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Abstract. This study is concerned with a system of two nonlinear first order partial
differential equations. The right-hand sides of the system contain the squares of the
gradients of the unknown functions. Such type of Hamilton-Jacobi like equations are
considered in mechanics and control theory. In the paper, we propose to search a solution
in the form of an ansatz, the latter containing a quadratic dependence on the spatial
variables and arbitrary functions of time. The use of this ansatz allows us to decompose
the search of the solution’s components depending on the spatial variables and time. In
order to find the dependence on the spatial variables one needs to solve an algebraic
system of some matrix and vector equations and of a scalar equation. A general solution
of this system of equations is found in a parametric form. To find the time-dependent
components of the solution of the original system, we are faced with a system of nonlinear
differential equations. The existence of exact solutions of a certain kind for the original
system is established. A number of examples of the constructed exact solutions, including
periodic in time and anisotropic in the spatial variables ones, are given. The spatial
structure of the solutions is analyzed revealing that it depends on the rank of the matrix
of the quadratic form entering the solution.
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1. Introduction

The aim of the present work is to construct exact multidimensional
solutions of the following nonlinear system of first order partial differential
equations:

{ Ut :ﬁl(t)‘vu’2+a1(t)v+f(t)7 (1 1)
v = B2(t)[Vol* + az(t)u + g(t). '

>

Here, u 2 u(x,t), v 2 v(x,t), t e RT, x € R", n € N, n > 2 u =
a—Z:, V is the nabla operator; «;(t), B;(t), i = 1,2, f(t), g(t) are given
functions of time ¢. First order partial differential equations of the kind
(1.1) are considered in mechanics and control theory, in particular, when
u=wv, a;(t) = as(t) = a(t), f1(t) = B2(t) = B(t), f(t) = g(t) the system
(1.1) is reduced to the following multidimensional Hamilton-Jacobi type
equation [7;16]

up = B()|Vul* + a(t)u + f(t). (1.2)

When 8(t) = —1/(2m), m € R, a(t) = f(t) = 0 from (1.2) we obtain the
Hamilton-Jacobi equation for a free particle [1]:

1

where the function wu(x,t) represents the action, m is a constant (the
particle’s mass). We note that the maximal local (pointwise) invariance
group of Eq. (1.3) is also given and some of its exact solutions are provided
in [1]. Therefore, the construction of exact multidimensional solutions of
nonlinear systems of the form (1.1) is a quite interesting problem. In
general, the construction of exact solutions of nonlinear differential systems
is important in a number of other applications, for instance, in the theory
of kinetic systems [8;13;14].

In this paper, we search exact multidimensional solutions of the system
(1.1) in the form

u(,t) = 1 (1) [W(x) n mt)} Lol t) = d(t) [W(x) n @(t)] (L

W(x) = %(Ax,x) +(B,x) +C, (1.5)

where 1;(t), pi(t), i = 1,2 are unknown functions of time; a nonzero nu-
merical symmetric matrix A of dimension n x n, a constant vector B € R™
and a constant C' € R will be defined later. Here and in what follows (-, ) is
the scalar product in R™. Formulas similar to (1.4)—(1.5) were successfully
used by the authors in several previous papers [10-12] to construct exact
solutions of the equation of nonlinear heat conduction and of nonlinear
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ON EXACT MULTIDIMENSIONAL SOLUTIONS OF A PDE SYSTEM 959

parabolic systems with exponential nonlinearities [5; 6]. Note that the
ideology to construct solutions in the form (1.4) corresponds to the method
of generalized separation of variables [2;3;9;15;16].

2. Reduction to a system of ODE

After the substitution of the functions (1.4) into the system of equations
(1.1) and simple calculations, we obtain the equations

W () + (rp1) = BuOUITW ()2 +a (£l [W<x>+so2] LA, (21)

W () + (oa) = Ba(O)U3IVW ()2 +an(t)in [mx)m] Lolt). (22)

d; dy;
Here, i = (1), 91 = i(t), ¥} = %, ot = ©7
immediately find

,i=1,2. From (1.5) we

VWV (x)]? = (A?x,x) + 2(AB,x) + |B|°.

In view of these relations and (1.5) the equalities (2.1), (2.2) can be rewrit-
ten as

(15— an(0)0) [ 2 (4,50 + (B.3) + €| + (i) =
&@M€K¥&@+2MB“Vﬂmﬂ+aﬂ&hm+fm, (2.3)

(15— aalt)i) [ 24,50 + (B.x) + €| + (o) =
@@Wéfo@+QMB$yHmﬂ+aﬂ&m%ﬁﬂ@» (2.4)

It is easy to verify that if the symmetric matrix A, the vector B and the
constant C' satisfy the following system of algebraic equations (SAE):

A=20A% B=20A4B, C=0|BJ] (2.5)

where o # 0 is the separation constant, then the equalities (2.3), (2.4) are
reduced to the following system of ordinary differential equations (ODE):

51() Ba(t)

Y — ar(t)pe — Y =0, h—as(t)y — ¥5=0, (2.6)

(b1e1) — aq(t)apa — f(£) =0,  (Yap2) — aa(t)rpo1 — g(t) = 0. (2.7)

Hence, the following statement is valid.
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Theorem 1. The nonlinear system of first order partial differential equa-
tions (1.1) has exact solutions (1.4), where the function W (x) can be an
arbitrary polynomial of the form (1.5) with the coefficients satisfying the
SAE (2.5), and the functions ;(t), pi(t), i = 1,2 are solutions of ODE
systems (2.6), (2.7).

Remark 1. Theorem 1 allows us to decompose the construction of the
solution’s components depending on spatial variables and time. Such a
decomposition essentially simplifies the problem in that it replaces the orig-
inal nonlinear system of first order partial differential equations by systems
of algebraic and ordinary differential equations. This may prove useful
in the development of numerical methods and algorithms for constructing
approximate solutions of the corresponding boundary value problems.

The algebro-differential systems (2.5)—(2.7) consist of a block of algebraic
equations (2.5) and a block of ODE (2.6), (2.7). We will investigate each
block separately.

3. Solvability of algebraic equations

First of all, we consider the solvability of the matrix equation of the
system (2.5). We note that it always has the trivial solution A = 0. Hence,
in the sequel we consider only nontrivial solutions of this equation. It is
easy to verify that a solution of the matrix equation of system (2.5) is of

the form A = % P, where P is an arbitrary idempotent matrix, i.e. a
o

matrix satisfying the equality P? = P. It is known [4] that any idempotent
matrix P can be written as P = M E,,M !, where M is an arbitrary non-
degenerate matrix of order n, E,, is a diagonal matrix with the diagonal
having m € {1,2,...,n} units and n — m zeros arranged in an arbitrary
order; F,, is also an idempotent matrix: E,%L = FE,,. Since we are interested
only in symmetric matrices A, we need to choose idempotent matrices P to
be symmetric as well, i.e. P = SE,,ST, where S is an arbitrary orthogonal
matrix. Therefore, the matrix

1
A= —SE,S" 3.1
is a solution of the matrix equation (2.5). In this case, we have

m
trA=—, m<n, neN, n>2. (3.2)
20

The vector equation (2.5) is a system of n linear homogeneous algebraic
equations with respect to the components b1, ..., b, of the unknown vector
B. For any fixed matrix (3.1) with the rank rankA = m < n there always
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exists a nontrivial solution to the linear homogeneous system. Moreover,
the components b1, ..., b, of the vector B can be chosen arbitrarily from an
m —dimensional linear manifold. In the case when rank A = m = n, i.e. if
E,, = E, the linear homogeneous system of equations has a solution, which
is an arbitrary vector B € R"™. Once the solutions of the matrix and vector
equations are successively found, the constant C' is uniquely determined
from the scalar equation of the system (2.5).

Example 1. Let n = 3 and square 3 X 3 matrices FE,, have ranks 3, 2,
and 1, respectively. An arbitrary orthogonal matrix S of dimension 3 x 3
is represented by the formula

a — sin(s1) cos(sz) a3
S = asi cos(s1) cos(s2) ass
cos(s2) sin(ss3) — sin(ss) cos(sz) cos(ss3)

Here, for simplicity we introduce the following notation
a1 = cos(sy) cos(ss) — sin(sy) sin(sz) sin(ss),

ag) = cos(s)sin(sy) sin(ss) + sin(s1) cos(ss),
a13 = — cos(s1) sin(sg) — sin(sq) sin(sg) cos(ss),
a3 = cos(s1)sin(sz) cos(sg) — sin(sq) sin(ss).
To construct specific examples, we give the parameters sy, s3, 3 certain

. . m . 1 3
numerical values. Let, for instance, s; = 1 S9 = arcsin 3) s3 = R

then the orthogonal matrix S will have the form

-1/3 2/3 —2/3
S=12/3 2/3 1/3
2/3 —1/3 —2/3

The matrix E,, of rank 3 coincides with the identity matrix and, in this
1 1
case, we obtain the form 3 (Ax,x) = e <x2 +y? + 22 ). For the matrix A
o
of this quadratic form a solution of the vector equation of the system (2.5)
is an arbitrary vector B = (by, by, b3). In addition, formula (1.5) will have
the form

1
Wo(z,y, 2) = e (2% +y* + 2%) + bz + byy + bgz + o (b7 + b3 + b3) (3.3)

and we obtain solutions radially symmetric with respect to the spatial
variables x, y, 2.
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Now, take the matrices E,, of rank 2:

100 100 000
Eip=1010]|, Eyp=|000]|, E3,=]010
000 001 001
For these matrices, from (3.1) we have
1 5 2 -4 1 5 —4 2
Al:K 2 8 2 3 AQZF —4 5 2 3
71-42 5 12 28
1|8 2 2
As3=—12 5 —4
180 9 _4 5

From the vector equation (2.5) we obtain the corresponding vectors By,
B2, Bg:

Bl = (117211 + 213713)7 B2 = (117127211 + 212)7 B3 = (212 + 213712713)7

where l1, lo, I3 are arbitrary constants. Hence, the constants Ci, Cs, C3
are given by the formulas

Ci = a<5l% + 81113 + 5z§), Cy = o (55 + 811l + 5l3),

Cs = 0 (513 + 8lals + 513).

Consequently, we obtain

Wi(z,y,2) = Roe (57 + 2y — 42)* + 92y + 2)*] + (3.4)
+ iz + (2 + 203)y + I3z + o (517 + 81l + 513),

Wa(x,y,2) = 1810 (57 — 4y + 22)% + 9(y + 22)?] (3.5)
+hz + by + (24 + 20p) 2 + o (517 + 8lils + 513),
Ws(x,y,2) = [(4x + 9+ z) +9(y — 2)2] + (3.6)

720
+ (202 + 23) @ + oy + I3z + o (513 + 8lals + 513).
Therefore, in this case, we have solutions anisotropic with respect to the

spatial variables x, y, 2z
Finally, consider the matrices E,, of rank 1:

100 000 000
Eim=1000]|, Fop=]010|, E3n=1]000
000 000 001
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For these matrices, from (3.1) we have

1 1 -2 -2 1 4 4 -2
Aij=— | -2 4 4 |, AA=—1| 4 4 -2,
180 _9 4 4 18¢ _9 _9 1

1 4 -2 4
A= — 1| -2 1 =2
18¢ 4 —9 4

From the vector equation (2.5) we obtain the corresponding vectors By,
B;, Bs:

1 1
B, = (I,-2,-2l), By= (z,z,—§z>, B; = <z,—§z,z>,

where [ is an arbitrary constant. Hence, the constants C1, Co, C5 are given

by the formulas C = 901%, Cy = %O‘F, Cs = %0[2. Finally, we get

1
Wi(z,y,2) = — w? + lwy + 90l%,  where w; =z — 2y — 2z,

360
WZ(%%Z):%—JW2+§WQ+ZUZ, where wo =2z +2y—2z, (3.7)
Ws(wayaz):%—awergwerzal, where w3 =2z —y + 2z.

In this case, we will actually obtain solutions jjpseudo-multidimensional; ;,
with respect to the variables wy, wo, wsg, i.e. solutions containing a linear
combination of spatial variables.

For n = 2, square 2 x 2 matrices F,, of unit rank also provide jjpseudo-
multidimensional;j solutions. And the identity matrix E,, of rank 2 for

1
any 2 x 2 orthogonal matrix S gives W(z,y) = e (mz + y2) + bz + by +

o (b% + b2), where by, by are arbitrary constants. In this case, we have
solutions radially symmetric with respect to the spatial variables x and y.
Therefore, in the two-dimensional coordinate space, the nonlinear parabolic
system (1.1) does not have multidimensional exact solutions anisotropic
with respect to the spatial variables of the form (1.4) with the function
(1.5).

4. Solvability of the ODE system (2.6), (2.7)

In this section, we construct exact solutions of the ODE system (2.6),
(2.7) under the assumption that the functions «;(t), 5;(t) are identically
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constant: «;(t) = a; € R, a; #0, Bi(t) = B; € R, B; # 0,4 =1,2. Such an
assumption is useful when searching solutions of the system of equations
(2.6) in the case when v (t), 12(t) are constant and when constructing
periodic in time solutions of the system (1.1).

4.1. THE CASE WHEN THE FUNCTIONS %1 (t), 12(t) ARE CONSTANT

We start with the integration of the nonlinear ODE system (2.6) with
respect to the unknown functions 1 (t), 2 (t). But, first, we note that non-
trivial constant solutions of the ODE system (2.6) are equally interesting
for our study. They are determined from the following system of nonlinear
algebraic equations:

il

g

o

V34 aqthe = 0, ;1#5 + azypy = 0.

Whence we find a nontrivial solution

_ afor 1/3 0B [ 2/3
¢10—0<—B%ﬁ2> : 7,1120——04—1 <_5fﬁ2> : (4.1)

For these constants 119, 129 the ODE system (2.7) will have the form

Vro@] — aathaopar = f(t),  agh — asthiopr = g(t), (4.2)

Hence, taking into account the above results and using Theorem 1 we see
that the following statement holds.

State 1. The nonlinear system of first order partial differential equations
(1.1) has an exact multidimensional solution

u(x,t) =110 [W(x) + 1)), v(x,1) = 120 [W(x) + @2(8)]

where the constants V19, P are given by (4.1), and the functions p1(t),
pa(t) are determined from the linear ODE system (4.2).

Example 2. Let ajas > 0, then the nonlinear system of first order partial
differential equations of the form

ug = B1|Vul? + ajv +sin(t), v = Ba|Vo|? + agu + cos(t),

in the three-dimensional coordinate space, has a parametric family of par-
ticular exact solutions anisotropic in the spatial variables

Uk;(x,y, Z?t) = ¢10 [Wk(xaya Z) + Sol(t)] ) k= 1a 2’35

Uk(x7y7z7t) :1/}20 [Wk((L’,y,Z)‘f‘QOQ(t)], k= 172737
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where the constants 110, Y99 are given by (4.1), Wi(z,y,2), k= 1,2,3 are
defined by the formulas (3.4)—(3.6), and the functions ¢;(t), ¢2(t) have the
form

+1
t) = C —y/ajagt C JVairast a1 t
#1(0) 1 e (araz + 1)¥1o cos(t),

‘/061062 ’L/}lo St 1— a9 1 .
t Chevar2t _ crne=verezt) 4 = 2~ qin(¢).
P2(l) = ay ( > ajaz + 1 o ®)

Here, Cy, C5 are arbitrary constants.

Example 3. (Periodic in time solutions)

Let a; = —p?, ag = ¢2, p # 0, ¢ # 0 be arbitrary parameters, f(t) = g(t) =
0. Then, the nonlinear system (1.1), in the three-dimensional coordinate
space, has a parametric family of particular periodic in time exact solutions
anisotropic in the spatial variables

Uk;(x,y, Z?t) = ¢10 [Wk(xaya Z) + Sol(t)] ) k= 1a 2’35

Uk(x,y’ Z?t) = ¢20 [Wk(xaya Z) + @2@)] ) k= 1a 2’35

where the constants ¢, 190 are given by (4.1), Wi(z,y,2), k =1,2,3 are
defined by the formulas (3.4)—(3.6), and the functions ¢;(t), ¢2(t) have the
form

4

1(t)=Cl sin(pq t) +Ca cos(pqt), pa(t) = Z— (Casin(pgt)—Cy cos(pqt)

Here, Cy, C5 are arbitrary constants.

4.2. THE CASE OF NON-CONSTANT FUNCTIONS 1 (t), ¥a(t)

The ODE system (2.6) is easily reduced to one nonlinear ODE of the
second order with respect to the function 14 (t) of the following form:

- &w Q_ﬁl <& ¢1 1/}1> W — 5163 1/}1 — ajanyp; = 0.

g

By the substitution 7 (t)" = y(¢1) this ODE is reduced to the following
Abel equation of the second kind

d B 261 (B BB
d—jl_ﬁza 2+71<—2¢1 7/)) 1§¢1—a1a2¢1—0

Let the parameters of the original systems are related by the equality S7a;+
,822062 = 0. Then, the Abel equation has a particular exact solution y(¢) =
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2
ﬁ 1#% + Blﬁal U1 + 51;;10. Whence it is easy to obtain a particular exact
(o2 2 b
solution of the system (2.6) having the form
WE(t) = ;Lﬁ" (Vatan(T) - 1), w5(t) = ﬁlziﬁlf (V3tan(T) +1). (43)
2 2

Bronv/3
282
Hence, given the results above invoking Theorem 1 we have the following

statement.

Here, we denote T = (t — to), where ty is an arbitrary constant.

State 2. The nonlinear system of first order partial differential equations
(1.1) with the parameters related by the equality Bicy + Baag = 0 has an
exact multidimensional solution

u(x, t) - W (t) [W(X) + p1 (t)] ) U(Xv t) = @ (t) [W(X) + 2 (t)] )

where the functions i (t), ¥i(t) are given by (4.3), and the functions
©1(t), @a(t) are determined from the system of linear non-autonomous and
inhomogeneous ODE (2.7).

We note that in Statements 1, 2, in the case n = 3 (x € R3), as W (z, v, 2)
we can take any of the functions given in Example 1. Thus, for the functions
defined by (3.4)—-(3.6) we obtain exact solutions anisotropic with respect to
the spatial variables, and for the function (3.3) we can write down an exact
solution radially symmetric with respect to the spatial variables z, y, z

Example 4. The nonlinear system of first order partial differential equa-
tions of the form

up = 51|Vu|2 +v+sh(t), v = 52|Vv|2 —u — ch(t),

with the parameters such that 87 — 3 = 0 has a parametric family of
particular exact solutions anisotropic with respect to the spatial variables

uk(x’y’ Z’t) =M (ﬁtan(T) - 1) [Wk($ayaz) + 901(75)] , k=1,2,3,

(T, y, 2, 1) = g (\/gtan(T) + 1) Wi(2,y,2) +¢2t)], k=123,

o Bio
—_ == W k=1,2,3 defined by (3.4)—
252’ K2 25§a k(xayaz), , 4,90 are denne y ( )

(3.6), and the functions ¢1(t), ¢2(t) have the form

where p =

on(t) = Cysint + Cy cost’ () = w1 (Crcost — Cysint) —sht
V3tg(T) — 1 p2 (V3tg(T) + 1)
Here, sht, cht are the hyperbolic sine and cosine, respectively, ty, Cq, Cs
B1v3 (t—t).
289
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5. Exact solutions of the Hamilton-Jacobi type equation

In addition, we construct exact multidimensional solutions of the Hamil-
ton-Jacobi type equation (1.2). Namely, for the equation (1.2) we have

State 3. The Hamilton-Jacobi type equation (1.2) has an exact multidi-
mensional solution

u(x, 1) = (1) | 5 (A%, %) + (B,x) +C + (1), (5.1)

where the functions (t), p(t) satisfy the ODE system

%t) V=0, (Wp) =alt)be+f(t),  (5.2)

U —a(t)y —
and the symmetric matriz A, the constant vector B € R™ and the constant
C € R satisfy SAE (2.5) with an arbitrary constant o # 0.

The validity of this statement can be verified by the direct substitution
of the function (5.1) to the equation (1.2). After elementary calculations
in view of the equalities (2.5) we arrive at the ODE system (5.2). Note
that the function (5.1) is also a solution of Eq. (1.3). Some of the exact
solutions of Eq. (1.3) given in [1] are obtained for the function (5.1) as a
particular case.

Example 5. The Hamilton-Jacobi type equation of the form
ug = Bt|Vul® + %u + 1,

has a parametric family of exact solutions anisotropic with respect to the
spatial variables:

uk(x’y’ Z’t) = ¢(t) [Wk($aya Z) + Qp(t)] , k=1,2,3,

where Wi (z,y,2), k = 1,2,3 are defined by (3.4)—(3.6), and the functions
Y(t), p(t) have the form

o+ 2
() = Ch(a+2)t— — B2’
Al—a
p(t) = (Ci(a+2) - ptor?) (CQ (ot 2t)(a —A— 1)) '

Here, a # —2, 8 # 0, A # a — 1 are arbitrary parameters of the equation,
C1, C5 are the constants of integration.
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6. Conclusion

In the present paper, we obtain formulas for new exact multidimensional
solutions of the nonlinear system of first order partial differential equations
(1.1) using the construction (1.5), which has never been used before by
other authors. From the point of view of finding exact multidimensional
solutions, a useful feature of the construction (1.5) is that along with the

linear summands it contains the quadratic form of n variables —(Ax,x).

From our results it follows that the spatial structure of the solutions is
determined by the rank of the matrix A. If rank A = 1, then we have
iipseudo-multidimensional;; exact solutions, i.e. solutions with a linear
combination of the spatial variables. If 1 < rank A < n, then we obtain
exact solutions anisotropic with respect to the spatial variables. Finally, if
rank A = n, then we have exact solutions radially symmetric with respect
to the spatial variables. It is shown that in the two-dimensional coordi-
nate space the nonlinear system of first order partial differential equations
(1.1) does not have multidimensional exact solutions anisotropic with re-
spect to the spatial variables of the form (1.4) with the function W (x) of
the form (1.5). Exact multidimensional solutions of the Hamilton-Jacobi
type equation (1.2) are constructed. The explicit expressions of the exact
multidimensional solutions obtained in the article, which are expressed in
terms of elementary functions, are important both from the theoretical
and applied points of view, as they can be used for testing, adjusting and
adapting numerical methods and algorithms for constructing approximate
solutions of boundary value problems for nonlinear systems of first order
partial differential equations of a large dimension.
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O TOYHBIX MHOTOMEPHBIX PEHIeHUsIX OIHOI
HeJIMHENHOI cucTeMbl ypaBHEHUI C YaCTHBIMU
MPOU3BOAHBIMU MEPBOrO IMOP/IKA.

A. A. Kocos

Hremumym dunamury cucmem u meopuu ynpasaerus um. B. M. Ma-
mpocosa CO PAH, Hpxymck, Poccutickas Dedeparus

9. U. Cemenosn

Hnemumym dunamury cucmem u meopuu ynpasierus um. B. M. Ma-
mpocosa CO PAH, Hpkxymcxk, Poccutickas Pedeparyun

B. B. Tupckux

Hprymexuti 2ocydapemeennniti yrusepcumem nymet coobuenus, Hp-
xymecxk, Poccutickas Dedeparus

Awnnoramusi. B craTbe n3ydaercst cuCTeMa JIBYX HEJIMHEHHBIX YPABHEHUN B YACTHBIX
MPOM3BOIHBIX [IEPBOrO MOpsiaka. lIpaBble yacTu cucTeMbl ypaBHEHUI COMEPIKAT KBaIpa-
ThI I'PaJUEHTOB UCKOMBIX (byHKImit. Takoro poja ypapBHeHUs, OJIU3KUE K yPABHEHUIO
Tamusnbrona — fkobu, BCcTpedaroTcss B 3ajladax MEXaHUKW W TeOPWUM yIpasieHus. B
CcTaTbe MPeJJIaraeTCsl UCKATh PEIeHNe B BUJIE aH3aIla, COJIEPKAIIErO KBaIPATUIHYIO 3a-
BUCUMOCTBb OT IPOCTPAHCTBEHHBIX MEPEMEHHBIX W IPOU3BOJIBHBIE (DYHKIIMU OT BPEMEHU.
Wcnonp3oBanne mpeioKeHHOTrO aH3aIa MO3BOJISET JIEKOMIO3UPOBATH MIPOIECC OTHICKA-
HUSI KOMIIOHEHT PEIEHUs] 3aBUCSIIINX OT MPOCTPAHCTBEHHBIX [TEPEMEHHBIX U OT BPEMEHU.
JJ1st OTBICKAHWS 3aBUCUMOCTH OT MPOCTPAHCTBEHHBIX MEPEMEHHBIX HEOOXOIMMO PEIaTh
arebpanvIecKyro CUCTEMY MaTPUYHBIX, BEKTOPHBIX U CKaJsipHOTO ypapHeHusi. HaiineHo
obIIee pelenne 9TON CUCTEMBI yPABHEHUN B MmapaMeTpudeckoM Buze. st oTbicKaHwmst
KOMIIOHEHT PEIIEHUsI UCXOIHON CUCTEMBbI, 3aBUCSIIUX OT BPEMEHM, BO3HUKAET CHUCTEMA
HEeJMHEHHBIX auddepeHInaIbHbIX YPABHEHUN. YCTAHOBIEHO CYIIECTBOBAHNE TOTHBIX Pe-
[IEHUI OMPEJIEIEHHOTO BUJA Y UCXOHON cuCcTeMbl. [IpuBOAMTCS psifi IPUMEPOB MTOCTPO-
€HHBIX TOYHBIX DPEIIeHHUil, B TOM YHCJ€ MEPUOIUIECKNE 10 BPEMEHU M AHM30TPOITHBIE
[0 MPOCTPAHCTBEHHBIM TIEPEMEHHBIM. [IpoBeIeH aHA/IM3 MTPOCTPAHCTBEHHON CTPYKTYPbI
pelllennii, yCTaHOBJIEHO, YTO OHA 3aBUCHUT OT PAHra MATPUIBI KBaJIPATHYIHON (POPMBI,
BXOJAIENH B pellIeHne.

KuroueBble cjoBa: HeJMHeHaAs cucTeMa, ypaBHeHus: Tumna [amunbrona — fkobu,
TOYHBIE PEITICHUSI.
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