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We study the following non-linear integral boundary value problem

b
dfz(tt) = f(t,x(t)), t € [a,b], /g(syw(S))dS =d, (1)

a

where f € C([a,b] x D;R"), g € C([a,b] x D;R™), d € R™ is a given vector and the domain D C R"
will be specified later (See, (7), (8)). Moreover, we suppose that f € Lip(K, D), g € Lip(Ky, D),
i.e., f and g locally Lipsichitzian

|f(t,u) — f(t,v)| < K|u—wv|, forall {u,v} C D and t € [a,b], (2)
lg(t,u) — g(t,v)| < K4lu—vl|, forall {u,v} C D and t € [a,b].

To study the BVP (1) we will use an approach similar to that of [1].

For vectors x = col(z1,...,x,) € R™ the notation |z| = col(|x1],...,|rs|) is used and the
inequalities between vectors are understood componentwise. The same convention is adopted for
operations like “max” and “min”. For any non-negative vector p € R™ under the componentwise
p-neighbourhood of a point z € R™ we understand the set

0p(z) = {E€R™: |6~ 2| < p}. 3)

Similarly, the p-neighbourhood of a domain 2 C R" is defined as

0,(@) = | 0,(2). 4)

z€Q

A particular kind of vector p will be specified below in relations (7), (8).
I, is the identity matrix of dimension n. r(K) is the maximal, in modulus, eigenvalue of the
matrix K. We also assume that

(b—a)

(@ <1 @="""Yx (5)
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Let us choose certain compact convex sets D, C R™ and Dy C R", and define the set
Dyp:=(1—-60)z+0n, z€ Dy, ne€ Dy, §€]0,1] (6)

and according to (4) its p-neighbourhood

D = 0p(Day) (7)
with a non-negative vector p = col(p1, ..., pn) € R™ such that
b—a
P2 =5 ap,n(f): (8)

where dj, ) p(f) denotes the 1/2 of oscillation of function f over [a,b] x D x D
t — i t
areixn ) 7 B )

5[a,b],D(f) = 9

(9)

Instead of the original boundary value problem (1) we will consider the family of auxiliary two-point
parametrized boundary value problems
dx(t)

dt

= f(t,z(t)), t € a,b)], (10)
xz(a) =2z, x(b)=n, (11)

where z and 7 are treated as free parameters.
Let us connect with problem (10), (11) the sequence of functions

t

xm+1(ta Z, 77) =z+ /f(svxm(svzvn)) ds
b

t—a t—a
- m\°y <y 7 <D s Yl = a1a2a"'a 12
o [ Sl ) ds 4 =0 -2 te ot m=o0 (12)
satisfying (11) for arbitrary z,n7 € R", where
t—a t—a t—a
T =(1- ) L _ 1
woltzm) =24 g =2 = (1= =)+ ;—om teab (13)

It is easy to see from (13) that x(¢, z,7) is a linear combination of vectors z and 7, when z € D,,
n € Dy,.
We have previously proved the following statements.

Theorem 1 (Uniform convergence). Let conditions (2), (5), (8) be fulfilled.
Then, for all fized (z,m) € Dy X Dy we have

1. The functions of sequence (12) belonging to the domain D of form (7) are continuously
differentiable on the interval [a,b] and satisfy conditions (11).

2. The sequence of functions (12) for t € [a,b] converges uniformly as m — oo with respect to
the domain (t,z,m) € [a,b] x Dy x Dy to the limit function
xOO(tazan) =1l $m(t, 2)77)7 (14)
o

m—

satisfying conditions (11).
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3. The function xoo(t,z,m) for all t € [a,b] is a unique continuously differentiable solution of
the integral equation

t—
—z—l—/fsx ds—/fsx ds+b7[77—z] (15)
e., it is the solution to the Cauchy problem for the modified system of integro-differential
equations
dx 1
= Ftw) + 5 Aleyn), w(a) ==, (16)

where A(z,m) : Dy x Dy — R™ is a mapping given by the formula

b

Mamzh—d—/ﬂ&%ﬁﬁm»%- (17)

a
4. The error estimation
10 _
}fboo(t, 2777) - l’m(t, 2y 77)’ < 6 al(t)Qm(ln - Q) lé[a,b},D(f)v te [aa b]a m >0 (18)

holds, where
€ [a,b].

al(t)zz(t—a)(1—z:2) gb;“,

Theorem 2 (Relation x4 (¢, z,7) to the solution of the original boundary value problem (1)). Under

the assumptions of Theorem 1, the limit function xoo(t,z,m) = lim (¢, z,m) of sequence (12) is
m—r0o0

a solution to the integral boundary value problem (1) if and only if the pair of vector-parameters

(z,m) satisfies the system of 2n determining algebraic equations

t
M) == 2= [ fls.nls,zn)ds =0, Az = [gls.onlszn)ds=d (19)
On the base of mth approximate determining equations

9(s,xm(s,z,m))ds=d  (20)

Se—

Ap(z,m) = [n— 2] /fsa:mszn))d =0, An(z,n) =

introduce the mapping H,, : Dq X Dy — R?"

b
Hyn(zm) = |17 7 /f“wszm” . (21)
z,m) —d

Theorem 3 (Sufficient conditions for the solvability of the integral boundary value problem (1)).
Assume that the conditions of Theorem 1 hold. Moreover, one can specify an m > 1 and set
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QO c R*™ of the form € := Dy x Do, where D1 E D,, Dy T Dy are certain bounded open sets, such
that the mapping H,,, satisfies the relation

We=a)® L om — o)1
Hyo(20) | 500 | . 27 Q™ (In = Q) 80,0 (f)

5(b —
(9a) KgQ™(In — Q)00 p.0(f)

(22)

on the boundary OS2, where the binary relation >pq in (22) means that for all (z,n) € 0N at least
one of the components k(z,m) of the vector Hy,(z,n) is greater than the corresponding component
of the right hand side vector in (22). (One can see, that the number k(z,n) of components depends
on the point (z,n) € 092.)

If, in addition, the Brouwer’s degree of the mapping Hy,, does not equal to zero, i.e.,

deg(Hyp, 2,0) # 0, (23)

then there exists a pair (z*,n*) from Dy x Dy for which the function z*(-) = xoo(-,2*,n")
is a continuously differentiable solution to the boundary value problem (1), where xoo(t,2*,n*) =
lim z,(t, 2%, n*), t € [a,b].

m—00

In order to verify condition (22) of Theorem 3 one has to use the recurrence formula (12) to
compute the function z,,( -, z,n) analytically, depending on the parameters z and 7, at every point
(z,m) € 09, verify whether at least one component of the 2n-dimensional vector | H, (2, n)| is strictly
greater than the corresponding component of the vector at right hand side of (22). Verification
of the validity of (23) is a rather difficult problem in general. But in the smooth case, it follows
directly from the definition of the topological degree, that if the Jacobian matrix of the function
H,, in (21) is non-singular at its isolated zero (z2,,7%), i.e.,

det Hp(29,1%,) # 0,

B
d(z,n)

then inequality (23) holds. The symbol % means the derivative with respect to the vector of
variables (21, ..., 2n, M, 0n)-

We proved the following lemma about the continuous dependence of the limit function
Zoo(+,2,m) and determining functions A(z,7n),A(z,n) defined in (19) with respect to parameters
(Z,T]) € D, X Dy,

Lemma 1. Let the assumptions of Theorem 1 be satisfied for the integral boundary value problem
(1). Then for arbitrary pairs of parameters (z,n') € Dy x Dy and (2",n") € Dg x Dy, the limit
functions (-, 2", n"), 22 (-, 2", n") of sequence (12) for t € [a,b] satisfy the following Lipschitz-
type condition

1
‘xf}o( 2 ) =2l ( -,z”,n”)| < [In + 50 ar(-)K(I, — Q)_l] [\z’ =2+ - 77”\]. (24)
Formulas (19) determine well defined functions A(z,n) : R*™ — R™ and A(z,n) : R — R",

which in addition satisfy the following Lipschitz-type estimates

AG) = A < 1o+ (0= O + 52 0= KL= @) | 1= 1+ 1 =1,

10

|A(zl, 77/) _ A(Z”, n//)‘ < [((b — a)Kg + o7

Ky(b—a)* K (I — er)] L1 = 2"+ =]
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The following statement gives a condition which is necessary for the domain
= Ga X Gb7 Ga C Dm Gb E Dy (25)

to contain a pair of parameters (z*,7*) determining the solution

2(-) = vl -, 2" 07) = T (- 2"0)

of the given integral boundary value problem (1).

Theorem 4. Let the assumptions of Theorem 1 be satisfied for the integral boundary value problem
(1). Then for domain (25) to contain a pair of parameters (z*,n*) determining the solution x(-)
of the given integral boundary value problem at the pointst =a andt =b

z(a) = 2% and x(b) =n*,

it is necessary that for all m and arbitrary z € G, n € Gy, to be true for the approximate determining
functions the following inequalities

10

An(Z,7) < sup [In . ((b —a)K + — (b—a)’K(I, — Q)_lﬂ [z = 2"+ 0" —n"]]
2€Gq, n€GY 27

02K QT (1, — Q) B (f),

27
= 10 2 —1 / " / "
An(Z,m) < sup (b—a)Kg—i-ﬁKg(b—a) K(I, — Q) [[z—z|+|7]—77]]
2€Gq, N€Gy
10 - )
+ o7 (b—a)’K,Q™(1n — Q) 15[a,b},D(f)-
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