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In this paper, we consider a stochastic analogue of the Dzektser equation, which is
a model of the evolution of the free surface of a filtered fluid in the spaces of differential
forms defined on a smooth compact oriented manifold without boundary. We consider a
three-dimensional torus (3-torus) as such a manifold. Also, we consider the question of the
stability of solutions to the Dzektser equation in the spaces of "noises"on this manifold
in terms of invariant spaces. To this end, the stochastic Dzektser equation is reduced to
a linear stochastic Sobolev type equation. We show the existence of stable and unstable
invariant spaces and dichotomies of solutions to the stochastic Dzektser equation on a three-
dimensional torus. A computational experiment is carried out. An algorithm is developed
in the form of a program in the Maple environment. As a result of the implementation of
this algorithm, we obtain the following. First, we construct a graph of solutions when the
coeflicients of the Dzektser equation satisfy sufficient conditions for the existence of only a
stable invariant space of this equation. Second, we construct graphs of solutions in the case
of the existence of exponential dichotomies of solutions. In this case, we show that the space
of solutions splits into stable and unstable invariant spaces such that solutions increase in
one of the spaces and decrease in another space.

Keywords: Sobolev type equations; stochastic equations; three-dimensional torus;
invariant spaces; exponential dichotomies.

Introduction

The equation
(A — Ay = alu — BA?u, (1)

where o, § € R, and A € R, simulates the evolution of the free surface of a filtered fluid
[1]. Here the parameters «, 3, A characterize the environment.

The solvability of the initial-boundary value problem for equation (1) is considered,
for example, in [2|. Here, in suitable functional spaces, equation (1) is reduced to the linear
Sobolev type equation [3|

Li = Mu, (2)

where L and M are linear and continuous operators, and the operator M is relatively
sectorial. The paper [4] shows the existence of a unique solution to equation (1) in
the spaces of differential forms defined on a compact smooth oriented manifold without
boundary.

Next, the solvability of equation (1) is studied in the spaces of "noises" [5]. To this
end, equation (1) is considered as the stochastic linear Sobolev type equation

L= Mn. (3)
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Here n = n(t) is a stochastic process, and 7 is the Nelson — Gliklikh derivative of n |6].
The paper [7] shows the existence of solutions to stochastic equation (1) in the spaces of
differential forms.

The study of invariant spaces and exponential dichotomies of solutions to equation (2)
was considered in [8]. Under certain conditions imposed on the parameters o, (5, A, the
paper [6] proves the existence of exponential dichotomies of solutions to equation (1). This
paper is devoted to the study of the stability of solutions to equation (1) in the spaces of
differential forms with "noises"on a three-dimensional torus.

The paper is organized as follows. In Section 1, we construct the spaces of K-variables
and K-"noises" on a three-dimensional torus. Sufficient conditions for the existence of
stable and unstable invariant spaces and dichotomies of solutions to stochastic equation
(1) are presented. Section 2 is devoted to a computational experiment. Here, following the
results of Section 1, we construct graphs of the stable and unstable invariant spaces of
stochastic equation (1) on one of the maps of the three-dimensional torus. The conditions
of "gluing"on the map are provided by choosing the basic functions.

1. Invariant Spaces on a 3-Torus

Consider a three-dimensional torus (3-torus) 7% = S x S! x S* defined as the direct
product of three circles S'. A three-dimensional torus is obtained from a three-dimensional
cube by "gluing" opposite faces. Therefore, a cube is a map of a three-dimensional torus. As
well as a two-dimensional torus, a three-dimensional torus is a smooth, compact, oriented
manifold without boundary.

Remark 1. If we consider the «gluing» opposite faces of a parallelepiped with sides equal
to A, B and C, then we obtain a 3-torus 7% = [0, A] x [0, B] x [0, C].

Consider the spaces of K-variables and K-"noises"on the torus 7. Let Ly be the
space of random variables ¢ with zero mathematical expectation and finite variance, and
L, be the space of continuous stochastic processes 1. Fix n € Ly and t € J, where J is
an interval, and denote o-algebra generated by n and E} = E(-|N,") by N,". Define the
Nelson — Gliklikh derivative of the stochastic process i at the point t € J as the limit

707(.’@:1( . Eg(n(t+At>-)—n(t,-))+ i B (n(t,-)—n(t—ﬁt,-)))’

2 \ At=0+ At At—0+ At

if the limit converges in the uniform metric on R. Denote by C'L, the space of stochastic
processes whose Nelson — Gliklikh derivatives are a.s. (almost sure) continuous on J up to
the order [ inclusive.

Next, we define the spaces of differential forms on the 3-torus E? = E(T?), q =
0,1, 2,3, with the scalar products

(a,b)g = /a A xb, (a,b); = (a,b)o + (Aa,b)o,

T3

(a,b)2 = (a,b); + (Aa, Ab)g, (a,b)s = (A%a, A?b)y + (a, b),.

Here * : B9 — E379 is the Hodge operator, A = dd + éd is the Laplace — Beltrami
operator, d : E% — B9t Denote by H} the completion of the linear E? in the norms
-1, 1=0,1,2,3,4.
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The basis of the spaces H}' is formed by the eigenvalues of the Laplace — Beltrami
operator K = {\;}. Denote by {¢x} the corresponding eigenfunctions. Let the sequence
of random variables {{;} C Lo be such that the variances D, < const. Define the spaces
HY as the completion of the linear span of random K-variables

E=> Mwpn (4)
k=1
in the norm .
€]l = D AiDE. ()
K=1

By a continuous stochastic K-process we mean the map 7 : J — HJ given by the formula

() =D Nemk(t)er, (6)
k=1

if the series converges uniformly on any compactum in J, where J is an interval, and
{nr} C CLy. If the series

P =3 A (D ™)
k=1

converges uniformly on any compactum in J and {n;} C C'Ls, then the stochastic K-
process is called continuously differentiable by Nelson — Gliklikh. Let C(J; HJ) be the set
of continuous processes, and C*(J; HY) be processes that are continuously differentiable
by Nelson — Gliklikh.

Let the operators L, M € L(H{; H}). Consider the linear stochastic Sobolev type
equation

L= Mn. (8)

The stochastic K-process n € C!(J; H}) is called a solution to equation (8), if the process
a.s. converts equation (8) into identity.

Definition 1. The set B C HY is called a phase space of equation (8), if

(i) each trajectory of the solution n = n(t) to equation (8) a.s. belongs to P;

(i1) for a.a. (almost all) ny € P, there exists a solution to equation (8) that satisfies
the condition n(0) = no.

Definition 2. The subspace Ix C H{ is said to be the invariant space of equation (8), if
solution to problem n(0) = ny for equation (8) is n € C*(R;Ik) for any ny € Ik.

Definition 3. (i) The space Iz C B is said to be stable invariant space of equation (8),
if there exist the constants N € Ry and v, € Ry such that

17" ()|l eg < Nlef"l(s*t)!|7]1(8)||Hg for s >t,

where n* = n'(t) € It for allt € R.
(ii) The space Ijz C B is said to be unstable invariant space of equation (8), if there
exist the constants N € Ry and v, € Ry such that
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where n* = n*(t) € Ix for all t € R. If the phase space splits into the direct sum P =
I &I, then the solutions n = n(t) to equation (8) have an exponential dichotomy.

Denote ok (M) = {p € o“(M) : Rep < 0} and o%(M) = {p € o (M) : Rep > 0}.

Theorem 1. Let the operator M be (L, p)-sectorial, then

(i) if (M) = o(M) ok (M), then the solutions to equation (8) have an exponential
dichotomy;

(i) if oL(M) = ok(M), then the phase space of equation (8) coincides with a stable
movariant space;

(iii) if ¥ (M) = oL (M), then the phase space of equation (8) coincides with an unstable
moariant space.

In order to study the existence of stable and unstable invariant spaces of equation (1)
in the spaces H{, consider

L=(M\+A), M =—aA + BA?% (9)
where A is the Laplace — Beltrami operator.

Theorem 2. [7] For any a, B, A € R\ {0} and A # §, there exists a solution n = n(t) to
the Cauchy problem n(0) = no € P for equation (1) given by

n(t)zi/ o ikﬁ(sa 1o (10)
2 PRy k:1kk ks Lo || -
Theorem 3. Let \ # % and o, B, N € Ry. Then

(i) if § > A1, then the solutions to equation (1) have an exponential dichotomy;

(i1) if § < A1, then there exists only a stable invariant space of equation (1).

2. Computational Experiment

Consider the 3-torus 7% = [0, 27] x [0,27] x [0, 27|. As a map, consider the cube with
the side equal to 2. If the solutions to equation (1) are stable on the map of the manifold,
then the solutions are also stable on the manifold. The converse is also true. In view of the
foregoing, we consider a computational experiment on the map. The «gluing» conditions
are satisfied due to the choice of the functions ¢(z,y, z). Let us describe the algorithm of
a computational experiment to study the stability of solutions to Dzektser equation (1)
(see Fig. 1).

Step 1. Introduce the parameters A\, «, S of the equation, the number K of random
numbers &, the lengths A, B, C of the sides of the parallelepiped, which is a map of the
3-torus.

Step 2. Define the basis function ¢(x,y, z) = sin(mz) sin(ny) sin(lz).

Step 3. Write the procedure for finding the eigenvalues A\, of the Laplace — Beltrami
operator.

Step 4. Write the procedure for finding the relative spectrum of the operator M

—Od)\k - 6)\%
A+ A '
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Input A, a,
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Define the
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Fig. 1. The block diagram of the program

End

K
Step 5. Define the initial condition 7y as follows: ny = Z A&k Pk
k=1

Step 6. Write the procedure for finding the scalar product_

A B C
(770,90)Z///no-cp(x,y,z)dxdydz.
00 0

Step 7. If the initial condition 7y belongs to the phase space and the condition A # %
is satisfied, then go to Step 8. Otherwise, display a message stating that a solution to
equation (1) does not exist and stop the program.

Step 8. Find the solution 7(¢, z,y, z) to equation (1) by formula (10).

Step 9. If the condition § < A (Example 1) is satisfied, then there exist stable
invariant spaces of equation (1). Otherwise, go to Step 10.

Step 10. The solutions to equation (1) have an exponential dichotomy (Example 2).
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Example 1. Let A = 0,5, a = 0,3, 8 = 0,2. Fig. 2 shows the stable solution to
equation (1) in the section z =5, y = 5 when ¢ takes values from 0 to 3.

40+
20+
eta O+
2ol

4l

6 3

Fig. 2. A =0,5,0=0,3,8=0,2, 2=5,y=5,t=0,...,3

0.3+

021

eta
0154+

014

Fig. 3. A =0,2, =8, =2z, 9y, z=3,1,t=0,...,3

Example 2. Let A = 0,2, o« = 8, f = 2. Fig. 3 shows the dichotomous behavior
of the solution to equation (1) in the section x, y, z = 3,1 when ¢ takes values from 0
to 1,22. In the section y, z = 3,1, when t takes values from 0 to 3, the stable solution
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is constructed for all \, < % (Fig. 4), while the unstable solution is constructed for all
Ap > % (Flg 5)

o.ozf
0014
eta 04
001E

0024

Fig. 4. A=10,2,a=8,8=2,y, 2=3,1,t=0,...,3

1.5e+189F
le+193
Se+18f
eta 0F
-Be+18F
-le+12f

-1.5e+18%

Ze¥

Fig. 5. \=0,2,a=8,8=2,y, 2=3,1,t=0,...,3
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YCTOMYNBELIE I HEYCTOMYNBLIE MHBAPMIAHTHEIE
ITPOCTPAHCTBA O/IHOI'O CTOXACTUYECKOI'O
HEKJIACCNTYECKOI'O YPABHEHINA C OTHOCUTEJIBHO
PAJINNAJIBHBIM OIIEPATOPOM HA 3-TOPE

O. I Kumaesa

B pabore paccMaTpuBaeTcsl CTOXaCTUUECKHN aHAJOr ypaBHeHUs Jl3ekiiepa, KOTopoe
SIBJISIETCS MOJIEJIBIO SBOJIIOIUU CBOOOIHON TOBEPXHOCTH (DUJIBTPYIOIIENCST 2KUJIKOCTH, B IIPO-
cTpancTBax JAuddepeHnuagsbabix (hOPM, ONPEJIEJEHHBIX Ha IJIAJKOM KOMIAKTHOM OPHUEH-
TUPOBAHHOM MHOT000Opasnu 6e3 Kpasi. B katecTBe TAKOr0 MHOT00Opa3nst OBLT BRIOPAH TPeX-
MepHbIi Top (3-Top). PaceMorpen Bonpoc 06 yeroiiunBocTu pemenuii ypasaenus J[3eknepa
B mpocrpaHcTBax "mymoB" Ha maHHOM MHOrOOOpa3WU B TEPMUHAX WHBAPUAHTHBIX IIPO-
crpanctB. s sToro croxacrudeckoe ypasHenue Jl3ekiiepa ObLIO CBEJEHO K JIMHEHTHOMY
CTOXACTUIECKOMY YypaBHEHUIO cobojieBckoro tuma. [lokazaHo cyinecTBoBaHUE yCTONYIMBO-
IO ¥ HEYCTOWYNBOTO MHBAPUAHTHBIX [IPOCTPAHCTB U JIMXOTOMMUIA PEIEHUH CTOXACTHIECKOTO
ypaBHenus /I3ekrepa Ha TpexmepHoMm Tope. IIpoBenen umcieHHBIN SKcmepuMeHT. Paspa-
6oTaH aJropuTM B BHje mnporpaMmbl B cpeie Maple. B pesynbrare peasmsaruu JaHHO-
ro aJIrOPUTMAa, BO-IIEPBBIX MMOCTPOEH IpadUK peIleHuii, Korjga Ko3MMOUINEeHTh ypaBHEHUS
JI3exniepa yJI0BJIETBOPSIIOT JIOCTATOYHBIM YCJIOBUSIM CYyIIECTBOBAHUS TOJBKO YCTONIHBOIO
MHBAPUAHTHOIO IIPOCTPAHCTBA JIAHHOTO ypaBHEHHUs. BO-BTOPBIX MOCTPOEHBI TPAMDUKH pe-
[IeHNi B CJIydae CyIIeCTBOBAHUS IKCIIOHEHITUAJIBHBIX JuxoToMuil pemmenuii. [Tokazano, aro
B JIAHHOM CJIy4ae IIPOCTPAHCTBO PEIeHMil PACIIEIISeTCs Ha YCTONINBOEe U HEYCTONINBOE
MHBapUAHTHBIE IPOCTPAHCTBA, OJJHOM U3 KOTOPBIX PEIIeHUsl PACTYT, & B JPYroM yOBIBAIOT.

Karouesvie caosa: ypasrenus cob0Ae8CK020 MUna; CMOTACMUNECKUE YPABHEHUS, MPeT-

MBpH?)H'l mop,;, uHeaPUAHMHBIE NPOCTMPAHCMBEA, IKCNOHEHUUAADHDLE uTOmMoMUL.
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