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Abstract. In the paper, the existence and uniqueness of the solutions for the system of the non-
linear first-order ordinary differential equations with three-point and integral boundary conditions
are studied. The Green function is constructed and the considered problem is reduced to the
equivalent integral equation. The existence and uniqueness of the solutions for the given problem
are analyzed by using the Banach contraction principle. The Schaefer’s fixed point theorem is then
used to prove the existence of the solutions. Finally, the examples are given to verify the given
theorems.
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1. Introduction and Problem statement

The multipoint and integral boundary value problems for ODEs and their systems play
an important role both in theory and application. Boundary value problems with nonlocal
boundary conditions for the nonlinear differential equations arise in several branches of
physics and applied mathematics. Some examples in application to heat conduction,
thermo-elasticity, chemical engineering, plasma physics, and underground water flow can
be reduced to nonlocal problems with integral boundary conditions (see [4, 6, 12, 22]).

At present, first-order differential equations with nonlocal conditions have been little
studied [2, 4, 6, 13, 19-25, 27], and especially for the second-order differential equations
with nonlocal boundary conditions [7-11, 14-16, 18, 26] and the references therein.
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The existence and uniqueness of solutions to boundary value problems for the nonlinear
system of first-order ordinary differential equations with three-point boundary conditions
have been studied by a broad range of techniques [18, 19, 23, 25, 27].

The theory of boundary-value problems with integral boundary conditions for differ-
ential equations has become an important area of investigation in recent years. There are
many results on the existence and uniqueness of solutions for boundary value problems
with integral boundary conditions.They include two, three, and multipoint and nonlocal
boundary value problems as special cases. We refer the reader to [2, 5, 7-11, 13-17, 28]
and the references therein.

Note that numerical methods for multipoint and integral boundary problems for first-
order ordinary differential equations were developed in [1, 3].

In this paper, we concerned the existence and uniqueness of the system of nonlinear
differential equations of the type

@(t) = f(t,2(t)) for t € [0,T], (1)

subject to three-point and integral boundary conditions
T
Az(0) + Bz(r) + Cz(T) + /n =d, (2)
0

Where A, B, C are constant square matrices of order n such that det N # 0, N = A+ B+C+
+ f t)dt; f:]0,T]x R — R" and n : [0,7] — R™"™ are given matrix-functions; d € R"

is a given vector; and 7 satisfies the condition 0 < 7 < 7.
We denote by C([0,T]; R™) the Banach space of all continuous functions x(t) from
[0,T] to R™ with the norm

]| = max {|z(t)] : t € [0,T7}

where || is the norm in the space R".

This paper is organized as follows. In Section 2, we introduce definition and lemmas
which are the key tools for our main result. Section 3 focuses the theorems on the exis-
tence and uniqueness of the solution of problem (1)-(2) established under some sufficient
conditions on the nonlinear terms. In Section 4, the given examples are verified to show
the effectiveness of the proposed method.

2. Preliminaries

We define the solution of problem (1)-(2) as follows:

Definition 1. A function x € C([0,T], R") is said to be a solution of problem (1)-(2) if
&(t) = f(t,z(t)) for each t € [0,T], and boundary conditions (2) are satisfied.
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For the sake of simplicity, we can consider the following problem:

r=f(t), tel0,T], (3)
T
Az(0) + Bzx(7) + Cx(T) + /n(t)a:(t)dt =d. (4)

0

Lemma 1. Let f(t) € C([0,T], R™).Then the unique solution x(t) € C([0,T], R") of the
boundary value problem for differential equation (3) with boundary conditions (4) is given
by

x(t) =D +/G(t, s)f(s)ds, (5)

for t € [0,T] where

_J Gty s), 0<t<r
G(t’s)_{GQ(t,s), T<t<T

D =N
with .
N_1<A+fn(£)d€>, 0<s<r,
0
T
Gl(t,s): ~N—1 B+C+fn(f)df>, t<s<r,
-N~ C+f"(§)d§>7 T<s<T,
and

Go(t,s) =4 N7!

Proof. Assume that z(t) is a solution of boundary value problem (1)-(2), then for
t €0,

M®=ﬂ®+/ﬂ8%- (6)

In order the formula (6) satisfy condition (4), we get

T T T T t
(A+B+C+/ﬁ®ﬁ)ﬂmdB/ﬂ@&C/ﬂQ@/mw/ﬂa%<n
0 0

0 0 0
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Let us denote N = A+ B+ C + fo t)dt and from equality (7) we determine x(0) as
follows

T T T t
ﬂsz—N1B/ﬂ@%—Nlc/ﬂoﬁ—Nl/mw/ﬂ@%m
0 0 0 0

Since equality

o [ = | o

is satisfied we can rewrite the above equality as below:

T T T T
Mm=D—N*B/ﬂ@@—N*O/ﬂ@%—N*//n dEf (1) (8)
0 0 0 t

Now substituting the value z(0) determined from equality (8) into (6), we obtain

T T
ﬂﬂzD—N*B/ﬂQ%—N*C/ﬂOM
0 0

T T t
N1 n .
N gf{/ <5>d§f@>dt+—g/f<5>d5 (9)

Now consider that ¢ € [0, 7]. Then we can rewrite equality (9) as follows:

Mﬂ=D—N*B/NQM—N*B/ﬂQM—N*C/ﬂO%
0 t 0

T T t T
—Nlc/f %—Nlcjf Yd¢ — le/ﬁ £)def(s

s

~N- // €)dé f(s)ds — N~ //‘ £)def(s m+/f

In the above formula, grouping similar terms, and then simplifying we get

t

T
dﬂD+/(ENlBNlCN1/n@%)ﬂ@%

0 s
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T

T T T
+/<NlBNlcAfa/mgﬁ)ﬂ@@+/<N10Af{/MO%)ﬂ@@

t s T s

D+/N1(A+jm@@)ﬂwm]N1(3+C+ima@)ﬂwm
0

0 s

/N <G+/ %)ﬂ) (10)

Let us define the new function as follows:

-1 <A+fsn(§)d§), 0<s<t,
0
T
Gi(t,s) = ~N—! B+C+fn(§)d€>, t<s<m,
—N—! C’—l—fn(&)df), T<s<T.

Using above equality as in (10) we obtain the following result

T
=D+ /0 Gi(t,s)f(s)ds

For the case, t € (7,T] we can write equality (9) as follows

#(t)=D - N'B / f(&)de — N'C / f(&)de — N'C / 1(6)de
0 0

—W”C/f ydé — N~ // €)déf(s)ds — N~ // £)def(s

T

T T
N / / n(€)de f(s)ds + 0/ 7 (&) de + / G

S

T T
=D+ E-N'B-N'C-N"! n@@gf@@
I /

S

t

+f (E NI - N /T n(&)dg) F(s)ds + /T (Nlc -N! /T n(&)df) f(s)ds

T S
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s

:D+]N‘1 A+/n(§)d£ f(s)ds—i—/tN_l <A+B+/n(§)d£ f(s)ds
0 T

0 0

s

T T
— -1 n s)ds
/N c+! (©)de | f(s)d

Hence, we introduce the new function

N (a+ fao),  o0sssn

0

Got,s) =4 N7! <A+B+Ofn(§)d§>, T<s<t,
~N—! (C +fn(g)d§>, t<s<T.

Thus, for each t € (7,7 we have
T
z(t) = D+ [ Ga(t, s) f(s)ds. As a result, we deduce that the solution of boundary-value
0
problem (3)-(4) is in the form

xz(t) =D —i—/G(t, s)f(s)ds. (11)

The proof is completed.

The following remark follows from the proved lemma.

Remark 1. From solution (11) we get:

(i) The constant function x(t) = D is a solution to the following boundary value problem:

i=0, telo,T],
Az(0) + Bzx(7) + Cx(T) + fn(t)x(t)dt =d;
0

T
(i) The function z(t) = [ G(t,s)f(s)ds is the solution of & = f(t), t € [0,T] with the
0

following boundary conditions:

T
Az(0) + Bz(r) + Cx(T) + /n(t)a:(t)dt =0,
0
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here G(t, s)is the Green function of the boundary value problem (3)-(4).

Lemma 2. Assume that f € C([0,T] x R™, R").Then the function xz(t) is a solution of
the boundary-value problem (1)-(2) if and only if z(t) is a solution of the integral equation

z(t) =D+ /G(t, s)f(s,z(s)ds (12)

Proof. Let x(t)be a solution of the boundary-value problem (1)-(2). Then in the same
way as in Lemma 2.1, we can prove that it is also a solution of the integral equation (12).
Obviously, the solution of integral equation (12) satisfies the boundary-value problem

(1)-(2).

Lemma 2.2 is proved.

3. Main results

Let P be an operator such that, P : C([0,T]; R™") — C([0,T]; R") as

T

(Px)(t) =D + / G(t,s)f(s,z(s)ds.

0

It is known that the problem (1)-(2) is equivalent to the fixed point problem. Hence, the
problem (1)-(2) has a solution if and only if the operator P has a fixed point.

We now present existence and uniqueness result for nonlinear problem (1)-(2) applying
the Banach fixed point theorem.

Theorem 1. Assume that the following assumption holds
(H1) There exists a continuous function M(t) > 0 such that

[f(t,2) = f(ty) < M) |z -yl
for each t € [0,T] and all z,y € R™ and
L=TSM <1, (13)

where
M = maX[O’T]M(t),

S = maxy 11x (0,7 |G (2t 9)]| -

Then boundary-value problem (1)-(2) has a unique solution on [0,T].
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Proof. We denote max 71 |f(t,0)| = My and choose r > W{#. We show that
PB, C B,, where

B, = {w € C(0,T); R") : |lal| <1} .

For x € B,, we have

T
[(Pz) ()] < |D] +/!G(t~9)| [f(s,2(s)) = f(5,0)| +[f(s,0)] ds
0

T
<Dl + S/(M | + M;)dt < |D| + SMrT + M;TS < |D| + Lr + M;TS < r.
0

Thus, we obtain P : B, — B,.
For any z,y € B,, it is true

PPyl < [ 1G(9)(f(5,2(5))  Flssu(s)] ds
0

T

< / G(t, )| |£(s,2(5)) — F(5,9(5))] ds

0

T
= S/M(t) |z(t) —y(t)| dt < SMTI[TOIE% (t) —y()] < SMT ||z — y]|
0

or
[Pz — Py|| < Lz -yl

Hence, P is contraction by condition (13), and boundary-value problem (1)-(2) has a
unique solution.

We are now in a position to state and prove our existence result by using Schafer’s fixed
point theorem for the problem (1)-(2).

Theorem 2. Assume that the following assumptions are satisfied:

(H2) The function f:[0,T] x R™ — R"™ is continuous;

(H3)There exists a constant N1 > 0 such that |f(t,x)] < Ny for each t € [0,T] and all
€ R".

Then the boundary-value problem (1)-(2) has at least one solution on [0,T].

Proof. We will show that P has a fixed point, by applying Theorem 3.2. The proof
will be given in several steps. We first will show that P is completely continuous.
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Step 1. Let {z,} be a sequence such that x,, — = in C([0,T"); R"]). Then for any ¢ € [0, 7]

T

/ G(t,5) (f(5,2n(s) — F(s,2(s))) ds

0

|P(20)(t) = P(2)(t)] =

T
0/ svans) = f(s,2(3))| ds < STy (5. (5) = F(s.2(5).

Since F' continuous, then

|P(xy)(t) — P(x)(t)]] — 0, as n —x.

Step 2. Here we prove that the operator P maps bounded sets from C([0,7); R"]).
Indeed, it is enough to show that for any 1 > 0 there exists a positive constant [ such that
for each {z € C([0,T]; R™) : ||z||} < n, it is true ||P(x)|| < I. For each t € [0,T], by (H3)
we have

T
P@)(t)] < |D| + / G (., 9)|| (5. 2(s))] ds

Hence,
|P(z)(t)| < |D|+ SN:iT.

In particular,
[1P(z)(®)]| < D[+ SNT = 1.

Step 3. P maps bounded sets into equicontinuous sets of C'([0,T"); R"]).
Let s1,s2 € [0,T], s1 < S2, Bn, be a bounded set in C([0,7); R"]) as in step 2. We assume

that x € B,.
§) ,x(s))ds

Case 1:

Let s1,s2 € [0, 7]. Then

P(x)(s2) — P(x)(s1) =
dg
(

D) s T T
O/Nl (A+O/n(§)d§> f(s,x(s))ds—s/Nl (B+C’+S/n(§

2

T z 7
) / N1 (c 4 / n(é)ds) f(s,2(s))ds — 0/ N (A + 0/ n
T

+]N1 (B+C+/n(§)d§) f(s,ac(s>>d<9+/TN1 (“/T“

S

)€ | f(s
dé | f(s,z(s))ds
() ) f(s.z(s))ds

/N— <A+/ §)d§> £(s,2(s) ds+/N (B+C+/T (5)dg) s,xs))ds:ff(s,x(s))ds.

S1

(£)d¢
§
I
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Hence we can write

|P(x)(s2) = P(x)(s1)| = | [ f(s,2(s))ds

< [1f(s.atoplds.

Case 2:
Let s1 € [0, 7], and s5 € (7, 7).

P(z)(s2) — P(x)(s1) =

/N— <A+/ dg) f(s,z(s) ds+/N—1 (A+B+/sn(§)d§) f(s,2(s))ds

0 0

—/N—1 (C+/Tn(£)d§) f(s,x(s))ds—/ (A+/n(§)d§) f(s,2(s))ds
s9 s 0 0

+/TN1 (B+C’+/Tn(§)d§) f(s,z(s))ds+/TN1 (C’+/Tn(§)d§) f(s,z(s))d
/N (A+/ d§> f(s,z(s) ds+/N <C+/n(§)d§> f(s,z(s))ds

s

s

T
_ -1
—i—T/N ! (A+B+O/n(§)d§) f(s,z(s))ds +S/N (B+C+/n(£)d§> f(s,z(s))ds

s

- /Tf(s,x(s))ds+7f(8,x(s))ds = ]Zf(s,x(s))d

Hence we can write

[P (2)(s2) — P(x)(s1)| =

7f<3’””(3>)d8 S]Q’f(&w(s))\ds.
Case 3:

If s1,s9 € [1,T] and s1 < s, then similarly to case 1, we can write

P(x)(s2) — P(z)(s1)] < / (s, 2(s))ds.|
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As s; — s the right-hand side of the above inequalities for all three cases tends to zero.
As a consequence of Steps 1 to 3 together with the Arzela-Ascoli theorem, we can conclude
that the mapping

P:C([0,T]; R") — C(]0,T]; R™) is completely continuous.

Step 4. Here we prove the necessary apriory bounds. Indeed, we show that the set
Q={xeC(0,T);R") : x = AP(x), for some 0 < A < 1} is bounded.

Then for each t € [0,7], we have

Using (H3), we get for each ¢ € [0,T7,
|P(z)(t)| < |D] + SN, T.

Thus
llz|l| < |D|+ SN, T.
This shows that € is bounded.
As a consequence of Theorem 3.2, we deduce that P has a fixed point which is a solution
of (1)-(2).

4. Examples

Now we give some examples to illustrate the main results obtained in this paper.
Example 4.1. Let us consider the following nonlocal boundary value problem for a system
of nonlinear differential equations:

&1 = 0.2 cos z2(t), te(0,2),

&9 = 0.2sinz1(t), t € (0,2), (14)
with ;
%.’El(()) — 51‘2(0) + 1'2(1) — §$2(2) + f %‘Tl (t) dt = 1,
’ (15)
—§l’1(0) + ZEl(l) — %1’1(2) + %$2(2) + Of %1'2 (t) dt =1

2
Evidently, [ n(t)dt (
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It is clear that, the Green function for boundary value problem (14)-(15)

[ Gi(t,s), t €10,1]
G(t’s)_{G;(t,s), te (1,2

is as follows:

( —

(Q%g?%(gi) 0<s<t,

Gy (t,s) = 0.25_(5.5_ 2) 095 (S__O'25)+0‘5) t<s<l,
k(oa%%_” 0%@?2)_05) 1<s5<2,

" 0.5+ 0.255 —0.5

(" ) 0<s<1,

Ga (t,s) = (05-1-0253 092'28)7 e
<025085_2 0_25(3(152)—0-5)’ 1<s<2.

This implies that
G|l < 2.

Here S <2, M = 0.2. Thus, the conditions (H1) and (H2) hold with M = 0.2. We can
easily see that condition (13) is satisfied:

L=SMT=02-2-2=08<1.

Example 4.2. Let us consider the following boundary value problem on [0, 2].

T, = , te(0,2),
'1 1+$2 ( ) (16)
€T2 = 1+x2 ) € (072)7
with )
22(0) + 1 (1) — 222(2) — [ 21 (t)dt = 1.
Since )
0 t 0 2
=g o) [ nwa=(3 7).
10 01 -1 0 -1
=(on) e (Vo) o= (5 5) e ()
2 0 3
N:A+B+C+Ln@ﬁ=<n 4>
8
f =
and the function ( fl > = 1+1$2 is continuous and bounded, it follows that condi-
2

1+x%
tions (H2)-(H3) hold. By Theorem 3.2, the boundary-value problem (16)-(17) has at least
one solution on [0, 2].
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5. Conclusion

The boundary conditions considered in this paper are general enough and can be
used extensively in a wide class of problems. In this work, the existence and uniqueness
of the solutions for the first-order nonlinear differential equations with three-point and
integral boundary conditions are established under sufficient conditions. Note that, given
here methods can be used in similar multi-point problems for the ordinary differential
equations as follows:

x(t) = f(t,z(t))fort € [0,T],

T
m
Z Ljx(t;) + /n(t)m(t)dt =a.
j=0 0

Here 0 =ty < t1... < tm—1 <ty =T; n(t) € R"*" is a given function; L; € R"*™ are
given matrices; o € R" is a given vector

m T
det N #0, N=> L +/ n(t)dt.
J=0 0
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