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1. Introduction

This paper is concerned with the existence of integral solutions and extremal integral so-
lutions defined on a compact real interval for first-order semilinear differential equations.
In Section 3, we consider the following class of semilinear differential equations:

)/,(t)—A)’(t)Zf(ta)’t) +g(t1yt)1 te]:= [0>T]) (11)
y(t) =¢(t), tel[-r0], (1.2)

where f,g:] x C([-r,0],E) — E are given functions, A : D(A) C E — E is a nondensely
defined closed linear operator on E, ¢ : [-r,0] — E a given continuous function, and
(E, |- 1) areal Banach space.

For any function y defined on [—7,T] and any ¢ € ], we denote by y, the element of
C([-r,0],E) defined by

y:(0) = y(t+0), 6e[-r,0]. (1.3)

Here y;(-) represents the history of the state from time t — r, up to the present time ¢.
There has been extensive study of semilinear functional differential equations, where
the operator A generates a Cy semigroup, or equivalently, when a closed linear operator
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2 Perturbed functional differential equations

A satisfies

(i) D(A) = E,
(ii) the Hille-Yosida condition, that is, there exist M > 0 and 7 € R such that

(1,00) C p(A), sup{(AI —7)"|(AI —A) ™| :A>1,neN} <M, (1.4)

where p(A) is the resolvent set of A and I is the identity operator. Existence and unique-
ness, among other things, are derived. See, for example, the books of Heikkila and Lak-
shmikantham [9], Kamenskii et al. [10] and the references therein, and the paper by
Byszewski and Akca [4].

However, as indicated in [5], we sometimes need to deal with nondensely defined op-
erators. For example, when we look at a one-dimensional heat equation with Dirichlet
conditions on [0,1] and consider A = 92/9x2 in C([0,1],R) in order to measure the solu-
tions in the sup-norm, then the domain

D(A) = {¢ € C}([0,1],R) : $(0) = ¢(1) = 0} (1.5)

is not dense in C([0,1],R) with the sup-norm. See [5] for more examples and remarks
concerning nondensely defined operators. Recently, evolution functional differential
equations with nondensely defined linear operators have received much attention (see,
e.g., the papers by Adimy and Ezzinbi [1], Ezzinbi and Liu [7]). Our main results extend
similar problems considered in the above-listed papers to nondensely defined operators
and where a perturbation term g is considered. Our approach is based on a new fixed
point theorem of Burton and Kirk [3]. In Section 4, we will prove the existence of ex-
tremal integral solutions of the problem (1.1)-(1.2), and our approach here is based on
the concept of upper and lower solutions combined with a fixed point theorem on or-
dered Banach spaces established recently by Dhage and Henderson [6]. Finally, Section 5
is devoted to an example illustrating the abstract theory considered in the previous sec-
tions.

2. Preliminaries

In this section, we introduce notations, definitions, and preliminary facts which are used
throughout this paper. C(J, E) is the Banach space of all continuous functions from J into
E with the norm

ylle =sup {|y(®)] :t ]}, (2.1)

and C([-r,0],E) is the Banach space of all continuous functions from [—#,0] into E
endowed with the norm || - || defined by

gl =sup{|p(0)|: —r <6 <0}. (2.2)

Also B(E) denotes the Banach space of bounded linear operators from E into E with the
norm

INllpE) =sup { IN(p)| : [y]| = 1}. (2.3)
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L'(J,E) denotes the Banach space of measurable functions y : ] — E which are Bochner
integrable normed by

T
Iyl = jo | y() | dt. (2.4)

Definition 2.1 [2]. Let E be a Banach space. An integrated semigroup is a family of oper-
ators (8(t))s=0 of bounded linear operators S(t) on E with the following properties:
(i) S(0) =
(ii) t — S(1) is strongly continuous;
(iii) S(s)S(t) = [;(S(t+7) — S(r))dr for all t,s > 0.

Definition 2.2. An integrated semigroup (S(t)):=¢ is called exponential bounded, if there
exist constants M > 0 and w € R such that

|S(t)| < Me*', fort=0. (2.5)

Moreover, (S(t)):=0 is called nondegenerate if S(t)x = 0, for all ¢ > 0, implies x = 0.

Definition 2.3. An operator A is called a generator of an integrated semigroup, if there
exists w € R such that (w,+0) C p(A), and there exists a strongly continuous expo-
nentially bounded family (S(#)):0 of linear bounded operators such that S(0) = 0 and
AL =A)"'=1["eMS(t)dtforall A > .

If A is the generator of an integrated semigroup (S(t)):»o which is locally Lipschitz,
then from [2], S(-)x is continuously differentiable if and only if x € D(A). In particular,
S'(t)x := (d/dt)S(t)x defines a bounded operator on the set E, := {x € E:t — S(t)x is
continously differentiable on [0,0)} and (S'(t))s= is a Cy semigroup on D(A). Here and
hereafter, we assume that A satisfies the Hille-Yosida condition, that is, there exist M > 0
and w € R such that (w, ) C p(A), sup {(AI —w)"|(AI —A) " :A>w, n € N} <M.

Let (S(#))=0 be the integrated semigroup generated by A. We note that, since A satisfies
the Hille-Yosida condition, [|S'(#)|lpE) < Me®*',t > 0, where M and w are the constants
considered in the Hille-Yosida condition (see [11]).

In the sequel, we give some results for the existence of solutions of the following prob-
lem:

y'(t)=Ay(t)+g(t), t=0, (2.6)
y(0) =a€E, (2.7)

where A satisfies the Hille-Yosida condition, without being densely defined.

TaEOREM 2.4 [11]. Let g:[0,b] — E be a continuous function. Then for a € D(A), there
exists a unique continuous function y : [0,b] — E such that
i) [y y(s)ds € D(A) for t € [0,b],
(11) y(t) = a+Af; y(s)ds+ [, g(s)ds, t € [0,b],
(iii) [y(t)] < Me“!(|al + [y e~|g(s)|ds), t € [0,b].
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Moreover, y is given by the following variation of constants formula:

Y1) =S (t)a+ % L:sa —5)g(s)ds, 0. (2.8)

Let By = AR(A,A) := A(AI — A)~!. Then (see [11]), for all x € D(A), Byx — x as A — co.
Also from the Hille-Yosida condition (with n = 1), it is easy to see that limy_. o [Byx| <
M]|x]|, since

MA

— _ -1
[Bi| = [AM -A)7"| < 7=

(2.9)

Thus lim)_.. |By| < M. Also if y is given by (2.8), then
t
Y1) =S (ta+ Alirnj S(t—s)Big(s)ds, £ 0. (2.10)
-0 J0

Definition 2.5. The map f : ] X C([-r,0],E) — E is said to be L!-Carathéodory if
(i) t = f(t,u) is measurable for each u € C([-r,0],E);
(ii) u — f(t,u) is continuous for almost all t € J;
(iii) for each g > 0, there exists ¢, € L' (J, R} ) such that

| f(t,u)] <@q(t) Vlull <gandforae.te] (2.11)

3. Existence of integral solutions

Now, we are able to state and prove our main theorem for the initial value problem (1.1)-
(1.2). Before starting and proving this one, we give the definition of its integral solution.
Definition 3.1. Say that y : [—r,T] — E is an integral solution of (1.1)-(1.2) if

(i) y(t) = ¢(0) +Af0ty(s)d5+ fotf(s,ys)der fotg(s,ys)ds, te];
i) £ y(s)ds € D(A) for t € J, and y(r) = $(t), ¢ € [r0].

From the definition, it follows that y(¢) € D(A), for all ¢ > 0, in particular ¢(0)
D(A). Moreover, y satisfies the following variation of constants formula:

, d [ d
y(t)=S(t)¢(0)+aLS(t—s)f(s,y;)ds+EJOS(t—s)g(s,ys)ds, (20, (3.1)

We notice also that, if y satisfies (3.1), then

t
YO =S (O90)+lim [ SE-9BIf(sp) +glsp)lds 120, (32)

Our main result in this section is based upon the following fixed point theorem due to
Burton and Kirk [3].
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THEOREM 3.2. Let X be a Banach space, and A, B two operators satisfying
(i) A is a contraction, and
(ii) B is completely continuous.
Then either
(a) the operator equation y = A(y) + B(y) has a solution, or
(b) the set€ = {u € X : AA(u/A) + AB(u) = u} is unbounded for A € (0,1).

Our main result reads.

THEOREM 3.3. Assume that
(H1) A satisfies Hille-Yosida condition;
H2) the function f : ] x C([—r,0],E) — E is L'-Carathéodory;

(
(H3) the operator S’ (t) is compact in D(A) whenever t > 0;
(H4) there exists a function k(t) € L'(J,Ry) such that

lg(t,u)—g(t,w) | <k(®)llu-1ull, forae te], uueC([-r,0],E), (3.3)

with
T

Me‘“TJ e k(s)ds < 1; (3.4)
0

(H5) there exists a function p € L'(J,Ry) and a continuous nondecreasing function v :
[0,00) — [0, ) such that

| f(uw)| < p(t)y(llull), forae te], andeachuec C([-r,0],E) (3.5)
with

® ds
L m > |lmllp, (3.6)

where

T
c=M||</>H+MJ0 9| g(s,0) | ds, -

m(t) = max {w* + Mk(t),Mp(t)},

and w* = wifw >0 and w* =0if w < 0.
Then, if $(0) € D(A), the initial value problem (IVP for short) (1.1)-(1.2) has at least
one integral solution on [—r,T].

Proof. Transform the IVP (1.1)-(1.2) into a fixed point problem. Consider the two oper-
ators

F,G:C([-r,T],E) — C([-r,T],E) (3.8)
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defined by
(1), te[-r,0],
E(y)(t) = d [t (3.9)
S (09(0)+ L S(t—)f(s,y)ds, te),
0, te[-r0],
G(y)(t) = (3.10)

t
ij S(t—s)g(s,y5)ds, te].
dt Jo

Then the problem of finding the solution of IVP (1.1)-(1.2) is reduced to finding the
solution of the operator equation F(y)(t) + G(y)(t) = y(t), t € [-r,T]. We will show
that the operators F and G satisfy all conditions of Theorem 3.2. The proof will be given
in several steps.

Step 1. F is continuous.
Let {y,} be a sequence such that y, — y in C([—r,T],E). Then for w >0 (if w < 0 it is
et < 1),

|F(ya)(t) —F(»)(1)| = ‘%J St =) f (s yn) = f(s,y5) ]ds
0 (3.11)

T
<M | e flsn) - flsya) |ds
Since f (s, -) is continuous, we have by the Lebesgue dominated convergence theorem

IIE(yn)(8) = F(y)(®)|| <= Me“T||f(-spn) = F oyl — 0, asnm— 0. (3.12)
Thus F is continuous.

Step 2. F maps bounded sets into bounded sets in C([—r,T], E).

It is enough to show that for any g > 0 there exists a positive constant [ such that for
eachy € B, =1{y € C([-r,T,E) : [lyll~ < q} we have F(y) € B.

Then we have for each t € J,

[F(y)(t)] = S'(t)¢(0)+%J S(t—s)f(s,ys)ds
0

. (3.13)
< Me“T|¢(0)] +MewTJ e Y pq(s)ds;
0
here ¢ is chosen as in Definition 2.5. Then we have
T
IEG)®)]|., < MeT (14 +MewTJ0 ¢ py(s)ds = L (3.14)

Step 3. F maps bounded sets into equicontinuous sets of C([—7,T],E).

We consider B, as in Step 2 and let € > 0 be given. Now let 71,7, € [~r, T] with 75 > 77.
We consider two cases: 71 > € and 1] < €.
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Case 1. If 1; > €, then

|[F(y)(12) =F(y)(11) | =[S (72)$(0) =S (71) $(0) |

T1—€

+] Jim | [S' (12— 5) = S' (11— 5) |BLf (s, y5)ds

T1

+ | lim [S' (12 —3s) =S (11 —5)|BLf (s, y5)ds

A—o0 Jr—¢

* Alim 2S,(Tz —s)BLf (s, y5)ds (3.15)
< [8(12)¢(0) — S (71)¢(0) |
T1—€
+M*||S (1, — 11 +€) —S,(E)HB(E) JO e “pq(s)ds
+2M* J | e " q(s)ds+M* I 2 e “q(s)ds;
T —€ T
here M* = M max{e“T,1}.
Case 2. Let 1) < €. For 7, — 71 < €, we get
|F(y)(2) = F(y)(m1) |
2e (3.16)

<18 (12)$(0) — ' (1) $(0) | +M*j

e “pq(s)ds+M* J e “q(s)ds.
0

€
0
Note that equicontinuity follows since (i) S'(¢), t = 0, is a strongly continuous semigroup
and (ii) S’ (¢) is compact for £ > 0 (so §'(¢) is continuous in the uniform operator topology
fort >0).

Let 0 <t < T be fixed and let € be a real number satisfying 0 < € < t. For y € By, we
define

t—€

FE(y)(t)ZS/(t)gb(O)-l_)}Erio . S'(t=s)Bf (s, y5)ds

. (3.17)
= $(09(0)+'(€) lim J S'(t—s—€)Byf (5, y.)ds.
—00 J0
Note that
t—€
julim J S'(t—s—e)BAf(s,yS)ds:yEBq} (3.18)
—00 J0
is a bounded set since
t—€ t—€
Alim S'(t—s—€)Brf(s,ys)ds| < M*J e % qy(s)ds (3.19)
—00 JO 0
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and now since S’ (t) is a compact operator for t > 0, the set Y¢(t) = {Fc(y)(t) : y € By} is
relatively compact in E for every ¢, 0 < € < t. Moreover,

|F(y)(t) —Fe(»)(t)| = M* L_Ee""sgoq(s)ds. (3.20)

Therefore, the set Y (t) = {F(y)(t) : y € B} is totally bounded. Hence Y (¢) is relatively
compact in E.

As a consequence of Steps 2 and 3 and the Arzeld-Ascoli theorem, we can conclude
that F: C([-r,T],E) - C([—r,T],E) is a completely continuous operator.

Step 4. G is a contraction.
Letx,y € C([-r,T],E). Then

G0 =GO = |4 [ stt-9lglsm) —gls ) lds
0
T
sMe“’TJ e | g(s,xs) —g(s,ys) | ds (3.21)
0
T
< Me“’TI e k(s)||xs — ys||ds.
0
Then
T
1G&) - G|, < <Me‘”T L e*“’sk(s)ds> 1x = Yoo (3.22)

which is a contraction, since Me®T fOT e “*k(s)ds < 1, by condition (3.4).

Step 5. A priori bounds.
Now it remains to show that the set

€= SLy e C([-r,TLE): y =/\F()/)+AG(%) for some 0 < A < 1} (3.23)

is bounded.
Let y € €. Then y = AF(y) +AG(y/A) for some 0 < A < 1. Thus, for each t € J,

N d (! d (! Vs
y(0) =28 (D$(0) 1 L S(t=9)f (s y)ds 41 L S(tfs)g(s,x>ds. (3.24)

This implies by (H5) that, for each ¢ € ], we have

[7(0)] =AM | $(0) | +AMe | & p(s)y (7.

¢ t
+AMe‘”’J e s ds+/\Me“”J e | g(s,0)|ds
0 0

t

< Me“ ||| + Me! JO e p(s)y(|[y:] ) ds

(3.25)

¢ t
+Mewtj e‘“’sk(s)llyslldﬁMe‘”tJ e [g(s,0) [ ds.
0 0
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We consider the function y defined by
u(t) =sup{|y(s)|:-r<s<t}, 0<t<T. (3.26)
Consider the case w > 0; the case w < 0 is more easy, since e*! < 1. Let t* € [—r,¢] be such

that u(t) = |y(t*)|. If t* € [0, T], by the previous inequality, we have for t € [0,T] (note
that t* < 1),

t t T
e u(t) < Mgl +MI e‘wsp(s)w(y(s))ds+MJ e_wsk(s)y(s)ds+MJ e 9| g(s,0) | ds
0 0 0

(3.27)
If t* € [-r,0], then p(t) < ||¢ll and the previous inequality holds.
Let us take the right-hand side of (3.27) as v(t). Then we have
u(t) <e“'v(t) Vie],
v(0) = M| +MLTe—wf |¢(5,0) |ds, (3.28)
V(1) = Me ' p(t)y (u(t)) + Mk(t)e “'u(t), ae.te]
Using the nondecreasing character of y, we get
V(t) < Me ' p(t)y (e v(t)) + Mk(t)v(t), ae.te]. (3.29)

Then for a.e. t € J, we have
(e'v(1))" = we® v(t) +v' (t)e"
< we v(t) + Mp(t)y (e v(t)) + Mk(t)e v(t) (3.30)
< m(t)[e“"v(t) +y (e v(1))].

Thus

e gy T _
L(O) o < JO m(s)ds = ||m||p < L m (3.31)

Consequently, by condition (3.6), there exists a constant d such that e*'v(t) < d, t €],
and hence [ yll < d where d depends only on the constants M,w and the functions
P>k, and y. This shows that the set € is bounded. As a consequence of Theorem 3.2,
we deduce that F(y)+ G(y) has a fixed point which is an integral solution of problem
(1.1)-(1.2). 0

4. Existence of extremal integral solutions

In this section, we will prove the existence of maximal and minimal integral solutions
of IVP (1.1)-(1.2) under suitable monotonicity conditions on the functions involved
in it.
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Definition 4.1. A nonempty closed subset C of a Banach space X is said to be a cone if
(i) C+CcC,
(ii) AC c Cfor A >0, and
(iii) {-C} n {C} = {0}.

A cone C is called normal if the norm || - || is semimonotone on C, that is, there exists
a constant N > 0 such that [|x|| < N y[l, whenever x < y. We equip the space X = C(J,E)
with the order relation < induced by a cone C in E, that is, for all y,y e X: y <y if
and only if y(t) — y(t) € C, for all t € ]. In what follows, will assume that the cone C is
normal. Cones and their properties are detailed in [8, 9]. Let a,b € X be such thata < b.
Then, by an order interval [a,b], we mean a set of points in X given by

[a,b]={x€X |a<x<b} (4.1)

Definition 4.2. Let X be an ordered Banach space. A mapping T: X — X is called iso-
tone increasing if T'(x) < T(y) for any x,y € X with x < y. Similarly, T is called isotone
decreasing if T'(x) = T(y), whenever x < .

Definition 4.3 [9]. Say that x € X is the least fixed point of G in X if x = Gx and x < y,
whenever y € X and y = Gy. The greatest fixed point of G in X is defined similarly by
reversing the inequality. If both least and greatest fixed points of G in X exist, call them
extremal fixed points of G in X.

The following fixed point theorem is due to Heikkila and Lakshmikantham.

THEOREM 4.4 [9]. Let [a,b] be an order interval in an order Banach space X and let
Q: [a,b] — [a,b] be a nondecreasing mapping. If each sequence (Qx,) C Q([a,b]) con-
verges, whenever (x,) is a monotone sequence in [a,b], then the sequence of Q-iteration of
a converges to the least fixed point x4 of Q and the sequence of Q-iteration of b converges to
the greatest fixed point x* of Q. Moreover,

x« =min{y € [a,b], y = Qy}, x* =max{y € [a,b], y < Qy}. (4.2)

As a consequence, Dhage, Henderson have proved the following.

THEOREM 4.5 [6]. Let K be a cone in a Banach space X, let [a,b] be an order interval in a
Banach space, and let By, B; : [a,b] — X be two functions satisfying

(a) By is a contraction,

(b) B, is completely continuous,

(¢) By and B, are strictly monotone increasing, and

(d) Bi(x) + Ba(x) € [a,b], for all x € [a,b].
Further, if the cone K in X is normal, then the equation x = By(x) + By(x) has a least
fixed point x4 and a greatest fixed point x* € [a,b]. Moreover, xy = lim,_. x, and x* =
lim,, .o yu, where {x,} and {y,} are the sequences in [a,b] defined by

Xn+1 = Bi(xn) + B2 (%), 0 =a, Yn+1 =Bi(yn) +B2(yn), yo=0. (4.3)
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We need the following definitions in the sequel.

Definition 4.6. A function v € C([—r,T],E) is called a lower integral solution of IVP
(L.1)-(1.2) if v(t) < ¢(t), t € [-r,0] and v(t) < ¢(0) + A [y v(s)ds + [y f(s,vs)ds +
fot g(s,v5), ae. t € J. Similarly, an upper integral solution w of IVP (1.1)-(1.2) is defined
by reversing the order of the above inequalities.

Definition 4.7. An integral solution xjs of IVP (1.1)-(1.2) is said to be maximal if for any
other integral solution x of IVP (1.1)-(1.2) on J, one has that x(¢) < xp(¢) for each t € J.
Similarly, a minimal integral solution of IVP (1.1)-(1.2) is defined by reversing the order
of the inequalities.

Definition 4.8. A function f(t,x) is called strictly monotone increasing in x a.e. for t € J,
if f(t,x) < f(t,y) a.e. t €] for all x,y € X with x < y. Similarly, f(¢,x) is called strictly
monotone decreasing in x a.e. for t € J, if f(t,x) = f(t,y) a.e. t € ] for all x, y € X with
x<y.

We consider the following assumptions in the sequel.

(H6) The functions f (¢, y) and g(t, y) are strictly monotone increasing in y for almost
eachte].

(H7) S'(t) is order-preserving, that is, S'(¢)(v) = 0, whenever v > 0.

(H8) The IVP (1.1)-(1.2) has a lower integral solution v and an upper integral solution
wwithv < w.

THEOREM 4.9. Assume that assumptions (H1)—(H8) hold. Then IVP (1.1)-(1.2) has a min-
imal and a maximal integral solutions on [—r,T].

Proof. It can be shown, as in the proof of Theorem 3.3, that F is completely continuous
and G is a contraction on [v,w]. We will show that F and G are isotone increasing on
[v,w]. Let y,7 € [a,b] be such that y <7, y # y. Then by (H6) and (H7), we have for
eachte],

d t
() =S (0(0) + = L S(t— ) f (5, y5)ds

, d [t - .
<S (t)¢(0)+af0 S(t—s)f (s,7,)ds (44)

= F(y)(®).

Similarly, G(y) < G(¥). Therefore, F and G are isotone increasing on [v,w]. Finally, let
x € [v,w] be any element. By (H8), we deduce that

v<FW)+GW) <F(x)+G(x) <F(w)+G(w) <w, (4.5)

which shows that F(x) + G(x) € [v,w] for all x € [v,w]. Thus, the functions F and G sat-
isfy all conditions of Theorem 4.5, and hence IVP (1.1)-(1.2) has a maximal and minimal
integral solutions on [—r, T']. This completes the proof. O
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5. An example

Consider the system

& u(tx) = - ulb )+ (0) + Gl 0), (€[0T G
u(t,0)=0, te[0,T], (5.2)
u(0,x) = ¢(0,x), 0¢€[-r,0],xe(0,l], (5.3)

where [ >0, r >0, ¢ € C([-r,0],X), and F and G are continuous functions from
C([-r,0],X) into R.
To write (5.1)—(5.3) in the form (1.1)—(1.2), we choose

X =C([0,IL,R),  y®)=ult,),  f(ty) =F(y(,x),  glt,y) = G(yil(+,x)),

(5.4)
and denote by Ay := —y” with domain
D(A) = {ue C'([0,1],R) : u(0) = 0}. (5.5)
We have
D(A) = {ue C([0,1],R) : u(0) = 0} # X. (5.6)

It is well known (see [5]) that A satisfies the following properties:

(1) (0,00) C p(A);

(ii) |AI = A) Y < 1/A, A > 0.
This implies that the operator A satisfies the Hille-Yosida condition (with M =1 and
w = 0). Then problem (5.1)—(5.3) can be written as

u'(t) = Au(t) + f (t,ue) +g(t,ue), te€l0,T],

u(t)=¢(t), te[-r0]. (5.7)

Thus, under appropriate conditions on the functions F and G as those in (H1)—(H8), the
problem (5.1)—(5.3) has an integral solution as well as extremal integral solutions.
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