unfortunately, this solution is not smooth enough to establish its uniqueness. If
in a hope to get existence of smooth solution to ([l) we would try to get analog
of energy estimate in phase space V!, multiplying () on v scalarly in V1(T?)
we will not get analog of bound (I0)). Let try to understand situation passing
from Navier-Stokes to Helmholtz equations.

Using decomposition in Fourier series

v(z) = Z o(k)e™*,  where v(k)= (2m)73 /Ts v(z)e~ "k dz,

kezZ3

x-k= ZJ 1 Zikj, k= (ki, ko, k3), and well-known formula curl curl v = —Aw
if dive = 0, we see that on space V™ inverse operator to curl is well-defined and
is determined by the formula

k
curl 'w(z) =i Z x w2 etk (11)
kez? ‘ |

That is why operator
curl : VI — V0

realized isomorphism of the spaces. Therefore sphere in V! for problem (), (B])
is equivalent to sphere in V? for problem (), ().
Let denote nonlinear term of Helmholtz equation by B:

B(w) = (v,V)w — (w, V)v (12)

(we did not indicate dependence B on v because it can be expressed via w by

().
Multiplying equality {I2]) on w = (wy,ws,ws) scalarly in VO and integrating
by parts we get

(B(w) / Z w;0jvpwrdx (13)

J,k=1
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that, generally saying, is not equal to zero. Just because of this 3D Helmholtz
equations do not possess energy estimate. In other words, operator B admits the
decomposition

B(w) = Bn(w) + Br(w) (14)

where vector B, (w) is orthogonal to the sphere X, = {u € VO : ||ul|yo = ||w|vo}
at the point w, and vector B, (w) is tangential to X, at w. Generally saying, both
operators By, B in ([I4) are not equal to zero. Note that just the component
B,, # 0 prevents to derivation of energy bound and therefore it is quite possible
that the main difficulties obstructing to investigation of Navier-Stokes equations
are connected just with this operator. That is why there is reason to omit in
Helmholtz equations the component B, and to study on the first stage analog
of equations () in which nonlinear operator B(w) is changed on its normal
component By, (w). Such equations we call Normal Parabolic Equations (NPE).

Let construct now normal parabolic equations with respect to sphere in V0,
corresponding to problem (), ().

Since summand (v, V)w from (7)) is tangential operator:

/ (v, Vw - wdz =0,
T3

normal part of nonlinear operator from (7)) is defined by nonlinear term (w, V)v.
We look it for in the form @(w)w where @ is unknown functional that is found
by equation

/ O(w)w(x) - w(z)de :/ (w(z), V)v(z) - w(x)dx (15)
T3 T3
Relation (I3 implies desired formula for @:

B(w) = {gq’rS(w(x),V)curl “lw(z)  wx)de [ frs |w(z)2dz, w# 0, (16)

w=0

where curl “*w(z) is defined in (IT)).
So, normal parabolic equations corresponding to system ([7]) are defined as
follows:
Ow(t,x) — Aw — P(w)w =0, divw=0 (17)

where functional @ is defined in (I6]). These equations supplied with initial con-
ditions () and periodic boundary conditions are the main object of our investi-
gation in this paper.

3 Properties of Normal Parabolic Equations

3.1 Explicit Formula for Solution of NPE

In this subsection we derive explicit formula for NPE solution. This is the key
result because it gives the possibility to establish many important properties
on NPE. Some of them will be obtained below in next sections. The following
assertion is true:
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Lemma 1. Let S(t,x,yo) be resolving operator of the following Stokes system
with periodic boundary conditions:

Oy(t,x) — Ay(t,x) =0, divy =0, y(t,z)|i—0 = yo(z), (18)

i.e. S(t,x,y0) = y(t,x) (we assume, of course, that divyo = 0). The solution of
problem (I7),[8) has the form

S(t, x;wo)

= t (19)
1= [LB(S(r, sw0))dr

w(t, @3 wo)

The proof of this lemma is reduced to substitution ([I9) into () and direct
checking of obtained equality.

3.2 Properties of Functional &

Let s € R. Recall that Sobolev space H*(T?) is the space of periodic real-valued
distributions z(z) possessing with the finite norm

ol oy = ll2lle = > RIPIE(R)? < 0 (20)
kez3\{0}

where Z(k) are Fourier coeflicients of z.
We will use the following generalization of spaces (@) of solenoidal vector fields:

VE=V(T?) = {v(z) € (H*(T*)?: divu(z) =0, /T3 v(z)der =0}, seR
(21)

Lemma 2. Let &(u) be functional {I8). There exists a constant ¢ > 0 such that
for each u € V3/2
[2(u)] < cllulls/2 (22)

This lemma is proved similarly to analogous bound from [3].

Lemma 3. Let @ be functional {I8). For each B < 1/2 there exists a constant
c1 > 0 such that for each yo € VA(T3), t > 0

/0 D(S(T,-,y0))dr

< c1l|lyoll-p (23)

where S(t,-,yo) is resolving operator of problem (I8).
Proof. Using ([22)) we get

1/2

t
o~ . - _ 27 T
<e / 2 [ S (o (R IE 2 k2507 | gr
0 k0

/ B(S(r, - y0))dr
0

(24)
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where yo(k) are Fourier coefficients of yo. Solution p = p(t) of extremal problem
f(t,p) = p*2Pe= "Dt L max, p>1

is defined with expression p(t) = \/ 325’3 , and

3428

3+28 2 —(3428-2t)/2 < 3+28

[t p(t) = <2t) € LN
1

(25)
3428
t> 5

9

Substitution (23]) into (24 implies ([23]).

Remark 1. Lemma B] implies that the functional from left side of bound (23]
is well defined for yo € V~#(T?) with 8 < 1/2. In particular, in virtue of this
Lemma and ([9) solution of problem (I7),([®]) is well defined for each initial
condition wy € V?, and therefore our choice V0 as phase space for corresponding
dynamical system is correct. Note also that simple modification of Lemma [3]
proof gives continuity of the functional from left side in (23]) with respect to
Yo eV, B< 1/2.

4 The Structure of NPE Dynamics

The aim of this section is to find out the main feature of dynamical flow corre-
sponding to NPE. We decompose the phase space of the dynamical system on
three sets with different behavior of dynamical flow inside each of them.

4.1 Distinctive Sets of Phase Space

Let give definitions of three subsets of phase space for NPE. Recall that we take
VO(T3) = VO as the phase space for problem (I7),(8]).

Definition 1. The set M_ = M_(a) C VO of initial conditions wy such that
the solution w(t, z;wo) of problem (I7),(8) exists and satisfies inequality

lo(t, swo)llo < allwolloe™  VE>0 (26)
is called the set of stability. Here o > 1 is a certain fized number.

The following simple sufficient condition for belonging to M_(«) is true in virtue
of ([[3): If wy € VO satisfies the bound

¢ a—1
sup D(S(7,;wo))dr < (27)
teRy Jo «

then wp € M_(a).
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Definition 2. The set My C VO of initial conditions wq from (I7),(8) such that
corresponding solution w(t, z;wo) exists only on a finite interval t € (0,tg) with
to > 0 depending on wg, and blows up at t =ty is called the set of explosions.

In virtue of formula ([[3)) for solution w(t, x;wp)
to
My ={woeV°: 3t >0 / D(S(1,;wp))dr =1} (28)
0

The minimal magnitude from the set {to} for which equality in ([28) holds is
called the time of explosion.

Definition 3. The collection
Mi(a) = VO {M_(a) UM, } (20)
1s called intermediate set.

Remark 2. Definitions of stability and intermediate sets include parameter a > 1
and from this point of view they are not absolute. Nevertheless they are conve-
nient for using.

We study below the properties of these sets and, in particular, we show that all
these sets are nonempty. We begin from the set of stability. This set is the most
important for us.

4.2 Subsets Belonging to the Set of Stability
Let p > 0,5 < 1/2. Introduce the set

[o(k)[*

— 03y . 2 _ 2
Elf ={oeVo(T): ul2s= ) 1[29 <p’}

kez3\{0}

={ve VUT%): i I 1}, (30)

2(1.128 =
k€Z3\{0}p K]

which we can interpret as ellipsoid in V°(T?) with length of axes directed along
functions e** =T equal to p|k|”. Since p|k|® — oo as |k| — oo, this ellipsoid

is unbounded in VO.

Lemma 4. Let ¢c1p < 1 and p < (o — 1)/(ce1) where ¢y is the constant from

(Z3). Then
El ¢ M_ (o) (31)

where the set 1 is defined in (30).
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Proof. Note that solution S(t,z,wq) of problem (&) with yo = wp satisfies in-
equality:

2 o~ —
ISt wo) 1§ = D e M @ (k)2 = €723~ e 2050 (k)2 < €72 o 13

k#0 k#0
(32)
Let wo € Elf, ice. |lwoll-p < p. Formula () and inequalities (B2), @3) imply
@86) if « > 1/(1—c1p). But the last inequality is equivalent to p < («—1)/(aey).

This Lemma is analog of local existence theorem for 3D Navier-Stokes equa-
tions obtained in [4] with help of Fujita-Kato approach [5] and of local existence
theorem for NPE connected with Burgers equation (see [3]). The proof of Lemma
[ is essentially easier then proofs of aforementioned results because here we use
explicit formula (3] for solutions.

We show in this subsection that, actually, M_(«) is essentially wider than
Elg. For this goal we consider one infinite-dimensional subspace and show that
it belongs to M_(«)

Let introduce the following subset Uy, of Z3 \ {0}:

Up={¢€Z’\{0}: &+n—C#0 Vn,CeUsL} (33)
An example of the subset belonging to Uy, is the following set:
{k = (k1, ko, k3) € Z®\ {0} : k1 + k2 + k3 is odd number }
Lemma 5. The subspace

L={wy= Z (€™ 4 2pe™ ) 2 € C3, 2, k=0} C V(T3 (34)
keUr

belongs to M_(«) if Uy, is the set (33). Moreover
Ywo € L @(S(t, ~,LU())) =0 Vt>0 (35)
The proof of this Lemma is similar to analogous Lemma from [3].

Lemmas @] Bl imply that M_(«) # 0.

4.3 Certain Sets of Unit Sphere of V°

Let denote the unit sphere of the phase space V' as follows:
E={veV’: |vo=1} (36)

To understand better the structure of phase flow corresponding to problem
(@@, ) we introduce on X' several sets. Define

A_(t) —{UEE/ )dr < 0},
AL (1) —{UGZ/ W)dr >0},
Ao(t) = v e ¥ /O B(S(7,-,v))dr = 0},
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and
A_= mtzoA_(t), A+ = thOAJ,_ (t), Ay = thOAO(t) (37)

All these sets are closed and nonempty. For instance, Ag # ) in virtue of Lemma
Bl Sets A4 (t), Ay possess nonempty interior in topology of X, i.e. in the topology
induced on X by topology of the space V0. This assertion follows from continuity
of the functional V=% 3 v — fot &(S(t,-,v))dr with 8 < 1/2 and in particular
for 8 = 0 (see Remark[I]). Evidently, Ag = A_ N Ay.

Linearity on v of operator S(t,z,v) and oddness of &(v) with respect to v
imply
Lemma 6.

veA_ ifand only if —wveE Ay

Introduce also the sets

B, =X\A_={veX: 3t0>0/todS(S(T,-,U))dT>0}7 B_ =X\ A4
0
(38)

It is easy to see that the set B is open in topology of 3/. Moreover, the boundary
0By of set By is defined by the relation

t t
OBy —fveX: V> o/ B(S(r,-v))dr <0, Hto > 0 : / " B(S(r, -, v))dr = 0}
0 0
It is clear that Ay C 9B, and 9B, \ Ag # 0.

4.4 On Structure of Phase Space V°

Let us introduce the following function defined on the set By of sphere X

By 5v—bv) = I?Zaé(/o P(S(r,v))dr (39)

Evidently, b(v) > 0 and b(v) — 0 as v — 0B4. Let p € (0,1]. We define the
following map I',(v) that plays the key role in description of structure of phase
flow generated by boundary value problem (I7),(8):

p
b(v)

where b(v) is function (B9). Note that ||I,(v)|lo — oo as v — OB4.

Bi3v—T,(w)= ve V0 (40)

Theorem 1. Let a > 1 be a parameter from definition of the stability set M_(«)
and p = (o — 1)/a. Then the image I,(v), v € By of the map I', divides the
space VO on two separate parts. The part containing origin coincides with the set
of stability M_(«). The part of VO between I'y(v), v € By and I'i(v), v € B4
coincides with intermediate space Mr(c), and the rest part of VO coincides with
the set of explosions M .

The proof of this theorem will be given in some other place.
Theorem [l implies that My # @ and M(a) # 0.
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