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BOUNDARY-VALUE PROBLEMS FOR THE SYSTEM OF OPERATOR-DIFFERENTIAL
EQUATIONS IN BANACH AND HILBERT SPACES

0.Z.Iskra! and O. O. Pokutnyi>> UDC 517.9

We establish necessary and sufficient conditions for the existence of solutions of linear and nonlinear
boundary-value problems in Hilbert and Banach spaces and present a convergent iterative procedure for
finding the solutions in the nonlinear case.

Introduction

In the present paper, we develop constructive methods for the analysis of linear and nonlinear boundary-value
problems for operator-differential equations in Banach and Hilbert spaces. These problems occupy a central place
in the qualitative theory of differential equations [1-18]. A specific feature of these problems is that the operator
of the linear part of the equation does not have the inverse operator. This does not allow one to use the traditional
methods based on the principles of contracting mappings and fixed point. For the analysis of a nonlinear system
of differential equations, we develop the ideas of the Lyapunov—Schmidt method and efficient methods of the
perturbation theory by using the theory of generalized inverse [19] and strongly generalized inverse operators [20].

Statement of the Problem

Consider the following boundary-value problem:

(p,(l,(?) =¢(l’8)+W(t’8)+8f1(t?90([?8)’1p(t’8)’8)+g1(t)»
(1)
W’(f’g) = QD(I,E) + sz(t, go(l,(‘)), K/f(f’g)’s) + gZ(I)’ r e J,

with a boundary condition

l(‘ﬂ("g),lﬂ(',s)) =q, (2)

where ¢, ¥ € C1(J,H), C1(J,H) is a Banach space of continuously differentiable vector functions on the interval
J C R with values in the Hilbert space #; f1 and f, are strongly differentiable vector functions; / is a linear and
bounded operator, which translates the solutions of Eq. (1) into the Hilbert space H1, and g1(¢), g2(¢) € C(J,H)
are vector functions. We find necessary and sufficient conditions for the existence of solutions ¢(¢, €), ¥ (¢, €)
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of the boundary-value problem (1), (2), which turn, for ¢ = 0, into one of solutions of the generating linear
boundary-value problem of the following form:

@) = @o(t) + Yo(t) + g1(1),

Vo) = @o(t) + g2(1), 1€,
I@o(), Yo() = a.
First, we investigate a generating linear case.
Linear Case

Consider a linear boundary-value problem

(1) = @o(t) + Yo(t) + g1(2), .
V(1) = @o(t) + g2(t), tel,

H@o (), ¥o() = a. “)

Denote by U(t) the evolution operator of the homogeneous system

@ (1) = @o(t) + Yo(t),

Vo) = @o(t), 1€,

U'(t) = AUG), U(0) = 1,

where the matrix operator-valued function has the form

and the evolution operator U(¢) has the form

Ut) = e = Z%(
n=0 "

ZnFn+1 t"F, )

where F}, is a Fibonacci sequence:

Fo=0, Fi=1Fypr=Fp+F, n>0,
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or
14+V5 1405, V5-1 145 145 -5
et 4 e ot e Bt _ om0t
25 24/5
U@t) = : 5
1475, 1-V5, 2 145, 2 1-V5,
e 2 "—e 2 e 2 + e 2
5+4/5 5-4/5
In this case, the set of solutions of Egs. (3) has the form
t n n
pol(t,c) too | (t"Fugict + 1" Fuc
( ) = e'c +/e(’_’)Ag(t)dr =y -
Yolt,c) 0 n=0 n: t"Fpyc1 +t"F_1ca

too | L (1 =) Fut181(0) + (t — 1) Fug2(2)
Y| &
n!
n=0

o \C—0)"Fug1(t) + ( — 1)" Fu-182(7)

where ¢ = (c1,¢2)T, c1,c2 € H, and g(¢) = (g1(¢), g2(¢))T [or by using representation (5)]. Substituting in the
boundary condition (4) we obtain the following operator equation:

Oc=u«u —I/U(')U_l(‘[)g(l’)d‘[, 0=1U():H— H.
0
By using the theory of strong generalized solutions [21], we get the following result:
Qc=a—l/U(-)U_1(r)g(r)dr, O0=1U(F):HXxH—> Hi.
0

Theorem 1. (i) (a) The boundary-value problem (3), (4) has strongly generalized solutions if and only if the
following condition holds:

PN(Q*) a—l/U(O)U_l(r)g(r)dr =0; (6)
0

o1 / UOU~' () f(x)d € R(Q),
0

then the generalized solutions is classical;
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(b) under condition (6), the set of solutions has the form

po(t.c) [
( 3 ) = U(t)'PN(g)c + (Glg,a])(t) VceH, @)
WO([’C)

where PN(@)’ P *) are the orthoprojectors onto the kernel and cokernel of the operator Q, respec-

= N(Q
tively (Q is the extension of the operator Q [20]),

t .

Glg.aD(0) = f VU (g dr + 0" Ja—1 / UOU™ (0)g(D)dr
0

0

. . , -+ . , ,
is a generalized Green’s operator, and Q * is a strongly Moore—Penrose pseudoinvertible operator [20];

(ii) (a) the boundary-value problem (3), (4) has strong pseudosolutions if and only if the following condition
holds:

Prn* Ol—l/U(')U_l(r)f(r)dr £0; @)
0

(b) under condition (8) the set of strong pseudosolutions has the form

<¢0(z,z)) Ut)Pyo ¢+ (Glg.a])(f) VYeeH
= \C g, C € .
WO(I’E) V@

Nonlinear Case

The following statement is true:
Theorem 2. Suppose that the boundary-value problem (1), (2) has a solution which turns into one of solutions

of the generating boundary-value problem (3), (4) in the form (7) (¢ = 0) with an element ¢ = cq. Then the element
co satisfies the following operator equation for generating elements:

F©) = Pyign! [ VOUT @ 5. g0(z.€).do(z.¢).0)d 7 =0,
0

Here,
fl([,w(l‘,é‘), W(f,g)w?)
f2([3 90([98)’ W(t’ ‘9)’8)

ft.o(t.e).y(t.e).e) =
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Proof. If the boundary-value problem (1), (2) has a solution, then it follows from Theorem 1 that the following
condition is true:

Paigh (o1 [ VOUT 0 (€0 + ef . g(w.0) v (@) o) de g =0
0

Since the boundary-value problem (1), (2) has the solution, by using condition (6), we finally obtain (¢ — 0)

Pnig™ lfU(‘)U_l(f)f(f,wo(ff),Wo(r,E),O)dr —0.
0

In order to obtain the sufficient condition for the existence of solutions, we use the following change of variables:

@(t’ 8) = @(la 8) + 9000’ CO),

V(t,e) =¥(t &)+ Yolt, co)s

where the element cq satisfies the equation for generating elements. We arrive at the boundary-value problem

@l(f,f?) = 5(178) +W(l"‘9) + Sfl(tva(t’g) + ‘PO(LCO)’W(["?) + WO([aCO)Ng)’
)
W/([,E) = @(I» 8) + 8f2(13¢([3 8) + ‘PO(I,CO),EOM‘?) + WO(LCO)’E)?
[@(.e). ¥ (.e) =0. (10)

Suppose that the vector functions f; and f5 are strongly differentiable in the neighborhood of the generating
solution

fi. € CHllo — ol < q1. 1V — Yol < g2).

where g1 and g, are positive constants.
We use the following expansions:

J1(t,9(t,€) + o1, co), Y (1, ) + Yo (t, o), €)
= f1t, po(t, co), Yo(t, c0),0) + fi,(t,90(t, o). Yo(t, o), 0)@(t, £)
+ fly (T, o(t, co), Yo(t, co), )Y (¢, &) + Ri(t, @, ), ¥ (1, 8), ¢),
Lt 9(t,€) + ot co), (1, ) + Yo(t. o), €)
= fa(t, po(t, co), Yo(t,c0),0) + f5,(t, 9o, co). Yo(t. o). 0)@(t, €)

+ Sy (1, 90(t, co), Yo(t, co), )Y (¢, &) + Ra(t, @2, ), Y (1, 8), ¢),
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where
R1(¢,0,0,0) = ’l(p(t,O, 0,0) = ’W(t,O, 0,0) =0,
R»(¢,0,0,0) = R’z(p(t,o, 0,0) = R’w(t,0,0,0) = 0.

Thus, we can rewrite the boundary-value problem (9)—(10) in the following form:

7 =0+ +e{fi+ 0+ fly¥ +Raf.

(11)

|
|

¢+8{f2+f2/¢¢+f2/,/,$+722},

l(a("a)’W("{;)) = 0. (12)

Let

fl +f1/(p¢+f1/ww+7zl
fa+ [3,0 + [, ¥ + Re

F(t,e) =

Under condition of solvability [19, 20]

Py I/U(-)U_l(f)F(f»e)dT =0,
0

(13)

the set of solutions of the boundary-value problem (11), (12) has the following form:

(W’E)) U(t) P o€ + e(GIF,0)(t) VceH
= —C + & , C .
Y (t,7c) MO

Substituting the representation of solutions in condition (13), we obtain the operator equation

(14)

where the operator By has the form

. f/ f/
Bo =Pyl / U(U™(x) ( fl,w 1/1/,) U@ Prde

0 2¢ 2y
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R
b=-Pyqr )l/U()U () (Rz) dt

Ho Flp\
1
Py )I/U()U (t )(fz(,, fzﬂ/,) G[F,0](r)dx.

Suppose that the following condition is satisfied:

PyvayPrio = O

Then the equation (14) is solvable. One of its solutions has the form

c:f(_:b.

In this way, we obtain the following theorem:

Theorem 3. Suppose that the following condition is satisfied:

Pn@yPrie =0

Then, for any element ¢ = co € H satisfying the equation for generating elements, there exists a solution of
the boundary-value problem (1), (2). This solution can be found by using the iterative procedure:

(¢k+1 (t. k)

_ = U()Pyg)Ck + hrs1(t.2),
‘/’k—i-l(tka)) ©

R1(T»¢k’%«8))
dt

— I | ueu™!
Ck N(Q)/ © ) (Rz(r,ak,%,e)

Pva )Z/U()U 'z )(ZZ ;Z) hi (x. e)d,
i1 (t.€) = G/ (. Pk + 0. Vi + Yo.€).010),
Ri(t,9(t,6), ¥ (t,),8) = fi(1,9(t,€) + @o(t, co), Y (1, ) + Yo(t, o), €)
— f1(t. @o(t. co). Yo(t. c0),0) — f{,(t.¢0(t. co), Yo(t, o), 0)@(t, €)

- fllllf(t’ <.00(f, CO)’ WO(I’ CO)’ O)W(Iv 8)3
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Ra(t,@(1,€), ¥ (t,€),8) = f2(t,9(t,€) + @o(t, o), Y (t,€) + Yolt, o), €)
— f2(t.9o(t, co). Yo(t. c0). 0) — f3,(t. @o(t. co). Yo(t. co). 0)p (¢, &)
— fay (t,00(t, c0), Vo, o), 0) ¥ (1, 8),
@(t,e) = @o(t,co) + klgl;oak(l,e),
V(&) = Yolt,co) + kli{r;oWk(t,s).
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