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Abstract. The paper is devoted to study the uniqueness of solutions for a differential
system with coupled integral boundary conditions under a Lipschitz condition. Our
approach is based on the Banach’s contraction principle. The interesting point is that
the Lipschitz constant is related to the spectral radius corresponding to the related
linear operators.
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1 Introduction

In this paper, we consider the uniqueness of solutions for the following differential system
with coupled integral boundary conditions

), te€(0,1), (1.1)

where a[x], B[x] are bounded linear functionals on C[0, 1] given by

a[x] :/le(t)dA(t), B[] :/01x(t)dB(t)

involving Riemann-Stieltjes integrals, in particular, A, B are non-decreasing functions, so dA,
dB are positive Stieltjes measures.
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Differential system with coupled boundary conditions arise from the study of reaction-
diffusion equations and Sturm-Liouville problems, and have extensive applications in various
fields of sciences and engineering such as the heat equation and mathematical biology.

The existence of solutions or positive solutions of differential system with coupled bound-
ary conditions has been studied by many researchers, see [1-4,6-10,13] for some recent work.
For example, by using the Guo—Krasnosel’skii fixed-point theorem, the existence of positive
solution of the following singular system with coupled four-point boundary value conditions
are obtained [1]

—(8) = Al x(D),y(), te (01),
() = At x(,5(1), e (0,1),
x(0) = y(0) =0, x(1) =ay(@), v(1) = px(y).

In [8], Infante, Minh6s and Pietramala, by means of classical fixed point index theory, provided
a general theory for existence of positive solutions for coupled systems.

The uniqueness of solutions can be an important problem for boundary value problems
of differential equation or differential system. This problem has been investigated by many
authors by use of techniques of nonlinear analysis. We refer the reader to [3,4] for some
recent uniqueness results for differential system, to [5,12,14] for differential equation. In [3],
by means of the Guo—Krasnosel’skii fixed-point theorem and mixed monotone method, Cui,
Liu and Zhang investigated the uniqueness of positive solutions of singular system (1.1) in
the case that the nonlinearities f and g may be singular at t = 0, 1.

However, to our best knowledge, there are fewer results concerned the uniqueness of
solutions for differential systems with coupled integral boundary conditions. So, we consider
the uniqueness of solutions for differential system (1.1) under a Lipschitz condition on f and
g. By using Banach’s contraction principle, a new result on the uniqueness of solutions for
differential system (1.1) is obtained. It is worthwhile to mention that the Lipschitz constant is
related to the spectral radius corresponding to the related linear operators.

Throughout the paper, we assume that the following conditions hold.

(Hi) alt] = [ tdA(t) > 0, B[t] = [, tdB(t) > 0,k = 1 —a[t]B[t] > 0.

(Hz) f,¢:[0,1] x R? — R are continuous.

2 Preliminaries

Let C[0,1] be the Banach space of continuous functions endowed with the norm |[x| =
max,c(oq] |¥(f)| and let Py be the cone of nonnegative functions in C[0, 1] given by

P = {xeC[0,1]:x(t) >0,¥ € [0,1]}.

Thus E = C[0,1] x C[0,1] is a Banach space with the norm defined by ||(x,y)||r = max{|x||,
llyl|}, and P = P; x P is a cone in E.

Lemma 2.1 ([2]). Let u,v € C[0,1], then the system of BVPs

{—x"a) = u(t)

u(t), —y'(t)=v(t), te€][0,1],
x(0) =y(0) =0, x(1) = af

yl, y(1) = Blx]
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has integral representation

1

— [ Gt ds—i—/ Hi(t,s)o(s)ds,
0
1

— [ Gt ds+/ Ha(t,s)u(s)ds,
0

where .
k(s, T)dB(t) + k(t,s), Hy(t,s) = %/ K(s,T)dA(1),
0

TI
H—?\"_'

t 1
/ 5, T)dA(T) + k(t,s), Ha(ts) = E/o k(s, T)dB(T),

t1—s), 0<t<s<l1,
Kts)= 4Lk 0stsss
s(1—t), 0<s<t<1.

Employing Lemma 2.1, we can reformulate BVP (1.1) as a fixed point for the following
integral equations:

K1) = [ Ga(t,9)f(s,x(6),y(s))ds + [ Ht9)g(s,x(5), (),
ymzﬁ%amM@m>m %+/fbwﬁ@ﬂﬂﬂw%

Define an operator S by

S(x,y) = (S1(x,y), S2(0xy),  (xvy) €E, (2.1)

where operators S1, S, : E — C[0, 1] are defined by

$i(e)() = [ Gilt,)f (536 y(s)ds + [ Falts)g(s,x(0)y(o)ds, 1€ 0,1,
Sa(x,y)(¢) :/01 Ga(t,5)g(s, x(s), y(s) ds+/ Ha(t,$)f (s, x(s), y(s))ds,  te[0,1].

Then the existence of a solution of differential system (1.1) is equivalent to the existence of a
fixed point of S on E.
It is well known that the function k(t, s) has the following properties:

H1—1)s(1—s) <k(ts) <tl1-1t), Vt,s€[0,1].

From this and (H), for t,s € [0,1], we have

Gi(ts) < t+”‘£f]t/()ld3(r), Hi(ts) < i/oldA(T),
Galts) = t+ﬁEct]t/01dA(T), Ha(t,s) = i/ol dB(7),
and
Gi(t,s) > DC[KW/Olk(s,T)dB(T) > “[f]S(Kl—s> /01 7(1 - 7)dB(7)
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Hy(ts) > S1=9) /01 (1 - 1)dA(T) -1,

K

Ha(ts) > Ha(t,s) = u_s)/()lr(l—r)dB(r)-t.

K

Therefore we have

Gi(t,s) < pt, H;(t,s) <pt, i=1,2, (2.2)
and
Gi(t,s) > vts(1 —s), H;(t,s) > vts(1 —s), i=1,2, (2.3)
where
0 — max {”‘;[{”5[1] 1, oy 1,3{/3[1],3{&[1]},
¥ = min {"‘E]ﬁp(l _1) E]a[tu s %ﬁ[t(l —), %zx[t(l _ t)]}.
).

For a = (a,b,¢,d) € R% with a? + b* + ¢® + d* # 0, define an operator

Ta(x,y) = (Tap(x,y), Tap(x, v)), (2.4)
where operators T,1, T,2 : E — C[0, 1] are defined by

Tax(x,y)(t) = /0 Gi(t,s)(ax(s) + by(s))ds —|—/0 Hi(t,s)(cx(s) +dy(s))ds, te0,1],

1 1
Too(x,y)(t) = /0 Gal(t, s) (cx(s) + dy(s))ds + /0 Ha(ts)(ax(s) + by(s))ds, e [0,1].
It is not difficult to verify that T, : E — E is a completely continuous linear operator.

Definition 2.2 ([11]). Let E be a Banach space, P C Ebe a conein E. Lete € P\ {6}, a mapping
T : P — P is called e—positive if for every nonzero x € P a natural number n = n(x) and two
positive number cy, dyx can be found such that

ce < T'x < dye.

Recall that a real number A is an eigenvalue of the operator T if there exists a non-zero
element x € E such that Tx = Ax.

Lemma 2.3 ([11, Theorem 2.5, Lemma 2.1, Theorem 2.10]). Suppose that T : E — E is a
e—positive, completely continuous linear operator. If there exist € E\(—P) and a constant ¢ > 0
such that cTy > , then the spectral radius r(T) # 0, and r(T) is the unique positive eigenvalue with
its eigenfunction in P.

Lemma 2.4. Suppose that (Hy) holds. Then for the operator T, defined by (2.4), there is a unique
positive eigenvalue r(T,) with its eigenfunction in P.

Proof. First, we show that T, is e—positive with e(t) = (¢,t), that is, for any (x,y) € P\{6},
there exist ¢y, dy, > 0 such that

Cry-e < Ta(x,y) <dyy-e. (2.5)

Let dyy = p(a+c) fo s)ds + p(b+4d) fo s)ds. By (2.2), we can derive T,(x,y)(t) < dxy

(t,t) = dyy-e(t). Let cyy = v(a+c) fo s(1—s)x(s)ds +v(b+d) fo s(1 —s)y(s)ds. By (2.3),
Ta(x,y)(t) > cxy - €(t) holds, in particular, we have Tae(t) > c, () - e(t). So (2.5) is proved and
Lemma 2.4 holds follows from Lemma 2.3. This completes the proof. O
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Remark 2.5. Let (¢, 1) be the positive eigenfunction of T, corresponding to r(T,), thus

Ta(o,¢) = r(Ta) (9, 9). (2.6)

Then by the proof of Lemma 2.4 and Definition 2.2, there exist ¢y, > 0 such that

Cop - (t1) = cop-e(t) < Tale,¥)(t) = (Ta) - (¢(t), ¥ (),

ie.,

p(t),  te[o1]. 2.7)

3 Main results
Theorem 3.1. Suppose that there exists a = (a,b,c,d) € R% with a* 4+ b? + ¢* + d* # 0 such that
|f(t,u1,01) — f(t, u2,v2)| < alug — uz| + bloy — 02}, Vtel0,1], uy,uz,v1,v €R, (3.1)
and
|g(t,u1,01) — g(t,uz,v2)| < cluy — uz| +dlog — va), Vte0,1], up,up 0,03 €R. (3.2)
If r(Ta) < 1, then differential system (1.1) has a unique solution in E.

Proof. 1t is clear that the fixed points of operator S coincide with the solutions to differential
system (1.1).
For (x,y) € E, by (2.2), (2.7), (3.1) and(3.2) we have

[51(x, y)(£)]
1 1
/0G1(t,s)f(s,x(s),y(s))ds—/0 Gi(t,s)f(s,0,0)ds

<

+ )/01 Gi(t,5)f(s,0,0)ds

_|_

1 1
/0H1(t,s)g(s,x(s),y(s))ds—/O Hi(t,5)g(s,0,0)ds

1
+ ‘/ Hi(t,5)g(s,0,0)ds
0

< [ Gt 91 (s,x(5),3(9) ~ F(5,0,0)ds + [ Galt,)]f(5,0,0)lds

+ [ Hi(6,5) 130 %09, y(5)) — 8(5,0,0)ds + [ Fi(1,9)l3(s,0,0)lds
<pt (o) [ 1@l b d) [ las + [ 170,0,0lds-+ [ 1s(60,0)1ds)
< MR (o) [ ate)lds 4 0-44) [ v(o)ls

Cop

—i—/ol \f(s,O,O)]ds—i—/Ol \g(s,0,0)]ds) o(t), te[0,1].

In the same way, we can prove that

52000 < P2 (o o) Ml + b+ ) [ lntolas

Cop

+/01 |f(s,0,0)|ds + /01 |g(s,0,0)|ds> (1), te0,1].
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Therefore, S maps all of E into the following vector subspace

Ei = {(x,y) €E: |;Eg|, |3J((?)| are bounded for t € [0,1]}.

Evidently, E; is a subspace of E and E; is an Banach space with the norm

. X0l o)
Gl _max{tiﬁﬁ] o) o ¥ }

So it suffices to consider the fixed point of S in E;. Note that

Ta(e ) = 1(Ta) (9, ¥)

means

1 1
r(T)p(t) = [ Gult,s)(ap(s) + bp(s)ds + [ Ha(t,3)(cq(s) + dy(s))ds
and . )
r(TP(E) = [ Galt,s)(eq(s) +ap(s)ds + [ Halt,s)(ap(s) + by(s))ds
Let (xl,yl), (XZ,yz) € Eq. Then
[S1(x1, y1)(£) — S1(x2,2) (1)
[ Gt (s x (6 (6)ds — [ Gl )f s, x2(5), v2(5) s

<

1 1
| [ Hib9)g(sx(s)yn(s)ds = [ Hilt,9)g(s,72(s), va(s)ds

1 1
< a/o Gi(t,8)|x1(s) —xz(s)\derb/O Gi(t,s)|y1(s) — y2(s)|ds
+c/0'1 Hi(t,5)|x1(s) —xz(s)\ds+d/()l Hi(t,5)|y1(s) — a(s)|ds
< a/ol Gi(t,s)||(x1, 1) — (xz,y2)||1(p(s)ds+b/01 Gi(t,8)||(x1, v1) — (x2,y2)[l19p(s)ds

e [CH 9l am) -~ Gap)lhg(o)ds +d [ Hi ) ap) - (29
= [|(r1, 1) = (x2,92) [l - Tan (@, ) (t) = r(Ta) [ (x1,y1) — (x2,92) [[1 - @ ().
In the same way, we can prove that
|S2(x1, 1) (£) — Sa(x2,y2) ()| < r(Ta) [ (x1,y1) — (x2,2) |1 - 9(8),  t€[01].
The above two inequalities imply that
1S(x1, 1) = S(x2,y2) 1 < r(Ta)l[(x1,51) = (x2,92)[l1, V' (x1,51), (x2,42) € Eq.

Notice that r(T,) < 1, the operator S is a contraction. Hence, it follows from the well known
Banach'’s contraction principle that S has a unique fixed point (x,y) € E;, which is obviously
a unique solution of differential system (1.1). It ends the proof. O
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From the above argument, we know that the basic space used in the proof of Theorem 3.1
is E1, not in E. If we consider differential system (1.1) in E by use of Banach’s contraction
principle, the result of Theorem 3.1 remains true except that the condition r(T,) < 1is replaced
by || Ta|| < 1, where

HT H = sup HT (x y)HE
(xy)€E ||(X y)HE

It follows from the well-known Gelfand’s Formula that
/() = lim {12 < |7

which concludes that it may be favorable to consider the uniqueness of differential system
(1.1) in E;.

In the following, we give two examples to illustrate our main result. Obviously, it is rather
difficult to determine the value of r(T,) in general. In the two examples, we determine the
spectral radius r(T,) for certain four-point coupled boundary conditions which can be seen as
a special cases of coupled integral boundary conditions.

Example 3.2. Consider the system

x//(t
/

asinx(t) +
y'(t +

) =
) =aViZH+1

+hy(t), te(0,1), (3.3)

where a € R, hy,hy € C[0,1]. In this case the integral boundary conditions are given by the
functionals a[y] = y(3) and B[x] = 3x(}).

Let
f(t,x,y) = asinx + hy(t), g(t,x,y) =a\/y>+ 1+ hy(t),
then
|f(t,ug,01) — f(t,u2,02)| < |allus — uz|, Vtel01], up,uyv,v€R
and

|g(t,u1,v1) — g(t,ug,v2)| < lallvg —wvaf,  Vte€[0,1], ug,uz,v1,02 €R

Thus we have b = ¢ = 0, k = 1 — a[t]B[t] = 3.
Take a = (]al,0,0,|a|). Let (¢,9) be the positive eigenfunction of T, corresponding to
r(T,), thus

Toi(@,9) = r(Ta)e, Taz(@,¢) = 1(Ta)y. (3.4)

Let A = r(‘ﬂ). It follows from (3.4) that

{—fp"(t):w, —9"(t) = Ap(t), t € (0,1),
@(0) =(0) =0, o(1) =9(3), ¥(1) =3¢().

By ordinary method, we conclude that (¢(t), ¥ (t)) = (c1,c2) sin v/At for some ¢y, ¢, € R. This
together with the four-point coupled boundary conditions yields

A A
¢1 sin VA= cp sin \3F’ Cp sin VA = 3cq sin {
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So, A is the unique positive solution of the equation

sin? VA = 3sin \QX sin \QX, A € (0,712).

We can obtain A ~ 1.9585? =~ 3.83584 by MATLAB. Therefore, if |a| < 3.83584, the problems
(3.3) has a unique solution.

Example 3.3. Consider the differential system

—x"(t) = acosx(t) —aln(1+y?(t)) +h1( ), t€(0,1),
—y"(t) = aarctanx(t) —ay(t) + ha(t), t€(0,1), (3.5)
x(0) =y(0) =0, x(1)=y(3), y(1)= 2x(i)

where a € R, hy,hp € C[0,1]. Let
f(t,x,y) =acosx —aln(1+y?) +hy(t), g(t,x,y) = aarctanx — ay + hy(t),

then
|f(t,ur,01) — f(t,uz,02)| < |alluy — ua| + |al|vy — 02,

and
g (t, u1,v1) — g(t, uz,v2)| < lal|luy — ua| + [al|v1 — 02,

where t € [0,1], uy, up,v1,02 € R.
Take a = (|al, |a|, |a|, |a|). Let (¢, 1) be the positive eigenfunction of T, corresponding to
r(T,), thus

Taa(9 ) =1(Ta)e,  Tap(e, ) = r(Ta)y. (36)

2l Tt follows from (3.6) that

Let A = AT

{—fp'/(t) = Ag(t) + Ap(t), —y"(t) = Ag(t) + Ay(t), t € (0,1),
9(0) = (0) =0, (1) = 9(3), (1) = 2¢(3).

By ordinary method, we deduce that ¢(t) = 3 sinV2At + Ft,9(t) = 3 sinv2At — Gt for
some c1, ¢z € R. Clearly, c; # 0 holds from the non-negativity of functions ¢ and . Without
loss of generality, we assume that c; = 2. Considering the boundary conditions, we have

V2
sin V2A + CZ—Z = sin Ao

2 4’
and
. 2 . V2A o
sin 2/\—2—2<sm 1 +8>.

Therefore, A is the smallest positive solution of the equation

V2A V2A 2
2sin v2A — sin > —23inT:O, AE <0,T;>.

With the help of MATLAB, we have A ~ 2.0236421 which implies that the problems (3.5) has
a unique solution if |a| < 2.02364.
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