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Abstract

This paper is devoted to the study of differential equations with piecewise constant arguments
coupled with nonlinear boundary value conditions. Under suitable assumptions on the data of the
equation, by means of the method of (weakly coupled) lower and upper solutions, we derive the
existence of extremal solutions and extremal quasi-solutions. Moreover some results are given
concerning the uniqueness of solutions. Furthermore, we deduce some maximum principles
related to the linear equation which allow us to develop the monotone iterative method. Some
illustrative examples are also presented.
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1. Introduction

The study of differential equations with piecewise constant arguments has been treated widely
in the literature. This type of equation, in which techniques of differential and difference equa-
tions are combined, models, among others, some biological phenomena (see [1, 6] and refer-
ences therein), the stabilization of hybrid control systems with feedback discrete controller [8],
or damped oscillators [13]. The first studies in this field have been given in [4, 10], after this,
some papers related with stability, oscillation properties and existence of periodic solutions have
been treated by several authors (see [5] for details).

In [3] the authors construct the Green’s function related to the linear operator x’(f) + mx(r) +
Mx([]), from where they obtain some maximum principles in the space of periodic solutions
depending of the values of the real parameters m and M. Such operators have been also studied
in [12] with initial value conditions. The method of lower and upper solutions has been employed
in [14] to derive existence of periodic solutions of a first order nonlinear equation with piecewise
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constant argument. This method, as well as the method of weakly coupled lower and upper
solutions, is applied in [7] to deduce existence results of a first order nonlinear boundary value
problem involving a differential equation with continuous delay. Our arguments combine the
techniques used in [7] for equations with continuous delay with the ones developed in [3] for
linear first order piecewise equations.

The paper is organized as follows, in section 2 we present the main tools that we will use
in the rest of the paper. Section 3 is devoted to obtain the unique solution of the associated
linear problem, from which we derive comparison results for operator x’(f) + m x(t) + M x([]).
In section 4, we present results concerning the existence of extremal quasi-solutions and the
uniqueness of solution in the presence of weakly coupled lower and upper solutions. We formu-
late, in section 5, existence results of extremal (unique) solutions lying between a pair of well
ordered lower and upper solutions. Some examples are presented to point out the novelty and
applicability of the given results.

2. Preliminaries

We study, in this paper, the following boundary value problem
x'(0) = f (@t x(0),x([1])) = Fx(@), t€l=[0,T], 0= gx(0),x(T)), (D

where T is a positive real number, f € C(I X R2,R), g € C(R x R,R) and [-] designates the
greatest integer function.
Let N7 be such that
(7], if[T]<T,
NT = .
[T1-1, if[T]=T,

then, foreachn € {0, 1,..., N7}, we define I, := [n,n + 1) for n < Ny and Iy, := [Ny, T].

We will denote by A the set of all functions y : I — R that are continuous on [, for all
n € {0,...,Nr}and there exists y(r") € R forall r € {1,2,...,Nr}. If y € A, we understand that
y(t) = y@*) forallt € {0, 1,..., N7}

We will denote by Q the set of all functions x : / — R that are continuous on / and verify
that there exists x’ € A.

A function x : I — R is said to be a solution of the boundary value problem (1) if x € Q and
satisfies (1), taking x'(f) = x’(¢*) forall r € {0, 1, ..., N7}.

Given u,v € Q, we will say that u < v if and only if u(r) < v(¢) for all # € I. In this case, we
shall define [u,v] == {x € Q|u < x < v}

We will use, in the discussion of the problem, several properties of the function Ay, : R —
R defined by (see [3])

M

M- Z(1—e™), ifm#0,
m

1 - Mt, ifm = 0.

h(t) := hym(1) = { 2

It is easy to verify that hMm(t) = —(m + M)e™™ for all  and, as an immediate consequence,
R s strictly monotone increasing on R for M < —m and strictly monotone decreasing on R if
M > —m. Obviously, when M = —m, hy,, is a constant function equals to 1. Clearly, for all m,
M € R, we have that 4(0) = 1. Moreover, we denote by C := h(1), which is bigger than 1 or less
than 1 whenever m + M < 0 or m + M > 0 respectively.
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3. The linear problem: comparison results.
In this section we analyze the following linear initial value problem
X@O+mx@®)+Mx([f]) =0 @), tel=I[0,T], x(0)= xo, 3)

where o € A, and m, M and T are real constants such that 7 > 0.
At a first moment we prove that this problem has a unique solution.

Theorem 3.1. Problem (3) has a unique solution for any x, € R.

Proor. For any xy € R, problem (3) can be rewritten as a family of initial value problems of
ordinary differential equations on the intervals I,,, n € {0, 1, ..., N7}, that is to say,

X@®+mx@®)+Mx([t]) =o @), te€l, x(n)=x,. 4@

Since x([t]) = x, for all ¢ € I, it is obvious that the unique solution of (4) is given by

!
x(£) = x,h(t — n) + f o (s)e” ™= gs. (5)
Because of the continuity of x, we arrive at
Xpp1 =x(n+1)=Cx,+g,, Vnel{0,...,Nyr — 1}, (6)

where
n+1
& = f o (5)e™ ™ 1=9 gg.
n

Solving the linear difference equation (6) we have

n—1

x,,:C”x0+ZC”_1_jgj,\/ne{l,...,NT}. )

/=0

Therefore, the unique solution of problem (3) is given by

!
X0 h(f) + f o (s)e™=9g, ift € [0, 1],
0
13
xrh(-1)+ f o(s)e ™9, ifte[1,2],
x(t) = 1 ®)

!
xn, Wt — N7) + f o(s)e ™ 9ds, ift e [Ny, T1,
Nr

where x,, is given by expression (7) for all n € {1, ..., Nr}. O

In order to obtain existence results for problem (1) we will use monotone iterative techniques.
It is very well known that a fundamental tool to treat this kind of problems consists in maximum
principles of the linear operator studied above. From the form of the solution of problem (3) we
can deduce the following.
3



Lemma 3.2. Let o € A be a non-positive function on I and xy < 0. Then, if the following

condition holds:
m m

e’"—l’e’"T—l}’ ifm#0,
M < by(m) := | )
max{l,f}, ifm=0,

the unique solution of problem (3) is non-positive on I.

Moreover, this is an optimal condition in the following sense: if M > br(m) then, for each
Xxo < 0, there exists a non-positive function o € A for which the unique solution of problem (3)
changes its sign on 1. Also, whenever M > by (m), for each non-positive function o € A, there
exists xo < 0 for which the unique solution of problem (3) changes its sign on I.

max {

Proor. First, we suppose that 7 > 1. In this case we have

{L, if m # 0,
br(m) = b(m) = { e" — 1
1, if m=0.

Since oo < 0 on I and x5 < 0, from (7) we deduce that, if C > 0 then x, < 0 for all
n € {0,1,...,Nr}. Furthermore, for all n € {0, 1,..., Ny}, the solution x(#) of problem (3) on
I, is given by the expression (5), which is a sum of non-positive terms whenever C > 0, so that
x(t) < O for all # € 1. But it is easy to check that C > 0 if and only if M < b(m), so the proof is
finished in this case.

In order to prove the optimal character of the previous condition, let us suppose that M >
b(m), and so C < 0.

For any x( < 0 fixed, taking o = 0, we obtain that x; = Cxy > 0, thus the solution change its
sign.

On the other hand, for any fixed non-positive function o € A we have that, either oo = 0 or
k = min,e;{o(¢)} < 0. In case of o = 0, reasoning as above, we obtain that for any xy < O the
solution changes its sign. If o # 0 then, taking xy < k/(M — b(m)) < 0, we have

1
e"x; =" (C Xo + f o(s) e 1= ds)
0

v b(m) - M k k k
m m(1-s) — — =
>e (Cx0+f0ke ds)—xo o) +b()> b()+b() 0

Hence, x; > 0 and, therefore, the solution also changes its sign.
Let us now consider that 7 < 1, in this case function by is given by

——, ifm#0,
el — 1

brm) =1
— ifm=0.
T

Moreover, the unique solution x(¢) of problem (3) on I = Iy = [0, T] is given by (5), which
is a sum of non-positive terms whenever 2(T) > 0. But i(T) > 0 if and only if M < by(m). So
that, this case is proved.

Arguing as in the case of T > 1, one can verify the optimal character of this condition. [
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Figure 1: Region, in the plane of parameters m and M, where Lemma 3.2 is satisfied. In dark, the region for the case
T > 1. In pale, the region that has to be added to the previous one in case of T < 1 (it is represented the case T = 1/2).

Remark 3.1. In Figure 1 we can view the region where the previous maximum principle reaches.
We also obtain next result, that improves Lemma 3.2 in case of xo = 0.
Lemma 3.3. Let o € A be a non-positive function and xo = 0. Then the unique solution of
problem (3) is non-positive on I if one of the following conditions holds (br defined by (9)):

1. T<1

2. T>1and M < by_i(m).

Moreover, condition 2 is optimal in the following sense: if T > 1 and M > br_;(m), then
there exists a non-positive function o € A for which the unique solution of problem (3) changes
its sign.

Proor. Incase of T < 1, as xp = 0, from (5) we know that the unique solution of problem (3) on
I =1y =[0,T]is given by x(f) = fot o (5)e™9 ds. Therefore, if o < 0 then x < 0.

In case of T > 1, reasoning as above, it is clear that x; < 0. Thus, by applying Lemma 3.2
on the interval [1, T'], we arrive at condition 2. O

4. Weakly coupled lower and upper solutions

Now, we present the method of weakly lower and upper solutions applied to problem (1).
First, we introduce the following definitions.

Definition 4.1. We say that @, 8 € Q are weakly coupled lower and upper solutions of prob-
lem (1) if the following inequalities hold

a@'(t) < Fa(n), tel, ga0),p5(T)) <0,
B = FB(), tel, gB0),a)) =>0.
5
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Definition 4.2. We say that x, y € Q are coupled quasi-solutions of problem (1) if the following
equalities hold
X(@)=Fx@®), tel, gx0),yT)) =0,

Y@ =Fy@, tel, g(x0),x(T))=0. (b

Next, we establish sufficient conditions for problem (1) to have extremal coupled quasi-
solutions.

Theorem 4.1. Let a, 8 € Q be weakly coupled lower and upper solutions of problem (1) such
that a < B. In addition, let us assume that the following assumptions are fulfilled:

(H1) There exist real constants m and M such that M < br(m) and, for all t € I,

f@t.y.2 - f(t.5,0) <my—-y)+ MZ-2) 12)

when a(t) <y <y < B(t) and a([t]) <z < 7 < B([t]D.
(Hy) For all y € [a(0),B(0)] function g(y, ) is non-decreasing on the interval [a(T), B(T)], that
is to say,
80,2) < g2 ifa(T) <z<Z<B(T)and a(0) <y < B(0). (13)
(H3) Forall z € [a(T), B(T)] function g(-, z) satisfies the following one sided Lipschitz condition:

there exists a real constant K > 0 such that

80,0-80,00<KF -y fa0)<y<y<pO)anda(T)<z<pT). (14)

Then problem (1) has coupled quasi-solutions p <y in [«, B].
Moreover, p and 7y are extremal in the following sense: if i and n are coupled quasi-solutions
of problem (1) suchthata < u<n<p,thenp <pu<n<y.

Proor. We first consider, for &, ¢ € [a, 5] given, the following initial value problems
X (O +mxt)+ M x([t]) = FEO+mED+ME([t]), tel, x(0) = &0)-+ g&0),o(T)), (15)

X (O+mx)+M x([1]) = Fe(O)+me)+Me((1)), 1€,  x(0) = p(0)—% g(@(0),&T)). (16)

Theorem 3.1 allows us to define the operators A, B : [a, 5] X [, 5] — Q as A(£, ¢) := unique
solution of problem (15), and B(¢, ¢) := unique solution of problem (16).
We will first see that, if &£ and ¢ are weakly coupled lower and upper solutions of problem (1)
such that @ < ¢ < ¢ < 3, then
a<é<u<sv<p<p, a7

where u = A(¢, ) and v = B(é, ).
Putr =& —uand s = v — ¢. Since ¢ y ¢ are weakly coupled lower and upper solutions, we
obtain
r)+mr)+ Mr([t]) =€£(1) - FE@) <0,
r(0) = % 8(€(0),¢(T)) < 0,



and
sS'(O+ms)+ Ms([t]) = Fot) — ¢'(1) <0,
5(0) = =4 g((0),£(T)) < 0.

Consequently, Lemma 3.2 yields ¢ < uand v < ¢.
We now put w = u — v. From (H), we derive

w' (1) + mw(t) + Mw([t]) = F&@1) = Fo(t) + m(&(1) — o) + M(E([1]) — ¢([1])) < 0,

while, from (H,) and (H3), we get

w(0) = £(0) — p(0) + % (2((0), £(T)) — g(£(0), p(T)))
< £(0) - ¢(0) + £ (8(#(0), £(T)) = g(£(0), £(T))) < £(0) = ¢(0) — £(0) + (0) = 0.

By Lemma 3.2 we deduce that u < v. So that, it is proved that inequality (17) holds.
We will now show that u and v are weakly coupled lower and upper solutions of problem (1).
Note that, reasoning as above, (H) drives to

u' (1) = Fu(t) = F&@®) — Fu(t) + m(&(@) — u(0) + ME([1]) — u([1]) <0,
V(1) = Fv(t) = Fo(t) = Fv() + m(e(t) = v(0)) + M(e([1]) - v([t])) > 0,

while, making use of (H,) and (H3), we deduce
0 = Ku(0) - £(0)) + g(£(0), o(T)) = g(u(0), o(T)) = g(u(0), W(T))
and

0 = K(w(0) = ¢(0)) + g(¢(0), £(T)) < g(v(0),£(T)) < g(v(0), u(T)).

Therefore, it is proved that u and v are weakly coupled lower and upper solutions of prob-
lem (1).

Next step is to build up two sequences which converge to the extremal quasi-solutions of
problem (1). To this end, take @y = @ and By = B, and define the sequences {a;} and {8;} as
a1 = A(ay, By) and Bi1 = B(ay, 81). By means of (17), it is immediate to verify that

a) <o)< Laqt) - SBO-- <P <PR), Viel, VYIeN,

so that the sequences {@;} and {8;} are uniformly bounded. From the statement of problems (15)
and (16), and due to the properties of f, it is easy to check that the sequences {a;} and {;} are
also bounded. Thus, sequences {a;} and {8;} are equicontinuous on C(I), and the Ascoli-Arzela
theorem guarantees the existence of subsequences {a;} C {e;} and {§,,} C {§;} which converge
uniformly to their limits p, ¥ € C(J) respectively. Because of both of sequences {«;} and {§;} are
monotone, we conclude that they converge uniformly to p and y respectively.

From the definition of operators A and B we know that, for all / € N, it is verified

@1:1(0) = @/(0) — £&(@(0),B(T)) and  B141(0) = Bi(0) — £&(Bi(0), ai(T)).
Consequently, due to the continuity of g and passing to the limit, we derive

8(p(0), (1)) = 0 = g(y(0), p(T)). (18)
7



Moreover, from (8) we know that, on each interval 7, and all n € {0, ..., N}, it is satisfied
!
@1 (1) = @ (n) h(t —n) + f (f (s, (), ai(n) + may(s) + May(n))e™""~") ds,

Prs1() = Brar(n) h(t = n) + f (f(5, Bi(s), Bi(m)) + mBi(s) + MBy(m))e ™"~ dis.

So that, because of the continuity of f and passing to the limit, we deduce that

p(1) = p(n) h(t —n) + f (f (s, p(8), p(m)) + m p(s) + Mp(n))e ™" ds,
n (19)

')’(t) = y(n) h(t—n) + f (f(s, ')’(S),’)/(I’l)) + my(s) + M,y(n))e—m(t—.v) ds,

on each interval I, and all n € {0, ..., N7}.

Therefore, p and y are in Q and so, from (18) and (19), we conclude that p and y are coupled
quasi-solutions of problem (1).

Finally, we will show the extremal character of the coupled quasi-solutions p and y. To do
this, let £ < 17 be coupled quasi-solutions of problem (1) in [a, 5]. We will prove, by mathematical
induction, that ; <y < < G forall l € N.

It is obvious that this property holds for [ = 0. Let us suppose that it is verified for a given
[ e N. Putr = a;11 — u, then

(1) = Fay(t) — Fu(@) + m(ai(t) — awn (1) + M(ai([1]) = (1) < —mr(t) — Mr([t]),

and

r(0) = ai(0) — u(0) + % (g(u(0), (1)) ~ g(ai(0), Bi(T)))
< @(0) — u(0) + %(8(u(0), BI(T)) — g(a(0), B(T)) < 0,

which implies, by Lemma 3.2, that @) < g on [.

In an analogous way we deduce that 8;,; > non /.

As consequence, passing to the limit, we conclude p < ¢ < n < y on I. This proves the
extremal character of the coupled quasi-solutions p and y in [«, 3]. O

In case of weakly coupled lower and upper solutions match at the starting point of the interval
I, we can prove the existence of extremal solutions for problem (1). Even more, we can do it
under weaker assumptions on the boundary conditions. The result is the following.

Theorem 4.2. Let a, B € Q be weakly coupled lower and upper solutions of problem (1) such
that a < B and a(0) = B(0). Let us suppose that assumptions (Hy) and (H;) hold.
Then problem (1) has extremal solutions in [a, S3].

Proor. As a(0) = B(0), it is immediate to verify that assumption (H3) holds for any K > 0. Then,
all of assumptions of theorem 4.1 are fulfilled and, in consequence, there exist extremal coupled
quasi-solutions p < vy of problem (1) in [a,S]. Thus, a(0) = p(0) = y(0) = B(0), from where we
deduce

0 = g(p(0), ¥(T)) = g(y(0), ¥(T)),



and

0 = g(¥(0),p(T)) = g(p(0), p(T)).

In consequence we deduce that functions p and y are extremal solutions of problem (1) in [a, 5].
O

Example 4.1. The following problem
1
X)) =M - —30, 1el=[0.5] 0= x(%) cos (£x(0)), (20)

has extremal solutions in the sector [ — 7 — 1, % t—1].
Proor. This problem is a particular case of (1) with

1
ft,y,2)=¢e - —17 and g(y,2) = z cos? G-

Put a(t) = —t — L and B() = 3 t — 1. Then, we get

el+1, ifrelo,1),
e*2+1, iftE[l,g],
3 el =352 ifre0,1)
(1) = = > FB() = 2(t+1)° > 1),
P 2 . {e;_;(iﬁ)’ ifze[l,5],
8(B0), (%) =g(-1,-3-1)=0>0.

ad(t)=-1<Fa() = {

Due to this, @ and 8 are weakly coupled lower and upper solutions or problem (20). Clearly,
assumption (H>) is verified and, with m = 1 and M = 0, assumption (H ) holds.

Since @(0) = —1 = B(0), we can apply Theorem 4.2. So that, we conclude that problem (20)
has extremal solutions in [a, 5]. ]

Remark 4.1. In fact, problem (20) has a unique solution in [a,B]. It is because a(0) = —1 =
B(0), therefore the solutions of this problem in [a, ] are the solutions of the following initial
value problem
/ X0 _

x(t)+t+—1=e , tel=][0,%], x(0)=-1. (21)
Under analogous arguments to the ones developed in the proof of Theorem 3.1, we rewrite prob-
lem (21) as a family of two initial value problems on the intervals Iy = [0,1) and I; = [, g].
First, we solve problem

x(1) -1

YW+ ==l el =01, x0)=-L

which has a unique solution given by

2 +2t—2e

M= = v D
9



Taking into account that the solution of problem (21) has to be continuous, and that x(1) = 323‘3 R

we now solve the problem

x(1) 3-2 3-2e
M+ —==e%, tel =[1,%], x(1)= ,
JC()+t+1 e el =[L3], x(1) 1o

which, also, has a unique solution given by

2e+3

e (t2+2t—3)—2e+3
2e(t+ 1) '

x(t) =

Therefore, the unique solution of problem (21), as well as of problem (20) in [«, 8], is given
by
£ +2t-2e
_, if0<r<l,
2e(t+ 1) ! <

x(t) =
(P +20-3)—2e+3
2e(t+ 1) ’
The graphs of the unique solution and the weakly coupled lower an upper solutions of prob-
lem (20) are shown in the following figure.

ifl1<r<7.

Figure 2: Graphs of «, 8 and x. Respectively, the weakly coupled lower and upper solutions, and the unique solution of
problem (20).

Assuming additional conditions, our next results guarantee that problem (1) is uniquely solv-
able on the sector formed by a pair of well ordered weakly coupled lower and upper solutions.

Theorem 4.3. Let a, B € Q be weakly coupled lower and upper solutions of problem (1) such
that @ < B. Let us assume that (Hy), (Hy) and (H3) are satisfied. In addition, let us assume that

(Hy4) There exist real constants K| and K, satisfying K > K| > 0 (constant K given in (H3)),
K> > 0and
80,2 -8, < -Ki(G—y) + Ka(z2 - 2) (22)

if(0) <y <3 < B0) and a(T) < z < 7 < B(T).
10



(Hs) For allt € I and y € [a(t),B()], function f(t,y,-) is non—increasing in [a([t]), B([¢])].
Moreover there exists a real constant p such that m + p > 0 and, for allt € I and 7z €
[a([t]), B([tD], the following inequalities hold

Sy, 20— f(t,5.29 2 —p(G-y) ifa@) <y<y<pQ. (23)

(Hg) It is verified that
Kz@pT < Kj. (24)

Then problem (1) has a unique solution in [a, S3].

Proor. Theorem 4.1 guarantees the existence of p < y extremal weakly coupled quasi-solutions
of problem (1) in [, B8]. Now, denoting by g = p — ¥y and making use of (H,) we obtain

0 = (p(0), Y(T)) — g(0), p(T)) < K1g(0) — Kaq(T). (25)
On the other hand, for all € I, (Hs) drives to
q'(0) = ft, p@), p([t)) = [, y@), y([1]) = f(t, p(0), y([1D) = f (&, y(0), ¥([1D) = p 4(2).
Now, since ¢’ € A, we deduce that
q(t) > q(n)e’"™, tel,.
From the continuity of function ¢, by induction in n, we arrive at
q@®) = q)e’’, tel (26)
and, consequently, from (25) we get
0 < g(0)(K; — K2ePT).

This and (24) imply that g(0) > 0, so that (26) yields p > v.
Therefore, p = y € [, 8] is a solution of problem (1). Because of the extremal character of p
and y in [, ], the solution has to be unique in [a, 8]. [

Remark 4.2. We note that assumptions (H;) and (Hs) can be satisfied simultaneously. If we
analyze the behaviour of function f with respect to the second and third variables, then we use
these assumptions to show that

-m< f(f’)_’»Z)_f(t»yaZ) <

p, ifa() <y<y<p@)anda(lt]) < z<B(1]),

y-y
M < f(”y’zg = f(t’y’ D <0, ifa(l) <z<z<p0)and al) <y < ).

In case of f being differentiable, these conditions turn into
of .
—-m < a—y(t,y, 7)< p ifa) <y<pB@)and a(lr]) < z < B([1]),

M < g(r, v,2) <0 ifa() <y < B and a([1]) < z < B([1)).
11



It happens the same with assumptions (H>), (H3) and (Hy). If we now analyze the behaviour
of g, from those assumptions, we obtain the following conditions

Kl < 8(}’, Z} - g(y’ Z)
y-y
0 < g(y’ Zz - g(y,Z)
Z—Z
which, in case of g being differentiable, change into

<K ifa(0)<y<y<pB0)and o(T) <z <B(T),

<K, ifa(T)<z<z<pB(T)anda(0) <y < B0), 27)

K < (;—i(y, 7)< K ifa(0)<y<pB0)and a(T) < z < B(T),

0< g—i(y, 7)< K> ifa(0) <y <pB(0)and T) < z < B(T).

Example 4.2. The following problem
X =3O - ix([1), tel=[0,3], 0=14x0)+e0?, (28)
has a unique solution in the sector [ — 1, 1—16]

Proor. This problem is a particular case of problem (1) with
fy2) =51y =52 and g(.2)=5y+e.

One can verify that a(r) = —% and (1) = 11—6 are weakly coupled quasi-solutions of prob-
lem (28). If we takem = 2, M = 3, K = K; = &, K, = ¢/!% and p = 3, then f and g verify the
assumptions (Hp) — (Hs).

Therefore, Theorem 4.3 guarantees that problem (28) has a unique solution in [ — }1, %] [

Theorem 4.4. Let a, B € Q be weakly coupled lower and upper solutions or problem (1) such
that a < B and a(0) = B(0). Let us suppose that assumptions (Hy), (H,) and (Hs) hold.
Then problem (1) has a unique solution in [«, S3].

Proor. Theorem 4.2 provides the existence of extremal solutions p < y in [a,8]. Take g = p -,
using (Hs) and reasoning as in Theorem 4.3, we derive that (26) holds.

Since g(0) = p(0) — y(0) = 0, we deduce that p > . Therefore, p = vy is the unique solution
of the considered problem in [a, 5]. O

Remark 4.3. Notice that the function f in Example 5.1 does not verify the assumption (Hs).
Nevertheless, the problem presented in that example has a unique solution. It is clear, therefore,
that such an assumption is only a sufficient condition for the uniqueness of solutions.

Remark 4.4. From Remark 4.2 it is immediate to verify that the anti—periodic boundary value
conditions x(0) = —x(T), characterized by g(y,z) = y + z fulfill conditions (H>), (H3) and (Hy).
In consequence all of the previous existence results can be applied to this kind of condition when
p<0.

However, the initial value conditions x(0) = xy (g(y,2) = y—xo) are covered by (H;) and (H3)
but not by (Hy4). So, we cannot ensure that Theorem 4.3 holds in this case. The same comment
is valid for the terminal problem x(T") = x7 (g(y,z) = z — x7), provided that &(T) = B(T) = xr
and for the periodic problem x(0) = x(T") (g(y,z) = z—y), when a(0) = 8(0) = ao(T) = B(T).
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5. Lower and upper solutions

In this section, by assuming different monotonicity assumptions on the boundary value con-
ditions, that include, among others, the periodic ones, we deduce some existence results for
problem (1) by means of the method of lower and upper solutions.

Definition 5.1. We say that @ € Q is a lower solution of problem (1) if the following inequalities
hold
a'(t) < Fa(r), tel, gla0),aT)) <0. 29)

In analogous way, we say that 8 € Q is an upper solution of problem (1) if the following
inequalities hold

B> Fp@), tel, gpB0),(I)) =0. (30)

Theorem 5.1. Let a, B € Q be, respectively, lower and upper solutions of problem (1) such that
a < . Let us suppose that assumptions (H,) and (Hs) hold. In addition, let us assume that

(H}) Forall y € [a(0),5(0)] function g(y, ) is non—increasing on the interval [a(T), 3(T)], that
is to say,
800, 2) 28,2 fa(T) <z<z<B(T)and a(0) <y < B(0). 3D

Then problem (1) has extremal solutions in [a, 3].
Proor. Let us consider, for £ € [«, 8] given, the following initial value problem
X (O +mx()+Mx([t]) = FEO)+méEn)+ME[1]), tel, x(0)=E&0)-+ g&0),&T)). (32)

Thus, Theorem 3.1 allows us to define operator L : [a,8] — Q as L& := unique solution of
problem (32).

Then, putting ¢y = @ and By = 3, we define the following two sequences, {a;} and {8;}, as
a1 = Lagand B = LB, forall I € N.

Arguing as in the proof of Theorem 4.1, we conclude that {@;} and {8;} are two monotone
sequences that converge uniformly to the extremal solutions of problem (1) in [a, 8]. O

Corollary 5.2. Let a, B € Q be, respectively, lower and upper solutions of problem (1) such that
a <Band a(T) = B(T). Let us suppose that assumptions (H) and (H3) are satisfied.
Then problem (1) has extremal solutions in [«, B3].

Proor. Since a(T) = B(T), it is obvious that assumption (H,) holds. Therefore, all of assump-
tions of Theorem 5.1 are fulfilled. O

Remark 5.1. It is clear that if o(T) = B(T) the concept of weakly coupled lower and upper
solutions of problem (1) is equivalent to the existence of a pair of well ordered lower and an upper
solutions of problem (1). Furthermore, x,y € [a, 8] are coupled quasi-solutions of problem (1) if
and only if x,y € [, 8] are solutions of problem (1).
On the other hand, it is clear that conditions (H>) and (H}) are, in that case, both satisfied.
Because of this, Corollary 5.2 remains valid as a corollary of Theorem 4.1 in case @ and 8
are weakly coupled lower and upper solutions of problem (1) such that o(T) = B(T).

Corollary 5.3. Let a, B € Q be, respectively, lower and upper solutions of problem (1) such that
a < B and a(0) = B(0). Let us suppose that assumptions (Hy) and (H)) are satisfied.
Then problem (1) has extremal solutions in [«, S3].
13



Proor. As a(0) = B(0), it is immediate to verify that (H3) holds for any K > 0. So that, all of
assumptions of Theorem 5.1 hold. O

Corollary 5.4. Let a, B € Q be, respectively, lower and upper solutions of problem (1) such that
a < B and a(0) = B(0). Let us suppose that assumption (H}) holds. Additionally, let us assume
that T < 1 and there exists a real constant m such that, for all t € I,

f@t.3,2) = ft.5,2) sm(y -y) ifa@) <y<y<pQ). (33)
Then problem (1) has extremal solutions in [a, 3].

Proor. Since T' < 1 and a(0) = B(0), from (33) it is clear that assumption (H,) holds for any real
constant M such that M < by(m). Thus, we can apply Corollary 5.3. O

Corollary 5.5. Let a, B € Q be, respectively, lower and upper solutions of problem (1) such that
a < B, a(0) = B(0) and a(T) = B(T). Let us suppose that assumption (Hy) holds.
Then problem (1) has extremal solutions in [«, S3].

Proor. Since a(0) = 5(0) and a(T) = B(T), it is easy to verify that assumption (H) holds, and
assumption (H3) is fulfilled for any K > 0. Due to this, Theorem 5.1 guarantees the existence of
extremal solutions of problem (1). O

Corollary 5.6. Let a, B € Q be, respectively, lower and upper solutions of problem (1) such that
a < B, a(0) = B(0) and a(T) = B(T). Let us assume that T < 1 and condition (33) holds.
Then problem (1) has extremal solutions in [«, S3].

Proor. From a(T) = S(T), it is clear that assumption (H}) holds, so that, we can apply Corol-
lary 5.4. O

Remark 5.2. Since a(T) = B(T) is an assumption both in Corollary 5.5 and in Corollary 5.6, we
know (Remark 5.1) that @ and 8 are weakly coupled lower and upper solutions of problem (1).
Therefore, these results remain valid as corollaries of Theorem 4.2.

If we add some extra conditions to Theorem 5.1, we can guarantee the uniqueness of solutions
of problem (1) under the presence of a pair of well ordered lower and upper solutions.

Theorem 5.7. Let a, B € Q be, respectively, lower and upper solutions of problem (1) such that
a < B. Let us suppose that assumptions (H1), (H), (H3), (Hs) and (Hy) are fulfilled. Additionally,
let us assume that

(H’) There exist real constants K], K2 such that K > K] > 0, K2 > 0, and
4

ifa(0) <y <5< B0) and a(T) < z < 7 < B(T).

Then problem (1) has a unique solution in [«, S3].

Proor. We omit the proof, since it is analogous to that of Theorem 4.3. O
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Remark 5.3. We note that assumptions (H}), (H3) and (H}) are congruent. Although assump-
tions (H>) and (H,4) have been changed by, respectively, assumptions (H;) and (H}), the analysis
made in Remark 4.2 about the behaviour of g with respect to the first variable remains valid.
Nevertheless, when we analyze the behaviour or g with respect to the second variable, we now
have

K < ‘w <0 ifa(T)<z<7<B(T)and a(0) < y < B0), (35)

which, in case of being g differentiable, becomes
0
K < a—g(y, <0 ifa(T) <z <BT) and a(0) < y < B(0).
Z

On the other hand, whenever a(T) = B(T), it is obvious that both conditions (35) and (27)
are fulfilled. Therefore, in this case, if the following assumption

(H}') There exists a real constant K; such that K > K > 0 satisfying

82 —8(3.2) < —Ki(h—y) ifa(0) <y<y<p0), (36)
holds, then assumptions (H,) and (H}) are both satisfied.

Theorem 5.8. Let a, B € Q be, respectively, lower and upper solutions of problem (1) such that
a < Band a(T) = B(T). Let us suppose that assumptions (Hy), (H3), (H}') and (Hs) are satisfied.
Then problem (1) has a unique solution in [«, B].

Proor. Corollary 5.2 guarantees the existence of p < 7y, extremal solutions of problem (1) in
[, B].

Putting g = p — vy <0, and making use of (Hs) as in Theorem 4.3, we obtain inequality (26).
If we suppose that g(0) # 0, then ¢(0) < 0. So that, from (H}), we deduce

0 = g(0(0),p(T)) = g(¥(0), p(T)) < K1 g(0) <0,

which is a contradiction.
Therefore, g(0) = 0 and, hence, p = vy is the unique solution of problem (1) in [a, S]. O

Remark 5.4. We notice that, if «(T") = B(T') function g obviously satisfies assumption (H;). In
such a case, if assumption (H}') holds, assumption (Hy) is also fulfilled. Furthermore, as it is
explained in Remark 5.1, the concepts of weakly coupled lower and upper solution and lower
and upper solution match in this case, as well as the concepts of quasi-solution and solution.

Because of this, Theorem 5.8 remains valid in case of & and 8 are weakly coupled lower and
upper solutions or problem (1).

Theorem 5.9. Let a, B € Q be, respectively, lower and upper solutions of problem (1) such that
a < B and a(0) = B(0). Let us suppose that assumptions (H1), (H}) and (Hs) are satisfied.
Then problem (1) has a unique solution in [a, S3].

Proor. This result is analogous to Theorem 4.4, in this case for lower and upper solutions, so we
omit the proof. O
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Example 5.1. The following problem

I 3 2 9

X0 = = + %0 - 530 = Sx({r]) + tel=100,31, 0=e"?cos(¥x0). (37)

]

+

16’
3
I +

has extremal solutions in the sector [ —

NI~
FN[o8)

L
2

Proor. This problem is a particular case of (1) with

t2 3y 2z 9
f(6.y,2) = ——+y2—3y—— T §(.2) = ¢ cos ().
Functions a(f) = -5 + f—‘ and (1) = § + % are, respectively, lower and upper solutions of

problem (37) such that @ < 8 and (0) = B(0) = 3
Putm=p= % and M = %, thus f and g verify assumptions (H1), (H5) and (Hs). Therefore,
all of assumptions of Theorem 5.9 are satisfied. O

Corollary 5.10. Let @, B € Q be, respectively, lower and upper solutions of problem (1) such
that a < B, a(0) = B(0) and a(T) = B(T). Let us suppose that assumptions (Hy) and (Hs) are
satisfied.

Then problem (1) has a unique solution in [«, B].

Proor. Since a(T) = B(T'), assumption (H}) is obviously satisfied. Thus, we can apply Theo-
rem 5.9. N

Corollary 5.11. Let a, B € Q be, respectively, lower and upper solutions of problem (1) such
that « < B and a(0) = B(0). Let us assume that T < 1 and condition (33) holds. In addition, let
us suppose that assumptions (H}) and (Hs) are satisfied.

Then problem (1) has a unique solution in [a, 3].

Proor. Since @(0) = 8(0) and T < 1, from (33) we derive that assumption (H) holds. Then we
can apply Theorem 5.9. O

Corollary 5.12. Let a, B € Q be, respectively, lower and upper solutions of problem (1) such
that « < B, @(0) = B(0) and a(T) = B(T). Let us assume that T < 1 and condition (33) holds.
Additionally, let us suppose that assumption (Hs) is satisfied.

Then problem (1) has a unique solution in [a, S3].

Proor. Reasoning as in the previous corollary, we know that assumption (H;) holds. So that, we
can apply Corollary 5.10. O

Remark 5.5. In this case, from remarks 4.2 and 5.3 we know that the periodic problem x(0) =
x(T) (g(y,z) = y — z) maps the conditions (H3), (H3) and (H}). So we deduce that all the
existence results presented in this section are valid for the periodic problem, whenever p < 0.
The same assertion, in this case for all p € R, is valid for the initial value conditions x(0) = xp
(8(y,2) =y — xo).

Since the terminal problem x(T") = x7 (g(y,2) = —z + x7) satisfies conditions (H,) and (H3)
but it does not satisfy condition (H}), we know that Theorem 5.1 holds in this situation. However
the uniqueness Theorems 5.7 and 5.8 can be applied only if @(0) = 8(0) and &(T') = B(T) = x7.

The anti—periodic boundary value conditions x(0) = —x(T) (g(y,z) = y + z) can be treated
under our formulation if and only if a(0) = B(0) = —B(T) = —a(T).
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