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PARAMETRIZATION FOR NON-LINEAR PROBLEMS
WITH INTEGRAL BOUNDARY CONDITIONS

MIKLOS RONTO AND KATERYNA MARYNETS*

ABSTRACT. We consider the integral boundary-value problem for a cer-
tain class of non-linear systems of ordinary differential equations of the
form

‘t)=f(tx®), teloT]

2(t) = f(
T
Az(0) + P(s)z(s)ds+ Cz(T) = d,
0
where f :[0,7] x D — R" is continuous vector function, D C R" is a
closed and bounded domain.

By using an appropriate parametrization technique, the given prob-
lem is reduced to an equivalent parametrized family of two-point boun-
dary-value problems with linear boundary conditions without integral
terms. To study the transformed problem, we use a method based upon
a special type of successive approximations which are constructed ana-
lytically. We establish sufficient conditions for the uniform convergence
of that sequence and introduce a certain finite-dimensional determining
system whose solutions give all the initial values of the solutions of the
given boundary-value problem. Based upon properties of the functions
of the constructed sequence and of the determining equations, we give
efficient conditions for the solvability of the original integral boundary-
value problem.

1. INTRODUCTION

Recently, boundary-value problems with integral conditions for non-linear
differential equations have attracted much attention, see, e.g. [3,17]. How-
ever, mainly scalar non-linear differential equations of special kinds have
been studied. According our best knowledge, there are only a few works
dealing with a constructive investigation of systems of non-linear differen-
tial equations of a general form with integral boundary restrictions (see,
e.g., [2,6,15,16]).

The aim of this paper is to extend the numerical-analytic technique, which
had been used earlier successfully in relation to different types of boundary-
value problems with two-point and multipoint linear and non-linear bound-
ary conditions [4,5,7,13], for a class of non-linear differential systems of the
form

xl(t) = f (tvw (t))7 te [07T]7
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under the integral boundary conditions

T
Az(0) —i—/o P(s)x(s)ds + Cx(T) = d.

We use an approach based on an appropriate parametrization technique
[12,13], which allows us to reduce the given problem to an equivalent family
of parametrized two-point boundary-value problems with linear boundary
conditions without integral terms. To study the transformed problem, we
use a method based upon a special type of successive approximations con-
structed analytically. We give conditions sufficient for the uniform conver-
gence of this sequence and introduce a certain finite-dimensional “determin-
ing” system of algebraic or transcendental equations whose solutions give
all the initial values of the solutions of the given boundary-value problem.
Using properties of the functions of the sequence and determining equations
and applying an argument based on the Brouwer degree, we give efficient
conditions ensuring the solvability of the original integral boundary-value
problem.

2. NOTATION

(1) In the sequel, the operations | - |, >, <, max, min between matrices
and vectors are understood componentwise.

(2) Z(R™) is the algebra of n-dimensional square matrices with real
elements.

(3) 1,, and 0, stand, respectively, for the unit and zero matrix of di-
mension m < n.

(4) For any u € R™ and any non-negative vector r € R", we put

B(u,r) :={{eR": |{ —u| <r}. (2.1)
(5) r(K) is the spectral radius of a matrix K.
(6) 0N is the boundary of Q.
(7) deg (®,,0) is the Brouwer degree of ® over €2 with respect to zero.

3. PROBLEM SETTING

We consider the non-linear system of differential equations subjected to
the integral boundary conditions

2'(t) = f(t,z (1)), t €[0,7], (3.1)
T
Az(0) +/ P(s)xz(s)ds + Cx(T) = d, (3.2)
0
where A is arbitrary and C' is a given singular n X n matrix of the form
Cn Cri2
C p—
<C21 Onp> ’
where C11 is a p X p matrix, det Cq; # 0, C12 is a p X (n — p) matrix, Cy

is a (n —p) X p matrix, and P : [0,7] — Z(R") is a continuous n x n
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matrix-valued function. We also assume that
det(1,_, — Co1C;* C12) # 0. (3.3)

Here, we suppose that the vector function f : [0,7] x D — R™ is contin-
uous, where D C R"™ is a closed and bounded domain.

The problem is to find a solution of the system of differential equations
(3.1) with property (3.2) in the class of continuously differentiable vector
functions z : [0,7] — D.

4. PARAMETRIZATION OF THE INTEGRAL BOUNDARY CONDITIONS

To replace (3.2) by certain linear two-point boundary conditions, similar-
ly to [5,7,12], we apply a “freezing” technique. Namely, we introduce the

vectors of parameters z = col (21, 22,...,2,), A =col (A1, A2,..., \,), and
n= COI(OaO, s ao’anrl’anr?’ s 57771)
———
P

by formally putting
z = z(0),

A= /OT P(s)x(s)ds, (4.1)

n; = x;(T), i=p+1,p+2,...,n,

in (3.2). Using parametrization (4.1), the integral boundary restrictions
(3.2) can be written as the linear ones:

Az(0) + Cra(T) =d — A+, (4.2)

Cin Cri2
C) = ,
! <021 ]-n—p
1,_p is a (n—p) x (n—p) unit matrix, and A and n are the parameters with
meaning (4.1).

where

Remark 4.1. In view of assumption (3.3), the matrix C is non-singular in
condition (4.4).

Let us put
dA,n)=d—X+n. (4.3)
Taking (4.3) into account, one can rewrite the parametrized boundary
conditions (4.2) in the form

Az(0) + Cra(T) = d(\, 7). (4.4)

The parametrization technique that we are going to use suggests that,
instead of the original boundary-value problem with the integral boundary
conditions (3.1), (3.2), we study the family of parametrized boundary value
problems (3.1), (4.4), where the boundary restrictions are linear. We then
go back to the original problem by choosing the values of the parameters
appropriately.
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Remark 4.2. The set of the solutions of the non-linear boundary-value prob-
lem with integral boundary conditions (3.1), (3.2) coincides with the set of
the solutions of the parametrized problem (3.1) with linear boundary re-
strictions (4.4), satisfying additional conditions (4.1).

5. CONSTRUCTION OF THE SUCCESSIVE APPROXIMATIONS

Assume that the function f in the right hand-side of (3.1) satisfies the
Lipschitz condition of the form
[f(tu) = ft,0)] < K |u—vl, (5.1)

for all t € [0,T], {u,v} C D, where K = (k;;)
constant matrix.
Let us put

ij=115 2 certaln non-negative

P = {/OT P(s)a(s)ds : w C([O,T],D)} .

Furthermore, introduce the vector
1
1) == t — i t 5.2
p(f)img | ) winfeo)]. 62
and assume that the set D, defined according to the formula
T
forall \e #,neD,te [O,T]}

D, = {z eD: B<z +tT e AN ) — (A4 Cy) 2]

is non-empty:
D, # 0. (5.3)

Recalling notation (2.1), we see that the inclusion z € D, holds if and
only if the vector [(1 —tT~ 1)1, —tT~'Cy Alz +tT~1C1d(\, ) belongs to
D together with its “vector” %5D(f)—neighbourh00d forany A€ &, ne D,
and t € [0, 7.

Remark 5.1. The technical assumption (5.3) means that the domain D,
where the right-hand side of the differential equation is assumed to satisfy
the Lipschitz condition, is wide enough.

Let us associate with the parametrized boundary-value problem (3.1),
(4.4) the sequence of functions defined recurrently by the formula

t
T (t, 2z, A\, m) := z—|—/ f(s,zm_1(s,2,\,n))ds
0

t T
- ?/0 f(5,$m71(5,2>>\a77))d5

t
+ O [d(A ) — (A+ C1) 2] (5.4)
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for t € [0,T], m=1,2,3,..., where

m@%Amy:z+%qﬂmeyﬂA+Cﬁd, te0.7],  (5.5)

and the vectors z, A, and 7 are considered as parameters.
It is easy to check that the functions z,, (-, z, A, ) satisfy linear parametrized
boundary conditions (4.4) for all m > 1, z, n, A € R™.

Remark 5.2. It follows from the definition of the set D, that the values of
function (5.5) do not escape from D for any z € D,, A € &, and n € D.

The following statement establishes the convergence of sequence (5.4).

Theorem 5.1. Let condition (5.3) be fulfilled, and moreover, assume that
the matriz K appearing in the Lipschitz condition (5.1) satisfies the relation

10
3T
Then, for all firted z € Dy, A€ &2, andn € D:
(1) The functions of sequence (5.4) are continuously differentiable and
satisfy the parametrized boundary conditions (4.4):
Az, (0,2, \,n) + Crxm (T, 2, \,n) = d(\,n),

forallm=1,2,3,....
(2) Sequence (5.4) converges uniformly in t € [0,T7] as m — oo to a
limit function

¥ (t,z,\,n) == lm x,(t, 2, A, n). (5.7)

m

r(K) < (5.6)

(3) The limit function x*(-, z,\,n) satisfies the parametrized linear two-
point boundary conditions:

Az*(0, 2, A\, m) + C1a*(T, z, \,m) = d(A, ).

(4) Function (5.7) is a unique continuously differentiable solution of the
integral equation

t T
x(t) = z+/0 f(s,x(s))ds—%/o f(s,z(s))ds

F O A ~ (A C)Hl, te0.T), (59)

or, which is the same, a solution of the Cauchy problem
() = f(t,z) + Az, \, ), t € [0,77, (5.9)
z(0) = z, (5.10)

where

A(z,\n) = %Cfl [d(A,n) —(A+Ch)] =

1 (T
——/ f(s,2*(s,2,A\,m))ds. (5.11)

T Jo
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(5) The error estimate

|2 (t, 2, A1) — T (t, 2, A, )|
20

<5t (1 — %) Q™(1, — Q) Yp(f), te[0,T], m>1, (5.12)

holds, where
T

Q:_E

(5.13)
Proof. We will prove that the sequence of functions (5.4) is a Cauchy se-
quence in the Banach space C([0,7],R™) of continuous vector functions
on [0,7]. We first show that x,,(t,z,A,n) € D for arbitrary (¢,z,\,n) €
[0,T] X Dy x & x D and m > 0.

Indeed, it follows from Remark 5.2 that all the values of the function

xo(-,z,A\,n) lie in D. Let us now use the estimate of [14, Lemma 2.3] (see
also [8, Lemma 3] and [11, Lemma 2]) valid for all y € C([0,T],R"™):

/Ot [y(T) _ %/OTy(s)ds} dr

where

1
< — — i .
< sa(h) Lgﬁ%y(t) t?ﬂolf}]y(t) , (5.14)

on(t) = 2t <1 - %) . teloT] (5.15)

Considering relation (5.4) for m = 0 and applying estimate (5.14) with
y(t) = f(t, 20 (t,2,A,n)), t € [0,T], we get

‘xl (ta Z, )‘777) — X0 (t7 Z, )‘777)‘ S

/Ot [f(t,a:o (s,2,\,m)) — %/OTf(s,l“O (S,Z,Aaﬁ))dé’] dt'

<

T
< ai()dp(f) < 50p(f),  t€[0,T]. (5.16)
In (5.16), we have used the inequality
t€[0,T],

which is obtained directly from (5.15), and the fact that zo(-,2,A,n) has
values in D. Recall that the vector dp(f) is given by formula (5.2).
Therefore, by virtue of (5.16), we conclude that z;(¢,z,A\,n) € D when-
ever (t,z,\,n) € [0,T] x D, x & x D. Using this and arguing by induction,
we can easily establish that all functions (5.4) are also contained in the
domain D for all m =1,2,3...,t € [0,T], z € Dy, A € &, and n € D.
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Furthermore, (5.4) gives
merl(ta 2, )" 77) - xm(ta 2y )" 77) =

:/ [f(s,zm(s,2,A,m) — (s, 2m-1(s,2,\,n))]ds—

- —/ (s,2m(s,2,A,m)) — f (s, xm—1(s,2,A,n))]ds (5.17)
for all m =1,2,3,.... Introduce the notation:

Tm(taza)"n) = |~’Um(ta2,)\,77) - SCm,l(t, Z,Aﬂ?)|

forallm =1,2,3...,t € [0,T], z € Dy, A € &, and n € D. By virtue of
equality (5.17), estimate (5.14) and the Lipschitz condition (5.1), we have

Tmt1(t, 2, A, m) < K[(l - %) /Ot rm (8, 2, A, n)ds+

—/ (s,z,A\,m ds] (5.18)
for any m =0,1,2,.... According to (5.16),

ri(t, 2, An) = |z1(t, 2, A ) = zo(t, 2, A, )| < ar()op(f)-
For m = 1, it follows from (5.18) that

ra(t, 2, \,m) < Kdp(f) Kl - %) /Ot ai(s)ds + % /tTal(s)ds]
< Kaz (t)dp(f).

Using (5.20), we can easily obtain by induction that

rmi1(t, 2, A1) < K™ o1 (8)0p(f), (5.19)

forallm =0,1,2,..., where dp(f) is given by (5.2) and o, (), m = 1,2,...,
are defined by the formula

s (1) = (1--)/ a5 ds+—/ am(s (5.20)

where m =0,1,2,... and
ap(t) =1
for all t € [0,T]. Clearly, v is given by (5.15).
Let us now recall the estimate of [11, Lemma 3]

10 /3 "
Oém+1(t) S ? 1_OT Oél(t), te [O,T], m — 0, 1, 2, ey (521)

obtained for the sequence of functions (5.20). By virtue of the estimate
(5.21), from (5.19) we get

10
Tt (t, 2, A, n) < gal(t)Qm%(f) (5.22)
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for all t € [0,7] and m = 0,1,2,..., where the matrix @ is given by (5.13).
Therefore, in view of (5.22),
[Tt (t, 2, A, m) —xm(t, 2, A, )| <
<@ (6,2, A1) = Tingj—1(t, 2, A, m) | +
F [Tmij—1(t, 2, A1) — Tmaja(t, 2, A0 + ...+
+ |Zmia (t, 2, A1) — zm(t, 2, A, )| =

J J
Z Pmi(t, 2, A1) < 1—90041( )>_Q™ep(f) =
i=1 i=1

10

=—a1 QWZQ Sp(f). (5.23)

Since, due to the condition (5.6), the maximal elgenvalue of the matrix
@ of the form (5.13) does not exceed 1, we have

7—1
YR <1, -
i=0

and lim,, .. @™ = 0,, where 0,, is the n X n zero matrix. Therefore, we
conclude from (5.23) that, according to the Cauchy criterion, the sequence
{zm (-, 2, \,n) : m > 1} of the form (5.4) uniformly converges in the domain
[0,7] x Dy x & x D to a limit function z*(-, z, A, ). Since all the functions
ZTm(+, 2, A,m) of the sequence (5.4) satisfy the boundary conditions (4.4) for
all values of the introduced parameters, we conclude that the limit function
x*(-,z,\,n) also satisfies these conditions. Passing to the limit as m — oo
in equality (5.4), we show that the limit function satisfies both the integral
equation (5.8) and the Cauchy problem (5.9), (5.10), where A (z,\,n) is

given by (5.11). O
Consider the Cauchy problem
2 (t) = f(t,z) + p, t € [0,77, (5.24)
z(0) = z, (5.25)
where = col(u, ..., uy,) is a control parameter.

Theorem 5.2. Let z € D, A€ &, n € D and u € R" be fized. Suppose that
for the system of differential equations (3.1) all conditions of Theorem 5.1
hold.

Then, for the solution x(-,z,\,n, 1) of the initial-value problem (5.24),
(5.25) to satisfy the parametrized boundary conditions (4.4), it is necessary
and sufficient that p be given by the formula p = . »,, where

HzAm = 1 Crld(\n) — (A+Ch)z / f(s,z"(s,2,A 77))] ds. (5.26)

T

In that case,
x(t,z,\,m,p) =x* (6,2, \,n), t €10,77, (5.27)
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where x* (-, z,\,n) is the function (5.7).
Proof. Sufficiency. Let us suppose that

W= iz )m (5.28)

in the right-hand side of the system of differential equations (5.24). By virtue
of Theorem 5.1, the limit function (5.7) of the sequence (5.4) is the unique
solution of the problem (5.24), (4.4) for the fixed values of parameters z, A
and n and p of form (5.28). Furthermore, the function x*(-, z, A, n) satisfies
the initial conditions (5.25), i.e., it is a solution of the Cauchy problem
(5.24), (5.25) for that p. Thus, we have found the value of the parameter y
given by (5.26), for which (5.27) holds.

Necessity. Now we show that the parameter value (5.26) is unique be-
cause for any other value u = f[i, i # .y, the corresponding solution
x (v, z,A\,n, i) of the initial value problem (5.29), (5.25),

2 (t) = f(t,z(t)) + t € [0,77, (5.29)

does not satisfy the boundary conditions (4.4).
Indeed, assume that there exists a ji such that fi # p. », and the solution

z(t):=x(,z,\n0), te[0,T7],

of the Cauchy problem (5.29), (5.25) satisfies the two-point parametrized
boundary conditions (4.4). Let

xszvn(t) = (t? Z? >\’ ”7’ lu’Z,)\J]) 9 t € [0, T]

It is obvious that the functions x,  ,(-) and Z(-) satisfy the integral equations

¢
Toag(t) =2+ /0 (s 222 0(5))ds + pzxnt (5.30)
and
t
Z(t) =2+ /0 f(s,z(s))ds + pt. (5.31)

By assumption, the functions x, ) ,(-) and Z(-) satisfy the parametrized
boundary conditions (4.4) and the initial conditions (5.25). Hence,

sz,)\,n(o) + Cl.%'z,)\m(T) = d()\, 77), (5.32)
T, 2n(0) = 2z, (5.33)
AZ(0) + C1Z(T) = d(\, n), (5.34)
z(0) = 2. (5.35)
Taking (5.32)—(5.35) into account, we get
Toan(T) = CrHd(N,n) — Az], (5.36)
Z(T) = Cy Y d(\, n) — Az]. (5.37)
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Relations (5.30), (5.31) for ¢t = T give
1, 1 [T
KBz n = fcl [d()\ﬂ?) - (A + Cl)z] - f /0 f(Saxz,A,n(S))dSa (538)

T
= 7O — A+ = 7 [ feae)as (539)

Substituting (5.38), (5.39) into the integral equations (5.30), (5.31), we
get that for all ¢ € [0, 7]

t
xz,)\,n(t) =z+ /0 f(Sa 5637)\777(5))(154'

o ]er O — (A + 02 - ' ds| (540
ooy D= [ fszan(ois] (540

and
T(t) ==z —i—/o f(s,2(s))ds+

: = - 2 ' s,x(s))ds
glertanm -+ coa - [ seaenas. G

As z € D, and A € &, by analogy to the proof of Theorem 5.1, according
to the form of equations (5.40), (5.41) and the definition of the set D, it can
be shown that all the values of the functions x, ) ,(-) and Z(-) are contained
in D.

It is clear from (5.40), (5.41) that

Lo (t) — (1) = /O [ (5,22 m(8)) — £(5,2(s))] ds—

t T
—5/0 [f(ss220(5) — f(s,2(s))]ds,  t€[0,T]. (5.42)

By virtue of the Lipschitz condition (5.1), from the relation (5.42) we get
that the function

W(t) = |zanng(t) —FM)],  te[0,T), (5.43)

satisfies integral inequalities

t T
w(t) < K(/O w(s)ds + %/0 w(s)ds>
< Kaj(t) max w(s), t 10,7, (5.44)

s€[0,T7]
where «;(+) is given by (5.15). Using (5.44) recursively, we arrive at the
inequality
w(t) < K™, (t) max w(s), t €10,77, (5.45)
s€[0,T]
where m € N is arbitrary and the functions au,, m > 1, are given by the
formula (5.20).
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Taking (5.21) into account, from (5.45) we get the following estimate for
every m € N:

10 (37 \"!
)< Kay(t)— (—=K , tel(0,T].
o) < Ky (TK) max (. tefo
By passing to the limit as m — oo in the last inequality and by virtue of

(5.6), we come to the conclusion that

max w(s) < Q™ max w(s 0.

se[o,)J(“} (s)=Q s€[0,7] (s) =
According to (5.43), this means that the function x, ) ,(-) coincides with

Z(-). Using (5.38) and (5.39), we get that u,», = f. This contradiction
proves the theorem. O

Let us find out the relation of the limit function z* (-, z, A, ) of the se-
quence (5.4) to the solution of the parametrized two-point boundary-value
problem (3.1) with linear boundary conditions (4.4) or the equivalent non-
linear problem (3.1) with integral conditions (3.2).

Theorem 5.3. Under the conditions stated above, x*(-,z*,\*,n*) is a so-
lution of the integral boundaryvalue problem (3.1), (3.2) if and only if the
components of the vectors

2" =col(z],25,...,2),
* * * *
n = COI(Oa 0’ e a0a77p+1,77p+2, e anp-i-n)a
p

A* = col(AT, A3, ..., Ay)

satisfy the determining system of algebraic or transcendental equations

A(z,An) =0, (5.46)
V(z,Am) =0, (5.47)
x; (T,z,A\,n) —n; =0, i=p+1,...,n, (5.48)

where
1 T
A(Za)‘?n) = Cl_l [d()‘an) - (A + CI)Z] - ? /0 f(SaCU*(S,Z,AaW))dS,

T
V(z, A\, n) = / P(s)x* (s,z,A,n)ds — A.
0
Proof. 1t suffices to apply Theorem 5.2 and notice that the differential equa-
tion (5.9) coincides with (3.1) if and only if (2*, A*, n*) satisfies the equation
A" X 77) = 0.

Moreover, from (4.1) it is clear that x*(-,z*, \*,n*) coincides with the

solution of the integral boundary-value problem (3.1), (3.2), if and only if
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x*(+, 2%, \*, n*) satisfies the equations

T
| P@ sz s =
0
CC;(T,Z,)\,T])ZUZ-, t=p+1,...,n.

This means that z*(-, 2%, A*, n*) is the solution of the integral boundary-value
problem (3.1), (3.2) if and only if (5.46)—(5.48) hold. O

The next statement proves that the system of determining equations
(5.46)—(5.48) defines all possible solutions of the original non-linear boun-
dary-value problem (3.1) with integral boundary restrictions (3.2).

Lemma 5.1. Let all conditions of Theorem 5.1 be satisfied. Furthermore
there exist some vectors z € Dy, A € & and n € D that satisfy the system
of determining equations (5.46)—(5.48).

Then:

(1) The non-linear boundary-value problem (3.1), (3.2) with integral bound-
ary conditions has a solution x(-) such that

z(0) = 2,

/T P(s)z(s)ds = A,
xi(T)im, i=p+1,...n.
Moreover, this solution is given by the formula
z(t) = x*(t, 2, \, m), te[0,T7], (5.49)

where x*(-, z, \,n) is the limit function of sequence (5.4).

(2) If the boundary-value problem (3.1), (3.2) has a solution x(-), then
this solution is given by (5.49), and the system of determining equa-
tions (5.46)—(5.48) is satisfied with

z = x(0),

T
A :/0 P(s)x(s)ds, (5.50)
ni = xi(T), i=p+1,...n.

Proof. We will apply Theorems 5.2 and 5.3. If there exist some z € D,,
A€ Z and n € D that satisfy determining system (5.46)—-(5.48), then ac-
cording to Theorem 5.3 function (5.49) is a solution of the given boundary-
value problem (3.1), (3.2). On the other hand, if z(-) is the solution of the
original boundary-value problem (3.1), (3.2), then this function is a solution
of the Cauchy problem (5.24), (5.25) with

p=0,
z = z(0).
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As x(-) satisfies integral boundary restrictions (3.2) and the corresponding
conditions (4.4), by virtue of Theorem 5.2, equality (5.49) holds. Moreover,

H=Hzrn = 0,

where the vectors X, 7 are defined by (5.50).However, pu, ), is given by
formula (5.26), and hence the first equation (5.46) of the determining system
is satisfied, if z, A, and n are given by (5.50). Using (4.4), we obtain that
the other two equations (5.47), (5.48) of the determining system also hold.
So, we have specified values (z, A\, n) that satisfy the system of determining
equations (5.46)—(5.48), which proves the lemma. O

6. REMARKS ON THE CONSTRUCTIVE APPLICATIONS OF THE METHOD

Although Theorem 5.3 gives sufficient and necessary conditions for the
solvability and construction of the solution of the given problem, its ap-
plication faces with difficulties due the fact that the explicit form of the
functions A : Dy x ZZx D - R" V : D, x #?x D — R" and z*(-, 2z, \,n) in
(5.46)—(5.48) is usually unknown. This complication can be overcome by us-
ing the properties of the function z, (-, z, A, n) of the form (5.4) for a fixed m,
which will lead one, instead of the exact determining system (5.46)—(5.48),
to the mth approximate system of determining equations

Am('z’)‘an) = 0? (61)
Vm(Z,)\,’I’]) = 0? (62)
xm,z(TaZa)‘,n)_nlzoy Z:p+1an> (63)

where Ay, : Dy X  x D — R and V,;, : Dy x & x D — R™ are given by
the formulas

Az An) i= [ m) = (A+ €12
T
— %/0 f(s,xm(s, 2z, A, n))ds, (6.4)

T
Vin(z, A, n) == /0 P(s)xy, (s,2,A\,n) ds — A, (6.5)

and x, (-, 2, A, n) is the vector-function defined according to relation (5.4).
It is important to note that, unlike to system (5.46)—(5.48) the mth ap-
proximate determining system (6.1)—(6.3) contains only terms involving the
function x,, (-, z, \,n) and, therefore, constructed explicitly.
In the next section we will show how, under certain natural assumptions,
the approximate determining system can be used in solvability analysis.

7. EXISTENCE OF SOLUTIONS OF THE INTEGRAL BOUNDARY-VALUE
PROBLEM

In the sequel, we need a lemma providing an estimate for functions (5.11)
and (6.4).
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Lemma 7.1. Let conditions of Theorem 5.1 be satisfied.

Then, for an arbitrary m > 1, the exact and approxrimate determining
functions A : Dy x & x D — R"™ and Ay, : Dy X & x D — R" defined by
(5.11) and (6.4) satisfy the estimate

AG A ~ Az An)] € DEKQT W~ Q) Nn(h), (T)

where (z,\,n) € D, x P x D of the form (4.1) are arbitrary and K, Q,
dp(f) are given respectively by (5.1), (5.13), and (5.2).

Proof. Let us fix arbitrary z, A, n of the form (4.1). Using the Lipschitz
condition (5.1), estimate (5.12), and the equality

T 2
T
/ al(t)dt = 5
0 3

we have
|A(z, A, n) — A (z,A,m)| =
1 [T LT
= 'T/ f(Saxm(saza)‘777)) ds — _/ f(sax*(‘S?Z’)\’n)) ds <

<—/ K|z*(s,z,\,n) — (s, 2, \,n)| ds <
<1k / )@ (L~ @) op(f)ds =

T
= GFKQ (1, =@ p(f) [ an(es =
= L KQ™ (1, - Q) on()),
which completes the proof. O

Lemma 7.2. Let conditions of Theorem 5.1 be satisfied. Then for arbitrary
m > 1 and (z,\,n) € Dy, xPxD of the form (4.1), the functions z*(-, z, A\, n)
and Ty, (-, 2z, A\, n) defined by (5.7), (5.4) satisfy the estimate

(s,2,\,n) ds — xp, (s,2,\,n)]ds| <

< 3 BQ" (- Q) op(f) (1)

where Q, dp(f) are given by (5.13), (5.2) and

T
B::/ |P(s)]a(s)ds.
0
EJQTDE, 2012 No. 99, p. 14



Proof. Let us fix arbitrary z, A, n of the form (4.1). By virtue of the estimate
(5.12), we have:

T T
/ P(s)z* (s,z,A\,n)ds — / P(s)xm (s,2,A,n)ds
0 0

T
< /0 P(5)] 2(5, 2 A 1) — (5, 2, )] dis
T
= / 1P()] e (5)Q (1, — Q) dp(f)ds
=— [ |P(s)| ai(s)dsQ™ (1, — Q)" dp(f)

10 - _
=5 BQ" (1, - Q) on(f).
The last estimate completes the proof. O

On the base of equations (5.46)—(5.48) and (6.1)—(6.3) let us introduce
the mappings ® : D, x & x D — R3 and ®,, : D, x & x D — R3" by
setting

Az, A\ m)
V(z, A1)
$p+1(T, 2, )‘7 77) - 77p+1
@(Z, )\7 77) = xp+2(T’ Z, )\, 77) — np+2 ) (73)
xn(Tv Z, )‘7 77) —n
and
A (2, A1)
Vin(2, A, m)
$m7p+1(T7 Z, A, 77) — Tp+1
q)m(za )‘7 77) = T, p+2 (T, Z, )\, 77) — Tlp+2 (74)

xm,n(Tv 2, )‘7 77) —Tin
for all (z,\,n) € D, x & x D of the form (4.1).

Definition 7.1 ([10]). Let H C R3" be an arbitrary non-empty set. For
any pair of functions f; = col (fi1,..., fjan) : H — R, j = 1,2, we write

Ji>u fo (7.5)

if and only if there exist a function
k:H—{1,2,...,3n}
such that
fLk@) (@) > for@) (@)

for all x € H.
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Remark 7.1. Relation (7.5) means that at every point € H at least one
of the components of the vector fi(z) is greater then the corresponding
component of the vector fa(z).

Let us consider the set
Q= D1 X A1 X DQ, (76)
where D1 C Dy, Ay C &2, Dy C D are certain bounded open sets.

Theorem 7.1. Assume that conditions of Theorem 5.1 hold and, moreover,
one can specify an m > 1 and a set @ C R3™ of the form (7.6) such that

W RQ™ (1, — Q) ' op(f)
[Pl boq [ 2BQ™ (1, — Q)" op(f) |- (7.7)
ST Q™ (1, — Q) dn(f)
If, in addition,

then there exist some (2%, \*,n*) € Q such that the function
x*(t) == a™(t, 2", N\, n"), te[0,T7], (7.9)

is a solution of the boundary-value problem (3.1) (3.2) with the initial con-
dition

x*(0) = 2. (7.10)
Proof. Let us prove that the vector fields ® and ®,,, are homotopic. For this
purpose, following [12], we consider the “linear deformation”

where (z,\,n) € 99, 6 € [0, 1].

Obviously, P(0,-,-,-) is continuous mapping on 9 for every 6 € [0, 1]
and, furthermore,

P(07Z7)‘777) :@m(za)Vn)a P(l,Z,)\,T]) :(I)(Z7)\,T])

for all (z, A, n) € 09.

For an arbitrary (z, A, n) € 99, in view of (7.11), we have

|P (9’ Zy >‘7 77)| = |‘1)m(z, >‘a 77) + 0 [‘I)(Z, >" 77) - @m(z, >" 77)” 2

> |(I)m(Z,)\,77)| - |‘1)(z,)\,'r}) - ‘1>m(2,)\a77)| : (712)

On the other hand, recalling equalities (7.3), (7.4) and using approxima-
tion (5.4) and estimate (7.2), we obtain the inequalities

PEEQ™ (1~ Q) dp(f)
(@2, A m) = (2 A < | $BQ™ (L= @Q) ' op(f) |, (713)
Q" (1, —Q) " on(f)
whence, in view of (7.7), (7.12), (7.13), it follows that
|P(0,-,-,)|>a0 0, 0 €10,1]. (7.14)
The relation (7.14) implies, in particular, that P (0, -,-,-) does not vanish

on 0N for any value of 6 € [0, 1], i.e., deformation (7.11) is non-degenerate
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and, thus, ®,, is homotopic to ®. Using (7.8) and the property of invariance
of Brouwer degree under homotopy, we conclude that

deg (®,9,0) = deg (P,9,0) # 0.

The classical topological result (see, e.g., [1, Theorem A.2.4]) then guar-
anties the existence of vectors (z*, \*,n*) € Q such that

O (25, N\, n") =0.

Therefore, the vector (z*, \*,n*) satisfies the system of determining equa-
tions (5.46)—(5.48).

Applying now Theorem 5.3, we find that the function (7.9) is a solution
of the original nonlinear boundary-value problem (3.1), (3.2) with the initial
value satisfying (7.10). O

8. NOTES ON PROVING THE SOLVABILITY

According to the approach developed here, the proof of the solvability of
the original boundary-value problem (3.1), (3.2) is based on Theorems 5.1
and 7.1. Theorem 5.1 ensures the convergence of the iteration method and,
in particular, justifies the further argument that involves functions of se-
quence (5.4) and their limit (5.7). On the other hand, applying Theorem 7.1,
one can use properties of finitely many functions of sequence (5.4) to estab-
lish that the solution of (3.1), (3.2) exists.

Remark 8.1. In order to apply Theorem 7.1, one has to:

e compute the vector dp(f) according to (5.2) (or estimate it from
above)

e construct the function x,,(-,z,\,n) analytically for a certain fized
value m = myg, keeping z, A, and 7 as parameters

e select a suitable set §2 and verify conditions (7.7), (7.8) for m = my.

Remark 8.2. To verify condition (7.7) of Theorem 7.1 in concrete cases, one
has to use the recurrence formula (5.4) to compute the function x,,(-, z, A, 1)
depending on z € Dy, A € &, n € D as parameters and verify whether at
least one of the components of the vector |®,,(z,A,n)| is strictly greater
than the corresponding component of the appropriate vector in the right-
hand side at every point (z,\,n) of 9.

After that, we need verify in (7.8) whether the topological degree of @, is
not zero. This is rather difficult problem in general. However, there are suf-
ficient conditions applicable in a number of important cases. In particular,
when ®,, is an odd mapping, i.e.,

(I)m(_'z’ _)" _77) = _(I)m(za )" 77)

for all (z,\,n), then, according to the Borsuk theorem (see [1, Theorem
A2.12]), its Brouwer degree is an odd number and therefore, is not equal to
ZEero.
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Alternatively, it follows directly from the definition of the topological
degree (see [1, Definition A2.1]) that if the Jacobian matrix of the function
®,, in (7.4) is non-singular at its isolated zero (2m 0, Am,0, Mm,0), 1. €.,

0
—
det 0z O\ 0On m(zmvo’ )\m707 nm,O) #£0,

then inequality (7.8) holds.

9. AN ILLUSTRATIVE EXAMPLE

Let us apply the numerical-analytic scheme described above to the system

of differential equations
2 (t) = 0.0529 + z125 — 0.005t% — 0.01¢> 4 0.1, 01)
ah(t) = 0.5z — 23 + 0.01t* + 0.15¢, '

1

considered for t € [0, 5] with the two-point integral boundary conditions

Az(0) + /0 : P(s)z(s)ds + Cz <%> =d, (9.2)

) e ). ()

P(t):<1(/)2 iﬁ) telo .

It is easy to check that the pair of functions

zi(t) =0.1t,  x3(t) = 0.1¢2

where

and

is an exact solution of the problem (9.1), (9.2).
Suppose that the boundary-value problem (9.1), (9.2) is considered in the
domain
D = {(z1,22) : |z1] < 0.42, |z2| < 0.4}.

Following (4.1), introduce the parameters:

col (21(0),z2(0)) =: col (21, 22) ,

T
/0 P(s)x(s)ds =: col (A1, A2), (9.3)

1
) 5 =:1n2.

The formal substitution (9.3) transforms the boundary restrictions (9.2)
to the linear conditions

Az(0) + Cix (%) =d(\n), (9.4)

where 7 = col(0,72), C1 = ($9), d(A\,n) :== d — XA+ n. The matrix C; is, of
course, non-singular.
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Put
fi(t,z1,x2) := 0.05z9 + z125 — 0.005t% — 0.01% + 0.1,
fo(t, z1,29)) := 0.5z — 23 + 0.01t* + 0.15¢.

Then (9.1) takes form (3.1) with 7'= %, n = 2, and it is then easy to check
that the matrix K from the Lipschitz condition (5.1) can be taken as

0 0.05
K= <0.5 0.8> ’

10
K 84 < —.
r(K) <084 < 3T
The vector dp (f) can be estmated as
0.18925
o (f) = (0.3278125) '

The role of D, is played by the domain defined by inequalities:
21 + 2¢(0.05078125000 — A1 — 2z1) < 0.0473125,
22 + 2t(0.007291666667 — A + 12 — 222) < 0.081953125.
The domain & is such that
P ={(A\1, ) : |[\1] <0.105, | \o] <0.31}.

One can verify that, for the parametrized boundary-value problem (9.1),
(9.4), all the needed conditions are fulfilled, and we can proceed with ap-
plication of the numerical-analytic scheme described above. As a result, we
construct the sequence of approximate solutions.

The components of the iteration sequence (5.4) for the boundary-value
problem (9.1) under the linear parametrized two-point boundary conditions
(9.4) have the form

and

t
(b 2 A1) = 21 + / P (8t (82 M ), s (5, 2, A, ) dis
0

1
2

_Qt/ fi(s,zm—11(s,2,10, ), Tm-1,2(s,2,1m,A)) ds

0
+24(0.05078125 — Ay — 21), (9.5)

t

xm,Q(t7 Z, )‘7 77) =22 + / f2 (Sa mm—1,1(37 Z, )‘7 77)7 xm—l,Q (Sa Z, )‘7 77)) ds
0

1
2
-2t / f2 (S, Cﬂmfl,l(sa 2, >‘a 77)’ Tm—1,2 (5, 2, >‘a W)))ds
0
+2£(0.007291666667 — Ao + 12 — 225), (9.6)

form=1,2,3,..., where
.%'071(t, Z,Mm, )\) =2z + 2t(0.05078125 — A — 21), (9.7)
xo2(t, 2,m, A) = 22 + 2¢(0.007291666667 — Ag + 12 — 222). (9.8)
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The system of approximate determining equations of the form (6.1)—(6.3)
for the given example at the mth step is

Am71(2, )‘7 77) = 07 (99)
Am,Q(Za )‘7 77) = 07 (910)

1
/2 P(s)xm(s,z,\,n)ds = A, (9.11)

0
1

Tm,2 <§7Z7)\777> =12, (912)
(9.13)

where

1
2
Am,l(za)‘,n) = _2/ fl (Saxmfl,l(saZa)"n)axmflﬂ(saza)\’n)) ds
0
+ 2(0.05078125 — Ay — z1),

1
2
Ama(z A1) = =2 / Fo (5, 1.1 (5,23 A1)y @2 (5, 2, Ay ) dls
0
+2(0.007291666667 — Ao + 15 — 223).

Using (9.5)—(9.8) at the first iteration (m = 1) and applying Maple 13,
we get

211 = —0.0025¢* + 0.1019859484¢ + 1.333333333¢3 A\ Ag—
— 1.333333333t3 172 + 2.666666666¢3 \; 25 + 1.333333333t3 2, Ao —
— 1.333333333t3 2119 + 2.666666666t> 21 20 + t2 2119 — 1221 Ag—
— 3?2120 — t2 A1 20 — 0.3333333334¢ A1 Ao+
+ 0.3333333334t A1 772 — 0.1666666667t A 2o 4 0.1666666666t 21 Ay —
— 0.1666666666t 21 1y — 2.001215278t2; — 0.6770833333t3 Ao+
+ 0.06770833333t3 175 — 0.1354166667t> 25 — 0.009722222219t3 X1 —
— 0.009722222219¢3 z; — 0.05t> Xy + 0.05t%n2 — 0.04921875t% 2o+
+ 0.007291666665t> z; + 0.04192708333t Ay — 0.04192708333t1, —

— 1.997569444t )\, + 0.0003645833334¢2 — 0.001172960069¢> + 2
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and

z19 = —0.03571925636t — 1.333333333t3\3 — 1.333333333t% 15 —
— 5.333333333t323 — 0.5¢2\; + 41223 + 0.3333333334t\3 +
+ 0.3333333334tn2 + 0.25t21 + 0.01944444444¢3 \g—
— 0.01944444444t3 15 + 0.03888888888t3 25 — 0.01458333333t% 25 — 0.5t% 2, —
— 2.004861111¢Ao 4 2.004861111¢7, + 0.25tA; + 0.002t°+
+ 2.6666666661> A\amz — 5.333333333t% Ao 2p+

+ 5.333333333t3 929 + 262 Xaze — 2621929 — 0.6666666667t\a 12+
+ 0.3333333334t A0 25 — 0.3333333334t1, 29+

+ 0.100390625¢t% — 0.00007089120366t> + 29

forall t € [O, %] . Here and below, we omit the obvious arguments reflecting
the dependence on z1, z9, A1, A9, and 7.

The computation shows that the approximate solutions of the determining
system (9.9)—(9.12) for m =1 are

2~ 211 = —4.253290711 - 1077,
29 A 219 = 7.295492706 - 1077,
A &~ A1 = 0.0007814848293,

A2 & A1g = 0.007290937121,
N2 ~ M1g = 0.0249993271.

Hence, the components of the first approximation to the first and second
components of solution are

r11 = —0.0025t* + 0.09968792498t — 4.253290711 - 10~ "+
+0.001249955722t% — 8.714713042 - 10~ 8¢3

and

715 = 0.00008047566353t + 0.002t> + 7.295492706 - 10~ "+
+ 0.1000000588%% — 0.0008332398387¢3.

The graphs of the first approximation and the exact solution of the original
boundary-value problem are shown on Figure 1.
The error of the first approximation is

max |z} (t) — z11(t)| < 2.1-107°,
te[0,3]
max_|23(t) — z12(t)| < 2.2-107°.
lod
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0,059 0,0254

0,04+ 0,020+

0,03+ 0,015+

0,01 0,005

Figure 1: The first components of the exact solution (solid line) and its first
approximation (drawn with dots)

Similarly, the error of the second approximation is

max |27(t) — a21(t)| < —4.03-107°,
2

max_|23(t) — zea(t)| < 1.2-107C.

te[0,3]

Continuing calculations, one can get approximate solutions of the original
boundary-value problem with higher precision.
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