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1. Introduction. Let E be a Banach space with norm |-|; and let
J=[o,0+a), 0<a=xoo. If 2: (—,0+ a)— E, then for any te
(— o0, 0 + a) we define x,: (—o, 0] — E by 2,0) = 2(t + ), —c <80 < 0.
In this paper we consider the initial value problem for functional dif-
ferential equations with infinite delay (IP);

de
(1.1) == fit,e), t>0

1.2) T, = PpeEFH,

where f is an E-valued mapping defined on JX <Z and <% is an abstract
phase space with semi-norm or quasi-norm |-|, satisfying suitable axioms
introduced by Hale and Kato [2].

The purpose of this paper is to give sufficient conditions for the
global convergence of successive approximations for (IP): main results
are Theorems 4.1, 4.2, 4.3 and 4.4, which extend results obtained in [1],
[6], [7], [11]. Needless to say, our results ensure the global existence
of a unique solution to (IP).

Recently, the author [9] has proved the uniqueness and the global
convergence of successive approximations of solutions for funectional
integral equations under some Perron-type conditions. For (1.1) these

conditions become

1.3) 1A, @) — ft, ¥)| = ot ¢ — ¥]s)
and
(1.4) [f@, ) — f(E, y)| = out, sup lz(s) — y(s)]) ,

where real-valued functions w,, © = 1, 2, are integrable and satisfy some
uniqueness conditions. On the other hand, the author [10] has proved
Kamke’s uniqueness theorems of solutions for (IP). In this paper we
shall show the global convergence of successive approximations for (IP)
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under Kamke’s uniqueness conditions with (1.8) or (1.4), provided w,(t, s)
is nondecreasing in s. Theorems 4.1, 4.2 and 4.3 are related to the
inequality (1.8) and Theorem 4.4 is concerned with (1.4). In general,
Theorem 4.3 is a generalization of Theorems 4.1 and 4.2 under the ad-
ditional axioms on the phase space. Theorem 4.2 depends on a quantity
B, defined by

A, = lim sup %{HS(h)II -1}

(for the definition of ||S(%)|| see Section 2 below). Theorem 4.4 is essenti-
ally a corollary to Theorem 4.1 (cf. [9]). However, both Theorems 4.3
and 4.4 are useful in showing the convergence of the successive approxi-
mations of solutions for (IP). Such examples will be given in Section
6. When the delay is finite, that is, <# = C([—7,0], E), 0 £ r < oo,
Theorems 4.1, 4.2 and 4.8 are equivalent to one another and Theorem
4.3 is contained in Theorem 4.4. Finally, we note that our results
apply to linear systems, though the results obtained in [7], [11] do
not.

2. Phase space <& and assumptions. Let R~ = (—o,0], R* =
[0, ), R=(—oc0, ) and let &# = (R, X) be a linear space of func-
tions mapping R~ into X with semi-norm or quasi-norm |-|.,;, where X = FE
or R. If we wish to emphasize the dependence on the space X, we
write <#*. So far as there is no fear of confusion, we denote various
kinds of norms and semi-norms (or quasi-norms) by the same symbol |-|.
For ¢ and 4 in <& ¢ = 4 means that ¢(d) = (@) for all e R~. For
pe B, let X¥[6] (or X2(9)) be the set of all functions x mapping (— o,
o+ 6] (or (—eo, 0 +9)), 6 >0, to X such that z, = ¢ and «(¢) is con-
tinuous on [g, 0 + 6] (or [, o + §)). Throughout this paper we assume
that the following axioms on the phase space <Z are always satisfied:

B, If xe X?(A), then z, also lies in <Z for all te[o, 0 + A) and =,
is continuous in ¢ on [g, ¢ + A).

(B,) There exist functions K(t) > 0 and M(t) = 0 with the following
properties:

(i) K(t) is continuous for ¢t in R*.

(ii) M(t) is locally bounded on R™*.

(iii) For every function x € X?(A4), it holds that

lz,| < K(t — o)sup{|z(s)|: 0 < s < t} + M(t — o)z, for telo,0 + A).

(B;) There is a positive constant L such that |p(0)| < L|p|, for all
PpERB
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Two examples of the phase space <# below were given in [2].

EXAMPLE 2.1. Let veR. The space &7 is the space of continuous
functions ¢ mapping R~ into E having the limit lim,._. e"p(s) with the
norm |pler = sup,cz- € |P(s)|z.

ExAMPLE 2.2. Let
ZF = {p: R~ — K. measurable on (—, —7], continuous on
[—7, 0] and |p| z < e},
where 0 < r < o and

Ples = sup_ o)l + | _e'lp(s)lsds

For the other examples of the phase space <7, refer to [8], [9]. Here-
after, let K, = sup{K(s):0 < s <6} and X?[d, 7] = {x € X¢[5]: sup{|x(s) —
zo):o=s<o+ 8 =7}

Next, we assume that f in (IP) is a mapping from JXx<# into F
satisfying the following conditions:

(F) f(-, @) is strongly measurable in teJ for each fixed ¢ e .

(F,) f(t, +) is continuous in ¢ € & for a.a. teJ.

(F,) For every closed bounded set BcC<#Z there exists a locally
integrable function B4(t), defined on J, such that |f(¢, v)| < Bs(t) for a.a.
tedJ and all v €. Z.

In order to give conditions for the convergence of successive ap-
proximations for (IP), we introduce a Kamke-type function w as follows.
A function w is said to be a Kamke-type function with domain
(&5, to+d]x [0, 27] if the following conditions hold:

() w=w(t, s) is a real-valued function, defined on (¢, t,+d] x [0, 27],
which is Lebesgue measurable in ¢ for each fixed s€[0, 2r] and is
continuous and nondecreasing in s for a.a. t€[t, ¢, + d].

(w,) There exists a function «, defined on (¢, ¢, + d] and locally
integrable there, such that |w(t, s)| < a(t) for a.a. te(t, ¢, + d] and all
se|0, 27].

In case that the function « arising in (w,) is integrable over (¢, ¢, + d],
we say that w is a Perron-type function.

Now, we present some conditions on a Kamke (or Perron)-type func-
tion w with domain (¢, ¢, + d]x [0, 2r], which are essential in this paper.

(2, =z = 0is the unique absolutely continuous function which satisfies
the initial condition 2(¢,) = 0 and

(2.1) % = wt, Kt — t)a(t)  for a.a. te(ty,t,+ d .
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(2,) z = 0is the unique absolutely continuous function which satisfies
the initial condition 2(¢,) = 0 and

2.2) .%=@mm for a.a. te(t, t, + d.

Define linear operators S(t): <# — <#, t = 0, by

Pt +6) if t+6=<0
2(0) if t+6>0.

Then we define a quantity G, by the relation

(2.3) [S®)21(0) =

2.4 8. = lim sup {(IS®)[| - 1 ,

where — < B, < and ||S)|| = sup{|S(t)®|.: |p|s < 1}. Throughout this
paper we assume that B,e R (ef. [10]).

(2,) z = 0is the unique absolutely continuous function which satisfies
the initial condition 2(¢,) = 0 and

(2.5) Z_f — KOt () + B.2(t)  for a.a. te(t,t, + d].
(2) z=0 is the unique absolutely continuous function mapping
(—oo, t, + d] into R, which satisfies the initial condition z,, = 0€ Z*

and
(2.6) l%‘ < w(t, |2,|58) for a.a. te(t, t, + d] .

() z=0 is the unique absolutely continuous function mapping
(—e0, ¢, + d] into R, which satisfies the initial condition 2, = 0e Z*
and

dz
2.7 =
2.7 7

Furthermore, we say that the function ® satisfies the condition (2,),
t=1,---,5, with (D*2)(¢t,) = 0 if the condition (D*2)({,) = 0 is added to
the initial condition in (2,), where (D*2)(t,) = lim,_..,2(¢)/(t — t,). Here
we note that the condition (£,) is slightly stronger than the condition
(2,) with (D*2)(t,) =0. The relationship among the conditions (2,),
=1, ---,5, are given in Section 3.

= w(t, |2,|ar) for a.a. te(t,t, +d].

REMARK 2.1. If w is a Perron-type function with domain (¢, ¢, + d] X
[0, 2r], then (2.1) in the condition (2,) can be replaced by a Volterra
integral equation
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At) = Kt — t,) S (s, 2(s))ds
(cf. [9]).

REMARK 2.2. If the function K(t) in (B,) is continuously differenti-
able, then (2.1) in the condition (R,) is equivalent to the equation dz/dt =
K'(t)z(t)|K(t) + K(t)w(t, 2(t)), where the prime denotes the differentiation
with respect to £. Indeed, if we set w(t) = K(t)z(t), where 2(¢t) is a
solution of (2.1), then w(f) is a solution of the above equation. In
particular, if K(¢) = K in (B,), then (2.1) is reduced to the equation
~ dz/dt = Kw(t, 2(t)).

DEFINITION 2.1. Suppose that (F,) — (F,) are satisfied. Then a
funetion u: (—oc, o0 + b] — E is said to be a solution of (IP) on [o, ¢ + b]
if u is an absolutely continuous function on [o, 0 + b] with a strong
derivative du/dt satisfying (1.1) and (1.2) for a.a. t€|o, o + b].

DEFINITION 2.2. Let f be a continuous mapping from Jx <% into E.
If a function u:(—c, 0 + b] — E satisfies (1.1) and (1.2) for all te
[o, o + b], then it is said to be a C'-solution of (IP) on [g, ¢ + b].

3. Comparison results. In this section we present several comparison
results related with the axioms on the phase space in order to show the
convergence of successive approximations for solutions of (1.1). Further
we state relationship among the conditions (2,) or (2,) with (D*z)(¢,) = 0,
i=1,..+,5. Let D, and D, denote the right hand upper derivative
and the right hand derivative, respectively. Let C(I, E) be the space of
continuous functions mapping I, ICR, into E with the supremum norm.

LEMMA 3.1. Suppose <Z satisfies the axioms (B, and (B,) and let x
belong to X¢(A). Then it holds that for any fixed t€lo, o + A),

(3.1) D+ 2| » = K(0)|D,a(t)] + B,z ,

whenever D,x(t) exists. In particular, in case & = C([—r, 0], E), 0 <
r < oo, (3.1) is reduced to

(3.2) D, |z | < |Dsa(t)] .

LEMMA 8.2. Let x(t) be an absolutely continuous function from [a, b]
into E. Then the following inequality holds:

d d da(t) .
(3.3  S(supla(s)) = la‘”“"‘ < l‘at_ for a.a. te(a,b).

For a proof of Lemmas 3.1 and 3.2 see [10, Lemmas 3.1 and 3.2].
LEMMA 3.3. Let w be a Kamke-type function with domain (¢, t,+ d]x
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[0, 2r]. Assume that the condition (2,) with (D*2)(t,) = 0 is satisfied. If
u: [t t, + d] — [0, 27] is an absolutely continuous function satisfying the
condition u(t,) = (D™u)(t,) = 0 and the differential inequality

d’git) < o, ut))  for a.a. te(t,t, +d],

then u(t) =0 on [t, t, + d].
For a proof of this lemma see [10, Lemma 4.1].

LEMMA 3.4. Let @ be a Kamke-type function with domain (t,, t, + d] X
[0, 2r]. Assume that the condition (Q,) with (D*2)(t,) = 0 is satisfied. If
u: [t to + d] = [—27/K,, 2r/K,] is an absolutely continuous function
satisfying the condition u(t,) = (D u)(t,) = 0 and the differential inequality

(3.4) ‘d“‘ < oft, K¢t — t)supu@)  for a.a. telt to+dl,

then w(t) =0 on [t, t, + d].
PrOOF. Set #%(t) = sup, <,<.|u(s)|. Then by Lemma 3.2, (3.4) is reduced
to

%’? < w(t, Kt — t,)%(t))  for a.a. te(t,t, + d].

Thus it follows from Lemma 3.3 that #(¢) =0, and hence u({)=0. q.e.d.

LEMMA 3.5. Suppose <ZF satisfies the axioms (B,) — (B,) and let w
be a Kamke-type function with domain (t, t, + d]x[0, 2r]. Assume that
either the condition (2, with (D*z)(t,) = 0 or the condition (2;) with
(D*2)(t,) = 0 4s satisfied. If w:(—oo, t, + d] —[—2r/K, 2r/K;] 1s an
absolutely continuous function satisfying the initial conditions w,, =
0e #® and (Dtw)(t,) = 0 and (2.6), then w(t) =0 on [t, t, + d].

PrROOF. Assume that the condition (2,) with (D*2)(¢,) = 0 is satisfied.
Then, by the axiom (B,) and the property that w(t, s) is nondecreasing
in s, we have

| | < alt, wlor) < o, K(t — t) sup [w()) -

By Lemma 3.4, we see that w(f) = 0.
Next, Assume that the condition (2,) with (D*2)(t,) = 0 is satisfied.

By Lemma 3.1, we have
D, |w,|sr £ KO)w(t, lw,|52) + B, |w,| 5z for a.a. te(t,t, + d].

Thus, setting 2(t) = |w,|»z, we reduce the above inequality to
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da(t
_%(t_) < KO)o(t, 2(t) + B.2(t)  for a.a. te(t,t, +d],

because z(t) is absolutely continuous on [¢, ¢, + d] (see [10, Lemma 3.3]).
It is easy to show that (D*2)({,) = 0. Therefore we can obtain 2(f) = 0
by Lemma 3.3, which implies that w(t) = 0 by (B,). g.e.d.

In order to state the following lemma, in addition to (B, — (B,), we
must impose the following axiom (B,) on the phase space <#%:

(B) If @ and 4 are in <#® and |p(0)| < [v(6)| for a.a. e R~, then
the inequality |p|sz < |Y|sz holds.

LEMMA 3.6. Suppose the phase space <Z* satisfies the axioms (B,) —
B,) and let w be a monnegative and Perron-type function with domain
(ts, to + d]1 X [0, 2r]. Assume further that the condition (2;) s satisfied.
If m:(—oco,t,+ d]— R* is an absolutely continuous function satisfying
the initial condition m, = 0€ Z* and the differential imequality

M ot, Imior)  for aa. te(ty t, + d],

dt
then m(t) =0 on [t,, t, + d],
Proor. Let e R~—R", n=1,2, ---, be continuous and non-

decreasing. Suppose that
(1) supperc[—1, 0] for all =n;
(2) [e"1,0— 0 as m — oo, where [€"|i_,,q = SUDP_zs50|€"(6)];
(38) &™'(f) < &*(0) for each §€(— =, 0) and for each u;
(4) 0 < e (0) < e™(0) for each n.

Denote by w"(t) any solution of the scalar differential equation

du
dt

Then, it is not difficult to show that 0 < u"*'(¢) < w*(t) on [¢t, t, + d] for
a sufficiently large = and that |u"[i, ;+a—0 as n— o. To complete
the proof, it is enough to prove that m(t) < u"(¢t) for telt, t, + d].
Suppose, for a contradiction, that 2 = {tel[t, t, + d]: mE) > u"(t)} is
nonempty, and let ¢ = inf 2. Since m(t,) < &' (0) = u"(t,), we have
t, > t,, m(t,) = u™(t,) and m() < u"(t) for te(t, t]. Thus we have 0 <
m(t + 6) < u™(t + ) for t €[t,, t,] and 6 € R~, which implies that |m,z <
luz|zr for te[t, t] by the axiom (B,). Since m(t) is absolutely continu-
ous on [t, t, + d], dm(t)/dt exists for a.a. t€[t, t, + d] and is an integra-
ble function. Thus, by the property that w(f, s) is nondecreasing in s,
we have

= Cl)(t, W:]‘M) y Uy = e e ZE .
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0 = u"(t,) — m(t) = e*(0) + S:l [w(s, [uzlar) — @(8, |m,|57)]ds = €"(0) >0,

which is a contradiction. Thus the set 2 is empty. q.e.d.

Finally, for special spaces we summarize relationship among the con-
ditions (Q,) with (D*2)(¢,) =0, =1, .--,5. Let ®w be a Kamke-type
function.

(1) In general, the condition (2,) with (D*z)(¢,) = 0 or the condition
(R2,) with (D*2)(¢,) = 0 is stronger than the condition (2,) with (D*2)(t,) = 0,
because of Lemma 3.5. Though the condition (2,) with (D*2)(¢,) = 0 is
weaker than the condition (2,) with (D*2)(f,) = 0, the converse remains
open. However if @ is a Perron-type function, the conditions (2,) and
(2,) are equivalent to each other by Lemma 3.6.

(2) Consider the case &% =C([—7,0],R), 0 =< r < . It is clear
that K¢ =1 in (B, and B8, =0 in (2.4) (see [10]). In this case, the
conditions (2, with (D*2)¢t,) =0, ¢=1, ---,5, are equivalent to one
another.

(8) Consider the casec”? = &F. It is clear that K(t) = sup_,<p<, €”
in B,) and B, = —7 if ¥ <0 while 8, =0 if ¥y =0 in (2.4) (see [2],
[10]). Thus if ¥ =0, then the condition (2,) with (D*2)(¢,)=0,t=1, -+, 5,
are equivalent to one another, because [z,|, = 2(t), provided =z(¢):
(—oo, t, + d] — R* is nondecreasing in ¢ and z,, = 0 € <Z*.

4. Convergence of successive approximations. We define the suc-
cessive approximations for (IP) as follows:

ot — o) for te(— o, o]
4.1 "(t) =
(4.1) ) @(0) + Stf(s, Yyrds for telo,0+ a),
for n = 1, where ¥° € X/(a).
Now, we get the main results in this paper.

THEOREM 4.1. Suppose the phase space <Z* satisfies the axioms
(B)-(B;) and suppose the conditions (F,)-(F,) are satisfied. Then the
successive approximations {y"(t)} defined above converge wuniformly on
every compact interval of J to a unique solution of (IP) if the following
condittons are satisfied:

(1) The successive approximations {y"(t)} defined on J are uniformly
bounded on [o, Y] for every v e (o, 6 + a).

(ii) For each t,ed and &€ X/[t, — o], there exist positive constants
d, r and a Kamke-type function w with domain (t, t, + d]x[0, 2r] for
which the condition (Q,) and the following condition holds:
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F) If v,ye Xf[t,+d — o], , ¥, €S, 1) and & — Yl,,a = 21 for
te[t, t, + d, then

If(t, xt) - f(tr yt)l é w(t; lxt - yz‘ﬁR) fo'r a.a. te (to; to + d] ’

where Sy, r) denotes a closed ball with center at + € #* and radius 7,
and |2, = SUD,s,s:|%(s)]-

THEOREM 4.2. The conclusion of Theorem 4.1 remains true if the
condition (2,) is replaced by the condition (R2,).

Before stating the following theorem, we observe that from the
axiom (B, the phase space <#F contains all the continuous functions on
R~ into E with compact support.

THEOREM 4.8. Suppose the phase space < satisfies the axioms
(B,)-(B,;) while the phase space <Z* satisfies the axioms (B)-(B,). Suppose
further that <#* and B* are related to each other as follows:

(A) If o: R~ — E is a continuous function with compact support,
then the inequality |p|se < [{p)|.r holds, where the function {p): R~ — R*
18 defined by {p)(O) = |pB)|z for € R".

If all the hypotheses of Theorem 4.1 are satisfied except that the
condition (2,) is replaced by the condition (2,), then the conclusion of
Theorem 4.1 remains valid.

The following result is a modification of Theorems 4.1 and 4.2, which
is very useful in studying delay differential equations (see Section 6).

THEOREM 4.4. Suppose that all the hypotheses of Theorem 4.1 are
satisfied except that the conditions (2,) and (F,) are replaced by the
condition (Q,) and the following condition:

(FB) If T, YE Xa‘o[to +d— 0'], 4y Y € S(Etoy ’l‘) and lx - yl[a.t] =2r fOT
te(t, t, + d], then

[f@, 2) — fE, )| = o, |& — Yli,,0)

for a.a. te(, t, + d].
Then the conclusion of Theorem 4.1 remains valid.

REMARK 4.1. If wis a Perron-type function, then the condition (2,)
in Theorem 4.3 can be replaced by the condition (£2,). Theorem 4.3 is a
generalization of Theorems 4.1 and 4.2 under the additional axiom (B,)
and the condition (A). However, we showed in [9] that there exists an
example for the phase space which does not satisfy the axiom (B,).
Theorem 4.4 is essentially a corollary to Theorem 4.1 (see [9]). So, the
proof of Theorem 4.4 is omitted. We emphasize that both Theorems 4.3
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and 4.4 are useful in showing the convergence of successive approxima-
tions for (IP). For more detailed discussion see examples in Section 6 of
the present paper.

REMARK 4.2. In general, Theorem 4.4 is different from Theorem 4.1.
In fact, it follows from (F,) and (B,) that

w(t, lxt - ytls?R) = a)(t, K(t - o)la: - yl[a,t])

for z, ye Xf[t, + d — g]. The condition (2,), however, is an assumption
on the equation (2.1); it says nothing about the equation

dz _ _
v o, Kt — 0)2(t)) .

Thus we cannot apply Theorem 4.4 to prove Theorem 4.1.
When f in (1.1) is continuous, the following theorem holds.
THEOREM 4.5. Let f be a continuous mapping from J X #E into E
and satisfy the condition (Fy). If the condition (2,), 1=1,3,4,2, in
Theorems 4.1-4.4 are replaced by the condition (Q,) with (D*z)(t,) =0,
1 =1, 8,4, 2, respectively, then the successive approximations y"(t) are

well defined on J and the sequence {y"(t)} converges uniformly on every
compact interval of J to a unique C*-solution of (IP).

Finally, we shall give some sufficient conditions for the condition (i)

in Theorem 4.1.
(1) There exists a locally integrable function G(t) such that

|, )] = B(t) for a.a. te[o, ) and all ecF”.

For a proof see [9, Lemma 5.1] (see also [7], [11]).
(2) There exist locally integrable functions p(tf) and I(f) such that

|f@, )] = o@®)|y|sr + U(E) for a.a. tefo, ) and all +ePH”
(8) There exists a function w(¢, s) such that
IfE, ¥)| £ o, [W|ee)  for a.a. tels, ) and all yeZ”,
where w(t, s) satisfies the following condition:
lw(t, 8) — w(t, )| < U(t)|s — t for a.a. te€fo, ) and s, teR',

where [(t) is locally integrable.
It is not difficult to prove (2) and (3).

REMARK 4.3. Our results apply to linear systems, though the results
in [7], [11] do not.
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5. Proofs of theorems. Before proving the main theorems we present
some lemmas.

LEMMA 5.1. f,:[a,b] = E, n=1,2, ---, be continuous, where E 13
a Banach space. If the sequence {f.(t)} is equicontinuous on [a, b] and
convergent on a dense subset of [a, b], then the sequence {f,(t)} converges
uniformly on [a, b].

For a proof of this lemma refer to Theorem 2.2 in [3].

LEMMA 5.2. Suppose that the conditions (F)-(F,) are satisfied. Then
the following results on the successive approximations y"(t) are true.

(i) For each y°e Xf(a) the sequence {y"(t)} s well defined on
[o, 0 + a).

(ii) If the sequence {y"(t)}, ¥° € Xf(a), is uniformly bounded on [o, 7],
ve(o,0 + a), then {y3} is uniformly bounded on [o, 7], and {y*(t)} and
{y3} are equicontinuous on [o, 7].

For a proof of this lemma see [9, Lemma 5.1].

ProOF OF THEOREM 4.1. Let b = sup{r = o: {y"(t)} converges uni-
formly on [o, z]}. Then the inequality b = o holds, since y"(o) = @(0).
Assume b < ¢ + a; we show that this yields a contradiction. By Lemma 5.2
the sequence {y"(t)} is equicontinuous on [g, b] and by the definition of b
the sequence {y"(t)} converges to a continuous function uniformly on
every compact interval of [o, b), provided ¢ < b. Thus the sequence
{y"(t)} converges uniformly on [g, b] to a continuous funetion y*(t) by
Lemma 5.1. If we set

ot — o) for te(— oo, o]
y*(t) for telo, b],

then {y}} converges to y, € <#”, because of (B, and (B,). By the assump-
tion of this theorem, in correspondence with (b, ¥) € J x X/[b — o], there
exist positive constants ¢, » and a Kamke-type function w(t, s): (b, b + ¢] X
[0, 2r] - R* satisfying the condition (2,) on (b, b + ¢] %[0, 2r] and the
condition (F,). Since y? — ¥, as n — o, and since {y?} and {y"(t)} are
equicontinuous on [b, b + ¢] by Lemma 5.2, there are d, 0 < d < ¢, and
N, such that {y;e<=#":te[b, b+ d], » = N,} is contained in S(y;, ) and
that [y™ — ¥"|ts,n = 27 for te[b, b+ d] and m, n = No. Relabeling the
numbers if necessary, we can assume N, = 1.

Next, we shall show that the sequence {y"(t)} converges uniformly on
6,0 +d]l. Put w™(¢) = |y"t) — y"®), w*(t) = sup{w™"(t): m, n = k},
2™(t) = ly? — 7, and 2¥(t) = sup{z™"(t): m, » = k} for te[b, b + d]. Since

(6.1) yt) =
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{y"(t)} and {y;} are uniformly bounded and equicontinuous on [b, b + d] by
Lemma 5.2, {w*(t)} and {2*(¢)} are also uniformly bounded and equicontinu-
ous on [b, b+ d]. Moreover, it is obvious that 0 < w*(t) < w* (¢) and
0 < 2t) < 2¢°'(t) for each te[b,b+d], k=1,2, ---, and hence, the
sequences {w*(t)} and {z*(t)} converge pointwise on [b, b + d]. Therefore,
by using Lemma 5.1, we see that the sequences {w*(t)} and {z*(t)} converge
uniformly to functions w(t) and 2(t) defined on [b, b + d], respectively.
The limit function w(t) is an absolutely continuous function defined
on [b, b + d]. Indeed, from (F,) there exists a locally integrab]e function
Bi(t) defined on J, where S=S(, 7). Then H(t)=| 8i(c)dr is an

absolutely continuous function on [b, b + d]. From the definition of w*(¢),
we have

[w*(t) — w*(s)| = sup [w™™(t) — w™"(s)| = 2|H({) — H(s)| ,

which implies |w(t) — w(s)| < 2|H(t) — H(s)|. Hence w(t) is absolutely
continuous on [b, b + d]. '

From the condition (F,) and the nondecreasing property of w, we have
[f(s, ¥~ — f(s, vo ) < (s, [y — ¥27Y) < w(s, 2¥7(s)) for a.a. s€ (b, b+d].
The condition (w,) says that, if [¢, ¢ + 4t]C(b, b + d), then w(s, 2*7X(s)) <
a(s) for a.a. s€[t, t + 4t] and «a(s) is integrable over [¢, t + 4t]. Thus
for te (b, b + d) and for sufficiently small 4¢ > 0 we have

t+4t
6.2 e - ar @ < |71 v - s wiids

t+Lt

= E w(s, 2¥7(s))ds for m,n=k,

t

where 4y(t) = y*(t + 4t) — y'(t), © = m, n. Therefore
4
(5.3) ot + dt) — wHE)| < S” "o, #s))ds .
t

Letting k— , we obtain, by the Lebesgue dominated convergence
theorem,

t+4t
lw(t + 4t) — w(t)| < S w(s, z(s))ds .
t
Dividing both sides by 4t > 0 and letting 4¢ — 0, we have
(5.4) l‘;—?] < w(t, 2(t) for aa. te(b b+ d).

On the other hand, we have by (B,),
z™(t) = K(t — b)supfw™"(s): b < s =< t} + M({t — b)z™"(b) ,
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so that
Z(t) < K(t — b)sup{w®(s): b < s < t} + M(t — b)z*(b) .
Letting k — <« in the above inequality, we obtain
(5.5) 2(t) < K(t — b)sup{w(s): b =s <1t}.
Thus, it follows from (5.4), (56.5) and (w,) that

(5.6) ‘%’l < o(t, K(t — b)sup w(s) .

Since w(b) = 0, we see that w(t) =0 on [b, b + d] by Lemma 3.4. This
implies that the sequence {y"(t)} converges uniformly on [b, b + d], which
contradicts the definition of b. Thus we have b = ¢ + a.

Since the sequence {y"(t)} converges uniformly to a function y*(f) on
every compact interval of J, a function () is defined on (— o, ¢ + b)
in the same way as in (5.1). Then, from the dominated convergence
theorem for vector-valued functions, it follows that

lim Y f(s, yNds = St f(s, y,)ds for each tefo,0+ a).

n—00

This implies that
ot — o) for te(—o, o]

o= LD(O) +{ s wds  for telo,o+a).

Thus the function y(¢) is a solution of (IP).

Finally, we shall show that y(¢) is the unique solution of (IP) on J.
Let z(t) be another solution of (IP) on [g,0 + k), 0 < h < a. Suppose
0 <{=<o0+h, where { = sup{t = o:x(s) = y(s) for se(—o,t]}. From
the assumption of the theorem, in correspondence with (¢, ;) € J X <#”
there exist positive constants h,, 0 < h, < k, r and a Kamke-type function
w: & ¢+ h]X%[0, 2r] — R* satisfying the condition (2,) and the condition
F). If we set u(t) = |x(t) — y(t)| for t€(— o, { + h,] then we have
61 |2 < LD, 0 — w0l S o, = )
and hence |[du/dt] < w(t, Kt — {)sup{u(s): £ < s < t}) as long as &, — ¥ < 7,
ly, — vl < r and u(s) £ 2r/K,, for se[{, t], where { < ¢ < { + h, for some
h, < h,. Thus it follows from Lemma 3.4 that u(#) =0 on [{, { + h,],
and hence, u(t) =0 on J. q.e.d.

Since the argument for the proof of the theorems below is similar
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to that in Theorem 4.1, we shall only sketch the parts that need modi-
fications by using the same notation as in the proof of Theorem 4.1.

Proor or THEOREM 4.2. We shall consider the estimate for
2™™(t + 4t) instead of the difference |y™(t) — y"(¢)] in (56.2). For te
(b, b + d) and for sufficient small 4¢ > 0 we have

2™t + At) < |yF s — Sty + S(At)y: — Yieal + [1S(48)|| 2™(1)
= K(4t) sup [y™(s) — ™) + y"(®) — y*(&)| + [S(4)]|z™"(®)

t+4
t

= Kat) || wls, 2 e)ds + 1St

and hence, we have
Mt + At) < K(4t) S'”” (s, 2-(s))ds + [|S(48)|| 2(t) ,

that is,
2t + 4t) — 20 = Kat) |7 s, 2760ds + (IS — 11240)
t
Since 2*(t) — z(t) as k — o, we have
t44
t

At + At) — 2(t) < K(4t) S " (s, 2(s)ds + (IS — 1)2(t) .

Dividing both sides by 4t and letting 4t — 0+, we obtain
(D42)(@) = KO)w(t, 2(t) + B2(1) ,

because of (2.4) and (B,. Moreover, z(t) is absolutely continuous on
[b, b + d] since w(t) =0 on (— oo, b] and w(t) is absolutely continuous on
[b, b + d] (see [10, Lemma 8.3]). Thus we have

_Z% < KO)o(t, 2(t) + B.2(t)  for a.a. te(b b+ d].

By using Lemma 3.5, we can see that z(t) =0 on [b, b + d]. This con-
tradicts the definition of b.
Next, setting v(t) = () — y(t), we have, by (56.7) and Lemma 3.1,

D.lo) = KO|L2| + ,lo) < KOw(t, [v) + .lv

Thus it follows from Lemma 3.5 that |v] =0 on [¢ &+ k), and so
v(t) =0 on [g &+ h,) by (By). This implies that (IP) has a unique solu-
tion, which completes the proof of Theorem 4.2. q.e.d.

PrOOF OF THEOREM 4.3. Put 2™(t) = |lw™"| and Z*(#) = sup{Z™"(t):
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m, n =k} for all te[b, b+ d], where w™"(t) = |y™(t) — y"(t)| for all te
(—c,b+d]. By (B), (B) and (A), it is not difficult to show that the

relation
(5.8) 25(t) = 2*@t) < |wi| on [b, b+ d]

holds. Further, since {w*(t)} converges to a function w(t) uniformly on
(—o0, b + d], it follows that {|w¥} converges to a function |w,| for every

te[b, b+ d]. Thus by (5.2) and (5.8) we have

t
t

e+ at) — o) = | ol 2 e0ds = [ o, ks
t
as long as |wt | < 2r for all se[b, b + d]. Consequently, it follows that

(5.9) }%’l < o, lw,) for a.a. te b +c).

Hence w(t) =0 on [b, b + d] by (2,).
Next, by (5.7), we have |du/dt| = o(t, [z, — y.|) < 0(¢, [z — ¥).)) =
w(t, |u)zz). Thus, by (2,), (IP) has a unique solution. q.e.d.

PrOOF OF THEOREM 4.5. We shall only show that (D*w)(b) = 0 and
(D*2)(b) = 0. By the continuity of f, for any ¢ > 0, there exist positive
numbers 6 and » such that |f(¢, ¥) — f(b, )| < /2 for all (¢ 4)e
[b, b + 01x S(y,, 1), where 0 <d =<d and 0 <% =< r. Since the sequence
{y2} is equicontinuous on [b, b + 6] and ¥} — y, as m — oo, there exist a
positive number I, 0 <! < §, and an integer N, = N, such that {y? € <#*:
n = N} S(y,, n) for all te[b, b+ 1]. Thus, we have,

wt) = sup {(' 176, ) — £, wlds + | 1766, 017 — 10, wlds} + wh®),

which implies w*(t) < e(t — b) + w*(b), and hence, letting k — -, we get
w(t) < et — b). This implies (D*w)(b) = 0.

Moreover, in view of (5.5) and the above result, we have 2(t) <
e(t — b)K(t — b), which implies that (D2)(b) = 0. q.e.d.

6. Examples. In this section, the results on the uniqueness of
solutions and the global convergence of successive approximations obtained
in Section 4 are illustrated in examples. In particular, we note that
Examples 6.1 and 6.2 stated below imply that, in general, both Theorems
4.3 and 4.4 are useful in showing the uniqueness and the convergence
of successive approximations of solutions for (IP), provided the conditions
(), © = 2, 4, are replaced by the conditions (2,) with (D*2)t,) = 0. It is
easy to see that the following result holds (cf. [4]).
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PROPOSITION 6.1. Let ¢(t) be a positive and continuous function
defined on (t, t, + d] such that

St°+d—5(tLdt< -

to t o to
Then the initial value problem

dz _ 1+e@)
it t—q, 20

lim 2(t) = (D*2)(t,) =0
t—ty+0
has only zero solution.

ExAMPLE 6.1. We consider the scalar functional differential equation

de _ 3. ovin 2@+ 0)/2)
6.1) 7 > (t — o — 2)sin G—o_2"
z,=pe&T,

where the phase space &7, v = log(2/3) < 0, is as in Example 2.1 with
R as E. Let f(t, ¥): [0, )X &F — R be defined as follows:

— 3 _ 5 — 9gin Yo = )/2)
f(t,n/r)_z(t o — 2)sin C—o_2° '

Clearly, f(t,v) is continuous in (¢ +)€[o, ©)XxZF and |f(t, ¥) <
3|t — ¢ — 2|/2. It is sufficient to examine the conditions in the theorems
when t, = ¢ + 2. Corresponding to (F,) and (F,), we have

3 g—t og—1
At ) — £t vl = 2o (25L) - u (25| e -0 -2
= %e‘“"“"”lxt — Yulep/(t —0 = 2)
= Serla, — gt — 0 — 2
= |w, — ytl/f/(t —0—2)

and
At 20 = £t 9| S 2o — Yol — 0 = 2),
respectively. Then (2.1), (2.5), (2.6) and (2.2) become

6.2) % =)t — o —2), (K@) =eT in (B))
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dz . 20) -
(6.3) T D, (8=

dz
-(—i?l = lztl’c:/f/(t —0—2)

and

dz 3
6.4 —_—=—=2)/t — 0 — 2),
(6.4) 7 2z( )Nt — o — 2)
respectively. Therefore it follows from (6.8) (or (6.2)) that the condition
(2,) with (D*2)(c + 2) =0 is satisfied, and hence the conclusion of
Theorem 4.2 for IP(6.1) holds. However, from (6.4) the condition (2,)

with (D*z)(e + 2) = 0 is not satisfied.

ExAMPLE 6.2. We consider the scalar integro-differential equation

ﬁl_x._ = _ 3 x(t) —t—on ° (t—8) ot 2(s)
6.5) 7 (t 0){5111 G — o7 + 1+ e ) S_we sin GeoF 0)2ds} ,

r, =peL",
where &% is as in Example 2.2 with r =0. Let f(t, +4):[o, )X
ZF — R be defined as

£t 9) = (¢t — 0)sin (t“/’_(o();y + @+ ey | esin —(tﬂl’_(ﬁt)f)zda} :
Evidently, f(t, 4) is continuous in (¢, ) €[o, <)X F* and |f(t, )| <
3|t — ¢|. Corresponding to (F,) and (F,) with ¢, = o, we have
@, z,) — fQ, y.)l
= {lo®) — y®) + @ + ) |

1 + 6—(t—a)
t—o

0

&t + 0) — y(t + a)]da}/(t — )

—(t—o)

A

[xc - yt|ZR

and

2 — e~2(t—a)
|

respectively. Then (2.1), (2.5), (2.6) and (2.2) become

Ift, ) — f(t, y)| =

X — y][a,t] ’

—(t—a) __ ,—2(t—0) .
©6) L-2EC ool T, (K@y=2—ein (B)),

©.7) dz _ 1+ 4 ga), 0<B 1)
dt t—o
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and

(6.8)

J. 8. SHIN

—(t—o)
‘ = 1 :—_f |th7R
dz 2 — e-—Z(t-a)
22270 ot
dt t—o ®)

respectively. Therefore it follows from (6.8) that the condition (R,) with
(D*2)(c) = 0 is satisfied, and hence the conclusion of Theorem 4.4 for IP
(6.5) holds. However, from (6.7) the condition (2,) with (D*z)(¢) = 0 is

not

(1]
(2]

[3]
[4]

[5]
(6]
[71]
[8]
[91]

[10]

[11]

satisfied.
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