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Abstract: We consider a singularly perturbed integral equation with weakly and rapidly varying
kernels. The work is a continuation of the studies carried out previously, but these were focused
solely on rapidly changing kernels. A generalization for the case of two kernels, one of which
is weakly, and the other rapidly varying, has not previously been carried out. The aim of this
study is to investigate the effects introduced into the asymptotics of the solution of the problem
by a weakly varying integral kernel. In the second part of the work, the problem of constructing
exact (more precise, pseudo-analytic) solutions of singularly perturbed problems is considered on
the basis of the method of holomorphic regularization developed by one of the authors of this paper.
The power series obtained with the help of this method for the solutions of singularly perturbed
problems (in contrast to the asymptotic series constructed in the first part of this paper) converge in
the usual sense.

Keywords: singularly perturbed; integral equations; regularization of the integral; weakly and
rapidly changing kernel; holomorphic integrals; family of homomorphisms; asymptotic and
pseudoholomorphic solutions

1. Introduction

In the first part of this work, we consider a singularly perturbed equation in which integral
operators contain both weakly and rapidly changing kernels. The problem of constructing a regularized
asymptotic solution for this problem, uniformly applicable over the entire time interval under
consideration, was previously solved but only for rapidly varying kernels (see, for example
References [1-4]). A generalization for the case of two kernels, one of which is weakly, and the other
rapidly varying, has not previously been carried out. The aim of the present study is to investigate
the effects introduced into the asymptotics of the solution by a weakly varying kernel. Notice that
this problem was not considered from the point of view of other methods of asymptotic integration
(for example, using the methods of References [5-7]).

The second part of our paper is devoted to the construction of approximate solutions of singularly
perturbed problems using the method of holomorphic regularization [8,9]. The analysis of asymptotic
methods for solving singularly perturbed problems shows that the solutions of such problems depend
in two ways on a small parameter: regularly and singularly. This dependence is especially vividly
demonstrated by the method of regularization of Lomov. Moreover, regularized series representing
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solutions of singularly perturbed problems can converge in the usual sense. In this connection,
it became necessary to study a special class of functions—pseudoholomorphic functions. This very
important part of the complex analysis is designed to substantiate the main provisions of the so-called
analytic theory of singular perturbations. On the other hand, the relevance of the theory is also
supported by the fact that pseudoholomorphic functions, in contrast to holomorphic functions,
are determined when the conditions of the implicit function theorem are violated.

The concept of a pseudoanalytic (pseudoholomorphic) function and the associated concept of
an essentially singular manifold are of a general mathematical nature, although they arose in the
framework of the regularization method for singular perturbations. First of all, they reflect the new
concept of a pseudoholomorphic solution of singularly perturbed problems, i.e., such a solution,
which is representable in the form of a series converging in the usual (but not asymptotic) sense in
powers of a small parameter. We must also take into account the fact that the modern mathematical
theory of the boundary layer [1], along with the Vasilyeva-Butuzov-Nefedov boundary-function
method [5] and the method of barrier functions [10], widely uses the notion of a pseudoholomorphic
solution. The importance of considering singularly perturbed problems from the standpoint of
the method of pseudoholomorphic solutions is illustrated by applications (see, for example,
References [11,12]).

2. An Equivalent Integro-Differential System and Its Regularization

We consider the singularly perturbed equation

t t
ey (t,e) = / e%fst”(e)deKz(t,s)y(s,e)ds —|—/ Kq(t,s)y(s,e)ds+h(t),t € [0,T]. (1)
0 0
Differentiating Equation (1) with respect to t, will have

[5p(0) do

€ (L) _f( (t)e WKz(t,S)y(S,E)—I—g-ef (gth(t,s))y(s,s)) ds+
+e- Ky (t,t)y(te) +e- Z( 1(t, ))y(s,s) ds+e Ky (tt)y(te)+e-Lh(t),

2% = (Ky () + Ko (1)) ey + p () 2+

(t
—i—}e o LKy (ts)ey(s,e) d —i—}ai Ky (t,s) ey (s,€) ds+e- h(t), @)
0 0

t dae
where z(t,e) = [e Ky (t,s)y(s,e)ds. By differentiating this function with respect to ¢,
0

we also obtain

t ¢
ZZ () -z+ [ (e~em<j)d9 (8 Ks (¢, s)) y(s,s)) ds+e- Ky (t,t)y. (3)
t 0 ot
Finally, denoting by ey = v, rewriting Equations (2) and (3) in the form
e%0 = (Ky (t,t) + Ko (4, 1)) 0+ p (t) 2+
t t .
+fefby<e6)d9% Ky (t,5)v (s, ¢) ds—i—f% Ki(t,s)v(s,e) ds+e-h(t),
0 0

t t
e% =u(t)-z+ [ (ew (%Kz (t,s)) v(s,e)) ds+ Ky (t,t) v.

0

We have obtained an integro-differential system of equations
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or
e — A(t)yw + [) B (t,s) w(s,e)ds+

+ s et [ EOBG (1) w(s, e)ds + eH(t), w(0,e) = w® = ( h E)O) ) , )

where w = {v,z}, matrixes A(t), A1(t), B(t,s), G(t,s), and the vector function H (t) have the form

o K () FKa (k) p(t) [ Halks) g
AO={ " gnn ) B“'S)‘< 0
)

ot
0
Aalts) g i (t 1 (0
G(tfs)—<az<za(tt,s) 0>, HU)—( (())>, on( E) :
ot

The roots of the characteristic equation of matrix A (t) :

7

A —(u(t)+K () + Ko (5,0) A+ p (1) Ky (£,1) =0

form the spectrum o (A(t)) = {A1(t),A2(t)} of the matrix A(t). We assume that the
following conditions hold:

1) h(t),u (t) € C°([0,T],C), K (t,s) e C*(0 <s <t < T,C),j =1,2;
2) u(t) #0,Rep(t) <0, A;(t) #0,Re;(t) Vt € [0,T], j=1,2.

We denote by A3 (t) = u(t) and (according to the method [13] of Lomov) we introduce
regularizing variables

_ %

,1=123. (5)
For the extension @ = {v(t, T,¢€),z(t, T, ¢) }, we get the following system:

3 LA Ua*“?*f\(t)w JEB(ts)@(s, L, e)ds—
%

P(s
‘ (6)
—fo et S OG (1,5 (s, 1), e)ds = eH (1), w(t, T, ) |1—0, 1—0 = ",

where T = (11,2, 3), ¥ = (Y1, ¢2,3) . However, Equation (6) cannot be considered completely
regularized, since the integral operator

J = /Ot B (t,s)@(s, L4 (S),e)ds - /Ote% S 2080 G (1, 5) (s, L4 (S),E)ds

S s

has not been regularized. To regularize the operator J@, we introduce a class M, = Ll|

/

asymptotically invariant with respect to the operator | (see Reference [13], p. 62). In thls Case,
we take as the space U the vector-valued functions representable by the sums of the form

3

w(t,T) = z%wj(t)eTf +wo(t), w;(t) € C([0,T],C?),j =0,3. (7)
=
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We must show that the image Jw(t,7) of the functions of the form of Equation (7) can be
represented in the form of a series

Jw(t,T) =) ek(Z wgk) (t)el + w(()o) (1)) |T: oy

converging asymptotically to Jw (as e — +0) and that this convergence is uniform with respect to
t € [0, T]. Substituting Equation (7) into Jw(t, T), we obtain

Jw (t,T) = fo ( wj(s )e% I A —i—wo(s)) ds+
+ [let e dGc(t s) (z] Lwi(s)et o i —I—wo(s))dsz
= fo B (t,s) wy(s) ds—i—foeef AOd0G (¢, 5) wp(s)ds+
+y3, fO*B(t,s) i(s)ee Jo 2@ gs
+Z? 1fot w;(s s)et Jo M@0+ [ As(0)a0 g0 —
= fo )ds—l—es Jo 2a( G)def G (t,s)ws(s )ds+
+ [y et f/\3 dGG(t s) wo(s)ds + L2 1f0 (t,s) wj(s)es e o MO8 gg
Y2 [EG (ts) wels s)et Ji M(0) d9+ L[EAs(0)d6 4o

Applying the operation of integration by parts, we find that

1 ot
RIS it
V)W < Jo A d L)W
=€ [ /\3(0[)] ee fo 3(0)do _ )\3(t3) } +

te [ et [ As(@)0 2 (Sl ) s

= Yo L(I (G (,8) wo (5))),_g et o PO — (17 (G (t,8) wp (5))),_,];

B (s)et MO0 ds = ¢ i 2 get Ji ()
]
_ B(tf)w (t ot Jorj(@)a6 _ BEOw;(0)]
_8[ Aj(Bf()]t ’ j(0§ }
t S 1
o & (M) e O =

= o ()" (1 (B () wy () _ et DMO® — (1 (B (t,5)wi () ]

s=t s=0

fo (,5) wi(s )eg I3 Ae(0)do+1 [Fas(0 deds — et Jo As(8 def fg[Ak(e)f/\gs(e)}deG(tls)wk(s)ds _
— ¢cee fo )‘3 d6’ ft G(tsi’wk)deg fo [)‘k ( )]d@ —
(s)—As(s
— ot o As(® d9{ ftM 1[5 A(@)=A5(0)]d0 _ G(L0)we(0) 1
—eec 0 M A5(1° A(0)-25(0))
. ftel fo [Ae(0 )]kde 9 (G(ts)wk )ds} _ k 3
t G(tHwe(t) 1 % ) ??(os)
w, )do w )do
fo/\kt) )‘k3t 1fo/\k k(fkt Jo As(0) ]—
—gee I‘O/\3 def ee fO (A (8 )dea ( PHE )\k3 5))
= Y- (=1)"¢ ’”“[(1}3;( wy(s))) ., eF Jo MO0
)de

— (I8 (G (t,5) wi(s))) esfw L

where operators are introduced:

0= mm=12m 1 m>1j=123;

_ 1 _ 1 9 ym—1 (8)
BT RN B T neeam ek M= Lk=12
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Consequently, for the operator Jw (f, T) there is a decomposition

Jw (t,7) fo o(s)ds + et Jo A3 GWI G t,s) ws(s)ds+

+zmzosm+1[<1g1 <G<t,s> wy (5))) g et b 5@ (I;?( (t,9) w0 (5))) o]

+ T ()" e L (1 (B (1,5) v <s>))s:t et Joi(0)d0_

— (I]m (B (t,s) wj (S))>s:0]+ ®)

Y (1)L Y2 [(I (G (t5) wi(s))),_, et o M(O)0_
1t
— (1 () wels)) et his@ae) )
It is not hard to show (see Reference [14]) that the series on the right-hand side of Equation (9)
converges to Jw(t, €) (as ¢ — +0) uniformly with respect to t € [0, T]. We introduce operators of order
(one)Ry,: U— U:

Row (t fo )ds+eT3f G (t,s) ws(s)ds,

le(t, T) _ (tAOS)(LSS)(O) T G(t)fs)(lj:?( )+
3 [B(tHw(t) 7.  B(£0)w;(0)

+j§1 { /\j(t)] e’ - /\j(0§ } + (10)
2 T(G(t)wg () G(1,0)wy (0)

+k=1 [(/\k((f))—u;\ks(f)) et — (/\k((o))—a/;\ke»((o)) ETS} !

Ryprw (t,7) = [(1§ (G (£,5) wo (5))) ;_e™ — (I3 (G (t,5) wo (5))) s, ]+

3
HED" R (B E)w )= (7 (B o)), )+
D B (6 (69) 00(5)) ™ = (I (6 (1) () %) o),
m>1,7= gt)

Then, the image Jw(t, T) can be written in the form

Jo(t,7) = Row(t,7) + ¥ € Rypsyw(t, 7), (1)

m=0

where T = @ We now extend the operator | on the series of the form

w(t,T,¢) Zewktr (12)

with coefficients wy (¢, T) € U,k > 0. The formal extension | of the operator | on the series of the form
of Equation (12) is called the operator

€) f Y €'Y Ry _sws(t, ). (13)
v=0 s=0

In spite of the fact that the extension in Equation (13) of the operator | is defined formally, it is
quite possible to use it (see Theorem 3 below) in constructing an asymptotic solution of a finite order
in e. Now, it is easy to write out the regularized (with respect to Equation (1)) problem:

- 3 .
aai;’ +Y A () g%’ — A(D® — Jo = eH(E), @(t,T,€)|1—0, r—0 = . (14)
j:
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3. The Solvability of Iterative Problems and the Asymptotic Convergence of Formal Solutions to
the Exact Ones

Substituting the series of Equation (12) into Equation (14) and equating the coefficients for the
same powers of &, we obtain the following iteration problems:

3
Lowo(t, ) = Y A; aﬂ — A(Hwy — Rowg = 0,0(0,0) = w’; (15a)
]:
ow
Lowy(t, T) = _W + Rywp + H (t),w1(0,0) = 0; (15b)
ow
Lows(t,T) = —7 + Rywy + Rywy; wy(0,0) = 0; (15¢)
3wk 1

Lowy(t, T) = + Ry (t)wyg_1 + Rowy_r+
+...+ RkZUQ,wk(O 0) =0,k>1,

(15d)

where Row (t,T) = Ro (Z?:1 wi (t)e + wo(t ) = fo o(s)ds + €™ fo (t,s) w3(s)ds.
Turning to the formulation of theorems on the normal and unique solvablhty of the iterative
problems of Equations (15a)—(15d), we denote by

@i (t) NOETTOAN
=] =" =12,
1= g2t Ko (1
the eigenvectors of the matrix A(t). As the eigenvectors x;(t) of the matrix A*(t) we take the columns
of the matrix (®~! (t))* = (x1 (), x2(t)), where @ () = (@1 (t), @2 (t)) is the matrix whose columns
are the eigenvectors of the matrix A(t). Therefore, if @; (t) is A; (t)-eigenvector of the matrix A(t),

then x;(t) is an A, (t)-eigenvector of the matrix A*(t), and the systems {¢; (t)} and {x (t)} are
biorthonormal (see Reference [14], pp. 81-83), that is,

(@; (1), xx (1) = ij{ (1) ;;I; (,k=1,2).

Each of the iterative systems of Equation (15d) has the form

Low(t, ) = Y A; (1) g%" ~ A(Hw — Ryw = P(t,7), (16)

where P(t,T) = ZJ 1 Pi(t)e" + Py(t) € U. We prove the following assertion.

Theorem 1. Suppose that the conditions (1) —(2) are satisfied and P(t,t) € U. Then, the system of
Equation (16) is solvable in the space U if and only if

(Pi(t), xj(t)) =0Vt €[0,T],j=1,2. (17)

Proof. We will determine the solution of the system of Equation (16) as the sum of Equation (7).
Substituting Equation (7) into Equation (16) and equating separately the coefficients of e% and the free
terms, we have

(A () I = A () wi (t) = P (), k=1,2, (18a)

(A3 (t) I — ) ws ( o G (t,s)ws (s)ds = P5 (1), (18b)

-
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A (t)wo () — /Ot B (t,s)wo (s)ds = Py (t). (18¢)

For the systems of Equation (18a) to be solvable in space C* ([0, T],C?), it is necessary and
sufficient that the identities of Equation (17) hold (see, for example, Reference [14], p. 84). Moreover,
these systems have a solution in the form of vector functions

_ 2 (P (), xs (1) _
wi (1) = ag (1) @i (£) + Szgﬂm% t), k=12,

where a (t) € C*® ([0, T],C!) are arbitrary functions. Since A3 (t) ¢ o (A(t)) and 0 ¢ o (A(t)),
the systems of Equations (18b) and (18c) can also be rewritten in the form

ws (1) — [y (As () I— A1) G (t,s)ws (s)ds = (A3 (1) I — A () " P3 (t), (19)
0 (t)+ Joy AN (E) B (t,s)wy (s)ds = —A~1 (£) Py (1).

These Volterra integral systems have kernels belonging to the class C* ([0, T], C**?), so they
have unique solutions in the space C* ([0, T], C?) . The theorem is proved. [

Remark 1. It follows from the proof of Theorem 1 that if the conditions of Equation (17) are satisfied, then the
system of Equation (17) has the following solution in the space U :

w(E,T) = iy [ (8) 9k () + T2y P (1) 9 (1)] €% 403 (1) €™ + g (1),
(

20)
< 030 o (
(ris () = 2GR G s =1.2),

where ay. (t) € C* ([0, T], CY) are arbitrary functions, and vector-valued functions ws (t) ,wo (t) are solutions
of the integral systems of Equation (19).

We now consider the system of Equation (16) under additional conditions

(0 0) = (21)
— +R1w+ Q(t, 1), xj(t)e >=0,j=1,2,

where Q(t,7) = Z 1 Qj(t)e" + Qo(t) are known functions of class U, w* € C? is a known constant

vector, the operator R; is defined by the equality of Equation (10), and by the <, > we denote the inner

product (for each t € [0, T]) in space U :

3

3
< p(tu),q(t,u) >=< Y pj(H)el + po(t) zq] )l +q0(H) > 2 Y (pilt), ax (1)),

j=1 k=0
where (, ) is an ordinary inner product in C2. The following assertion holds true.

Theorem 2. Suppose that the conditions (1)—(2) hold and the vector function P(t, T) € U satisfies the conditions
of Equation (17). Then, the system of Equation (16) under additional conditions of Equation (21) is uniquely
solvable in U.

Proof. Since the conditions of Equation (17) are satisfied, the system of Equation (16) has a solution for
Equation (20) in the space U, where a; (t) are arbitrary functions for now. Subordinating Equation (18)
to the initial condition w(0,0) = w*, we obtain the equality

a1 (0) @1 (0) + p12 (0) 92 (0) + a2 (0) 92 (0) + p21 (0) 1 (0) = w™,
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where w* = w, — w3 (0) — wp (0) . Multiplying both sides of this equation scalarly in turn by x1(0) and
x2 (0), taking into account the biorthonormality of the eigenvector systems {¢; (¢) } ,{xx (t)}, we have

a1 (0) = (w*, x1 (0)) — p21 (0),&2 (0) = (w™, x2 (0)) — p12 (0). (22)

We now calculate the expression — %—Zf + Riw + Q(t, 7). Taking into account Equation (21) and the
form of the operator Ryw (t, T) , we have (here and everywhere below, a fatty dot denotes differentiation
with respect to t.)

%4 Ryw+ Q(fT) = — Y2y (ax (£) @r (£) + pis (1) s (£))° €T —
—tbg (£) €™ — by () + SUpol0ems — SR
B(twi(t) ¢+  B(t0)w;(0)
b [ M - 2]
G(tt t G(t,0 0 .
+ X [ — o] + D Qe +Qo(t)

When writing the conditions of Equation (21) in this expression, it is necessary to preserve only
terms containing exponentials e™ and e™, that is, Equation (21) is equivalent to the conditions

<—i<ak<t><ok<t>+ y pksu)qos(t)) e+

s=1,s#k

s=1,5#

2
+ & (R niam) (mt) o+ ¥ aon <t>> et
+ Y Qj(t)eTk,Xj (t) el >= 0,]' =1,2,
k=1

or

(a1 (1) @1 (1) +pia (1) @2 ()" + (3 + 5k ) (o1 (8) @1 () + pa () 2 (1) +
+Q1(t), xa1(t) =0,
(—(w2 (1) @2 (1) + por (1) @1 ()" + (3 + s iy ) (2 (1) @2 () + pon () 1 (1) +
+Q2(t) , x2(t)) =0.

Performing inner multiplication here, we obtain differential equations

i 0+ (00— (55 + 5 e ) 1 O () (0 =1 1),

0+ (020~ (55 + 2 Ym0 0)en =20,

where g; (t) are known scalar functions, j = 1,2. Adding the initial conditions of Equation (22) to
these equations, we find uniquely the functions «; (t) in the solution of Equation (20) of the system of
Equation (16), and therefore, we construct a solution of this system in the space U in a unique way.
The theorem is proved. O

Applying Theorems 1 and 2 to iterative problems, we uniquely determine their solutions in space
U and construct the series of Equation (12). As in Reference [2], we prove the following assertion.

Theorem 3. Assume that the conditions (1)—(2) are satisfied for the system of Equation (2). Then, for
€ (0,9 (eg > 0is sufficiently small) the system of Equation (2) has a unique solution w(t,e) € C'([0, T], C?);
and here we have the estimate

|[w(t,€) — wen (B)lco,r < ene™ !, N=0,1,2,...,
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where weN (t) is the restriction (for T = @) N-partial sum of the series of Equation (12) (with coefficients
wy (t, T) € U, satisfying the iterative problems of Equation (15d)), the constant c > 0 does not depend on €
ate € (0,¢q].

Since y (t,€) = 1v (t,¢), the series

120;( (tlpg)> = %vo (tlpit)) + o1 <tlp£t)> + evy (tlpit)> +

is an asymptotic solution (for ¢ — +0 ) of the original problem of Equation (1), that is, the estimate

te) - 3 o (t "’(”) leor < CneV*, N = 1,01, (23)
k=-1

is correct, where the constant Cy > 0 does not depend on ¢ € (0, gg].

Conclusion 1. The influence of the weakly varying integral kernel Ky(t,s) on the asymptotic
of the solution of the problem of Equation (1) consists of two factors: Firstly, the kernel Ky(t,s)
participates in the formation of the matrix A(t) and its eigenvectors and eigenvalues, secondly, it
participates in the construction of the limit operator Ly, which leads to an additional integral system

t) + fot A71(t)B(t,8)wp (s)ds = —A~1 (t) Py (t) in the solvability of conditions Equation (17) of
iterative problems.

4. The Limit Transition in the Problem of Equation (1). Solving the Initialization Problem

It follows from Equation (23) that the exact solution of the problem of Equation (1) is represented
in the form
y(te) =Ly (t, @) + 0 (t, @) +¢F (t,¢),

i (24)
|F (t€)||cn < F =const(¥(te)e[0,T]x(0,¢)]),

therefore, in order to study the passage to the limit (for ¢ — +0) in the solution of the
problem of Equation (1), it is necessary to find the solutions of the two iteration problems of
Equation (15d) (k = 0,1) under the conditions of Equation (18) for the solvability of the third problems
of Equation (15c). We start with the problem of Equation (15a):

L()wO(t, T) Z )\ ( ) % — A(t)ZU() — Rowgy = O,ZU()(0,0) =l

(15a)
(Row (t,7) fo o(s)ds + €™ fo (t,8) w3(s )ds).

Since the right-hand side of the system of Equation (15a) P() (t,7) = Z?:1 Pj(0 (t) e + P( ) (1)
is identically zero, it has (according to Theorem 1) a solution

2
Z £ e +wl” (1) e + wl (1),

where the vector functions wgo) (1), w(()o) (t) satisfy the equations
() = oA () T— A (1) G (t,5)wl” (s)ds =0,
(£) + Joy A71(t) B (t,5) wo () ds = 0.

These equations are homogeneous, and therefore, they have the unique solutions

wéo) (t) = wéo) (t) = 0, and the solution of the system of Equation (15a) is written in the form
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2
0
wo(t,7) = Y al”) () gy (1) €™ (25)
k=1
Let xi (1) = {xi(t),x3(t)}, k = 1,2. Subordinating Equation (24) to the initial condition
wy(0,0) = w®, we find the values
0 -
a (0) = (@, (0)) = (0) %k (0), k= 1,2. (26)
For the final computation of the functions rx,((O) (t), we pass to the next iteration problem
- (0 .
Lowy (t,7) = — Y (ak (t) o (t)) e% + Rywo + H (), w1(0,0) = 0, (15b)
k=1

where .
Riwo = Re (T2, o (1) i (1)) =
5 | B ety o B(£0)al” (0)g;(0)

=Ljx e el — A (0) +
Gt (Hee(t) o G(LO)a” (0)gx(0)
Y2, { A0 e B Vi o v

Keeping, as in Theorem 2, only the terms containing exponentials e™ and e, we write down
conditions of Equation (17) in the form (see Equation (26)):

0, _ (Bt Hee(t) G er(t) (0)
0 (t) ( /\k (t)k + /\k (t) _)g (i’) — Pk (t)/Xk (t>> ‘Xko (t)/

o (0) = (0) %} (0),k=1,2,

from which we find that
) (£) = 11 (0) %L (0) elo ()0 o — 1,2, (27)

where it is denoted: g; () = ( (tt)(q”)‘( )y Akgt)t)q)"(()) o (B, x (t)) ,k = 1,2. Thus, the solution of

the problem of Equation (15a) is found in the form of Equation (25), where the functions uc,(co) (t)
are Equation (27). Similarly, we can find the solution of the problem of Equation (15b). However,

having in mind to solve the initialization problem in the future, we must put vy (t, ngt)) = 0in

Equation (24). This identity holds if and only if a,(co) (t) = 0 (k=1,2) & h(0) = 0 (remember
2 )
that vy (t, ‘PT“) ) = Y a,((o) GIAG) e%, (p]l- (t) = Aj(t) — p (t), j = 1,2 and see Equation (27)),
k=1
we will therefore carry out further calculations for /1 (0) = 0. In this case, wy (t,7) = 0,Rjwyg = 0,
and the problem of Equation (15b) takes the form

S a
Lowy (¢, 7) = Z au: — A(t)wy — Rowy = H (t),w1(0,0) = 0.
j=1 ]

Since here P() (t,7) = H (t) (P-(l) (t)=0,j=1,23, Pél) (t)y=H (t)) ,in formula

0-% l“g) Do+ L oD 0900+ (e +ufd (1

s=1,s#k
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for the solution of the problem of Equation (15b) functions p]({? (t) =0 (k,s =1,2), functions wél) (1)

(1)

and wy ’ (t) are solutions of the integral equations

wg? () = JE(As () T—A(E) 11 G(ts)wl) (s)ds =0 = wl) (1) =0, 28)
t _ _
wy () + fy AL (D) B (t5)wl (s)ds = —AT (1) H (1),
therefore, the solution of the problem will be as follows:
2 (1) 1)
wi(t,T) =Yy’ (t) g () e* +wy’ (1), (29)
k=1

where le((l) (t), for the time being, are arbitrary functions, k = 1,2, and the vector-valued function

wél) (t) is a solution of the system of Equation (28). Subordinating Equation (29) to the initial condition

w1(0,0) = 0, we obtain

22y " (0) i (0) =~ (0) =
2 (0) = (A (0) H (0), x¢ (0))

ie.,
1 ; -
{ W ()= 1 (0 0) 7} 0), 0)
w5 (0) = 22 (0) 1 (0) 5} (0).
For the final calculation of the solution of Equation (29) of the problem of Equation (15b), let us
pass to the following problem (note that wy = 0):
ow;

Low,(t, T) = 5 + Rywy, wy(0,0) =0. (15¢)

Substituting here the function of Equation (29), we obtain the system

Lows(t,T) = = Ty (a) (1) e (1)) et
G(t0)wiV(0) . G(tHwi ()
I

B(tHa (g;(t) o B(t0)al (0)g;(0)
MR e v v (0 el

(1)
(A)( )( ) Tk G(KZ)(“;{_(O)W(O) €T3] -0

Gt (1)
b |

Keeping here, as in Theorem 2, only terms containing exponentials ¢™ and e™, we write the
conditions of Equation (17) for the solvability of this system in the form

DCI((l) (t) _ (B(f/,\tk)(q;})c(t) 4 /\kEt)) k((tt)) ¢k (t) Xk (t)) 06751) (i’) ,
oV (0) = A1 (0) 71 (0) 71 (0), 4V (0) = A5 (0) 7 (0) %1 (0),

. , _ ) 1
from which we uniquely find the functions le(c ) (t):
o (1) = A (0) 7 (0) & (0)eh O,k =1,2,

and therefore, we uniquely construct the solution of Equation (29) of the problem of Equation (15b).
In this case, the equality holds (remember that wy (¢, 7) = 0)
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(N)8(?ﬂu®ﬂ®ﬁ@ﬂwmwwﬁﬂ%)+%”@)+gﬂ@@é

=1

=y (0= Snoho g 0 "ol o) 4ol 0 4o 10 1)
=1

t (2 (1)
W, @EKE9)A S
% (5 + / Ky (t,t) ds = 71?1 (t, 1)
0 " (32a)
" Ky (1 1) (%Kl (t,s))vo (s) Ka (1) %h(t))
S T T YO Bl Rt OT YO

It follows from Equation (31) that when Re A, (f) < 0 (Vt € [0,T], k = 1,2) there is a passage to
the limit

Hy (t,e) — oV (t)HCW] S0 (e — +0),

where ¢ € (0, T) is an arbitrary fixed constant, and w(()l) (t) = {v(()l) (1), z(()l) (t)} . However, in our case,

there can be purely imaginary eigenvalues (Re A (t) = 0), so the indicated limit transition does not
hold. The following problem is posed: to find a class . = {h (t), K7 (t,s),K; (¢,5)} of initial data of
Equation (1) for which the passage to the limit

Iy (te) =" (t)HC[O’T] 0 (¢ = +0), (+)

takes place on the whole segment [0, T], including the boundary layer zone. This task is called the
initialization problem. . It is clear from Equation (31) that the limit transition (*) occurs if and only if
h (0) = 0, therefore, the following result follows from Equation (32a).

Theorem 4. Suppose that the conditions (1)—(2) are satisfied. Then, the passage to the limit (x) holds if and
only if h (0) = i (0) = 0 (here, v(()l) (t) is the solution of the first equation of the system of Equation (32a)).

Conclusion 2. Thus, the initialization class £ has the form & = {h(t) : h (0) = /1 (0) = 0} . Here,
the kernels K; (¢,s) can be arbitrary, provided that conditions (1)-(2) are satisfied.

Example 1. Consider the equation

t

ey (t€) = /e*

0

1
€

(e Ny (se) s+ [ (27y (50) dot £ (326)

Here, h (t) = t?, u(t) = —1, Ky (t,s) = —2e7%, K» (t,8) = e~ — 1. The characteristic equation of

—ef—1 -1
-1 -1

developed above, we find that

the matrix A (t) = has two roots A1 (t) = —2, Ay (t) = —e~ . Using the algorithm

t (1)
8K ( fS (s) 4 (¢
—I—/ at =t () (1) = te'.
0

K ( tt °= Ky (t,t) % ()
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Since h (0) = 0, the main term of the asymptotic of the solution of our Equation (32b) coincides with
v(()l) (t) (see Equation (31)). By Theorem 4, there is a passage to the limit:

v (t€) — tethoﬂ —0(e = +0).

t
We note that the function U(()l) (t) = te' is a solution of the integral equation [ (—2e~Sy(s)) ds+ > =0,
0

which is degenerative with respect to Equation (1). If only h (0) = 0, but h (0) # 0, then from Equation (31),
we would have obtained that

y(te) =0 <t¢£t)> +¢F (t,¢),

and the function v4 (t, @) contains exponents e and e %(eft_l), which prevent uniform convergence of the
solution y (t,€) on the whole interval [0, T] to the limit function. In this case, uniform convergence will occur
only outside the boundary layer [6,T] (6 € (0,T)).

The analysis of asymptotic methods for solving singularly perturbed problems shows that the
solutions of such problems depend in two ways on a small parameter: regularly and singularly.
This dependence is especially vividly demonstrated by the method of regularization of Lomov. Moreover,
regularized series representing solutions of singularly perturbed problems can converge in the usual
sense. In this connection, it became necessary to study a special class of functions—pseudoholomorphic
functions. This very important part of the complex analysis is designed to substantiate the
main provisions of the so-called analytic theory of singular perturbations. On the other hand,
the relevance of the theory is also dictated by the fact that pseudoholomorphic functions, in contrast
to holomorphic functions, are determined when the conditions of the implicit function theorem are
violated. The concept of a pseudoanalytic (pseudoholomorphic) function and the associated concept
of an essentially singular manifold are of a general mathematical nature, although they arose in the
framework of the regularization method for singular perturbations. First of all, they reflect the new
concept of a pseudoholomorphic solution of singularly perturbed problems, i.e., such a solution, which
is representable in the form of a series converging in the usual (but not asymptotic) sense in powers of
a small parameter. We must also take into account the fact that the modern mathematical theory of the
boundary layer [13], along with the Vasilyeva-Butuzov-Nefedov’s boundary-function method [5,6],
widely uses the concept of a pseudoholomorphic solution. The following sections of our work are
devoted to the construction of exactly such solutions [15].

5. Pseudoholomorphic Functions in the Theory of Singular Perturbations. Basic Concepts
and Statements

We consider the set of functions F(z, w, ¢), where w = (wy, ..., wg),F = (F, ..., F), holomorphic
in a polydisc D = D;, X Dy,, X Dy, in which
Dy, ={z: |z—2| <Ro}, Dy, ={w: |wj—wg,| <Rj j=1k},Dy={e: |e] <eo}.
Definition 1. A function w(z, €), defined implicitly by the equation

F(z,w,e) =0, (33)

is said to be pseudoholomorphic at a point of ¢ = 0 of rank v, if the following conditions are satisfied:
19, F(zg, wg,0) = 0;
2°. 0, Fi| | =0V(z,) € Dy x Duy, i =T7,j =1k
e=
30, det||f;jl| # 0V(z,w) € Dy, X Dy,, where fij = agwjp,- Jl ; fij
e=
i=r+Lkj=1k

Il
—_
!
N
~
Il
—_
!
ke
bl
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40, w(z, €) is unbounded in any sufficiently small neighborhood of a point e = 0 and there exists a set
Eo C Dy, for which the point e = 0 is a limit point and such that it is bounded on a set T,, X Eg, where Ty, is
a compact that belongs D, and contains a point z.

From definition , it follows that

(34)

Fi(z,we) = ¢i(z) —eljr(z,w) — ... —"Uip(z,w) —..., i=1r;
i:

Fi(z,w,e) = Ujp(z,w) + eljq(z,w) + ...+ Ui, (z,w) + ..., r+1,k,

and these series converge uniformly on any compact set D, X Dy, in some neighborhood of the point
¢ = 0 (depending on the compact).
We compose the following system of equations:

Upi(z,w) = ¢1(2) /¢,

ur,l (Z/ w) = (PV(Z)/Sr
Uyi10(z,w) =0,

Ugo(z,w) =0,

which will be used in the future. We shall call Equation (35) the main system.

Suppose that the entire functions ¥y, ..., Y, of one variable with the asymptotic values a1, ..., a,
are such that the sets w; = {q; : q; = Yi(¢i(z)/¢e)} C Cy, arebounded if z € T;, and € € Ey, where Ty,
and E;, are sets satisfying the condition 49 of the Definitions 1. We also assume that the points a; close
these sets: @; = w; U {a;}, i = 1,r. We introduce the notations: ¥ = (¥1,...,¥Y:), ¢ = (¢1,...,¢s),
a=(ay,...,a,).

Definition 2. The set Q(Y, ¢, Tz, Eg) = w1 X ... xw, C Cq x ... x Cy, is called an essentially
singular manifold, generated by the functions ¥ and ¢ on the set T,, x Eo; we call the set
O(Y, ¢, Tz, Eg)=@1 X ... X @ an extended essentially singular manifold.

Let us formulate sufficient conditions for the existence of a pseudoholomorphic function. For this,
along with the system of Equation (35), we consider the system

U1(z,w) = q1,

Ur1(z,w) = qr,
Urt10(z,w) =0,

Uio(z,w) = 0.

Theorem 5. If a functionw = Wy(z,q) that is a solution of the system of Equation (36) is holomorphic on
a compact Q = Tz, x Y, ¢, Tz, Eo) and maps it to a polydisk Dy, then the function w(z, €), implicitly
defined by Equation (33), is pseudoholomorphic at the point € = 0.
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Proof. We represent the vector of Equation (33) in the form of a system as follows:

Uii(z,w) +elhp(z,w) +...+ e Ui pia(z,w) +... = g1(2) /¢,

Upp(z,w) +elpp(z,w) 4+ ...+ €"Uppi1(z,w) +... = @r(2) /¢, (37)
Up1,0(z,w) + elpy1a(z,w) + ...+ " Upprn(zw) +... =0,

Upo(z,w) +elg1(z,w) + ...+ U, (z,w) + ... =0,

and calculate the values of the functions ¥y, ..., ¥, from the left and right parts of the first r equations:
Y, (um (Z, ZU) + 8U1’2(Z, Zl)) +...+ e”lanH (Z, ZU) +.. ) =Y (q)l (Z)/E),

¥, (U1 (2,0) + el (2,0) + o+ €Uy i1 (2,0) + ) = g, (2) /¢),

and then in the left-hand sides of these equations we distinguish the main terms:

¥1(Upi(z,w)) +eVi(z,w,e) = ¥1(p1(z)/e),

(38)
Y, (U 1(z,w)) +eVi(z,w,€) =¥, (@r(2)/€).
Using the notations introduced earlier, we rewrite the system of Equation (36):
Yi(Upi(z,w)) +eVi(z,w,e) =q1,
¥, (Uyy (2,0)) + eVilz,0,6) = g1, )

Ury1,0(z,w) =0,

Uio(z,w) = 0.

When ¢ = 0, the system of Equation (39) has a solution w = Wjy(z,q), holomorphic on a set
Q, that which maps to a compact, belonging to Dy, , and therefore, in accordance with the implicit
function theorem, in some neighborhood oz, of each point (z,4) € Q this system has a solution
w that is holomorphic at the pointe = 0 : W(z,q,¢) = Y (€"Wy(z,q). From the covering {cz,}
of a compact set Q, we choose a finite subcover, then the function W(z, g, ¢) will be holomorphic
uniformly on Q in a neighborhood |e| < €1, where ¢; is the smallest number of the corresponding
finite subcoverings. The boundedness of the function w(z,¢) = W(z, ¥1(91(2)/¢), ..., ¥Yr(pr(2)/€),€)
for e — 0 (¢ € Ep) follows from the fact that the point (z, ) belongs to an extended essentially singular
manifold Q(¥, ¢, Tz, Eo). The theorem is proved. [

Remark 2. It follows from Theorem 5 that a pseudoholomorphic function decomposes into a power series with
coefficients that depend in a singular way on e:

W(ze) =} €"Walz, ¥1(91(2)/2), ..., ¥r(@r(2)/2)) (40)
n=0
and this series converges for |e| < &1 (¢ € Ep) uniformly on Ty,

6. *-Pseudoholomorphic Functions

In applications, for example, in the mathematical theory of the boundary layer [3], we have to
impose less restrictive conditions on pseudomorphic functions.
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Definition 3. A *transformation of a function F(z,w,e) = (F,.., F), defined by the equalities of
Equation (34), is a vector-valued function of (k + 3) variables:

Fi(z,w,¢,ex) = (Fa(z,w,¢ee4),..., Fug(z,w,6€4)),

where the components with numbers i = 1,r have the form
Fi(z,w,ee:) = 9;(2) — el 1 (z,w) — ... — e WUy u(z,w) — ...,

(that is, they are obtained from F;(z,w, ¢) by replacing " by e.e"1,n = 1,2,...), and when i = r + 1,k they
remain unchanged: F,;(z,w, ¢, €.) = Fi(z,w, €).

Obviously, the function F,(z, w, ¢, &) is holomorphic in a polydisc D x Dy, where Dy, = { &, :
le « | < ep}, and the equation F,(z, w, ¢, &+) = 0 implicitly defines a functionw = w,(z,¢, ¢,) for which
the equality w(z, €) = w.(z, ¢, €4) holds true.

Definition 4. A function w(z, €) is said to be *-pseudoholomorphic, if the function w.(z, €, €) is holomorphic
with respect to the second variable at the point € = 0 uniformly with respect toz € Ty, for each fixed e, € Ey.

Theorem 6. If a function Wy(z,q) is holomorphic on a set Q = T,, x Q(Y, ¢, T»,, Eo) and maps it to
a polydisk Dy, then the function w(z,€) is * -pseudoholomorphic at a point € = 0.

Proof. We fix ¢, € Ey, then choose arbitrarily z € T, and let g, = ¥(¢(z)/e«). Itis clear that
for the system
Y (Ui1(z,w)) +eVi(z,w,e) = qus,

Y (U 1(z,w)) +€Vi(z,w,€) = Grx,

41
F}'+1 (Zr w, 8) = O/ ( )

F(z,w,e) =0

the conditions of the implicit function theorem are satisfied, and since the set of all such g, compacts
(for a fixed eyand z € Ty,), the proof is completed in the same way as in the previous theorem. [

Corollary 1. Thus, the solution of the system of Equation (41) can be represented in the form of a series in
powers of € :
(e
w(z,e6) = Y " Walz, ¥Y1(p1(2)/ex), ..., Yrlpr(z)/e4)) (42)
n=0

which converges uniformly on Ty, at |e| < e1, where &1 > 0 and depends on e.. In addition, from the proof of
Theorem 6, it follows that if e, = € (¢ is fixed and belongs to the circle of convergence of this series), then uniform
convergence will be observed even on a narrower set Ty C Ty, (2o € Ty, )-

The main question that arises in connection with the notion of *-pseudoholomorphy is the
following: when can a *-pseudoholomorphic function be extended to the whole compact T;?
The answer to this question will be given in the scalar case, i.e.,, when n = r = 1. Note that in this case

F(z,w,e) = ¢(z) —eli(z,w) — ... —'Uy(z,w) — ... (43)

and 0, U; (z, w) # 0in the in bidisk D5, X Dy,.
Furthermore, we assume that the condition (R) is fulfilled: all the functions participating in the
analysis take real values, when their arguments are real.
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Let A(Dy,) and A(Dy, x Dy, ), where Dy, = {w : |w—wy| < R} be the algebras of holomorphic
functions, respectively, in the domains D,, and D;, X Dy,. In connection with the condition (R),
we will assume that zy and wy are real.

Theorem 7. If {H,} is a holomorphic at the point € = 0 family of homomorphisms of an algebra A(Dy, ) into an
algebra A(Dy, x Dy, ) such that Hy = I and the functions ¢(z), F(z,w, &) = He[¢@(z)] satisfy the condition
(R), and the conditions of Theorem 6 on the compact set T, = [zo, zo + A] C Dy, hold true, then the function
w(z, €), implicitly defined by the equation F(z,w,e) = 0, admits a pseudoholomorphic extension to T,.

We preface the proof of Theorem 7 with the following lemma.

Lemma 1. The mappings He : A(D;) — A(Dy, X Dy,) for each sufficiently small e satisfy the
commutation relation

Help(2)] = ¢(He[z]). (44)

Proof. Indeed, since ¢(z) € A, then ¢(z) = Y3°, cx(z — z0)¥, and, therefore,

mli%&—mﬁm—i%ﬂﬂﬂﬂwﬂ—fﬁA%k—mf—
k=0 k=0 k=0
= Y c(Helz] — Helzo)k = 3 cx(Helz) — 20)* = p(Hez]),
k=0 k=0

thus, Equation (44) is proved. O

Proof of Theorem 7. We differentiate Equation (12) with respect to z and w:

0:He[p(2)] = ¢'(He[z])9-He[z],

dwHe[¢(z)] = ¢ (He[z]) 0w Hez],
from which, it follows that
eFr+ f(z,w,e) Fy =0, (45)
where f(z,w, &) = —ed,He[z]/0wH;[z] is a holomorphic function at the point ¢ = 0, which differs from

zero in the domain D;; x Dy, for a sufficiently small e. Equation (45) is the equation of integrals of the

differential equation
dw

e = f(z,w,e), (46)

and we seek its solution in the form of a series in powers of ¢ , assuming the operator 9, to be
a subordinate operator fd,,. We have [8], for an arbitrary function ¢(z) € A,,, that

F(z,w,e) = He[p(2)] =

— (z)dw 9 ! (z)dw dw (47)
= p(z) —¢ [ GO g2 [0 (3 o gLl _dm

By uniqueness, the solution of the equation F(z,w, ¢) = 0 is the solution @ (z, ¢) of the Cauchy
problem for the differential Equation (46) with the initial condition @ (2o, €) = wp, which, in accordance
with Theorem 7, is a *-pseudoholomorphic function in a neighborhood |¢| < &1 (see Corollary 1) and is
defined on some interval [zg, zg + A1] C [zo, 2o + A] (recall that Equation (46) is considered in the real
domain). We will assume that the small parameter in Equation (46) satisfies the inequality 0 < € < ¢7,
¢'(z) < 0Vz € [z9, zo + A]. We show how in the real case we can find Ay. Thus, the series

mmwa=ifm@xwwwm, (48)
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where ¥ is an entire function, that satisfies Theorem 6, in the scalar case, converges uniformly
on the interval T,, = [z0, zo + A] (e« and ¢ are fixed!). Suppose also (without loss of generality)
that an essentially singular manifold is a half-open interval (p, ¥(0)), where p is the asymptotic
value of the function ¥, and hence the set Q = T, x Q(Y¥, ¢, T;,, Eo) is a rectangle. If ¢ > ¢,
then wi(z,e) = Wj(z,¢¢) it is defined on the entire segment T, (ie Ay = A), because the
graph of the function g = ¢(z) completely belongs to Q. If ¢ < ¢, then wy(z,&) = Wi(z,¢e),
where z € [z, zo + A1] and Aq is found from the equation ¢(zo + A1) /e = ¢(zp + A1) /€. We now
consider the Cauchy problem

sifé’ = f(z,w,e), (49)

w(z1,€) = vy,

where z; = zp + A, v1 = @1 (21, €). The general integral of this equation can be represented in the form

©l(z)dwy 0 [ @' (z)dwy dw, _ 9(z) —9(z1)
$\z)aw s/v ( )f( Plz) = ¢lz1) (50)

+...=
o f(z,wy,€) L\ 9z Jo, f(z,wy,€) Z,W1,€) €

The solution @;(z, €), obtained from it, is defined on the interval [z1, z;], where zp = z1 + A
and A; is determined from the equation (P(ZHAZE)_q’(Zl) = q’(zng). If |¢/(z)] < IVz € Ty,
then in accordance with the Lagrange theorem we have

ep(zo+A)

A
2 el

v

(51)

Then, Equation (46) is considered with the initial condition w(zy,¢) = vy, when vy = @,(zy, €).
A general integral analogous to Equation (50) is constructed, and so on. Since the estimate of
Equation (51) is constant on an interval T, then in a finite number of steps the solution will be
constructed on it. The Theorem is proved.

We give two examples of constructing pseudoholomorphic solutions in the real domain.

Example 2. We consider the Cauchy problem for the scalar equation (n =r = 1)

ey’ = f(ty), telt,T]
{ y(to,€) = yo. 0 (52

We assume that the function f(t,y) admits a holomorphic extension to the bidisk Dy, X Dy, where Dy, = {z:
|z—to| <Ro, Rog>T}, Dyy={w: |w—yo| < R}, and is not equal to zero there. Then, the general
integral has the form:

fy dy y (@ v <p’(t)dyz) dy
Yo f(ty1) ot Jyo  f(ty2) ) fltyr)

—e2 [Y V2 sO(t dy3 dyy \  dy .
& Yo < Yo ( fy() f /]/3 ) (ty2)> f(t/yl) + cee = 0

Hence, we obtain a *-pseudoholomorphic solution

Z ey, ( "’”) , (53)

where ¢(t) € Ay, and such that the conditions of Theorem 6 are satisfied.
We write out the formulas for the first terms of the series of Equation (53):

Y, = 4 Y, = — Vi1 VE =2V Vi Vo + Vi V2
V2 ly=v(t(t)/e) 2v3

7

y=Yo(t,p(t)/e)
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where

~
Il
|
s
VRS
SRS

/yl ¢’(f)dy2> dyr
v f(ty2) ) f(tyn)

= Z/yy (aat /yy (aat /yy gj%( t);y>3> f(?;z)) f(ijj;l);
Vip = — 1 <§ /jy /(t, dfh)
o' () fy(t, y)'

f2(ty)
We recall that y = Yy (t, ¢(t)/e) is the bounded solution (for e — +0 ) of the equation

v f(by1) €

In particular, if f(t,y) = y> — e*, to = 0, yg = 0, then

l(t) Y dyl _ (P(t)

1—et & ,1—¢t
te) = tth—— *thzi e
y(te) = eth——+ 3 P

Example 3. Consider the Cauchy problem for Tikhonov’s system [7] (here, n =2,r =1)
{ v =glty),

gvl = f(tryr ZJ), te [fo, T]r (54)
y(to,€) = yo, v(to,€) = vo.

Denote by §(t) the solution of the limit problem f(t,y,y') = 0, y(ty) = 0, and by L = 0; + g0, — the
first-order linear partial differential operator. Then,

v ¢/ (t)do 2 v v @' (t)dv dv _
{(P(f) € Jon f(t/Lv(ll) *(i)dvo (LS f(tyvf))L{ufvl)d "';O'
v y—y(t))dov 2 (4] Yy y Uz 4 _ —
y = 9(8) — e [ PR e [ (Lo SUan™) sy - = 0

are independent first integrals of the system of Equation (54). Hence, we obtain a *-pseudoholomorphic solution

of this system: _

o f(tyv) v vy ¢'(H)dvy dv
o(te) = Volt, p(1)/) + LG | [ (L S 53 ) g
_fv L(y—g(t))doy ,@fv fﬂ’(t)dm} ‘ +

v f(tyor) a Joo fltyo)) | | y = g(t) e

0 = Volt, p(t) /)
Here, v = Vy(t, p(t)/€) is the bounded solution (for ¢ — +0 ) of the equation

) Joo FO7@000) €

/( v dvl (P(t)
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Conclusion 3. The algorithms developed in this paper allow one to theoretically substantiate
two main approaches in the general theory of singular perturbations: an approach related to
approximate (asymptotic) solutions, and an approach related to pseudoholomorphic (exact) solutions
of such problems.
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