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Asymptotic solutions of scalar integro-differential equations with
partial derivatives and with rapidly oscillating coefficients

The work is devoted to the development of an asymptotic integration algorithm for the Cauchy problem for
a singularly perturbed partial differential integro-differential equation with rapidly oscillating coefficients,
which describe various physical processes in micro-inhomogeneous media.This direction in the theory of
partial differential equations is developing intensively and finds numerous applications in radiophysics,
electrical engineering, filtering theory, phase transition theory, elasticity theory, and other branches of
physics, mechanics, and technology. For studies of such processes, asymptotic methods are usually used. It
is known that currently rapidly developing numerical methods do not ‘exclude asymptotic. This happens
for a number of reasons. Firstly, a reasonably constructed asymptotics, especially its main term, carries
information that is important for applications about the qualitative behavior of the solution and, in
this sense, to some extent replaces the exact solution, which most often cannot be found. Secondly,
as follows from the above, knowledge of the solution structure helps in the development of numerical
methods for solving complex problems; therefore, the development of asymptotic methods contributes to
the development of numerical methods. Regularization of the problem is carried out, the normal and unique
solvability of general iterative problems is proved.

Keywords: singularly perturbed, partial integro differential equation, regularization of an integral, solvability
of iterative problems.

Introduction

A mathematical description of physical processes in micro-inhomogeneousmedia suggests that the local
characteristics of the latter depend on.a small parameter which is a characteristic scale of the microstructure
of the medium. To construct mathematical models of such processes, an asymptotic analysis of the problem is
performed for It turns out that the limits of the solutions to the problem are described by some new differential
equations that have relatively smoothly varying coefficients and are considered in simple domains.These
equations are mathematical models of physical processes in micro-inhomogeneousmedia, and their coefficients
are effective characteristics of such media. For mathematical studies of such processes, asymptotic methods
are usually used. It is'known that currently rapidly developing numerical methods do not exclude asymptotic
ones. This happens for a number of reasons. Firstly, a reasonably constructed asymptotics, especially its main
term, carries information that is important for applications about the qualitative behavior of the solution
and, in this.case to some extent replaces the exact solution, which most often cannot be found. Secondly, as
follows from the above, knowledge of the solution structure helps in the development of numerical methods for
solving complex problems; therefore, the development of asymptotic methods contributes to the development
of numerical methods. Thirdly, for some problems, especially those related to fast oscillations, there are simply
no. effective numerical methods that give a sufficient degree of accuracy. The first of the problems with an
irregular dependence in perturbation theory that arose in connection with the problems of celestial mechanics
and electrical engineering were nonlinear equations, which are often called oscillating equations at present. Tasks
of this kind arise everywhere where certain transient processes take place. Studies of oscillating and singularly
perturbed oscillating systems described by ordinary differential equations to the splitting methods were carried
out in [1-4] and regularization methods in [5-8]. An analysis of the main results of the study for systems
of homogeneous and inhomogeneous differential equations prompted the idea to study singularly perturbed
integro-differential equations with rapidly oscillating coefficients.A system of integro-differential equations in
the absence of resonance is considered, i.e. when the integer linear combination of frequencies of the rapidly
oscillating cosine does not coincide with the frequency of the spectrum of the limit operator [9, 10]. It should be
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noted that when developing an algorithm for constructing an asymptotic solution to the problem, the ideas of
the regularization method used to study ordinary integro-differential equations [11-21] and integro-differential
equations with partial derivatives [23-24] were used.

We consider the Cauchy problem for the integro-differential equation with partial derivatives:

8% - a( )y(x,t, 5) + fK(fC,t, S)y(87t78)ds + h(l‘j)—i— (1)
B(x)y($7t75)’ y(zo,t,e) = yo(t) ((z,t) € [x0,X] x [0,T]),

where fB'(z) > 0, g(z), a(z) is a scalar functions, y°(t) constant, € > 0 is a small parameter. Denote
by M(z) = —a(z), 8/(x) is a frequency of rapidly oscillating cosine. In the following;wfunctions
A2(x) = —if'(x), As(x) = +if'(x) will be called the spectrum of a rapidly oscillating coefficient.

We assume that the conditions are fulfilled:

(i) a(x), g(x), B(x) € C®[xg, X]; h(x,t) € C>®[zg, X] x [0,T], the kernel K(z,t,s) belongs to the space
K(z,t,s) eC¥{zp <z <s<X,0<t<T}

(i) Mi(z) = a(z) # Nj(z), j=2,3, N(z)#0, (Vo € [xo,X]), i1=1,2,3;

(iii) M (z) <0, (Vz € [zg, X]);

(iv) for Yz € [z, X]| and ny # ng inequalities

n2a(z) + ngAs(x) # Au(z),
)\1(%) + ng)\z(fﬂ) + TLg)\g(!L‘) 7é )\1(1})7 (VLC € [CC(),X])

for all multi-indices n = (ng,n3) with |n| = na +mn3 > 1 (n2 and n3 are non-negative integers) are holds.
We will develop an algorithm for constructing a regularized [5] asymptotic solution of problem (1).

+eg(x)cos

1 Regularization of problem (1)

Denote by o; = 0; (¢), independent of ¢ magnitudes o, = em:7) 5, = ¢+26(t0) and rewrite system (1)
as

Ei@y(g;m) — M (2)y(z,t,e) — 5% ( il @05y ot 2 Sy B (O)00 2) y(z,t,e) —
(2)
—f;K(x,t,s)y(s,t,e)ds = h(z,t), y(@o, t,e) = y°, ((x,t) € [xo, X] x [0,T7]).

T
We introduce regularizing variables (see |5, 6]):

TjZE/ )‘j(g)deij(x),jzla?),

and instead of problem (2), consider the problem

. 3
E%_'_Z)‘j()a-,—] M(2)f — e 4P (701 + €™ 0a) §f —

_IJ;OK Z, t S)y(S tv ¢(S)7E)ds - h(x t)? ay(x t T, E)|ZL’ x0,7=0 _y ) ((f,t) € [xO’X] X [07T])7

3)

for the function y = @ (x,t,7,¢), where is indicated: 7 = (71,72,73), ¥ = (1,%2,%3). It is clear that if
p(=z)

g = g (z,t, 7,€) is a solution to problem (3), then the vector function y = g (x ,5) is an exact solution to

problem (2), therefore, problem (3) is extended with respect to problem (2). However, it cannot be considered
fully regularized; since it does not regularize the integral term Jgy = f;o K (x,t,8)9(s, wis) ,€)ds. To regularize
the integral operator, we introduce a class M. that is asymptotically invariant with respect to the operator Jy
(see[5], p. 62). Recall the corresponding concept.

Definition 1. A class M, is said to be asymptotically invariant (with e — 40) with respect to an operator
Py if the following conditions are fulfilled:

1) M. C D(FPy) with each fixed € > 0;

2) the image Pyg(z,e) of any element g(x,e) € M, decomposes in a power series

Pyg(z,e) = Za"gn(x,e)(a — 40, gn(z,e) € Mc,n=0,1,...),
n=0

convergent asymptotically for ¢ — 40 (uniformly with x € [z, X] ).
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From this definition it can be seen that the class M. depends on the space U, in which the operator P, is
defined. In our case Py = J. For the space U we take the space of vector functions y (z,t,7), represented by
sums

3 *
y(z,t,7,0) = yo (x,t,0) + Zyi (z,t,0)e™ + Z y™ (2,1, 0) e(moT) 4
=1 2<|m| <Ny
Y T (0) ey (2,8, 0) g™ (2, 8,0) T (2 1,0) € g, X] X [0,T), L (4)

1<|m|<Ny
m = (07m27m3)71 < ‘m‘ =mg +m3 < Ny,l':ﬁ,

where is denoted: A (z) = (A1, A2, A3), (M, A(x)) = mada () +msAs (z), (e1 +m, A () = A (&) + ma3 () +
+mgAs3 (x); an asterisk x above the sum sign indicates that the summation for |m| > 1 it occurs only .over
multi-indices m = (0, mg, mg) with mg # mg, e = (1,0,0), 0 = (01,02) .

Note that here the degree N, of the polynomial y (z,t, T, o) relative to the exponentials-e™ depends on the
element y. In addition, the elements of space U depend on bounded in £ > 0 terms of constants o1 = o1 (&)
and o9 = 03 (¢), and which do not affect the development of the algorithm described below, therefore, in the
record of element (4) of this space U, we omit the dependence on o = (01, a2) for brevity. We show that the
class M. = Ul —y)/e is asymptotically invariant with respect to the operator .J. The/image of the operator on
the element (4) of the space U has the form

8

1

L [ 2 (6)do
z0

x 3 x
Tytatr) = [ Kool s+ Y [ Koyt (s, ds+
xo izlxo

x x

- L [ (mA0))d0 * 1 [ (ex+m,(8))d6
+ Z K(x,t,s)y™ (s, t)e =0 ds + Z K (z,t, )y T™ (s,t) e =0 ds.

2<|m|<N- 5o 1<ImISN- 5

Integrating in parts, we will have

r; 1 2i(0)ae K (et (s ) 2T ri(0)ao
Ji(z,t,¢€) Z/K(az7t,s)y¢(s7t)e @0 dSZE/WSZ;Z(S’)de %0
3
xo

Zo
K < L fox 0y h 7 , 11 x(0)do
_ (J:,t,s)yz(s,t)e g B / 0 K(z,t,8)yi(s,t) o o ds| —
s=xo Zo
K(x,t,x)y;(x,t) &SOO8 K (x t 20)y(zo,t) / D K(z,t,8)yi(s,t)\ = i@©)do
=g | — 1127 Le @0 - —c — 2 e @0 ds.
xo
Continuing this process further, we obtain the decomposition
3 ) L[ xi(0))do
Ji(xatvg) N ZO (_1)V€V+ (Izu (K(w,t,s)yi(s,t)))s:we o - (Izy (K($7t75)yi(8’t)))s=xo )
-
1 v o_ 1 v—1 .
19 :W"Ii bwe I (v>1,i=13).
Applying the integration operation in parts to integrals
. 1 [ (m,A\(0))do
Iz, t,e) = [ K(z,t,s)y™(s,t)e o ds,
Zo
x 1 (ex+m.\(6))do
Jeram(z, t,e) = [ K(x,t,s)yT™ (s,t)e *0 ds,

Zo

we note that for all multi-indices m = (0, m2, m3) , ma # mg, inequalities

(m, A(z)) = mada(z) + mgAs(z) #0 Vz € [xg, X|, ma+m3 > 2.

54 Bectnuk Kaparanmguackoro yuuBepcurera



Asymptotic solutions of scalar integro-differential...

are satisfied. In addition, for the same multi-indices m = (0, mg, m3) we have
(e1 + m, A(x)) # 0V € [z, X], ma # mg, |m|=ma+mg > 1.
Indeed, if (e; +m, A(z)) = 0 for some z € [xg, X] and my # mg, ma + m3 > 1, then maods(z) + msAz(z) =

= —X1(x), mao+mg > 1, which contradicts condition (iv). Therefore, integration by parts in integrals is possible.
Performing it, we will have:

[ L] (mao)do K(z,t, 1 [ (m,(8))do
Jm(x,t,e):/K(x,t,s)ym(s,t)e =0 / (2,4 5) ) 5,1) e "0 =
_ AKCmaswmtmﬂe%{ (m,(0))d6 _E/*<3Ktntswm( ﬂ)ei$0mxmme -

(m, A(s)) ds  (m,A(s))
s=xq xo

. K(z,t,x)y™(x,t) %I{; (m MO0 K (2, ¢, 20)y™ (0, 1)
= e —_— —

(m, A(x)) (m, A(zo))

ds.

y m 1 [ (m,A(0))do
_5/ <8K<x t,s)y (s,t))e

Therefore, the image of the operator J on the element (4) of thespace U is represented as a series

Ja(t7) = LK (t,5) 20 (s)ds + 3° > (-1 R (Rl s) 5 (9), et -

1=1v=0

— (Y (K (t,5) = <s>>>52t0}+§< 172 (L, (B () 27 (5))) oo 0 o O

— (I (K (t,8) z™ (S)))s:to] + le - Z|< Z (~1)e u+1[(]um (K (t,s) zcatm <s)))s:t X

1t e;+m,\(6 v e;i+m \
et Jiy (it ())—(Ijm(K(t,S) i+ )S to =y(t) /e

Continuing this process, we obtain the series

oo 1 [ (ma(0))do
Jm(x,t,zs) = Z (_1)VEV+1 (151 (K($7t78)ym(87t>))s:t6 o -
v=0

(0 (K (ot )y (5, 0), )
e — _— I"=—— 1" 'v>1 >2
. 17w > L] > 2),

1 [ (ex+m,A(8))d6
Joyom(z,t,8) = f K(z,t,s)yert™ (s, t)e o ds =

e1+m f (ex+m, A(a))da
(x,t,8)y°1 7™ (s,t) -
=€ f GETmYO) de” 0 =

S=x

Kot s F (T ANOM

=¢ (e1+mA(s))

S=xo

1 (ertm
—sf (2 w>en{( 1M A(9))do

(e A ds| —

K(x, t, x)yel+m (-7;7 t) %zjo (ex-+m.A(6))df K(x’ t, xO)yeﬁ_m (.%‘0, t)
=& e — _

(e1 +m, A(x)) (ex + m, A(z0))
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0 K(z,t,s)ycrt™(s,t)
ds  (ex +m,A(s))

[

Zo

Continuing this process, we obtain the series

Jel+m(xat7€) = Z (_1)U6U+1 (Igl+m
v=0

- (&

e1+m

1 1

(1 +m, A(s))

v
J,m

IO

er+m

) L] (er4mon(6))ds
e o

(K (x,t,8)y“+™(s,1)))

~ (e1 +m, A(s)) Os

S.

% (e1+m,\(0))do
_.e’” s
s=zx

o ==

(K(x,t,s)yel+m(57t)))5110] )

EIUI

m

(v =1, |m| = 1),

Therefore, the image of the operator j on the element (4) of the space U is represented as a series

x t 7' /K x, t S yo S, t dS+ZZ V y+1 I’/ (K(-Tat7s)yi(37t)))s=t€ ¢

o=

T xi0)) do
0

— (1Y (K (z,t, S)yi(S,t)))s:to] +

1/ l/+1 v m % f (my A(6)) 4 v m
+ Z Z (I (K (2, t,8)y™ (s,1)) s € ™ = (I (K(=,t,8)y™(5,1))) s, | +
2<|m|<Ny v=0
oo 1 [ (er+m,\(0))do0
+ 2 X (et (I (K (2, t8)y s, 1)) e 0 -
1<|m|<Ny v=0
(Igl—&-m (K(‘T,ta 8)y61+m(3’t)))szloj| ’

It is easy to show (see, for example, [25], pp:291-294)-that this series converges asymptotically for ¢ — +0

(uniformly in (z,t) € [xo, X] X
with respect to the operator J.

We introduce operators R, :
law:

Rwumm»:/K@m@m@w@,

zo
3
Rly(gja t7 T)

i=1

(K (z,t,8)y™ (5,1))) ,_,

£ _

1<|m|<N.
0
|:<Iel+m

Ry i1y(z,t,7) =

(@

*
»
1<|m|<N-

3
i=1

= e(m77—)

+ ) (5,1))) o=

2<|m[ <Ny,

D S [

1<|m|<N,

(T (K )y

(er+m,7) _

(K(x, ta S)ZEIer (5’ t)))s:w ¢

o6

=SV (K (ot s)ya(s, 1)), €7 —

e(mr) _

(K(.’)Qt, S)ye1+7" (S,t))) elertm,m) (ISH»m

DU (K (ot 8)yi (5:))) ooy €7

[0,77). This means that the class M. is asymptotically invariant (for ¢ — +0)

U — U, acting on each element y(z,t,7) € U of the form (4) according to the

(5)
(19 (K (o, )i, 1)) |+
(18, (Bt 5)y™ (5.00) |+ (51)
(Kot " 0)) _ |
— (I (K ()i (1)), )+
— (I (K 1, )y™ (5,))) sy | (5041)
(17 o (K (x,t,5)250F™ (s,t)))s:%} >l
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Now let §(x,t,7,€) be an arbitrary continuous function on (z,t,7) € [z, X] x [0,T] x {ReA1(z)} with
asymptotic expansion

gz, t,7,¢€) ZE ye(z,t,7), yr(z,t,7) €U, (6)

converging as € — +0 (uniformly in (z,t,7) € [:co,X] x [0, 7] x {ReA1(x)}). Then the image Jg (x,t,7,¢) of
this function is decomposed into an asymptotic series

JZ (z,t,7,¢€) Zs Jyi (z,t,7) = Zar ZRT_SyS (2,8, 7) | r=yp(a) fe-
=0 s=0

This equality is the basis for mtroducmg an extension of an operator J on series of the form (6):

Jij(x,t,7,e) = <Zs Yk mtT)éisrzT:Rr—sys(%tv7')~
r=0 s=0

Although the operator .J is formally defined, its utility is obvious, since in practice it _is usual to construct the
N—th approximation of the asymptotic solution of the problem (2), in which impose only N-th partial sums of
the series (6), which have not a formal, but a true meaning. Now you can write a problem that is completely
regularized with respect to the original problem (2):

Lej(u,t,7.e) = 3k + z Xj(@) 2L — M (2)F — J§ — X (e + e an)j =
= h(z, t) y(mo,t 0 5) =y  ((z,t) €0, X] x [0,T]).

(7)

2 Solvability of iterative-problems

Substituting the series (6) into (7) and equating the<coefficients with the same degrees ¢, we obtain the
following iterative problems:

3
0
Lyo (z,t,7) = Y \; (o) 873(-) — Mu@)yo— Royo = h (2,t) , yo (x0,t,0) = y°(t); (80)
=1 /
ayo ( ) T2 T3 — .

Lyl (.’I},t,T) 83: P 9 (6 01 +e 02) Yo + R1y07 Y1 (x07t70> - O, (81)

8y1 ( ) T3 — .
Lys (2,t,7) = 2 "9 (€™oy +e™a2) y1 + Rayr + Rayo, yo (20,t,0) = 0; (82)

OYp_ T

Ly (x,t,7) = STkt 9@ (€01 +e™oa)yp—1 + Rryo + ... + Riyr—1, vk (20,£,0) =0,k >1. (&)

0x 2
Each of the iterative problems (8;) can be written as

z(x, t,7) EZ)\J ——)\1( )y — Roy = h(x,t,7), y(x0,t,0) = y~, 9)
j=1

where

*

h(z,t,7) = ho(,t) +Zh (z,t)e™ + Z W@, )™ 4 YT et (g el tT) e U,
=1 2<|m|<N, 1<|m|<N,

is the known vector function of space U, y* is the known constant vector of the complex space C, and the
operator Ry has the form (see (5¢))

3 * *
Roy(l'ﬂf,’r) =R, yo(it,t) + Z yi(ac,t)e”-i- Z ym(l',t)e(m’T) 4 Z ye1+m(l.7t)e(e+m,‘r) 2
i=1 2<|m|<N, 1<Im|<Ny

x

2 J K(z,t,s)yo(s,t)ds.

xo

Cepust «Maremarukas. Ne 1(97)/2020 57



B.T. Kalimbetov, Kh.F. Etmishev

We will determine the solution of equation (9) as an element (4) of the space U:

*

3 *
y(x,t,7) = yo(x,t) + Zyi(m,t)e” + Z Y™ (x, )™ + Z yertm (z, t)elertmT) =
i=1

2<|m|<N. 1<|m|<Ny

*

3 *
= yo(x,t) + Z yi(z, t)ei + Z Y™ (x, t)e ™) 4 Z y™ (, )™ (10)
i=1

2<|m|<N, 2<|m! <Ny
where for convenience introduced multi-indices

mlzel+m5(1am27m3)7 |m1|:1+m2+m322a

mg and mg are non-negative integer numbers. Substituting (10) into equation (9), and equating here the free
terms and coefficients separately for identical exponents, we obtain the following equations:

=M (2)yo(x,t) — /K(x,t, $)yo(s, t)ds = ho(x,t), (11)
[)‘l(x) - )\1(%)} yi(xvt) = hi(xat)v 1 =13, (111)
[(m, A(@)) = A ()] y™ (2, 8) = B (2, 1), mg #ms, 2E|m[ < Na, (11,,)
[(m", Mz)) — A1 ()] yml(a:,t) = (2,t), ety #ms, 1< |m'| < Ny (12)
The equation (11) can be written as
yo(z,t) = / (f)\l_l(:c)K(x,t, s))yo(s,t)ds - Al_l(x)ho(x,t). (11p)

to

Due to the smoothness of the kernel —\[ ! () K (z5t;5) and heterogenei ty —\[ ! (x)ho(z, ), this Volterra integral
system has a unique solution yg(z,t) € C*®[x¢,X] x [0,T]. The equations (112) - (115) also have unique solutions

yi(z,t) = Ni(@) —Au (@) Sz, t) € OF[zo, X] x [0,T], i=2,3,
since \;(z) # A1 (z), i = 2,3. Equation (11;) are solvable in space C*°[xg, X] x [0, 7] if and only
o, )= 0 (W, 1) € [0, X] x [0,7]). (13)

Further, since (m, A(z)) = mads(x) 4+ msAs(x) # A1(x), |m|=ma + mg > 2 (see condition (iv) the absence of
resonance), the equation (11;,) has a unique solution

Y@, B [(m (@) = Ai(@)] 7 A7 (2,1) € C=[wo, X] % [0,T], 2 < |m| < Ny.
We now equation (12). Let us show that when |m'| > 1 the functions (m!, A(z)) # Ai(z). Indeed, let
(m*, A(t))=Xq(t), »|m'| > 1. Then
)\1(I) + mQ/\Q(JJ) + m3)\3(x) = )\1(1‘) =4 m2/\2(a:) + m3)\3(x) =0 < mo 75 ms, Mg +mg > 1,

which cannot be (see definition of class U). Thus, equation (12) for |m!| > 1 has a unique solution

Zml (1‘7t) = [(mla )‘(1‘)) - )‘1('1:)] - hml (l’,t), 1 < |m1| < Nh7
inn class C*°[zg, X] x [0,T].

We have proved the following statement.

Theorem 1. Let conditions (i)-(), (iv) be fulfilled and the right-hand side

3 *
h(z,t,7) =ho(w,t) + Y hi(z, )™ + > W@, )™ 4 > hat (@, )t e U

i=1 2<|m|<N. 1<|m|<Ng

*
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of equation (9) belongs to the space U. Then, for the solvability of equation (9) in space U, it is necessary and
sufficient that condition (13) is satisfied.

Under constraint (13), equation (9) has the following solution in space U:

3
y(@,t,7) = yolx, 1) + £(x,1) ﬁ+Z = Ni(@)] 7 Hilw, e+
+ > A=) = M(@)] T H™ (2, )™+ (14)

2<|Im|<Ng

*

ST [(mh @) = (@) T HO (@ el ),

1<|m|<NH

where £(xz,t) € C®[xg, X| x [0,T) are arbitrary function, yo(x,t) is the solution of an integral equation (11p),
m= (Oam27m3) , M2 7é ms, |m| =my+mg > 1.
Subject the solution (14) to the initial condition y(zg,t,0) = y.(t). Then we have

3
E(xo,t) — Ay H(zo)ho(zo, ) + Z i (o) — Ar(zo)] 2 halmost) +

+ > [m Axo)) — Ma(zo)] T A (o, 1)+ [(m g A(@o))= Ar(xo)] A (w0, t) =y &
2<|m|< Ny, 1<|m|<Np
3
= f(fﬂo,t) = Y« + )\; ([L’O ho CL'(), Z .’£0 )\1 "Eo)} h (l’o,t)— (15)
— > my Al@o)) = M(@o)] T Ao, B)= [(m", Mzo)) — A (2o)] ™ A+ (o, 8).
2<|m|< Ny, 1<|m|< Ny,

However, the functions £(z,t) were ' not found completely. An additional requirement is required to solve
problem (13). Such a requirement is'dictated by iterative problems (8), from which it can be seen that the
natural additional constraint is the condition

oy 9(93)(

_|_

o 5 eP+e®)y+ Ry +plx,t,7) =0, (Y(x,t) € [z, X] x [0,T7]), (16)

*

3 *
where p(z,t,7) = po(w,t) + X pi(z,t)e™ + 3. p™(z,t)e™T) 4 3T patm(p t)el1t™T) € U is the

i=1 2<|m|<N. 1<|m|<Ny
known vector-function. The right part of this equation:
0
Gz, t,7) = — a—gz + % (e™01 +eoa)y + Qz,t,7) =

8 *
=5 yo(z,t) —l—Zyl x,t)e"i+ Z ym(az,t)e(m’T) + Z yel+m(x,t)e(el+m’7) +

2<|m|<Ny, 1<|m|<N,
(z) 3 *
+g (o1t ehon) ?/O(mvt)JrZ;yi(w,t)e”Jr%Zl;N Y™ (, )elm )+

+ Z yel+m(x,t)e(el+m’T) + p(z,t,7),
1<|m|<N,
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may not belong to space U, if y = y(x,t,7) € U. Indeed, taking into account the form (14) of the function
y =y(z,t,7) € U, we will have
3

T .
) (o1 + ) vo(x,t) + Y yilw, t)e™ +

=1

Jy
Z(x,t = t — =
(:E? 77-) G(x’ 77—) + ax

*

+ Z ym(z,t)e(m’T)+ Z yeler(x,t)e(ejer’T)

2<|m|<N; 1<|m|<N,

3
= —g(;)y (z,t) (€01 + €og) + Z 792 z) (2, 1) (e”JrTQal + eTl+T302) +
i=2

X - -
+‘g(2 ) (™01 + e ay) Z Y™ (z, t)e™) 4 Z Yt (z, ¢)e ) L plas, ¢, 7).

2<|m|<N, 1<|m|<N.
Here are terms with exponents

et =MD 011y, €T (my + 1 =my), et (my +1 =my),
(%)

er2+(e1+mﬂ')( me+1= m3)’ eTst(er+m,T) (m3 +1= m2)

do not belong to space U, since in multi-index m = (0, ma, m3) of the space U must be msy # ms, ma +mg > 1.
Then, according to the well-known theory (see [5], p. 234), we embed these terms in the space U according to

the following rule (see (x)):

-

Tt = 1, e tmm) =1 (my + 1 =ms3, my # ma), eFD =1 (m3 + 1 = ma, my # ma),

()

er2t(ertmT) = eTi (mgy + 1 = m3, mg # m3), e H(E@+m) = eT2(ms + 1 = my, my # m3).
In Z(z,t,7) need of embedding only the terms

3
M(z,t,7) = Z % J (€™ 201 + €T oy) + @?ﬂ (z,t) (" o1+ €™ 0y)

i=

*

1) e ) | S @nem 3 e et
2<|m[<N, 1<|m|<N,

S(z,t,7) =

We describe this embedding in more detail, taking into account formulas (#x) :

2
M (z5t, 1) = Z % ( ILANEY NE eT’“+T302) + @?ﬂ(%t} (eTl+T2U1 + 671"'7302) =
k=1

- %x) 107401 + 3 (0,067 o0 + (o, e o +
+yo(z,t)e™ oy + y3(x,t)e™ 2oy + y3(z, t)e 273 5 ] =

= M(z,t,7) = @ [y1(z,t)e™ ™0y + yy (2, t)e™ TP op+

+y2 (2, t)e*™ oy + yo(z, t)o2 + ys(z, t)oy + y3(33,t)€27302] .
(note that in M (z,t,7) there are no members containing e™ measurement exponents |m| = 1);

*

S(Q? ¢ 7_) — g(Qx) ( 20+ 67—30'2) Z y'rn(x7t>e(m,7') + Z yel+m($,t)€(el+m’T)
2<|m|<N, 1<|m|<N,
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] S e (o )
2<|m|<N.
+ z*: yel+m(x’t) (e(el+m,7)+720.1 +6(61+m,7)+730—2) =
1<|m|<N:

*
-~ X
= S(xvtaT) = % Z ym(x,t)01+ Z zm(x,t)ag—i— Z ym(x,t)e(m77)+
2<|m| <N, 2<|m|<N., 2<|m|<N.,
mao+1=ms3 mz+1=ms ma+1#ms,ms+1%£me
*
+ Z Yy (z, t)oy + Z Yz, t)og | €™ + Z yel+m(m,t)e(el+m77).
1<|m|<N., 1<|m|<N., 1<|m|<N.,
mo+1l=m3s ms+1l=mgo mao—+1#mg,mz+1#mo

After embedding, the right-hand side of equation (16) will look like

- 9 . RS -
Gla,t,m) = 5 yo(z,t) + Zyi(x’t)efl+ Z ym(xvt)e(mn') + Z y61+m(x,t)€(el+m’7) 4
i=1 2<|m|<N, 1<|m|<N,

+M(z,t,7) + S(z,t,7) + Riy(&, t,7) + p(z, 67),

moreover, in S (z,t,7) the coefficient at €™ do not depend onsy (z,t): As indicated in [5], the embedding
G(z,t,7) — G(x,t,7) will not affect the accuracy of the construction of asymptotic solutions of problem (2),
since Z(I, t, 7') |7':1l1($)/8 = Z(JE, t, T) |T:¢(z)/5.

We show that the problem (9) has the unique solution in the space U if (16) is satisfied.

Theorem 2. Let the conditions (i)-(iv) take place and the right-hand side

3 *
hz,t,7) = ho(x,t) + Zhi(:v,t)e” + Z hm(m’t)e(mn’) + Z h51+m(x,t)6(el+m"") cU

i=1 2<|m|<N. 1<|m|<Np

*

satisfy the condition (13). Then the. problem (9) is uniquely solvable in the space U under the additional
condition (16).
Proof. To use the condition (16), we caleculate the expression —% + @(672 +e™)y+ Ry + p(z,t, 7). Since

3 * *
0 ,
R P N L A D DL e N T e el
* i=1 2<[m[<N. 1<|m|<N.

3
+M (2t 7) + B, t, 1)+ Y [(10 (K (2t 8)yi(s, 1))
1=1

— eTi — (IZO (K(z,t,s)yi(s,t)))szmo}ﬂL

U8 K@ty (5,6) e = (19, (K (@t s)y™ (s,1),_,, |+
1<|m|<N.

+ > [(I&m (Kla,ts)y™ 7 (s,0)) _eltmn — (18, (K ts)y™ ™ (s,1))) ]+
1<|m|<N. =T s=zg
+p(z,t, 7).
therefore(16) takes the form

0(E(,t) | K(ata)

O )\1(.’17) f(l’,t) +p1(f£,t)€ﬁ +p0(x,t) =0.
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Taking into account the initial condition (15), this equation has the unique solution

x

E(z,t) = e | (o, t) +/pi(s,t)e_q(5’t)ds

Zo

where ¢(z,t) f At (s,t,s)ds. Hence, under the conditions of Theorem 2, the solution (14) in the space

U is uniquely determlned
Applying theorems 1 and 2 to iterative problems ( we construct the series (8y), with coefficients.in the class

U. Let yn(z,t) = Z eFyy, (x,t,7(z, €)) be the restriction of the N-th partial sum of this series at 7 = ¥ (x,¢).

As well as in [2], 1t is not difficult to prove the following
Theorem 3. Let the conditions (i)-(iv) be satisfied. Then for e € (0,g0], where g9 > 0 is-sufficiently small,
the problem (1) has the unique solution y(z,t,€) € [xo, X] % [0,T], and the estimate

ly(z,t, e = yen (2,0l (120, x1x0,77) CyeVH (N =0,1,2,4),
takes place, where the constant Cy > 0 does not depend on € € (0, o).
8 Construction of the solution of the first iteration problem in space U

Theorem 1, we will try to find a solution to the first iteration problem (8). Since the right side h(z,t) of
the equation (8g) satisfies condition (13), this system has (according to (14)) a solution in space U in the form

yo(z,t,7) =y (, )t o, t)e™, (17)

where y(()o) (x,t) is the solution of the integrated equation

x

" (x,t )—/tﬂ*@mumﬁwywﬁ@wa@M%m

Zo
where ago)(x, t) € C* [xg, X] x [0,(T] are arbitrary functions. Subjecting (17) to the initial condition
yo(zo,t,0) = y°, we will have

(0) (0)

Yo (x()vt) + (e%} (x07t) =Y ©

DA oy (xo,t):yo—l—a_l(xo)h(;vo,t).

To fully compute the functions ago) (z,t), we proceed to the next iteration problem (8;). Substituting into it
the solution (14) of the equation (8y) we arrive at the following equation:

d d .
Lyi(z,t,7) = 0 y(()o)( ) — o (ozgo)(%t)) e+

+@ (6T201 + 6T302) (y(()O)( ) + agm (m,t)eTl> + (18)

+

K(w,t,x)ago) (1) , K(x,t,xo)ago)(;vo,t)
Ai(x) A1 (o) 7

(here we used the expression (51) for Ryy(x,t,7) and took into account that for y(z,t,7) = yo(z, ¢, 7) only the
terms with e™ remain in the sum (51)). It is not difficult to see that the right side

d d
H(a,t,7) = ==yl (0,8) = = (" (@,0)) ™ +

9 (g, 4 ) (W 1) 00 (@)™ ) +
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K(az,t,x)ago) (z,t) o K (x,t,x0) ago)(:ro,t)

Ai() Ai(o) ’
of equation (18) belongs to space U. Equation (18) is solvable in this space U if and only if condition (13) are
satisfied, which in our case take the form

_d o K(z,t,x) (0 _
T (0‘1 (x,t)) + () a; ' (x,t) = 0.

+

Attaching to this system the initial conditions ago)(:zzg, t) = y° + a1 (x0)h(xo,t), we find uniquely functions

© ) 1y O [ (K(st.s)
t) = t —)d
a; ' (x,t) = oy ' (xg, t)exp / ( e S 9,
zo
therefore, we uniquely calculate the solution (17) of the problem (9p) in the space U. Moreover, the main term
of the asymptotic of the solution to problem (2) has the form

T

K(s,t L [
sl t) =3 .0)+ o oo e § [ (5 )ast e
1

Zo

where ago)(mo, t) = y° + a " (z0)h(xo, 1), y(()o)(x, t) is the solution of the integrated system y(()o)(a:,t) =

= [ (—a (@)K (2 t, )5 (s, )ds — a= (@) h(z, 1),
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Bb.T. Kamumberon, X.®. ETmuiien

2KbpurmaM ociuignusJIaHaTbIH KO3dDUIIMeHTTi
Jaepoec TYBIHABLIBI CKAJIAP MHTerpo-and depeHmanablk
TeH/leyJIepAiH, AaCUMIITOTUKAJIBIK, IITenTriMaepi

MakaJtasia MUKpPO-6ipTeKTi eMec opTaiarbl OpTYPJIi (PUBUKAJIBIK [TPOIECTEP/Il CUTTATTANTHIH »KBLJIIAM OCITHJT=
JIUSATUSIAHATBIH KO3(MMUITMEHTT] Aepbec TYBIHABLIBI CHHTYJISP aybITKBIFAH WHTErpPo-IuddepeHIInaIbIK
Tegaey yrrH Komm ecebiH acMMITOTHKAJIBIK WHTETPAJIay aJrOPUTMIH 93ipseyre apHajaraH. Byiaepbec
TYBIHJBLIBI TUddEepEeHITNaIBIK, TEH/IEYIED TEOPUICHIHIAFBI OAFbIT KAPKbBIH/IBI JJAaMBII KeJIe/l XKOHEe PaJuo-
busnka1a, 3JIEKTPOTEXHUKAA, CY3y TEOPUSICHIHIA, (Da3asIbIK 6Ty TEOPUSICHIHIA, CEPIIM/ILIIK TEOPUICHIHIA
JKoHe (PUBMKAHBIH, MEXaHUKa MEH TeXHUKAHBIH OacKa ja OesiMjepiHjie KOnTereH KOJIaHbiC Tabaabl. MyH-
Jait IporecTep/ai 3epTTey YIIMH 9/IeTTe aCUMIITOTUKAJIBIK 9/icTep KOJIJAHbLIaIbl. Ka3ipri yakpITTa KapKbIH-
JIbI TAMBIT KeJle YKATKAH CaHJIbIK, 9IiCTeP AaCUMITOTUKAJIBIK, OICTEPIl YKOKKA IIIBIFapMaiThIHEI 6erim. By
Gipuerre cebenTepre GaitstaHbICTHI O01aabl. BipinImigen, HerizmeareH aCHMITOTUKAJIBIK ITIETiM, 9Cipece OHbIH
Heri3ri MyIieci, mernriM/IiH carnachl TypaJibl KOCBIMIIA aKIIapaTThl aJIyFa KoHe OChl MarbiHa 1a KeOiHece Taby bl
MYMKIiH G0/IMaFaH HaKThI MIENIMJI aybICTBIDYFa MYMKIHIIK Oepemdi. Exinmmigen, korapbijia aTbLIFaH 1AM,
MIeITiM KYPBUIBIMBIH 0Ty KYPZesi ecenTep/i MeNryIiH CAHIbIK, OJiCTEPIH 2KacayFra KOMEKTECE/Il, COHIBIKTaH
ACUMIITOTUKAJIBIK, 9JIICTED/IiH JaMybl CaH/IBbIK, 9/IICTEP/iH JaMybIHa BIKIIAJLeTeli. EcenTin peryisspusausicol
JKYPri3iJireH, YKaJIIbl UTEPAIUSIIBIK eCeNTEPIiH, KAIbIITHI YKoHe 6ip MOH/I MIENHIIM/ILIIT] 19T/ IeHTeH.

Kiam cesdep: cuHTyisip aybITKY, Aepbec TYBIHIBLIbI AuddepeHIuaIIbIK, TeHIEY/IeD, HHTETPAJIIBI PEryJlsi-
pU3alsIay, UTEPAIUASIbIK €CeITEePIIH MIeiMIiJIiri.

B.T. Kanmum6eros, X.D. Exmuines

AcumMmnToTndeckne perlneHnsl CKaJIsIPHBIX
UHTETrpo-And pepeHTuanbHbIX YpaBHEHUI C YaCTHBIMUA
MMPOU3BOJHBIMMI 1 C OBICTPO OCHALINPYIOIAMI KO3(DPUuImeHTaMmn

CraTbsi IOCBsIIIIeHa Pa3paboTKe aJrOpUTMa aCHMIITOTHYECKOIO WHTErPpUpOBaHUs 3aja4dn Kormm jjist cuH-
TYJISPHO BO3MYIIIEHHOTO MHTErPO-AudHepEeHNNaIbHOI0 YPABHEHNST B YaCTHBIX MTPOU3BOIHBIX € OBICTPO OC-
OULTHPYIOMUMU KO3(DDHUIIMEHTAMHI, ONUCHIBAIONIIMA Pa3IndHble (DU3UIECKUE MIPOIECCH B MUKPOHEOIHO-
POIHBIX Cpeax. JTO HAIPaBJIEHUE B TEOPUU YPABHEHUI C YACTHBIMU MPOU3BOIHBIMU WHTEHCUBHO pa3BU-
BAETCsI M HAXOJUT MHOTOYUNCJIEHHBIE TPUMEHEHHUS B PAIUOMU3NKeE, JEKTPOTEXHUKE, TEOPHUH (PUIBTPAINH,
Teopun (HA30BBIX MIEPEXOJOB, TEOPUU YIIPYTOCTH U JIPYTUX pasfietax (PU3NKH, MEXAHUKKM U TexHukH. Jlms
HCCJTETOBAHUsS TAKUX ITPOIECCOB OOBIYHO UCIIOIB3YIOTCST aCUMITOTHYECKHE METOIbI. VI3BeCcTHO, YTO OYpPHO
pa3BUBAOIINECS B HACTOMIIEE BPEMST UNCIEHHBIE METO/bI HE UCKIIOYAIOT ACUMIITOTHIECKUAX. DTO MTPOUCKO-
JHUT 1O Py MipuauH. Bo-11epBhIX, pa3yMHO HOCTPOEHHAsI aCHMITOTHKA, OCOOEHHO ee IJIABHBII 4JIeH, HeCceT
CYIIIECTBEHHYIO JJisl TIPUJIOXKEHUI MHMOPMAIUIO O KAYEeCTBEHHOM IIOBEJIEHUN DEIeHNs M B 9TOM CMBICJIE B
OIIpEJIETIEHHOM Mepe 3aMeHsIeT TOYHOE PEIleHre, KOTOPOe Jallle BCero He MOXKeT ObITh HaiieHo. Bo-BTOPBIX,
KaK 9TO CJIe/IyeT U3 CKA3aHHOI'O BBIIIE, 3HAHNE CTPYKTYPBHI PEIIeHNsI IOMOTaeT IpU pa3paboTKe YNCJIEHHBIX
METOJIOB DEMIEHNsI CJIOXKHBIX 3aJ1a4, MO3TOMY Pa3BUTHE ACUMIITOTUYECKUX METOIOB CIIOCOOCTBYET pa3BU-
THUIO YUCJIEHHBIX MeTOonoB. llpom3Benmena perynsgpusanus 3aja4u, JTOKA3aHA HOPMAJIbHAS W OJHOZHATHAS
PAa3PENINMOCTD OOIIIX UTEPAIMOHHBIX 3334,

Karouesvie crosa: CUHTYISIpHOE BO3MYIIEHHUE, AuddepeHnnaabHoe ypaBHEHNE ¢ YaCTHBIMA IPOU3BOIHBIMU,
peryisapu3aliisl HHTerpasia, pa3pelnMOCTb UTEPAIMOHHBIX 33/1a4.
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