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A NONLINEAR ALTERNATIVE IN BANACH
ALGEBRAS WITH APPLICATIONS TO
FUNCTIONAL DIFFERENTIAL EQUATIONS

B. C. DHAGE

ABSTRACT. In this paper a fixed point theorem of Schaefer type involving
the product of two operators in a Banach algebra is proved and it is further
applied to a first order nonlinear functional differential equation for proving
an existence theorem under the mixed generalized Lipschitz and Carathéodory
condition.

1. STATEMENT OF PROBLEM

Let R denote the real line and let Iy = [—r,0] and I = [0, a] be two closed
and bounded intervals in R. Let J = Iy U I, then J is a closed and bounded
interval in R. Let C denote the Banach space of all continuous real-valued
functions ¢ on Iy with the supremum norm || - ||¢ defined by

[¢llc = sup [¢(2)].
tely

Clearly C' is a Banach algebra with this norm. Given a function ¢ € C,
consider the first order functional differential equation (in short FDE)

<f(f552t)>/:9(taxt) ae tel

z(t) = o(t), t € I,

(1.1)

where f: I xC — R —{0} and g: I x C — R and the function z; : Iy — R
is defined by z+(6) = z(t + 0) is continuous for each ¢ € I.
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By a solution of FDE (1.1) we mean a function x € AC(J,R) that satisfies
the equations in (1.1), where AC(J, R) is the space of all absolutely continuous
real-valued functions on J.

The functional differential equations have been the most active area of
research since long time. See Hale [11], Henderson [12] and the references
therein. But the study of functional differential equations in Banach algebras
is very rare in the literature. Very recently the study along this line has
been started via fixed point theorems and in Dhage and O’Regan [10] and
Dhage [3] some existence results for a particular class of first order functional
differential equations have been proved. The FDE (1.1) is new to the literature
and the study of this problem will definitely contribute immensely to the area
of functional differential equations. The fixed point theorem of Dhage [1] is
generally used for proving the existence of solutions under the mixed Lipschitz
and Carathéodory conditions. In this article we shall prove the existence
theorem for FDE (1.1) using a new nonlinear alternative of Schaefer type to
be developed in this paper.

2. AUXILIARY RESULTS

Let X be a Banach algebra with norm || - . A mapping A : X — Xis
called D-Lipschitzian if there exists a continuous and nondecreasing function
1 : RT — RT satisfying

Az — Ayl < ¢(llz — yl) (2.1)

for all z,y € X with ¢(0) = 0. Sometimes we call the function ¢ to be a D-
function of the mapping A on X. In the special case when ¢(r) = ar a >0,
A is called a Lipschitzian with a Lipschitz constant . In particularif o < 1, A
is called a contraction with a contraction constant «. Further if ¢(r) < r for
r > 0, then A is called a nonlinear contraction on X.

The following fixed point theorem for a nonlinear contraction is well-known
and useful for proving the existence and the uniqueness theorems for nonlinear
differential and integral equations.

Theorem 2.1. Let A : X — X be a nonlinear contraction. Then A has a
unique fized point xx and the sequence {A™x} of successive iterations of A
converges to xx for each x € X.

An operator T': X — X is called compact if T'(X) is a compact subset
of X. Similarly T : X — X is called totally bounded if T" maps a bounded
subset of X into the relatively compact subset of X. Finally T': X — X is
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called completely continuous operator if it is continuous and totally bounded
operator on X. It is clear that every compact operator is totally bounded ,
but the converse may not be true. However the two notions are equivalent on
a bounded subset of X. The details of these concepts may be found in Dhage
[7].

The well-known fixed point theorem of Schaefer concerning the completely
continuous operators is

Theorem 2.2. Let T : X — X be a completely continuous operator. Then
either

(i) the equation x = XTx has a solution for A =1, or
(ii) the set E={ue X |u= ATu,0 <\ <1} is unbounded.

Theorem 2.2 is extensively used in the theory of nonlinear differential equa-
tions for proving the existence results. The method is commonly known as
a priori bound method for the nonlinear equations. See for example,
Dugundji and Granas [9], Zeidler [16] and the references therein. Recently
the present author has combined the above two Theorems 2.1 and 2.2 in a
Banach algebra and proved the following result.

Theorem 2.3. (Dhage [5]) Let X be a Banach algebra and let A,B : X — X
be two operators satisfying
(a) A is D-Lipschitzian with D-function ¢,
(b) B is compact and continuous,
(c) M¢(r) < r whenever r > 0, where M = |B(X)|| = sup{||Bz| : z €
X}.
Then either

(i) the equation NA(5)Bx = x has a solution for X = 1,or
(ii) the set &€ = {u € X [ NA(})Bzr = u,0 < X\ < 1} is unbounded.

It is known that Theorem 2.3 is useful for proving the existence theorems for
the integral equations of mixed type. See Dhage [2] and the references therein.
In this paper we shall prove a nonlinear alternative similar to Theorem 2.3
with a slightly different conclusion under the more general conditions via a
method different from Dhage [3].

3. A NONLINEAR ALTERNATIVE

Before going to the main results we give some preliminaries needed in the
sequel. A Kuratowski measure of noncompactness « of a bounded set A in X



566 B. C. Dhage

is a nonnegative real number «(A) defined by

a(A)=inf{r >0: A= LnJ A;, diam(A4;) <r, Vi}. (3.1)

i=1

The function « enjoys the following properties:

(1) a(A) = 0 <= A is relatively compact.

(ag) a(A) = a(A) = a(eoA), where A and ¢ A denote respectively the
closure and the closed convex hull of A.

(az) AC B= a(A) < «a(B).

(aq) a(AU B) = max{a(A),a(B)}.

(a5) a(AA) = [Na(A),VA € R.

(ag) a(A+ B) < a(A) + o(B).

The details of measures of noncompactness and their properties appear in
Deimling [3] and Zeidler [16].

Definition 3.1. A mapping T : X — X is called condensing if for any
bounded subset A of X, T'(A) is bounded and «(T(A)) < a(A), a(A4) > 0.

Note that contraction and completely continuous mappings are condensing
but the converse may not be true. The following generalization of Theorem
2.2 appears in Martelli [14].

Theorem 3.1. Let T : X — X be a continuous and condensing operator.
Then either

(i) the equation x = AXTx has a solution for A =1, or
(i) the set € ={u € X|u= ATu,0 < X < 1} is unbounded.

Our main result of this section is
Theorem 3.2. Let X be a Banach algebra and let A,B : X — X be two
operators satisfying

(a) A is a D-Lipschitzian with a D-function ¢,

(b) B is compact and continuous,

(c) M¢(r) <r whenever r >0 with M = || B(X)]|.

Then either

(i) the equation NAxBx = x has a solution for A =1,or

(i) the set € ={u € X | NAuBu = u,0 < X < 1} is unbounded.
Proof. Define a mapping T': X € X by

Tr = AxBz, z € X. (3.2)
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Obviously the mapping T is continuous on X. The result follows immedi-
ately from Theorem 2.2 if the operator T is condensing on X. Let S be a
and bounded set in X. Then we have the following estimate concerning he
operators A and B. Let 2* be a fixed element of S. Then by hypothesis (a),

[Az| < [[Az"[| + [|Az" — Az]]
< [|Az"|| + o(]lz™ — z[])
<p

for all x € S, where
B =||Az*|| + ¢(diam S) < oo

for all x € S, since S is bounded. Similarly since B is compact, B(S) is a
precompact subset of X. Hence for n > 0, there exist subsets G1,Ga,... ,Gn,
of X such that .

B(S) = J(G)) and diam(G;) <

Jj=1

==

This further gives that
S=JB7G)).
j=1

Let € > 0 be given and suppose that

S

N

s
i=1
with
diam(S;) < a(S) + €
forallt=1,2,...,n. We put Fij = SimB_l(G]‘), then S C UF”

Now
7(S) < |JT(Fy))
C UT(SlmB_l(G])>
= Uym
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If wo,wy € Y4, for some ¢ = 1,... ,n and j = 1,...,m, then there exist
X, X1 € Fij =5; ﬂBil(Gj) such that Txg = wg and Tx; = w;y.
Since ¢ is nondecreasing, one has

| Tzg — Tx1| = ||AzoBzo — Az — Azs|
< ||AzogBxzo — Az1Bxg|| + ||Az1 Bz — Az B ||
< [|Azo — Az [[[[ Baol| + | Az ||| Bxo — B
< ¢(llwo — 1)l Bol| + | Az ||| Bzo — B |
< ¢(diam(F;)) [ B(X)[| + [[A(S) [ Bzo — By ||
< Mo(diam(Fy;)) 4 1.

Since 7 is arbitrary, one has
This further implies that

< Mo(a(S) +e).

This is true for every wp,w; € Y;; and so
diam(Y;;) < Mo(a(S) + ¢),
for all = 1,2,....,n. Thus we have

a(T'(S5)) = max diam(Y;)

< ]\;qﬁ(a(S) +e€).
Since e is arbitrary, we have
a(T(5)) < Mo(a(S5)) < a(S5),
whenever a(S) > 0.

This shows that T is a condensing on X. Now the desired conclusion follows
by an application of Theorem 3.1. This completes the proof. U
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Corollary 3.1. Let X be a Banach algebra and let A,B : X — X be two
operators satisfying

(a) A is a Lipschitzian with a Lipschitz constant «,
(b) B is compact and continuous,
(c) aM <1 where M = |B(X)]|.

Then either

(i) the equation NAxBx = x has a solution for A =1,or
(ii) the set £ = {u € X | NAuBu = u,0 < XA < 1} is unbounded.

In the following section we shall apply our new nonlinear alternative of
Dhage-Schaefer type to a nonlinear FDE (1.1) for proving the existence result
under some suitable conditions on the functions involved in (1.1).

4. EXISTENCE THEORY

Let M(J,R) and B(J, R) respectively denote the spaces of measurable and
bounded real-valued functions on J. We shall seek the solution of FDE (1.1)
in the space AC(J,R), of all bounded and measurable real-valued functions
on J. Define a norm || - || a¢c in AC(J,R) by

2] ac = sup [z (t)].
teJ

Clearly AC(J,R) becomes a Banach algebra with this norm. We need the
following definition in the sequel.

Definition 4.1. A mapping 8 : I x C — R is said to satisfy a condition of
L -Carathéodory or simply is called L -Carathéodory if

(i) t — B(t,x) is measurable for each x € C.
(ii) x +— fB(t,x) is continuous almost everywhere for ¢t € I,
(iii) there exists a function h € L'(I,R) such that

|B(t,z)| < h(t), ae tel

for all z € C.

We will need the following hypotheses:

(H1) The function f : J x C'— R is continuous and there exists a function
k € B(J,R) such that k(t) > 0, a.e. t € J and

|f(t,z) — f(t, )] < k@®)|z —yllc, ae tel
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for all z,y € C.

(H3) The function g(t,x) is L -Carathéodory.

(Hy) There exists a nondecreasing function ¢ : [0,00) — (0,00) and a
function v € L(I,R) such that v(t) > 0, a.e. t € J and

l9(t, )| < @) (lzllc), ae tel,
for all z € C.
Theorem 4.1. Assume that the hypotheses (Hy)-(H4) hold. Suppose that

< ds
—>C 1
(8) 1H’7HL 5

where
o]l + F

= TR+ Tl

Gy AENCL A {2l L) < 1,

6(0) ‘
7(0,0)

F = maxie,s | (5, 0)], |[kl| = maxie, [k(t)] and L= max {|l4],
the FDE (1.1) has a solution on J.

Proof. Now the FDE (1.1) is equivalent to the functional integral equation
(in short FIE)

} . Then

z(t) = [f(t, z)] <f(f((]f)q)i>) —i—/o g(s,xs)ds> ,iftel (4.1)
and
x(t) = ¢(t), if te . (4.2)

Define the two mappings A and B on AC(J,R) by

t, 5 if t € I,
17 if t & IO-
and o t
Bx(t) = f(0,9) + fo g(s,zs)ds, iftel 4)
o(t), ifte .

Obviously A and B define the operators A, B : AC(J,R) — AC(J,R).
Then the FDE (1.1) is equivalent to the operator equation

o(t) = Ax(t)Bz(t), teJ (4.5)
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We shall show that the operators A and B satisfy all the hypotheses of The-
orem 2.3. We first show that A is a Lipschitzian on AC(J,R).
Let x,y € AC(J,R). Then by (H;),

|Az(t) — Ay(t)] < [f(s,2¢) — f(s, 91
< k() |ze — yello
< k(@)llz —yllac

for all ¢t € J. Taking the supremum over ¢ we obtain

[Az — Ayllac <[]l = yllac-

for all z,y € AC(J,R). So A is a Lipschitzian on AC(J,R) with a Lipschitz
constant ||k||. Next we show that B is completely continuous on AC(J,R).
Using the standard arguments as in Granas et al. [10], it is shown that B
is a continuous operator on AC(J,R). We shall show that B(AC(J,R)) is a
uniformly bounded and equicontinuous set in AC(J, R). Since the function g
Li-Carathéodory ,we have

t
Ba(t)| < L+ / lg(s, )| ds
0

t
<L -I—/ h(s)ds
0

<L+ bl

where L = max{”‘z’”v ’ fqééo)) } Taking the supremum over t, we obtain

|Bz|| < M for all z € S, where M = L+||h||1. This shows that B(AC(J,R))
is a uniformly bounded set in AC(J,R). Now we show that B(AC(J,R)) is

an equi-continuous set. Let ¢,7 € I. Then for any z € AC(J,R) we have by
(43)

|Bx(t) — Bx(7)| < /0 g(s,zs)ds — /OT g(s,zs)ds

t
< / lg(s, 24| ds
t

limgds

<Ip(t) — p(7)],

IN
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t
where p(t) = / h(s) ds. Therefore
0

|Bx(t) — Bx(1)| = 0 as t— 7.
Again let 7 € Iy,t € 1. Without loss of generality we may assume that 7 < s.
¢(0)

Then we obtain
t
Foay| " |, oo

< |o(7) = (0)] + |p(t) — p(7)]
where the function p is defined above. Similarly if 7,¢ € Iy, then we get
|Bx(t) — Ba(r)| < |$(t) — ¢(7)]-
Therefore in all above three cases
|Bx(t) — Bx(1)] = 0as T —t.

Hence B(AC(J,R)) is an equicontinuous set and consequently B(AC(J,R))
is relatively compact by Arzela-Ascoli theorem. Consequently B is a compact
and continuous operator on AC(J,R). Thus all the conditions of Theorem
3.1 are satisfied and a direct application of it yields that either conclusion (i)
or conclusion (ii) holds. We show that the conclusion (ii) is not possible. Let
x € X be any solution to FDE (1.1). Then we have, for any A € (0,1),

x(t) = NAxz(t)Bx(t)
A f(t, ze)] < $(0) +/0 g(s,xs)ds>, tel

£(0,¢)
/Otg(s,xs) ds )

Ap(t), t € Iy
< ol + (6a — 16,01 +156.0) (24 [ lots..)105)

|Bmu>—zhmﬂ|s1¢wv—- ‘+

for t € J. Then we have

IﬂMSHMc+U@wm<L+

<llolle + k@ llzdlc + F] (L +/0 CES] d8> (4.6)

< ol + k@l (2+ [ lats.mlds) + F [ lats.z.)

t

S||¢||c+\k‘HthHc(LJr!\h!!L1)+F/O V(s)(llzsll o) ds.
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Put u(t) = supe(_,. 4 [2(s)|, for t € J. Then we have
[z < u®) and |zflc < ult)

Vt € J, and there is a point t* € [—r,t] such that u(t) = |z(t*)].
From (4.6) it follows that

u(t) = [z ()|
< ll¢llc + [I%|

+F<L+/ wwwmmmw)
0 (4.7)

< ll¢lle + IE[lu@) (L + |!h|!L1)+F<L+/O 7(8)¢(U(8))d8>

c(L+ (L)

|| e

:a+@47@wmmm

where

8llc + FL o 1
2 — 17"
1— [l [+ [[P]1E]

TR+ ]

Let
wl(t) = Ca+ Ca [ A(o)(u(s)) ds.
0

Then u(t) < w(t) and a direct differentiation of w(t) yields

W' (1) < Cor(Byp(u(r)
e } 8)

that is

t w/(s) t
|, w2 =€ ) Ao
< oyl

By the change of variables in the above integral gives that

wt) g
— < C 1
L ity < celnl
> ds
<Aw@'
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Now an application of mean value theorem yields that there is a constant
M > 0 such that w(t) < M for all ¢ € J.This further implies that

[2(8)] < u(t) <w(t) < M.

for all t € J. Thus the conclusion (ii) of Theorem 3.2 does not hold. Therefore
the operator equation AzBx = x and consequently the FDE (1.1) has a
solution on J. This completes the proof. O

5. AN EXAMPLE

Let Iy = [-7/2,0] and I = [0, 7/2] be two closed and bounded intervals in
R, and let C be the space of continuous and R-valued functions on Iy with
the supremum norm in it. Clearly C' is a Banach algebra with respect to the
multiplication “-” defined by (z.y)(t) = z(t)y(t) for t € I. Now consider the

nonlinear IVP .
z(t) p(t)
= , ae tel
(f(tm)) 1+ap (5.1)

x(t) = sint, t € .

where p € L*(J,R) and f : J x C — R is defined by
f(t,ze) =1+ aflze]|, >0

for all t € J. Obviously f : JxC — R™—{0}. Define a function g : JxC — R

p(t)
by g(t,z:) = T+
on J x C with a Lipschitz constant a. Further g(t,z) is Li-Carathéodory
with h(t) = p(t) on I. Therefore if (1 + ||p||z1) < 1, then by Theorem 4.1,
IVP (5.1) has a solution on J, because the function v satisfies condition (1.1)
with v(t) = p(t),Vt € I and ¥(r) = 1Vr € RT.

It is easy to verify that f is continuous and Lipschitzian
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