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An approximate solution of the Fredholm type
equation of the second kind for any \ # 0

Alexander Kouleshoff

Abstract. Consider the following equation

(1= AK)e)(5) = o(s) = A [ K (s, 0p(0)dt = £(5)

Assume that the complex-valued kernel K (s, t) is defined on (a—¢,b+¢) X (a—e,b+¢)
for some € > 0 and

b
K2 = / K (s, )2 ds dt,

p(s,t) = AK(s,t) + XK (t,5) — |A|2/K(§,5)K(§7t) de.

Consider the following mapping

I [(Lb] 3¢ —p(s,p(6,t) € LQ([a7b] X [(Lb]).

If the function f is integrable according to definition of the Riemann integral (as the
function with values in the space La([a,b] X [a,b])), then the kernel of the square of

the integral operator
b

(Py)(s) = / p(s, () dt

a

can be approximated by a finite dimensional kernel. The formula (I — P)* =
(I — P2)+ (I + P) and the persistency of the operator (I - PZ)Jr with respect to
perturbations of a special type are proved. For any A # 0 we find approximations of
the function ¢ which minimizes functional ||(I — AK )¢ — f||2 and has the least norm in
Ls[a,b] among all functions minimizing the above mentioned functional. Simultane-
ously we find approximations of the kernel and orthocomplement to the image of the
operator I —AK if \ # 0 is a characteristic number. The corresponding approximation
errors are obtained.
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Introduction

The classical theory [1, 2, 3] deals with the solution of an equation of the type

b
(5) + A / K(s,Op(t)dt = f(s)  (a<s<b), (1)

where K (s,t) is a given continuous scalar function of two real variables with domain
[a,b] X [a,b], f is a given continuous scalar function of a single real variable with
domain [a, b], A is a scalar, and the continuous scalar function of a single real variable
with domain [a,b] is to be determined. Such an equation is known as a Fredholm
integral equation (‘of the second kind’).

The integral theory of the equations (1) is stated in the classical monographies
devoted to integral equations [1, 2]. The extension of the application area of the in-
tegral equations (1) (see, for example, [4]) has stimulated an intensive development
of approximate solution methods. This gave a stimulus to development of some
classical methods (method of mechanical quadratures, iteration methods, projection
methods etc.). The above-mentioned methods are good in the case when A # 0 is not
a characteristic number of the equation (1). There is a principle distinction of this
case from that one when A # 0 is a characteristic number. If the operator determined
by the left part of equality (1) is invertible, then an approximate solution can be
obtained by reducing (1) to a finite system of the algebraic equations, since the in-
version operation is persistent with respect to small norm perturbations. Otherwise
the reduction to the finite system of the algebraic equations requires an additional
research. This reduction (in the case when A # 0 is a characteristic number) is not
discussed in the works known to the author (see, for example, [4, 5]).

There is one more reason for this work appearance. In my opinion, it is closely
related to the difficult description of finite dimensional approximations of the kernel
K (s,t). Usually, one appeals to the Weierstrass theorem for two-dimensional case,
which implies the following statement.

Theorem ([5]). Any Lo-integrable on [a,b] X [a,b] function K (s,t) can be approz-
imated in L? with arbitrary large accuracy by the following sums:

with continuous coefficients.

Such approximations are used for reduction of the equation (1) to a finite system
of the algebraic equations. The realization of these approximations is difficult. In
the paper the method of the quadrature sums is used instead of the Weierstrass
theorem.
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Throughout the article we assume that the kernel K(s,t) is a measurable
complex-valued function defined in some neighbourhood of the set [a, b] X [a,b] and

b
K2 = / K (s, D)2 ds dt < +oc.

We shall write the equation (1) in the operator form
(I = AK)p = f, (2)

where
b
(K)(s) = / K(s,1)p(t) dt.

Denote L£(Lsla,b], L2]a, b]) the set of all linear continuous operators from Ls[a, b] to
Ls[a,b] with uniform operator topology. The norm in this space will be denoted
ll-Ily- The inner product in Lo[a, b] will be denoted (-,-). For the norm of function
from Ls[a, b] we keep the notation || - ||.

Pseudo-inversion of the operator (I — AK)

Let A be a linear bounded operator in the separable Hilbert space H. Let R(A)
denote the range of values of an operator A, N(A) be a kernel A, R(A):, N(A)*
be the orthocomplements to the range of values and the kernel of an operator A,
respectively.

If M is a closed subspace in H, then A|y; means a restriction of an operator A
on M.

Let the range of values of an operator A be closed. The pseudoinversed operator
AT is defined according to the formula

1
a2 J(Alvawr ) h ne R,
0, h € R(A)*L.

The operator AT is continuous.
Denote

I—P=(I-XK*)I - \K),

I—Q=(I—-\K)(I—-XK".

The kernels of the integral operators P and () are calculated as follows:

b
p(s,t) = NK(t,s) + K (s,t) — MP/K(g,s)K(g,t) de,
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b
g(s,t) = AK(5,8) + NK(L5) — |\ /K(s,g)K(t,g) e

Obviously, the operators P and @) are selfadjoint. The following formulas are valid

(I —AK)T = (I — P)*(I = XK*), (3)
(I = AEK)" = (I -AE")(I-Q)". (4)

The formulas (3) and (4) are obtained in [7]. It follows from results in [8, 9] that

(I-P)t=({I—-P)" (I+P)

and
I-Q=IT-Q)"(I+Q).
Hence,
(I —AK)* = (I —P?)" (I +P)(I-XK"), (5)
(I =AK)" = (I =AK")(I - Q)" (I + Q). (6)

The kernels of the integral operators P? and Q? are determined as follows:

b

pa(s, 1) = / p(s, E)plE. 1) dt.
b

4s(5,1) = / o(s. E)ql6, 1) dt.

a

According to (5), (6) the problem of the pseudo-inversion of the operator (I — AK)
is reduced to the problem of the pseudo-inversion of the operator (I — P2) or the
operator (I — Q?).

In this article the persistency of pseudoinverse operators (I — P2)+, (I—-@*)*
with respect to perturbations of special type is proved, and a method of the ap-
proximate solution of the equation (2) for any A # 0 is stated. The concept of
the pseudo-inversion is closely connected to the solution of the equation (2). An
element ¢, of Ly[a,b] is called pseudo-solution of the equation (2) if ¢, minimizes
the discrepancy norm of this equation, i.e.

(I = AK)ps — flla=inf [[(I = AK)p — fl2. (7)
p€ELsla,b]

If in (7) the infimum is taken over a proper subset of the whole space, then ¢, is
called a quasi-solution of the equation (2) on this set. The concept of quasi-solution
was introduced by V. K. Ivanov in his works [10, 11]. An element ¢, of Lsa,b]
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is called normal pseudo-solution of the equation (2) if ¢, minimizes the norm of
pseudo-solutions, i.e.

l*[l2 = inf{[lpull2 : @ satisfies (7)}.
Since the range of values of an operator (I — AK) is closed, then
" =(I—AK)"feN(I-AK)*,
and any solution of the equation (2) is represented as follows:
e=¢"+h, heN({-M\K).

An important parameter characterizing an operator with closed range of values

is the number

v= inf (I — AK)el|2 > 0.
¢ € Laa,b]
o€ N(I - AK)*
el =1

The following equality is true (see, for example, [12]):

I =2, = =

1%

The number v is called the reduced minimum module.

Finite-dimensional approximations of the kernels ps, q2

Further consider only the kernel ps(s,t). The approximation of the kernel gy(s,t)
can be obtained similarly. Consider the mapping

f i la, 0] — p(s,8)p(&,t) € La([a, b] x [a, b]).

If the function f is Riemann-integrable, then the Cauchy—Riemann sums
n—1
b— b— b—
Sn(s,t):( @) p(s,a—l—k’ﬂ)p<a+kz( a),t>
n ‘ n n

converge to the function py(s,t) in Lo([a,b] X [a,b]). A sufficient condition of
Riemann-integrability of a function f is its continuity everywhere, except for a finite
number of points, and boundedness. The rate of convergence of the sums S, (s,t)
can be determined if the mapping f has some additional smoothness properties.
Here we consider the case, when the function f is defined on the set (a —e,b+¢) for
some € > 0, continuously differentiable and is bounded together with its derivative.
Assume that

e
Il
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Put h = ;a' Consider the sums
2n
2n—1 f —a
16 = X oo (550 =) plohli+ 1) +0) p(hG -+ 1)+ 0).
j=—1

For any h the sum Sp,(§) is a mapping of the closed interval [a, b] to La([a, b] X [a, b]).

Theorem. If h — 0, then

/sh d€—>/ 1) dE = po(s,1)

in the space La([a,b] X [a,b]) and the following estimate is valid

- 2
=) i sup [ £(6)]la.

<
2n é€la,b]

b
/ Sh(€) dE — pa(s, 1)

2
Here norm in the spaces Lala,b] and Lo([a,b]) x La([a,b]) is denoted || - ||2.
Proof. We have

on—1 a+(k+1)h
/ I1£€) = Su@)lade = Y- [ 1O = SOl de.
k=0 a+kh
On the closed interval [a + kh,a + (k + 1)h] the following equality holds
Sp(€) = fla+kh) + (g_(a%kh)) (fla+ (k+1)h) — f(a+ kh)).
Denote
pen={} 15
Then
a+(k+1)h
f6) - fav k)= [ Eof©ad
a+kh

Hence we obtain (a +kh < s < a+ (k+ 1)h):

a+(k+1)h
(s — (a+kh))

f(s) = Sn(s) = - ) F(t) dt.

—

<E(s,t) -
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Note that if a + kh < s < a+ (k + 1)h, then the value

(s — (a+kh))
h

is between —1 and +1. So the following estimate holds

1£(s) = Su(s)lly < h - vrai sup | f(&)[l2-

E(s,t) —

£€[a,b]
Therefore
a+(k+1)h
|15 = $u(6)ls ds < 12 vrai sup 79 o
a+kh ¢€lat]
Summing (8) we obtain
on—1 0 (b—a)?
> [ 156 =519l ds < C vrat s 1)l
k=0 no gela)
(b—a)?

since 2n - h? = . In particular,

b

b
/ Sn(€) dE — / F(€)dé = ha(s.t)

in the space Ls([a,b] X [a,b]) and the following estimate holds

b

/b fe s - [ sue)de <

a 2

(b— a)2 . /
vrai sup || f'(€) |2
20 gelad] ’

The theorem is proved.
Denote

b
cj—/w0<§_Ta—j>d§20.

It follows from the prove of the theorem that the sequence

2n—1

Pu(s,t) = Y ¢p(s,h(j +1) +a) - p(h(j + 1) + a,t)
j=—1

83

9)

converges to pa(s,t) in the space Lo([a,b] X [a,b]). The similar statement is also

valid for the sequence

2n—1

Qn(s,t) = Y cjq(s,h( +1) +a) - q(h(j + 1) + a,1).
j=-1

(10)
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Further we use the following simplified notation

E cip(s, ) - p(Ti, ),

where 7;, i = 1,...,n are some points of the closed interval [a, b]. Formulas (9), (10)
determine the structure of finite-dimensional approximations of the kernel pa(s,t)
(respectively, the kernel go(s,t)) that will be used in the this article. Without loss
of generality, we assume that the sequences of functions p(s,71),...,p(s,7,) and
q(s,71),...,q(s,7,) are linearly independent over the field of complex numbers. The
linear hulls of the sequences of functions p(s, 71),...,p(s, ) and ¢(s,71),...,q(s, )
are denoted M,S") and Mq(n), respectively. A basis in the finite-dimensional subspaces

M,S") and Mé") is found by means of the Schmidt process.

Construction of the orthonormal basis in Mgl)

n)

Consider only the subspace M;,g . For simplification of the subsequent formulas

we use the following notation:

U(s, ;) = /cp(s, ), i=1,...,n, s€la,bl.

We use the Schmidt process for the construction of an orthonormal basis in the
(n)

subspace M, Recall the basic steps of this construction. Suppose a; = 0 for
k > i and select a;; = 0 for k£ < ¢ so that the functions

¢1(s) = annU(s, ),

4,02‘(3) = aglU(‘S,Tl) + CLQQ‘U(S,TQ), an

on(8) = anU(s, 1) + an2U(s,72) + ... + anaU(s, ).

are orthogonal and normalized. Obviously, a;; # 0 for any 1 < i < n. The reversion
of the equalities (11) shows that the functions p;(s) are orthogonal to the functions
U(s,m) if & < i. If we require the orthogonality of the functions ¢;(s) to the
functions U (s, 1), U(s,72),...,U(s, Ti—1), then according to (11) they are orthogonal
to each other. For £k =1,2,...,i — 1 we have

o:/U(sm) ()ds—/b U(s, ) Zaw Gy | ds =

where
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are the elements of the Gramm matrix for the system of functions U (s, 71),...,U(s, 7).
Hence, the collection of numbers {a_ij}, Jj=1,2,...,i—1, is the solution {z;} of

the following system of (i — 1) equations with ¢ unknowns:

> ggmi=0 (k=12,...,i-1). (12)

The system of equations (12) has the rank i — 1 according to the linear independence
of the functions U(s,71),...,U(s,7,). Therefore one can write

xj:/\,uj, j:1,2,...,2

Hence .
;T :)\-,uj 1=12,...,4,

where A is an arbitrary complex number, and p; is the coefficient at the variable &;
in the expansion of the determinant

&1 S ... &
gi1 gi12 91i
9i-11 9i-12 .- Gi—1,

by the first row. If we write the same for all ¢ = 1,2,...,n, then we add the upper
index 7, and obtain

or(s) =20 1 DU(s,m),
p2(s) = A 1D U (s, 71) + A 1P U (s, 1),

on(s) = X0 1T (5,71) + A WU (s,73) + ...+ A0 @I (s, 7).
Obviously, ,uZ ;é 0,i=1,2,...,n, and the functions ¢1(s),...,¢n(s) are pairwise

orthogonal. If it is necessary, the functions can be normalized. In this case the
numbers \?, i = 1,2, ... n, should be chosen according to the following conditions

[l

They may be arbitrary numbers laying on the circle with the center at the point of
origin and of the radius

f

a k=1

2

‘)\(Z ds = 1.

STk

1 -

2 2
ds)

> M/(j)U(SJk)
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We choose
_1)i+1
A0 = (=1 - (1=1,2,...,n)
b| i —= 2 2
[ mU(s,m)| ds
a k=1
Taking into account the equalities
g11 g11 cee 911
i . 921 922 cee 921
pl = ()it ) '
gi-11 Gi—-12 --- Gi—1i-1
we obtain
gi1 gi1 -ee o G1i-1
g21 g22 cee 921
9i-11 Gi-1,2 -+ Gi—1/i-1 .
a; = —— - i (1=1,2,...,n).
bl i — 2 2
(f ZM](;)U(S,Tk) ds>
a k=1

Let A,, be the matrix with elements {a;;}. It is a lower triangular matrix. Denote
the inverse matrix B, = {b;;}. The matrix B,, is lower triangular also.

Persistent approximations of the operators (I — P2?)" and (I — Q?)*
Consider the operator I — P?. Represent it in the form
I-P2=(1I-P?)+A,,

where

and

Bu0)) = [ (Palst) = pals. 1) w0 .

a

The representation of the operator I — Q2 can be written similarly. All results
which are obtained below remain valid for the operator I — Q? also.

In the representation I — P? = (I —PT(L2)) + A, the operator A,, can be considered
as small value since the norm of this operator can be made less than any given
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number £ > 0 if the number n is sufficiently large. It is known that for sufficiently
large n the invertibility of the operator I — P? is equivalent to the invertibility of the
operator I — P7g2). This property is called the persistency of the operator (I - P2) !
with respect to perturbations with small norm. If A # 0 is not a characteristic
number of the operator K, then this property is used for reducing the equation (2)
to the system of algebraic equations of finite order. If A # 0 is a characteristic
number of the operator K, then I — MK is not invertible and, hence, the operator
I — P? is not invertible too. In this case one should investigate the persistency of
the operator (I — PQ)Jr with respect to perturbations with small norm.

The operator VT is said to be persistent with respect to perturbations W &
L(Ls[a,b], Lala,b]) with small norm if VT is bounded and (V + W)t € D(V™T,e¢)
provided W € D(0,6). Here D(V,r) = {C € L(Ls[a,b], La[a,b]) : [V = C|l, < r}.

Generally a pseudo-inversed operator can not be persistent (see [13]). It is also
obvious that the operator (I — P2) " isnot persistent in sense of the above definition.
This negative result means that one should reduce the class of possible perturbations.
For obtaining some concrete results we use the concept of the spread of two subspaces
of Hilbert space H (see, for example, [14]).

The spread of two closed subspaces R, and Ry is the value

0(R1, Rz) = max{[|(1 — P)Pily , (1 = Pr) Pl s } (13)

where P; and P» are the orthogonal projectors on R; and Rs, respectively. The
spread is called acute if O(Ry, R2) < 1. It is obvious that always 0 < (R, Rs) < 1,
and O(Ry, R2) = 0 if and only if Ry = Ry. The spread can be defined in a different
way also as follows:

0(R1, Ro) = || P1 — Pall -

The spread of the operators V, U € L(H, H) is said to be acute if the spread of
the subspaces R(V), R(U) and R(V*), R(U*) is acute.
Denote

My = {W € L(Lz[a,b], Lz[a,b]) : V + W and V form an acute spread}.

It is known that the operator U™ is persistent with respect to perturbations from
My if and only if U™ is normally solvable (see, for example, [13]).

By definition the operator U™ is persistent with respect to perturbations from
My if Ut is bounded and (U + W)™ € D(UT, W) provided W € D(0,45) () My.

The operators I — P? and I — P,(f) are normally solvable and selfadjoint. In
order to determine if the operators form an acute angle it is sufficient to estimate
the norm of the difference of the orthogonal projectors Pp;_p2y and PR ( I Pr(bz))

)

onto the range of values of the operators I — P? and I — P,(L2 , respectively. As it
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follows from [15], the following estimate is valid

|

< JlAall, - max{H((f - P

2

(1-P?) "

PR(I—PQ) - PR(I—P7(L2)>
(14)

Y

2

J

Let v(;_p2) and 1/( . P(z)) be the reduced minimum modules of the operators

I—P2and I — P}f’, respectively, then the estimate (14) can be rewritten in the
form
1 1

< [[An]l; - max :
V(r-p2) V(I—Pff))

2

Prr—p2y — PR<1_P£2>>
(15)

1
Lemma 1. Let [|Ayfl, <n, 0<n < SVI-P2); then

V(I_P;g)) —Va-p2)| =1

Proof. It can be obtained from [12] immediately. The lemma is proved.

Lemma 2. For sufficiently large n the operators I — P? and I — Pr(Lz) form an acute
spread.

Proof. By Lemma 1 there exists a constant ¢ > 0 not depending on n such that

It follows from the estimate (15) that there exists some constant ¢; > 0 such
that

For all n such that ¢; ||Ay||, < 1, the operators I — P? and I — P form an acute
spread. The lemma is proved.

It follows from the formula (15) that the operators I — P? and I — P? form an
acute spread if

PR(I—PZ) — PR(I_P7(L2)) H2 S C1 H’ANH‘Q .

180l < win {41y, |-
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If the operators I — P? and I — PT(L2) form an acute spread, then (see, for example,
[13]):

§1+\/3‘ 1 1

AR5 - 16
2 2 V([—P2) V(I—P,S”) ||| |||2 ( )

sy

Within the discrepancy given in the inequality (16), the operator (I — P2)Jr can
+
be replaced by the operator (I — PT(L2)> . Below the construction of the operator

+
(I — Pf)) and the corresponding approximations are realized.

Constructions

By definition

b

n b
(2) s) = (S, = 8, T; T, .
(PP0) (5) = [ Patsstiott)de > Uls.m) / Ui, t)p(t) di

a

Therefore
(1= P2) () (9 = o) = > Uls,7) [ Uttty

Denote Py, and Py, 1 the orthogonal projectors on the subspace M,Sn) and the
)

orthogonal complement to M 1(3" , respectively, then

1= PP = (Py, = PP) + Py

We have
(1- P,§2>)+ - <PMP - P,§2>)+ + Py
)

lem of pseudo-inversion of the operator Py, — P,(LZ) acting in the finite-dimensional

Thus the problem of pseudo-inversion of the operator 1 —P,(L2 is reduced to the prob-

subspace M;,g"). We use the notation M), instead of M;,g"). In the constructed above
basis ¢1($),...,pn(s) we obtain the representation

(P = P2) () () = (Pao()) ()=

b

> <Zb_kibkj> @j(S)/cpi(t)go(t) dt.
k=1 .

i=1 j=1 \k=




90 ALEXANDER KOULESHOFF

It is necessary to find the matrix pseudo-inversed to the matrix B,, (we accept
the shortened notation B,, = B):

{5@' - Zb_kibkj} ;
k=1

where 6;; is the Kronecker delta. This matrix can be written in the form E — B*B,
where F is the identity. The eigenvalues of the matrix B*B can be found by the
formula

b 2

i
/ S WU (s )| ds
k=1
\i(B*B) = “ 5 1<i<n
ag11 g11 -ee G1i—1
g21 g22 cee G251
gi-11 Gi-1,2 --- Gi—1/i-1

In particular, it follows that

v = min I —)\(B*B)]|.
(5) = s WD
1<i<n

by the spectral theorem for self-adjoint operators.
The following formula is valid

n

(i = P2) @) =D (0 S m - BBV )l (17

i=1 k=1

where (E — B*B)* is the matrix pseudo-inversed to the matrix (E — B*B). In the
formula (17) one can use the system of functions p(s,71),...,p(s, 7).
_l’_
The formula for the operator (PMQ — Qg)) is obtained analogously to the
formula (17).
Denote (I — AK) the operator which is obtained by replacing in formula

approxim
+
(5) the operator (1 - P2)+ by the operator (PMP - P}Lz)) + PM#- The following
estimate of the approximation is valid

approxim

[l = A8 = (1= i, < 1= REF ], 1T + Pl 80,

where

5, = H (1-pP))" - (I - P,§2>>+

2
The estimate of the value d,, follows from (16).
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By definition of pseudo-inversed operator and the formula (5) it follows that the
operator
- (1-P¥)" (1-P? (18)

is the orthogonal projection onto the kernel of the operator I — AK, and by the
formula (6) it follows that the operator

I-(1-@)(1-@*" (19)

is the orthogonal projection onto the orthogonal complement to the range of values
of the operator I — AK.

So, the approximate normal pseudo-solution of the equation (2) can be found by
the formula

* +
v = (I - )\K)appro:cim(f)‘
Take the operator
+
. <I - P,§2)> <1 - P,§2)> . (20)

as an approximation to the projector (18).
The norm of the difference between (18) and (20) can be estimated as follows:

< A,

R

(14 5) 1 1

+ max | — \;(B*B . . AR, + 21
BN BB sy e
(1+/5) 1 1
+ : : A, -
2 I/(I_pZ) V(I_Pf(bz))

The estimate (21) shows that the dimension of the kernel of the operator I — AK
coincides with the dimension of a basis of the fundamental system of solutions of
the equation

_l’_
(P, - @) (P~ PP) () = P (&), (22)

if the number n is sufficiently large. The basis of the fundamental system of solutions

of the equation (22) can be considered as the basis of the kernel of the operator
n

I — AK. In the formula (22) ¢ = > ¢;;. All said above is immediately extended

=1

to the orthogonal projector (19).

Final remarks

Different methods of computer-algebraic procedures for the pseudo-inversion of
matrices are discussed in the article [17]. Here one can also find a list of literature
on this problem. In case of the matrix E,, — B} B,, one can additionally take into



92 ALEXANDER KOULESHOFF

account that its eigenvalues are explicitly calculated. Therefore in order to find the
operator (E, — BXB,)" it is sufficient to obtain a singular basis of this operator
(see, for example, [16]).

For finding approximations to the kernel of the operator I — AK one can find a
basis of the homogeneous system of the equations

Bi(p) =B, '),  v=) cwi
i=1

This system should be solved only in the case when there exists at least one
index j, 1 < j < n such that
(B, B) = 1.

Otherwise the matrix E,, — B} B,, is invertible.

If the operators I —P? and —P,(f) form an acute spread and the operator I —P,(L2

+5

1
is invertible, then the constant — in the inequality (16) can be replaced by 1.

)

The results of this work were reported at the international conference [18].
The description of different methods for solving the equations of the form (1)
can be found in [19-26].
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