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ASYMPTOTIC SOLUTIONS OF INTEGRO-DIFFERENTIAL
EQUATIONS WITH PARTIAL DERIVATIVES AND WITH
RAPIDLY VARYING KERNEL

B.T. KALIMBETOV, N.A. PARDAEVA, L.D. SHARIPOVA

ABSTRACT. In the paper, ideas of the Lomov regularization method
are generalized to the Cauchy problem for a singularly perturbed partial
integro-differential equation in the case when the integral term contains
a rapidly varying kernel. Regularization of the problem is carried out, the
normal and unique solvability of general iterative problems is proved.
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1. INTRODUCTION

In the paper, we consider the Cauchy problem for the partial integro-differential
equation

EW = a(z)y(x,t,¢) + wa es IS ﬂ(a)dGK(x, t,s)y(s,t,e)ds + h(z,t), (1)
y(0,t,e) =3°(t)  ((z,t) €[0,1] x [0,1])

with the rapidly varying kernel. The problem of constructing a regularized asymptotic
solution of the problem (1) [1] is posed. Earlier, in [3-7], systems for ordinary
integro-differential equations were mainly considered. In contrast to these works,
in this paper we consider an partial integro-differential equation. Construction of
asymptotical solutions for partial integro-differential equations with rapidly varying
kernels from the position of the regularization method are considered in [8-9).
However, in [9], the case of a purely imaginary spectral value p(x) of the kernel
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of an integral operator was considered. This article allows purely imaginaryu (z) =
tiw (z) (w(z) >0).
2. Regularization of the problem. We suppose that the following conditions
are satisfied:
(1) functions a(z) € C* ([0,T],C"), u(z) € C*> ([0,T],C),
h(z,t) € C> ([0,1] x [0,1],C"), the kernel K (z,t,s) belongs to the space
K(x,t,8) € O ({0 <s<zx<l,0<x t< 1},01);
(2) a(x), p(x) #0, a(x) # p(z) (Vo e [0,1]);
(3) Rea(x) <0, Reu(x)<0, (Vxe]l0,1]);

Introduce the regularized variables:

T = 1/01 a(0)dd = s01(l’)7 T2 = l/oz p(0)do = <,02(x). (2)

9 9 9

We set the following problem for the function §(z,t,7,¢):

56‘17(@52776) +ale) 2 + () 2L — a(z)j — N ez SO RO (1 ¢ 5)x

677'1 87'2

x§(s,t, 25 )ds + h(a,t),  §(0,t,0,¢) = yO(t).

€

3)

The connection between the problem (3) and the original problem (1) is as
follows: if § = g(x,t,7,¢) is the solution of the problem (3), then its restriction

y(z,t,7) =9 (amt, S"(f),s) on the regularizing functions (2) will be obviously the
exact solution of the original problem (1). However, the problem (3) can not be

considered as completely regularized since the integral operator

xr
Jj :/ ez J: PO (2,1, 5)i(s, t, il )7s)ds
0 €
is not regularized in it.

To regularize the integral term Jg of the problem (3), we need to introduce the
space M. asymptotically invariant with respect to the operator J. This is done in
this way. It is introduced the class U of solutions of iterative problems (see below):

U={ylx,t,7): y=uy1(z,t)e™ + ya(x,t)e™
+yo(z,t), y,(z,t) € C=([0,1] x [0,1])},

and then the restriction of this class is taken at 7 = ¢(x)/e. This will be the space
M.. To justify this fact, we need to show that the image Jy(z,t,7) of the integral
operator J on the element of the space U can be represented in the form of a power

series
oo

5 (o, + e 4 1f00 1)
k=0
convergent asymptotically for ¢ — 40 (uniformly with respect to (x,t) € [0,1 x
[0,1]). Deal with this procedure.
The image of the integral operator J on an arbitrary element y(x,¢,7) of the
space U has the form

¥1

Ty(x,t.e) = [T et JTrOW R (@t )y, (s, t)e ™" ds+
+f0‘L 6% :#(Q)dgK(ff,tS)yg(s,t)ews(S) dst (4)

1

+ [, e* JEHOB R (11, 5)yo(s, t)ds.
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Apply the operation of integration by parts to the each term.

[t fu@a
/e 2 Y K(x,t,8)y1(s,t)e S s =

0

2 J n(0)do £ [ [a(®)—n(0))do
—etn” /K(x t,s)y1(s,t)e © ! ds

B iofme)de/thsylst)d<eioﬂ(e> (@) >:
xT

s

;fu(eme lK R y1 s t) L] [a(®)=n())a
(&

[ (e “) Ao,

K(x,m)yl(:ﬂ,t)eégaw)de - K(x,t,O)yl(O,t)eézu(G)dG -
a(x) — p(x) a(0) — p(0)

oL t O\ LS [a(0)—u(0)do
—ce i /( Kz, syl(s ))e 0 g ds.

= pu(s)
0

Introduce the notation IY (K (z,t, )y (s,t)) = % Then the previous
result of transformations can be written in the form

/ et IS (o)dgK(x t,s)yi(s,t)e
0
=e [IN(K(z,t,8)y1(5,1))s=ae™ — I (K (z,t, 8)y1(s,t))s=0€™] —

x

0 s

et IO [T (18 o s)un(5,0) e SO O N0
0 S

1<5)

ds =

where 71 = @1 (2, ¢). Continuing this process, we obtain the series

e% Swu(e)deK(xatas)yl(S;t) “’1( )ds_Zk ( )k kol (5)
< [(If (K (@,t,5) y1(s,1))s=ae™ — (I} (K(M,S)yl(syt)))s=oef2]

where 71 = 1 (,¢), and the operators I have the form:

I)(K (3,1, 8)ys (s, 1) = %

LK (z,t,8)y1(5,) = grartu o L E (@8, 8)p (s, 1)), - (6)
(K (x,t,8)y1(s,t)) = milm YK (x,t,8)yi(s,t),m > 1.

The second summand in (4) is transformed as follows:

) i
f et [T RO I (2, ¢, 5) (s,

) wz( )dS _
= fq m (e)deK(x t,8)ya(s, t)es Jo M@)o g — (7)
= ez Jo O [Y R (2.t s)ya(s, t)ds = ([} K(z,t,5)y2(s,t)ds) e™

p2(t) )

To = -
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And, finally, we have for the last summand in (4)

/ ez ST OO (2t s)yo(s,t)ds = e K@t 5)y0(s,) )des JE nO)d
0 —HS
1 e S=T z
= 5K<z{,z>(z£<tt>eg [ m@)de) g o0 (7K<wii(léo<st )e% ST w©)a gg —
o K(z,t,x)yo(x,t) K(w,t,O)yo(O t) e
=e { ~ () ~u(0) } + (8)
te fo 65 K (=, He)sz;o(e f)) L[ u(0)do g —

= Do e IS (K (2,1, 8)yo(s,t))s=0)e™ — I§ (K (2,8, 8)yo(5, 1)) s=a]
where the following operators are introduced:

IS(K (2,1, 8)yo (s, 1)) = FLetajuuled),

—u(s)
IN(K (z,t, 8)yo(s, t) = — 1( 55 LMK (2,t,8)y0(s, 1)), - - ., 9)
I (K (z,t, 8)yo(s, t)) = 7#1(3) aaslm 1(K(ac,t,s)yo(s,t)),m > 1.

The asymptotic convergence of the series (5) and (8) is proved in the same way
as the analogous statement in [1]. Let now g(z,t,7,¢) be an arbitrary function
continuous with respect to (x,t,7) € [0,1] x [0,1] x {Rea(z)} and having the
asymptotic expansion

gz, t,7,¢€) Zs yr(z,t,7), wyk(z,t,7) €U, (10)

convergent at ¢ — 40 (unlformly with respect to (z,t,7) € [0, 1] x[0,1]x{Re a(x)}).
Introduce the operators R,, : U — U acting on the each element y(x,t,7) of the
space U according the law:

Ry(x,t,7) = Ro (y1(x, t)e™ + yo(x, t)e™ + yo(x,t)) / K(z,t,s)y2(s,t)ds,

Riepry(z,t,7) =
= (D" [T (K (2,1, 8)y1 (s, 1)) s=ae™ — ( I{ (K (2, t,8)y1(s,1)))s=0e™] +  (11)
+ [(I(I)C(K(x7 t, S)y0(87 t))S: ) - Ik(K(x’ t, s)yo(s, t))s:w}
where the operators I¥ have the form (6), and operators I} have the form (9), k& > 0.
Operators R,, are called the operators of order (with respect to ¢, since, applying to
the function y(z,t, 7), these operators separate terms of the order ™). It is natural
to define the extended operator for the integral operator I in the following way.

Definition 1. The operator I acting on each function §(x,t,7,e) of the form
(10) by the law

Jj=J (Zekyk (x,t,7) ) ZE (Z Rrkyk(:mt,T)) (12)

r=0 k=0
is said to be a formal extension of the operator I.

Now one can write the completely regularized problem (with respect to the
original problem (1)):

Lsg(x7t77—v E)NE 5% + (l( )87-1 + /u‘( )Tn_
—a(z)j— J§ = h(z,t), §(0,t,0,e) = y°(¢).

where g(x,t,7,€) is the series (10).

(13)
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3. Solvability of iterative problems. Substituting the series (10) into (13)
and equating the coeflicients of the same powers of ¢, we obtain the following
iterative problems:

Lyo(,t,7) = a(x) 32 + p(z) 2 — a(z)yo — Royo = h(w, t),

14
y0(07t70) :yO( ) ( O)
0
Lyi(z,t,7) = —% + Riyo,  %1(0,¢,0) = 0; (141)
ayk 1 —
Lyk(z,t,7) = 5 T Rigko1+ o+ Rayo, ye(0,6,0) =0, k>1. (14;)
Each iterative problem (14j) has the form
9y

Ly, t.7) = ale) g -4p(0) 5 —~alahy—Roy = H(a,t.7), 3(0.1,0) = (0, (15)

where H(x,t,7) = hi(z,t)e™ + ha(z,t)e™ + ho(z,t) € U, y.(z) € C*|0,1] are
known functions, and Ryy is the operator:

ROy(xa tv T) = RO(yl(xv t)en + y2($7 t)eTz + yO(xv t)) =e” / K(xv ta s)y2(87 t)dS
0
Let’s try to solve the problem (15). Substituting the element

yla,t,7) = yi1(x,t)e™ + ya(z,t)e™ + yo(z, 1)
of the space U into (15), we obtain

a(@)yi(z,t)e™ + p(x)y(z,t)e™ — a(z)yi (z,t)e™ — p(z)ya(z,t)e™

+a(z)yo(z,t) — €™ [ K(2,t,5)y2(s, t)ds = hy(z, t)e™ + ha(z,t)e™ + ho(z, 1)).

Equating separately the free terms and coefficients for identical exponentials, we
obtain equations:

—a(z)yo(x,t) = ho(x,t),
la(z) — a(@)]y1(z,t) = hi(z,t), (16)

() — a@)yn( 1) — [ K (@b, 8)ya(s, s = ha(a, 1)
The first equation of (16) has the unique solution yo(z,t) = —%. For solvability
of the second system in (16), it is necessary and sufficient the fulfillment of the
condition
B ) =0, (V) € [0,1] x [0, 1),

The third equation of (16) is a Volterra equation of the second kind with the
smooth kernel G(x,t,s) = [u(z) — a(x)] 1K (x,t,s), that’s why it has the unique
solution in the space C*°([0, 1] x [0, 1]). Thus, we prove the following

Theorem 1. Let the right-hand side in (15)

H(‘Tath) = hl(xvt)e‘rl + h2(zat)67—2 + hO(:Cat) € U7

and conditions (i)-(ii) be satisfied. Then the equation (15) is solvable in the space
U if and only if
hl(xat) = 07 (V(ﬂf,t) € [07 ]-] X [O’ 1]) (17)
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Remark. If (17) is satisfied, then (15) has the following solution in U :

y(@,t,7) = az,t)e™ — =5+ (18)
+ [Jy Rz, t,5)[u(s) — a(s)] " ha(s, t)ds + [u(z) — a(z)] " ha(z, t)] €™
where R(x,t,s)—is the resolvent of the kernel G(z,t,s) = [u(x) —a(z)] 'K (z,t,5),
afz,t) € C*([0,1] x [0, 1]) is an arbitrary function.

Subject the solution (18) to the initial condition y(0,t,0) = y.(¢).Then we get
hO (Oa t) hO (07 t)
a(0) a(0)
However, the functions o (x, t) were not found completely. An additional requirement
is required to solve problem (15). Such a requirement is dictated by iterative
problems (14y), from which it can be seen that the natural additional constraint is

the condition
0
~ e+ Ry + Plat,) =0, (Wat) €[0,1] x 0,1)), (20)

where P(xz,t,7) = Py(z,t)e™ + Py(z,t)e™ + Py(x,t) € U is the known vector-
function. We show that the problem (15) has the unique solution in the space U if
(20) is satisfied

Theorem 2. Let the conditions (i)—(i) take place and the right-hand side H (x,t) =
ha(z,t)e™ 4+ ho(z,t)e™ + ho(x,t) € U satisfy the condition (17). Then the problem
(15) is uniquely solvable in the space U under the additional condition (20).

Proof. To use the condition (20), we calculate the expression —% — Ryy. Since

Ryy(z,t,7) = — [(IF (K (2,1, 8)y1(5,1)))s=a€™ — (IF (K (x,t, 8)y1(s, 1)) s=0€™] +
+ [(I§ (K (2., 8)yo(s,))s=0)e™ — IE (K (2,1, 8)yo(s,1) ) sz ] »

OL(O,t) - = y*(t) A Oé((),t) = y*(t) + (19)

yi(s,t) = als,t), yols,t) = hi(é)t)
D x,1,8 S = M
I(K(x,t,8)y1(s,t)) = OO
we have
_% + Ry + P(z,t,7) = _wen_

{/ R(x,t,5)[u(s) — a(s)] tha(s, t)ds + [u(z) — a(z)]  ha(z,t)| e+

+% (h )) (I} (K (2,t, 8)y1(s, 1)) s=ae™ — (17 (K (2, 5)y1 (s, 1)) s=0€™ ] +

a(x)
+ [([{f(K(x,t, 8)yo(s,1))s=0)e™ — IF (K (x,t, s)yo(s,t))s:r] +
+P1(£C, t)eTl + PZ(xv t)eT2 + PO(mv t)’
therefore (20) takes the form
3(a(m,t)) K(xvtvm)yl(mat)
I a(z) — p(x) ale,

Taking into account the initial condition (19), this equation has the unique
solution

t) + Pi(z,t)e™ + Py(z,t)e™ + Py(z,t) = 0.

a(z,t) = ed(@:t) {a((),t) Jr/ H(s,t)eﬂl(s’t)ds ,
0
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z K(s,t,s) ds.
a(s)—p(s)
solution (18) in the space U is uniquely determined. Theorem 2 is proved.

where q(x,t) f Hence, under the conditions of Theorem 2, the

4. Justification of the asymptotic convergence of approximate solutions
to the exact. Applying Theorems 1 and 2 to the iteration problems (14;), we
construct a series (10) with coeflicients from the class U. Let be the restriction of
the yen (¢, 2) = ZkN=0 e*yp (m, t, @) N- th partial sum of this series at 7 = @.
Just as in [2], it is easy to prove the following statement.

Lemma. Let conditions (i) — (i) be fulfilled. Then the partial sum y.n(x,t)satisfies
the problem (1) up to terms containing eN*!, i.e.

ELE%’(% ) = a(z)yen(x,t) + h(x,t) —l—f es JS OB R (1t ) yon (s, t)ds+
+€N+1RN(:L‘ t,e), (21)
yen(0,1) = y° (t),V (x,t) € [0,1] x [0, 1],

where ||Rn (z,t,€)||co,r) < Ry for all (x,t) € [0,1] x[0,1] and all e € (0,en] (here
Ry > 0—some constant that does not depend on ¢ € (0,en], enx > 0 is sufficiently
small).

Now consider the following problem:

EW =a(z)y (x,t,e) + fow e [T 1(0)do g (z,t,8)y(s,t,€)ds+

+0(mte), y(0.t.c) =0, (z.t) € [0,1] x [0, 1]. (22)

Let us prove its correct solvability in space C* ([0,1] x [0,1]).

Theorem 3. Let conditions (i) — (i) be fulfilled. Then, for sufficiently small
e € (0,e9], problem (22) for any right-hand side ®(x,t,e) € C ([0,1] x [0,1]) has a
unique solution y (z,t,€) in space C* ([0,1] x [0,1]), and the estimate

Vo
lly(z,t,€)lleo,1x[0,1]) < ;H‘P(%taf)\|c([o,1]x[o,1])7 (23)

is holds, where vy > 0 is a constant independent of € € (0,¢eq] .
Proof. We introduce an additional unknown function

z(z,t,€) :/ ex JS O (x,t,8)y (s, t,€)ds.
0

Differentiating it byz, we will have

e PG — i (2) 2 (a,1,6) + €K (w,1,2) y (2, t,¢) +
—i—Ef et )¢ “e)dom y (s, t,e)ds.

For the vector function w = {y, 2z}, we get the system

gQulmte) _ < a(z) 1 )w(x,t,e)Jr
0

0 u)
z ‘ 24
+e ( K(x,t,2)2(x, t,¢) + [ ez “(H)dGWy(s,t@) ds ) + (24)
n ( q)(-f(,)tyg) > ,w(O,t,a) =0.

Let G (z,n,e)be the fundamental Cauchy matrix of the differential system

gawm@<au> 1

dzx 0 M(x)>G($a777€),G(x,x,5)[’ OST]SIES]_
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a(z) 1

0 p(2)
a(z) and p(z) lie in the half-plane Re A < 0, the Cauchy matrix G (z,n,¢) is
uniformly bounded, i.e.

Since the matrix ( is a matrix of simple structure and its eigenvalues

||G(35a7775)|| < COV(%TN'?) 0<n<2<1,e>0
(see, for example, [10], pp. 119-120). We now write an integral system equivalent
to system (24):
w(z,t,e) =
= [ G(z,n,e K(n,t,n)z (nt,e) + [y e S nOd0 KLy (5 ¢ 2) ds "

LG (e ( @(nbt,s) >d77-

This Volterra integral system has for each £ > 0 a unique solution w (z,t,¢) in the
class C' ([0, 1] x [0, 1]) . Substituting it into the indicated system, and passing to the
norms in the resulting identity, we will have

||1U(.I,t,€)|| < CO ||(I)(.I,t7€ || +Cl fox HZ nat7€)H d77+02 IOI (fO Hy S7t’5)” dS) d?’] S

< @@ (z,1,¢)] + e Jo, 1w (.t €)[Ldn + ¢z [y (fo' lw (s.t,€)] ds) dn <

< L@@ t,e)| +ex fo w(mte)lldn+ea fy (fy lws,te)llds)dn =

= 0@ te)| +er fy llwnte) dn+ e fy [l (s, te)] ds- [y dn <

< 2|2z, t )l o, xa)) T €1 fo ||w (n, ¢, E)Hdn—i—cQ fo lw (s, t,e)|| ds =
= ()l oo oy + (€1 + 2) S 1w (0, £, di

(here we used the continuity of functions ®(z,t,¢), K(n,t,n), %ﬂté) and the

uniform boundedness of the matrix G (z,7,¢)). So, we obtain inequality

Co ®
Hw (:)3, t, 5)” < ? ||<I>((£, t, 8)||C([()71]><[0,1]) + (Cl + 02) /0 ”w (777 2 5)” dn.
Applying to this inequality the Gronwall-Bellman lemma, we arrive at the inequality

[w (2, e)|| < & H‘I’(w’tvg)HC([o,l]x[o,l]) cels(erreds o

= ||w($at>5)||c([o,1]x[o,1] < 2 |®(w,t 5)”0( 0,1]x[0,1]) =
= [ly(@, t,€)llco,1x[0,1)) < *H‘I’(ﬂ’j t.e)lleqo.)x(0,1])s

where vy = cpetT¢2. The theorem is proved.

Theorem 4. Let the conditions (i)—(iii) be satisfied. Then for € € (0, ey], where
en > 0 is sufficiently small, the problem (1) has the unique solution y(z,t,e) €
€ ([0,1] x [0,1]), and the estimate

||y($, tye— yEN(x)”C([O,l]X[OJ]) < CN8N+1 (N =0,1,2,.. )

takes place, where the constant Cy > 0 does not depend on ¢ € (0,en].

Proof. By the lemma, the partial sum y.n(z,t) satisfies the problem (21),
therefore the remainder term r (z,t,¢) = y(z,t,e) —yen (2, t) satisfies the following
problem:

rn(z,t,¢) L Ja(0)do

6# = a(x)rN(a:,t,s)Jr/e E

0

K(z,t,s)rn(s,t,e)ds—eN T Ry (x,t,€), rn(0,t,€) = 0,
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Here the role of the function ®(z, ¢, ¢) (see (22) and (23)) plays function -eV ' Ry (¢, €).
From here we get the estimate [|rn(z,t,€)|co11x01)) < eN Ry, fair for any
N =0,1,2,...and all € € (0, en], which means that for a partial sum y. y11(z,t) =

=yn(z,t) + N Flyn i (z,t, “0(;”)) the estimate

||y(.’177t7€) - yE7N+1($7t)HC([O,l]X[O,l]) = ||(y(.’17,t7€) - yEN(xat))_

P =
—eN N (a8, %)HC([O,I]X[OJ]) < Ongre™MH
is true. Using inequality ||la — b|| > |||a|| — ||b]||, we will have
||y(t,<€) - yeN(t)HC([O,l]X[O,l]) < CN5N+1 + N+l yN+1($7t7 L) s
¢ lleqox(o.)

where we derive the usual estimate

ly(t,e) — yen Ol co,x 0.1 < Cne™ T,

where the constant Cy > 0 does not depend on e € (0,ex]. From this inequality
it follows that the restriction of the series (10) for is an asymptotic series for the
exact solution of problem (1) for the Theorem is proved.

This work was supported by grant AP05133858 "Contrast structures in singularly
perturbed equations and their applications in the theory of phase transitions"” Ministry
of Education and Science of the Republic of Kazakhstan.
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