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ABSTRACT. The main purpose of this paper is to obtain sufficient conditions for exis-
tence of points of coincidence and common fixed points for a pair of self mappings in cone
b-metric spaces. Our results extend and generalize several well known comparable results
in the existing literature. Finally, some examples are provided to illustrate our results.
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1. INTRODUCTION

Over the past two decades a considerable amount of research work for the de-
velopment of fixed point theory have executed by several mathematicians. There
has been a number of generalizations of the usual notion of a metric space. One
such generalization is a b-metric space initiated by Bakhtin[?]. In[6], Huang and
Zhang introduced the concept of cone metric spaces as a generalization of metric
spaces and proved some important fixed point theorems in such spaces. After that
a series of articles have been dedicated to the improvement of fixed point theory. In
most of those articles, the authors used normality property of cones in their results.
Recently, Hussain and Shah[8] introduced the concept of cone b-metric spaces as a
generalization of b-metric spaces and cone metric spaces. They studied some topo-
logical properties and improved some recent results about KKM mappings in the
setting of a cone b-metric space. In this work, we shall establish sufficient condi-
tions for existence of points of coincidence and common fixed points for a pair of
self mappings without the assumption of normality in cone b-metric spaces. The
results generalize and improve some recent results in the literature. Furthermore,
we support our results by examples.

* .
Corresponding author.
Email address : smwbes@Qyahoo.in.
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2. PRELIMINARIES

In this section we need to recall some basic notations, definitions, and necessary
results from existing literature. Let E be a real Banach space and 6 denote the zero
element in E. A cone P is a subset of F such that

(i) P is closed, nonempty and P # {6};

(1) a,beR, a,b>0, z,y € P = ax+by € P;

(isi) PN (—P)={6}.
For any cone P C E, we can define a partial ordering < on E with respect to P
by = < y(equivalently, y > z) if and only if y — x € P. We shall write z < y
(equivalently, y = z) if z < y and x # y, while z < y will stand for y — = € int(P),
where int(P) denotes the interior of P. The cone P is called normal if there is a
number k£ > 0 such that for all z,y € E,

0 <z <y implies ||z| < k|y|-

The least positive number satisfying the above inequality is called the normal con-
stant of P. Throughout this paper, we suppose that E is a real Banach space, P is
a cone in F with int(P) # () and =< is a partial ordering on F with respect to P.

Definition 2.1. [6] Let X be a nonempty set. Suppose the mappingd: X xX — F
satisfies

(1) 0 < d(x,y) for all z,y € X and d(z,y) =0 if and only if v =y;
(it) d(z,y) = d(y,x) for all z,y € X;

(730) d(z,y) = d(z,2) +d(z,y) for all x,y,z € X.
Then d is called a cone metric on X, and (X, d) is called a cone metric space.
Definition 2.2. [¢] Let X be a nonempty set and E a real Banach space with cone

P. A vector valued function d : X x X — FE is said to be a cone b-metric function
on X with the coefficient s > 1 if the following conditions are satisfied:

(1) 0 < d(x,y) for all z,y € X and d(z,y) =0 if and only if v =y;
(it) d(z,y) = d(y,x) for all z,y € X;

(791) d(z,y) = s(d(z,2) +d(z,y)) forall x,y,z € X.
The pair (X, d) is called a cone b-metric space.

Observe that if s = 1, then the ordinary triangle inequality in a cone metric
space is satisfied, however it does not hold true when s > 1. Thus the class of cone
b-metric spaces is effectively larger than that of the ordinary cone metric spaces.
That is, every cone metric space is a cone b-metric space, but the converse need not
be true. The following examples illustrate the above remarks.

Example 2.3. [¢] Let X = {-1,0,1}, E=R? P = {(a,y) : * > 0,y > 0}. Define
d: X xX — Pbydxy = dy,z) for all z,y € X, d(z,z) = 0,2z € X and
d(-1,0) = (3,3), d(—1,1) = d(0,1) = (1,1). Then (X,d) is a cone b-metric space,
but not a cone metric space since the triangle inequality is not satisfied. Indeed, we
have that

d(—1,1) +d(1,0) = (1,1) + (1, 1) = (2,2) < (3,3) = d(—1,0).

It is easy to verify that s = %
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Example 2.4. [)] Let E = R? P = {(x,y) : # > 0,y > 0} C E, X = R and
d: X x X — E such that d(z,y) = |z —y |P,a |z —y |P), where « > 0 and p > 1
are two constants. Then (X,d) is a cone b-metric space with s = 2P~!, but not a
cone metric space.

Definition 2.5. [3] Let (X,d) be a cone b-metric space, x € X and (z,) be a
sequence in X. Then

(i): (zn) converges to x whenever, for every ¢ € E with § < ¢, there is a
natural number ng such that for all n > ng, d(x,,z) < ¢. We denote this

by lim z, =z or z, — x (n — 00);
n—oo

(ii): (zn) is a Cauchy sequence whenever, for every ¢ € F with 6 < ¢, there
is a natural number ng such that for all n,m > ng, d(z,, xm) < ¢

(iii): (X,d) is a complete cone b-metric space if every Cauchy sequence is
convergent.

Remark 2.6. [8] Let (X, d) be a cone b-metric space over the ordered real Banach
space F with a cone P. Then the following properties are often used:

(i): If a < b and b < ¢, then a < c.

(ii): f a < b and b < ¢, then a K c.

(iii): If < u < ¢ for each ¢ € int(P), then u = 0.

(iv): If c € int(P), 0 < a, and a,, — 0, then there exists ng such that for all
n > ng we have a,, < c.

(v): Let 0 < c. If 0 X d(zp,z) < by, and b, — 60, then eventually d(z,, ) <
¢, where (x,), « are a sequence and a given point in X.

(vi): If < a,, < b, and a, — a, b, — b, then a < b, for each cone P.

(vii): If E is a real Banach space with cone P and if a < Aa where a € P
and 0 < A < 1, then a = 6.

(viii): a int(P) Cint(P) for a > 0.

(ix): For each d > 0 and = € int(P) there is 0 < v < 1 such that || vy ||< J.

(x): For each § < ¢; and ¢z € P, there is an element § < d such that
c <d, cog<d.

(xi): For each § < ¢; and 6 < ca, there is an element § < e such that
ek, e Cy.

Definition 2.7. [1] Let T and S be self mappings of a set X. If y = Tz = Sz for
some z in X, then z is called a coincidence point of T" and S and y is called a point
of coincidence of T and S.

Definition 2.8. [I1] The mappings T,S : X — X are weakly compatible, if for
every x € X, the following holds:

T(Sz) = S(T'z) whenever Sz =Tx.

Proposition 2.9. [1] Let S and T be weakly compatible selfmaps of a nonempty
set X. If S and T have a unique point of coincidence y = Sz = Tx, then y is the
unique common fized point of S and T.

Definition 2.10. Let (X, d) be a cone b-metric space with the coefficient s > 1. A
mapping T : X — X is called expansive if there exists a real constant k > s such
that

d(Tz,Ty) = kd(z,y)
for all z,y € X.
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3. TOPOLOGY IN CONE b-METRIC SPACES

In this section our concern is to introduce some topological aspects in cone b-
metric spaces. This will facilate the initiation of open and closed sets, limit points
of sets and other allied notions in the setting of cone b-metric spaces.

Definition 3.1. [8] Let (X, d) be a cone b-metric space and B C X.

(i): b € B is called an interior point of B whenever there is § < p such that
By(b,p) C B, where By(b,p) :={y € X : d(y,b) < p}.

(ii): An element x € X is called a limit point of B whenever for every 6 < e,
Bo(z,e) \ (B\ {z}) # 0. A subset B C X is called closed whenever each
limit point of B belongs to B.

(iii): A subset A C X is called open whenever each element of A is an interior
point of A, that is, for any a € A, there exists ¢ € int P such that the open
ball By(a,c) C A.

(iv): A subset B C X is called bounded whenever there exist § < ¢ and
xo9 € X such that d(b, z9) < ¢ for all b € B.

(v): A subset B C X is called compact whenever every open cover of B has
a finite subcover.

Let (X, d) be a cone b-metric space with the coefficient s > 1. Then the family of
sets {B(z,c) : z € X, 0 < ¢} where B(z,c) = {y € X : d(y,z) < c} is a sub basis
for a topology on X. This topology is denoted by 7. It is to be noted that 7. is a
Hausdorff topology. Suppose for each ¢ with § < ¢, we have B(z,c) N B(y, c) # 0.
So, there exists z € X such that d(z,2) < 55 and d(z,y) < 5. Hence,

d(z,y) = s(d(z,2) +d(z,9)) < c.
This implies that d(x,y) = 6, that is, z = y.

Proposition 3.2. [3] Let (X,d) be a cone b-metric space and Ty be the topology
defined above. Then for any nonempty subset A C X we have

(1) A is closed if and only if for any sequence (x,) in A which converges to x, we
have x € A;

(ii) If we define A to be the intersection of all closed subsets of X which contains
A, then for any x € A and for any c € int P, we have By(x,c) N A # (.

Theorem 3.3. [3] Let (X,d) be a cone b-metric space and 7. be the topology
defined above. Then for any nonempty subset A C X, the following properties are
equivalent:

(1) A is compact.

(#3) For any sequence (x,) in A, there exists a subsequence (xy,) of (zn) which
converges, and nl;rrgo Ty € A.

4. MAIN RESULTS

In this section, we prove some point of coincidence and common fixed point
results in cone b-metric spaces.

Theorem 4.1. Let (X,d) be a cone b-metric space with the coefficient s > 1.
Suppose the mappings f, g : X — X satisfy the contractive condition
d(fz, fy) 2 Ad(gz, gy) (4.1)

for all z,y € X, where A € [0, 1) is a constant. If f(X) C g(X) and f(X) or g(X)
18 a complete subspace of X, then f and g have a unique point of coincidence in X.



COINCIDENCE POINT AND COMMON FIXED POINT THEOREMS - - - 5

Moreover, if f and g are weakly compatible, then f and g have a unique common
fized point in X.

Proof. Let zp € X and choose z; € X such that fxzg = gay. This is possible since
f(X) C g(X). Continuing this process, we can construct a sequence (z,) in X such
that fz, = gxpy1, n=0,1,2, ---

By using (4.1), we have

d(fl'n—i-l»fxn) - )\d(gz:n+1,gzn)
= )‘d(fxnvfxn—l)

A

= )\Qd(gﬂimg%—ﬁ
= Nd(fzn_1, fTn_2)
= A'd(fz1, fro). (4.2)

For any m,n € N with m > n, we have by using condition (4.2) that
d(fxnvfxm) = S[d(fxnyf'rn-l-l) +d(f.’13n+1,f]}m)]

= Sd(fxn, fl'n-i-l) + SQd(ffn-s-l, f$n+2) + -

+8™ " d(frm—2y frm—1) + d(fTm—1, fTm)]
= [sAT ST g N2 gt A i (fag, fan)
=< [sAT 4 PN g IN TR g\ (fag, fa)
= SN [L+sA+ (SN2 4+ (sN)™ "2+ (sN)" " d(fo, fz1)
< X d(fa, fo). (43)

It is to be noted that 1‘“:\:/\ d(fxo, fr1) — 6 as n — oco. Let 6 < ¢ be given.

Then we can find mg € N such that
SA”

1—sA

d(fan fxl) < ¢,

for each n > mg.
Therefore, it follows from (4.3) that

Afaa frm) < 7o

n

d(fxo, fr1) < c

for all m > n > my.

So (fxy,) is a Cauchy sequence in f(X). Suppose that f(X) is a complete sub-
space of X. Then there exists y € f(X) C g(X) such that fz, — y and also
9T, — y. In case, g(X) is complete, this holds also with y € g(X). Let u € X be
such that gu = y. For 8 < ¢, one can choose a natural number ny € N such that
dy, fz,) < sogn and d(gxn, gu) < sogn for all n> ny.

Now,

d(y, fu) sld(y, fon) + d(fn, fu)]
sld(y, frn) + Ad(gzn, gu)]

< ¢, for all n > ny,

A TA
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which gives that d(y, fu) = 0, i.e., fu =y and hence fu = gu = y. Therefore, y is
a point of coincidence of f and g.
For uniqueness, let v be another point of coincidence of f and g. So fxr =gz =wv
for some x € X. Then

d(v,y) = d(fz, fu) 2 Xd(gz, gu) = Ad(v,y).
By Remark 2.6(vii), we have d(v,y) = 0 i.e., v =y.
Therefore, f and g have a unique point of coincidence in X.

If f and g are weakly compatible, then by Proposition 2.9, f and g have a unique
common fixed point in X. O

The following Corollary is the Theorem 2.1[9].

Corollary 4.2. Let (X,d) be a complete cone b-metric space with the coefficient
s > 1. Suppose the mapping f : X — X satisfies the contractive condition

d(fz, fy) 2 Ad(x,y)

for all x,y € X, where X € |0, %) is a constant. Then f has a unique fixed point in
X. Furthermore, the iterative sequence (f™x) converges to the fixed point.

Proof. The proof follows from Theorem 4.1 by taking g = I, the identity mapping
on X.
O

Corollary 4.3. Let (X,d) be a complete cone b-metric space with the coefficient
s > 1. Suppose the mapping g : X — X is onto and satisfies

(g, gy) = kd(z,y)
for all x,y € X, where k > s is a constant. Then g has a unique fixed point in X .

Proof. Taking f = I in Theorem 4.1, we obtain the desired result.
O

Remark 4.4. Corollary 4.3 gives a sufficient condition for the existence of unique
fixed point of an expansive mapping in cone b-metric spaces.

Theorem 4.5. Let (X,d) be a cone b-metric space with the coefficient s > 1.
Suppose the mappings f, g : X — X satisfy the contractive condition

d(fz, fy) = ad(fz,gx) +bd(fy,gy) (4.4)

forallz,y € X, wherea, b >0 witha+sb < 1. If f(X) C g(X) and f(X) or g(X)
is a complete subspace of X, then f and g have a unique point of coincidence in X.
Moreover, if f and g are weakly compatible, then f and g have a unique common
fixed point in X.

Proof. Let xg € X be arbitrary. As in Theorem 4.1, we can construct a sequence
(zp,) in X such that fz, = gryy1, n=0,1,2, -
Using (4.4), we have
d(f‘TTH—lvfxn) = ad(fxn+1vgxn+l) +bd(fxnagxn)
= ad(frpi1, fon) +0d(fon, fon-1)
which implies that
Ad(frnir, fon) 2 kd(fon, frn_1) (4.5)
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where k = %. It is easy to see that 0 < k < %
By repeated application of (4.5), we obtain

d(fxn+17 fxn) = kd(fxnv fxn—l) = de(fxn—la fxn—Q) == knd(fxl, f-rO)

By an argument similar to that used in Theorem 4.1, it follows that (fx,) is a
Cauchy sequence in f(X). If f(X) is a complete subspace of X, then there ex-
ists y € f(X) C ¢g(X) such that fz, — y and also gz, — y. In case, g(X) is
complete, this holds also with y € g(X). Let u € X be such that gu = y. For

0 < ¢, one can choose a natural number ng € N such that d(y, fz,) < 2(;7222)0

and d(gz,, gu) < =% ¢ for all n > ny.

2as2

Now,

d(y, fu)

sld(y, fen) + d(fan, fu)]
sld(y, frn) + ad(frn, gon) + bd(fu, gu)]
sld(y, fon) + asd(fzn,y) + asd(y, gzn) + bd(fu, y)].
So it must be the case that
(1 —bs)d(y, fu) = (s +as?)d(y, fr,) + as’d(y, gz,). (4.6)

Therefore, we obtain from condition (4.6) that

IATA 1A

s + as? as?
dy, fu) = 5 —d(y, fan) + 7 -d(gu, gzn)
< ¢ forall n > ny. (4.7)

This implies that d(y, fu) = 0, i.e., fu =y and hence fu = gu = y. Therefore, y is
a point of coincidence of f and g.

For uniqueness, let v be another point of coincidence of f and g. So fox =gz =wv
for some x € X. Then

d(v,y) = d(fz, fu) X ad(fx,gx) +bd(fu,gu) = 0.

By Remark 2.6(vi7), we have d(v,y) = 0 i.e., v =y.
Therefore, f and g have a unique point of coincidence in X.

If f and g are weakly compatible, then by Proposition 2.9, f and g have a unique
common fixed point in X. O

Corollary 4.6. Let (X,d) be a complete cone b-metric space with the coefficient
s > 1. Suppose the mapping f : X — X satisfies the contractive condition

d(fz, fy) 2 ad(fz,z) +bd(fy,y)
for all x,y € X, where a, b > 0 with a + sb < 1. Then f has a unique fized point
in X.

Proof. Proof follows from Theorem 4.5 by taking g = I.
O

Theorem 4.7. Let (X,d) be a cone b-metric space with the coefficient s > 1.
Suppose the mappings f, g : X — X satisfy the contractive condition

d(fz, fy) = ad(fz,gy) +bd(fy, gz) (4.8)
for all x,y € X, where a, b > 0 with mazx{a, b} < 32—1“ If f(X) C g(X) and

F(X) or g(X) is a complete subspace of X, then f and g have a unique point of
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coincidence in X. Moreover, if f and g are weakly compatible, then f and g have
a unique common fized point in X .

Proof. Let zo € X be arbitrary. As in Theorem 4.1, we can construct a sequence
(zp,) in X such that fz, = gz,y1, n=0,1,2,---.
Using (4.8), we have

d(frpir, fen) 2 ad(frpir,g2n) +0d(fn, gTni1)
= ad(frpns1, fTn_1)
= as[d(fanrhfxn) +d(fxn7fmn71)}~
This implies that
d(frns, fan) < 7 fsas A(f T, fTn_1). (4.9)

Therefore, we obtain from condition (4.9) that

d(fxn—i-lafxn) j kd(fmn7f-rn—1) (410)
where k = 25— It is easy to see that 0 < k < %

l—as"

By repeated application of (4.10), we obtain
d(fxn+17 fxn> j kd(fxna fxnfl) j de(fxnfla fxn72) j tet j knd(fxlv fZCo)

By an argument similar to that used in Theorem 4.1, it follows that (fx,) is a
Cauchy sequence in f(X). If f(X) is a complete subspace of X, then there ex-
ists y € f(X) C g(X) such that fz,, — y and also gz, — y. In case, g(X) is
complete, this holds also with y € g(X). Let v € X be such that gu = y. For

f < ¢, one can choose a natural number ng € N such that d(y, fz,) < Q%S_fi)c

and d(gx,, gu) < 12_,){2522 c for all n > nyg.

Now,

d(y, fu) sld(y, fen) + d(fon, fu)]
sld(y, frn) + ad(fzn, gu) + bd(fu, gzy)]
sld(y, frn) + ad(frn,y) + bsd(y, gx,) + bsd(fu,y)].
So it must be the case that
(1 —bs*)d(y, fu) < (s + as)d(y, fx,) + bs?d(y, gz,). (4.11)

Therefore, we obtain from condition (4.11) that

A TATA

2

s+ as S
1 — bs?

d(y, fu) = md(%fﬂ?n) +
< ¢ for all n > nyg.

d(gu, gxn)

This implies that d(y, fu) =0, i.e., fu =y and hence fu = gu = y. Therefore, y is
a point of coincidence of f and g.

For uniqueness, let v be another point of coincidence of f and g. So fx =gz =wv
for some x € X. Then

d(v,y) =d(fz, fu) = ad(fz,gu)+bd(fu,gx)
ad(v,y) + bd(y,v)
(a+0b)d(v,y).
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Since a + b < 1, by Remark 2.6(vii), we have d(v,y) =0 i.e., v = y.
Therefore, f and g have a unique point of coincidence in X.

If f and g are weakly compatible, then by Proposition 2.9, f and g have a unique
common fixed point in X. O

Corollary 4.8. Let (X,d) be a complete cone b-metric space with the coefficient
s > 1. Suppose the mapping f : X — X satisfies the contractive condition

d(fz, fy) 2 ad(fzr,y)+ bd(fy,x)

forall z,y € X, where a, b > 0 with max{a, b} < ﬁ Then f has a unique fixed
point in X.

Proof. Proof follows from Theorem 4.7 by taking g = I.

We conclude with some examples.

Example 4.9. Let E = R?, the Euclidean plane and P = {(x,y) € R? : 2,y > 0}
a cone in F. Let X =[0,1] and p > 1 be a constant. We define d : X x X — FE as

d(l‘vy) = (|.’L‘—y |P’|x_y |p)
for all z,y € X. Then (X,d) is a cone b-metric space with the coefficient s = 2P~1.

Let us define f,g: X — X as

2

fr= )

% , forall x € X
and .
9z =5, forall x € X.

Then, for every =,y € X one has

d(fz, fy) = (fe—fyl".[fz—fyl")
= (130 e 0GPl -0 - gle -t P)
= (15-4ra5-gern Pz -YPag-ernp)
1 T Y, T Y,
= H(z-5M5-5P)
= Qipd(gx,gy)

Thus, we have all the conditions of Theorem 4.1 and 0 € X is the unique common
fixed point of f and g.

Example 4.10. Let E = R?, the Euclidean plane and P = {(z,y) € R? : x,y > 0}
a cone in E. Let X =[0,1] and p > 1 be a constant. We define d : X x X — FE as

d(l‘,y) = (|.’L‘—y |p’|x_y |p)
for all z,y € X. Then (X,d) is a cone b-metric space with the coefficient s = 2P~1.
Let us define f,g: X — X as
T 1
fr = o for all x € [0,5)
x

1
3 forall z € [5,1]



10 J. NONLINEAR ANAL. OPTIM. VOL. 9(1) (2018)
and
x
gz =3, forall x € X.
Now we verify that for every x,y € X one has

d(fz, fy) = ad(fz,gz) +bd(fy, gy)
where a, b > 0 with a + sb < 1.
Case-11f z,y € [0, 3), then
d(fz, fy) = (I fz—fyl’,| fx— fy ")

1
= ﬁ(|$—y|p7|$—y|p)

A

1
= |+ 1y e+ 1y D)
op
167
op 717

= %@(xp‘f'y ;P +yP).

PN

(2" + ", 2 +y")

Also,
d(fz,gz) +d(fy,9y) = (| fr—gz|’,|fer—gz ")+ fy—gy .| fy—gyl’)

(- gria-Tn) (- Tri -t

TP
= Ter (@ +yP, 2P +yP).

Therefore,

d(fx, fy) < z = [d(fz, g2) + d(fy, 9y)] =
Case-II If 2,y € [5, 1], then

?; [d(fx, gz) + d(fy, gy)]-

P

d(fz, fy) = 15 @ +yP P +yP)
2P 5P
= iy @ Hyn At 4yl
and,
5p
d(fz, gz) +d(fy, gy) = 155 (@ + 9P 2" +y7).
Therefore,

A(fe. f) % 2 [0, 92) + d(Fy. g9)]
Case-IIT If z € [0, 1) and y € [$,1], then
d(fz, fy) = ([ fe—fyl’.| fz—fyl?)
_ z P Yo
- (‘*_*| |16 12 )

< 2 ()7 + (35" (g0 + (55))

16
20 ( bx oY.p O Y \p
= 2 (G o Br)
2P Tx 5 Tx 5
< S (GorCorGr+ ).
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Also,
d(fx,gz) + d(fy, gy)

(| fe—gz || fo—gz )+ (| fy—gy I”,| fy—gy )
(‘E,EVD |£,f|p>+<|£fg|p ‘E,QVD)
16 2'’"16 2 12 27112 2

(G + G Gor+ ).

Therefore,

A(fr. 1) % 2 [d(F2,97) + d(7y,99)]

Thus, we have
d(fx, fy) < ?7 [d(fx, gx) + d(fy, gy)]

for all 7,y € X, where a+sb= (1+ )% < 2s.2 =2°.2 = & < 1since s =271,
We see that f(X) C ¢g(X), g(X) is complete, f and g are weakly compatible.
Therefore, all the conditions of Theorem 4.5 are satisfied and 0 € X is the unique
common fixed point of f and g.

Example 4.11. Let X = {1,2,3}, E =R? P = {(x,y) : # > 0,y > 0}. Define
d: X xX — Pbydxy) = dy,x) for all z,y € X, d(z,z) = 0,z € X and
d(1,2) = (8,8), d(2,3) =d(1,3) = (2,2). We observe that

d(1,2) = (8,8) 2d(1,3) +d(3,2) = (2,2) +(2,2) = (4,4).
This shows that the triangle inequality does not hold true and so (X,d) is not a

cone metric space. It is easy to verify that (X, d) is a cone b-metric space with the
coefficient s = 2. Let us define f,g: X — X as

fe=3, forallz e X
and
gr = 3, forxze{l,3}
= 1, forz=2.
Then for every x,y € X one has

d(fz, fy) 2 ad(fz,gy) + bd(fy, gx)

for all a, b > 0.

We see that f(X) C ¢g(X), f(X) is complete, f and g are weakly compatible.
Therefore, all the conditions of Theorem 4.7 are satisfied and 3 € X is the unique
common fixed point of f and g.
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ABSTRACT. In this present article, we consider the generalized equilibria accompanied
with certain multi-objective multifunctions. This class unifies numbers of problems sur-
faced in the area of optimization including the well-known mixed equilibrium problems.
Some theorems are adopted, under the conventional assumptions of continuity, convexity,
and coercivity on the objective functions, guaranteeing that these functions enjoy the ex-
istence of such equilibria. The consequences of this generalized class are of course studied
and presented as well.

KEYWORDS : Generalized equilibrium, multiobjective optimization, set-valued optimiza-
tion
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1. INTRODUCTION

The theory of optimization has always been an important subject as it evolved
through its history. Amongst the developments in this area, the formulation of an
equilibrium problem is one of the most prominent and promising advance which
provides a unification to the classical approaches of variational inequalities, fixed
point theory, saddle point theory, and several more optimization problems. More-
over, it has been a wealthy source for solving the problems frequently appeared in
economics, management science, engineering, etc. The term equilibrium problem
was coined by Blum and Oettli [1]. However, it was first discussed decades before
by Fan [2, 3], under the influences of the minimax problems in economics. The
study of equilibrium theory has then been a heavily investigated area, and it has
been extended in various aspects and directions (see e.g., [1-9]).

*Corresponding author.
Email address : parin.cha@mail.kmutt.ac.th(Parin Chaipunya), poom.kum@kmutt.ac.th(Poom Kumam).
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After the blossom of the scalar optimization theory, the vector cases were subse-
quently introduced. These extensions are admired for their capabilities implanted
in multi-objective optimization programming. The initiation of the vector equilibria
is motivated by the foundation of the vector variational inequalities introduced by
Giannessi [10] in finite-dimensional Euclidean spaces. The enhanced versions where
the objective functions take their values in arbitrary topological vector spaces were
also inaugurated in [11]. As for the equilibrium problems, the vectorial variants
were also conprehensively studied in [12-17].

On the other hand, the combinations between two kinds of optimization prob-
lems were introduced and studied. Typical important problems in this area are the
mixed variational inequalities, which is notable for their distinguishing applications
in engineering (see e.g., [18-20]). Due to the impact and utilities of mixed varia-
tional inequalities, several notions of mixed equilibria are then adopted in [27-29].
Although lots of numerical and computational techniques have been invented to
approximate the solutions of mixed equilibrium problems (for examples, [30-37]),
only a relatively small amount of qualitative results are known.

To enrich the theory of mixed equilibrium problems, we contemplate a class
of generalized set-valued equilibrium problems, where various classes of the mixed
equilibrium problems are determined to be embedded. This new class examines
the situation where the objective functions are vectorial and multivalued in fash-
ion. A qualitative study providing some sufficient conditions which guarantee the
solvability of this class, including its significant consequences, is also conducted and
employed.

The paper is organized in the following way: In section 2, we give a recollection
of some background definitions and properties which are useful in our main results,
and also introduce the class of generalized equilibrium problem we are interested to
study. In section 3, we state and prove our main results providing the validity con-
ditions for the problems suggested in preceding section. The consequential remarks
are afterward given and studied.

2. Preliminaries

Suppose that E is a topological vector space and Y C FE being nonempty. A
problem of finding a point T € Y with

f(Z,y) >0, YyeY,

where f: Y XY — R, seems to be a fertile area for mathematicians over the past
years. This problem is known today as the equilibrium problem and the point Z is
referred to as an equilibrium. The very first existence theorems for solutions to this
problem were introduced in [1, 3, 38] through the usages of continuity, convexity,
monotonicity and compactness.

To realize the vectorial formulation, recall that a nonempty subset C' C F is said
to be a cone if A\C C C for A > 0. If C + C C C holds, then the cone C' is called
convex. By C°, we means the interiors of C. There should be no ambiguity to
denote the zero element of any involved vector space by . A cone C is said to be
pointed if C' N —C = {#} and is said to be solid if C° # ().

With the perception of cones, we can define two partial ordering < and < on F
by

{ xRy &= y—zecC,

Ty < y—x€C°.



ON THE SOLVABILITY OF GENERALIZED SET-VALUED EQUILIBRIUM PROBLEMS 15

For instance, let f : Y x Y — L a function valued in another topological vector
space L with a cone C C L. A point Z € Y is said to be a weak equilibrium
(equilibrium) of f if

f(@,y) ¢ =C° (=C\{0}), VyeY.

Under many circumstances, a single action might bring more than one feasible
outcomes at a time. This is where the powerful concept of multifunctions gets
in. By the term multifunction, we shall refer to the function F' : A — 28 with
nonempty values (it is to be understood that A, B are any nonempty sets). In
this context, we shall write F' : A = B instead. We are now consider the multi-

objective multifunctions, which will be used mainly in this work: Suppose now that
F.G:Y xY = L. The point T € Y such that

Fly,7) - G(z,y) £ C° (C\{0}), VyeY (GEP)

is called a generalized weak equilibrium (generalized equilibrum) for F and G. This
class of problem contains many important special cases as one shall see as we proceed
further.

On the contrary, the KKM theory has been an astonishing area as it provides a
key tool in nonlinear analysis and optimization (see e.g. [7, 15, 39—41]). Recall that
a multifunction T : Y =3 L is said to be a KKM if

co(4) € |J T(y),
yeA

for all A € (Y), where co(A) denotes the convex hull of A and (A) denotes the
family of all finite subsets of Y. The celebrated lemma of Fan [2] asserts that
if a KKM multifunction possesses a compact value at some point zo € Y, then
Neey T(x) # 0.

A replacement for the above compactness of T'(xg) is a favor for many nonlinear
analysts. In [42], the following coercivity conditions were introduced:

Definition 2.1 ([42]). Suppose that T': ¥ =% L a multifunction. A family {(C;, K;) }ier
is said to be coercing for T' if the following properties are satisfied:
(C1) for each i € I, C; C K for some compact convex set K C Y and K; C L is
compact;
(C2) for each i,j € I, there exists k € I such that

C; U Cj C C/C;
(C3) for each i € I, there exists k € I with

() T(x) C K.
z€Cy,
The following KKM principle was subsequently proposed, which shows the above
coercing conditions successfully overcome the necessity of the compactness of T'(xg).

Lemma 2.2 ([42]). Let E be a topological vector space, K C E be nonempty and
convex, and X C K be nonempty. Suppose that T : X = K is a KKM multifunction
with compactly closed values (w.r.t. Y) at each z € X. If T admits a coercing
family, then (", oy T'(z) # 0.

Most existence results for any general class of an equilibrium imposed some
kinds of continuity, monotonicity, convexity, and coercivity upon the objective
(multi)functions. The rest of this section is thus devoted to recall some background
definitions and properties which will be applied to the multifunctions F' and G in
(GEP).
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Definition 2.3. A multifunction T : Y = L is said to be C-lower semi-continuous if
for any point y € Y and any neighbourhood V of T'(y), there exists a neighbourhood
U CY of y such that T(U) C V + C. Moreover, T is said to be C-upper semi-
continuous if —7" is C-lower semi-continuous.

It is proved in [43] that the following conditions characterize each others:

(i) T is C-lower semi-continuous;
(ii) for each e € L, the set

T~ (e+C°) ¥z e E;T(x)N(e+C°) £ 0}
is open;
(iii) for each z € F and each e € C°, there exists a neighbourhood U of z such
that

TU)CT(z)—e+C°.
Definition 2.4. A multifunction F': Y x Y = F is said to be C-monotone if
F(z,y) + F(y,x) c =C, forallz,y €Y.

Definition 2.5. Suppose that K is nonempty and convex, a multifunction F' : K = L
is said to be C-convex if

where for each i € {1,2,--- ,n}, z; €Y, \; >0and Y | \; = 1. In addition, F is
C-concave if —F' is C-convex.

3. Main results

Here, we shall consider the conditions under which the solvability is possible for
the problem (GEP). The section is organized into the sequence of problems known
throughout the literature in terms the generalized vector equilibria. Note that some
problems can be seen explicitly, while some are not.

3.1. Generalized equilibria.

Theorem 3.1. Let E, L be two topological vector spaces, K C E a nonempty closed
convex set and C' C L a pointed closed convex cone. Suppose that F,G : K xK = L
are two multifunctions with the following properties:

(H1) F is C-monotone;

(H2) 0 € F(z,2) NG(z,z) for all x € K;

(H3) F(z,-) is C-lower semi-continuous and F(-,y) is C-concave;

(H4) G(-,y) is C-upper semi-continuous and G(z,-) is C-convex;

(H5) there exists a collection {(C;, K;)}ier sat1sfy1ng (C1), (C2) and for each
i € I, there exists k € I with {z € K ; F(y,z) — G(z,y) ¢ C°, Vy € C} C
K;.

Then, F' and G possess at least one generalized weak equilibrium.

As for the proof, we shall consider this theorem through the following sequence
of lemmas.

Lemma 3.2. The multifunction
def o
H(y) = {r € K; F(y,x) — G(z,y) ¢ C°}

has closed values at each y € K.
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Proof. Suppose that y € K and (x,,) C H(y) with z,, — 2. Assume that x & H(y).
Thus, it follows from (H3) and (H4) that

F(y,n) — G(zn,y) C F(y,z2)— G(z,y) —2d+C°

c —2d+C°,
for all d € C°. For each m € N, =d € C°. Hence, F(y,z,) — G(z,,y) C
Nimen(—2d+ C°) = C°. This yields a contradiction. O O

Lemma 3.3. H is a KKM multifunction.

Proof. Let A % {yj; j € J} € (K) and z € co(A). Thus, z can be expressed by

Z=73 ey Ay with A; > 0and 37, ; A; = 1. Assume that H is not KKM so that
z ¢ Ujes H(y;). 1t means that
() (F(y;.2) = G(z,y;)) € C°.
jeJ
From (H3) and (H4), we may deduce that
0 € F(z,2) CY ey (Y, 2) +C,
{ 0€G(z,2) CY ey MG(zur) — C.
We subsequently have
0€F(z,2)—G(2,2) C Y _[Fyr,z) — G(z,yx)] + C C C°+ C C C°,
keJ

which leads to a contradiction (otherwise the cone cannot be pointed). 0O O
Lemma 3.4. For each ¢ € I, we can find k£ € I with
(] H(y) C K.
yeCi

Proof. The desired result follows immediately from (H5). O O
With the lemmas above, we may obtain a simple proof of Theorem 3.1.

of Theorem 3.1. Since E is Hausdorff, Lemma 3.2 implies that H has compactly
closed values for each y € K. Now, from Lemmas 3.3, 3.4 and 2.2, resp., we have

() H) #0.

yeK

Take any 7 € [, ¢, H(y), it follows directly that 7 is a generalized weak equilibrium
for F' and G. g (]

As initial consequences, we might consider the following corollaries.

Corollary 3.5. Let E, L be two topological vector spaces, K C E a nonempty closed
convex set and C' C L a pointed closed convex cone. Suppose that G: K x K = L
is a multifunction with the following properties:
(1) 0 € G(z,x) for all x € K;
(2) G(-,y) is C-upper semi-continuous and G(z,-) is C-convex;
(3) there exists a collection {(C;, K;)}ier satisfying (C1), (C2) and for each
i € I, there exists k € I with

{.’E € Kv G(x7y) ¢ _Cov Vy € Ck} C K;.
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Then, there exists a point T € K with
G(z,y) ¢ —C°, foralyeY.
Proof. Consider Theorem 3.1 as F' = 6. O O

Corollary 3.6. Let F/, L be two topological vector spaces, K C E a nonempty closed
convex set and C' C L a pointed closed convex cone. Suppose that the multifunction
H : K x K = L possesses the following properties:
(1) H(z,-) is C-upper semi-continuous and C-concave;
(2) and H(-,y) is C-lower semi-continuous and C-convex;
(3) there exists a collection {(C;, K;)}ier satisfying (C1), (C2) and for each
i € I, there exists k € I with

{r € K; H(y,x) — H(z,y) ¢ —C°, ¥y € C} C K;.
Then, there exists a point & € K with
H(y,z) - H(Z,y) ¢ —C°, forallyeY.

Proof. Define a multifunction

G(x,y) = H(y,z) — H(z,y).

Then, 0 € G(x,z) for all x € K, G(-,y) is C-upper semi-continuous and G(z,-) is
C-convex. Apply Corollary 3.5 to complete the proof. O O

3.2. Strong solutions. According to Theorem 3.1, we shall give a supplementary
assumption to assure the existence of a generalized weak equilibrium.

Coroll~ary 3.7. In addition to Theorem 3.1, if there exists a pointed closed convex
cone C' C L with C'\ {6} C C°, then F and G possess at least one 2-equilibrium.

Proof. With this assumption, we can replace the cone C' in Theorem 3.1 with C
and still obtain the result that

Fy,2) - Gla,y) ¢ C°.
Since C'\ {0} c C°, we have
Fy,x) = G(z,y) £ C\ {0} m
O

Corollgry 3.8. In addition to Theorem 3.5, if there exists a pointed closed convex
cone C C L with C'\ {6} C C°, then F and G possesses at least one generalized
equilibrium.

Proof. As in the previous corollary, set F' = 6. O O

3.3. Saddle points. We have mentioned in the earlier section the problem of finding
a saddle point. For instance, let F1, Fs, L be three topological vector spaces and
K1, K5 be two nonempty closed convex subsets of Fq and Fs, respectively. Suppose
that C' C L is a pointed closed convex cone. Now, consider the multifunction
F: Ky xKy= L. A point (T1,T2) € K7 x K3 is called a weak saddle point (strong
saddle point) if

F(y1,72) — F(T1,y2) ¢ —C°(=C\{0}), forall (y1,y2) € K1 x Ka.
Theorem 3.9. Let F4, E5, L be three topological vector spaces, K1, Ko two nonempty

closed convex subsets of Fy, Es, resp., C C L a pointed closed convex cone. Suppose
that ' : K; x Ko = L is a multifunction with the following properties:
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(i) F(z,-)is C-upper semi-continuous and C-concave;
(ii) F(-,y) is C-lower semi-continuous and C-convex;
(iii) there exists a collection {(C;, K;)}ier satisfying (C1), (C2) and for each
1 € I, there exists k € I with

{z € K; Fy1,22) — Fz1,y2) € —C° VY(y1,52) € Ci} C K;.
Then, F possesses at least one (K71, K3)-weak saddle point.

Proof. Set K %f K 1 X K5. We may see that K is closed and convex. Consider the
multifunction

def
G(z,y) = F(y1,22) — F(21,92).
It is easy to verify that 0 € G(x,x) for all x € Ky x Ks, G(x,-) is C-convex and
G(,y) is C-upper semi-continuous. By Corollary 3.5, G has a weak equilibrium

T = (¥1,%2) € K which is in turn a weak equilibrium of G and is in turn a (K5, K»3)-
weak saddle point of F. O O

Coroll~ary 3.10. In addition to Theorem 3.9, if there exists a pointed closed convex
cone C C L with C'\ {8} C C°, then F possesses at least one saddle point.

Proof. Combine the proofs of Corollary 3.8 and Theorem 3.9. O O

3.4. Non-cooperative game equilibrium. Let I = {1,2,--- ,n} (n € N) denotes the
set of players. To each player i € I, we assign a set K; of strategies with K; being
nonempty, closed and convex in some topological vector space F;. Suppose that L is
a topological vector space with a pointed closed convex cone C. A loss multifunction
for each player i is the function F; : K = [[,o; K; = L. For x = (%;)icr € K, we
write o~ %y; def (T1,@a, + ,Ti—1,Yi, Tit1, " ,Ty), Wwhere y; € K.

A point T = (Z;);cr € K is said to be a weak non-cooperative game equilibrium
(strong non-cooperative game equilibrium) if for each i € I,

F (' y) — Fi(@) ¢ —C°, forally = (y;)ier € K.

Theorem 3.11. Let (E;);cr be a sequence of topological vector spaces, (K;) a se-
quence of nonempty closed convex sets with K; C E;. Suppose that for each i € I,
F;: K = [][,c; Ki = L, where L is a topological vector space with a pointed closed
convex cone C. Also assume that the following properties hold for each i € I:
(N1) F; is C-continuous, i.e., F; is both C-upper and C-lower semi-continuous;
(N2) at each i € I, F;(2~¢|") is C-convex;
(N3) there exists a collection {(C},Q;)}jes, where for each j € J, C;,Q; C

ol [Lic; Ei, satistying (C1), (C2) and for each j € J, there exists k € J
with
{(wi)icr € K3 Y _[Fi(e™"|yi) — Fi(2)] ¢ —C°, Y(i)ier € Cr} C Q-

il
Then, the sequence (F;);cs has at least one weak non-cooperative game equilibrium.

Proof. Define a multifunction G : K x K = L by
def —q
G(z,y) T Y [F(x " ly:) — Fi(x)].
icl
It is clear that 6 € G(z,x) for all x € K, G(z,-) is C-convex and G(-,y) is C-
lower semi-continuous. Applying Corollary 3.5, we obtain the existence of a weak



20 J. NONLINEAR ANAL. OPTIM. VOL. 9(1) (2018)

equilibrium of H, which is in turn a weak equilibrium of G. That is, there exists a
point T = (i‘\i)iel € K with
Y IRGE ) - F@)] ¢ —C°, Yy = (y)ic1 € K.
iel
For each ¢ € I, we may take y € K such that y; = Z; for all ¢ € I'\ {{} into account
and conclude that
Fo(z™ |ye) — Fu(@) ¢ —=C°, Yy € Ky. O
O

Corollgry 3.12. In addition to Theorem 3.11, if there exists a pointed closed convex
cone C C L with C'\ {0} C C°, then the sequence (F;);c; has at least one non-
cooperative game equilibrium.

Proof. Combine the proof of Corollary 3.8 and Theorem 3.11. (] g

3.5. Mixed equilibrium problems. There are several classes of different mixed equi-
librium problems and generalized mixed equilibrium problems. However, in this
paper, we shall consider only on the major ones.

According to the problem (GEP), we may consider this as a mixture of two
multifunctions F' and G, with F(z,y) = ff'(y,x) for some F : Y x Y = L such
that 6 € F(z,z) for all z € Y. Then, (GEP) can be rewritten as the problem of
finding * € Y such that

F(§7y)+G(§ay) ¢7Co’ VyEY
In other words, the problem (GEP) conveys the mixed equilibrium problemsas it
includes the two set-valued equilibrium problems corresponded to F and G, re-
spectively. Thus, if Fis (—=C)-monotone, F (-,y) is C-upper semi-continuous, and
F (z,-) is C-convex, then it follows from Theorem 3 that this mixed equilibrium
problem has a solution.

The next theorem overcome the situation when the function F is not valid.

Theorem 3.13. In addition to Theorem 3.1, assume further that
(M1) F(z,-) is C-convex;
(M2) for each fixed z,y € K, the multifunction
tef0,1]— F(ty + (1 —t)z,y)
is C-upper semi-continuous at t = 0;
(M3) there is a solution Z € K of the problem (GEP) that admits an absolute
exclusion, i.e.,
F(y,z) - G(z,y) CL\C°, VyeK.
Then, T also solves the following problem:
F(z,y)+G(z,y) ¢ —C°, forallye K.
Proof. We first define two multifunctions F’, G’ : K x K = L such that

e F(x,y), ifz , e G(zx,y), ifzx ,
F () % (z,y) #y and oy (z,y) #y
{6}, otherwise, {6}, otherwise.
It is clear that F and G’ preserves the C-convexity, C-semi continuity, and C-
monotonicity of F' and G, respectively. For t € [0,1] and y € K, we write

2 Lty 4+ (1- 1)z
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From the C-convexity of F'(z,-) and G'(z,-), we have

0 €tF (x,y) + (1 —t)F'(2,2) — C,
0e(l-t)G (,y)— (1 -G (Z,x:) — C.

Consequently, we have
0 € tF (we,y) + (1= )[F'(20,7) — G'(@, )] + (1 = )tG'(3,y) - C.

We now claim that tF'(xs,y) + (1 — t)tG'(Z,y) ¢ —C°. Otherwise, if we suppose
to the contrary, it follows that for some £ € tF'(xy,y) + (1 — )tG'(Z,y) and & €
(1 =8)[F' (x4, %) — G'(T,x4)], we have

bec+¢ —-Ccg—-c°e—-Cccg-ce.

Hence, it is the case that & € C°, which contradicts (M3). So we have proved our
claim. For t # 0, we further obtain that

tF (21, ) + (1 DIC (3,y) ¢ —C°. (3.1)
Define a multifunction H : [0,1] = L by

def

H(t)'= F'(zey) + (1= )G (@,y), Vte[0,1].

We may see from (M2) that H is C-upper semi-continuous at ¢ = 0.

Let us now verify that H(0) ¢ —C®°, since if it is so, the combination with the
fact that F'(Z,y) + G'(Z,y) C F(Z,y) + G(Z,y) will eventually implies our desired
result. Assume to the contrary that H(0) C —C°. Thus, we may find an open set
N with H(0) C N C —C°, which immediately give

N-Cc-C°-Cc-C°.
Since H is C-upper semi-continuous, we can find an open set P C R such that
H(PNI[0,1))c N-C C —-C".

Taking any t € PN (0, 1], we have from the above inclusion that H(t) C —C°. This
contradicts with (3.1), and so this proves the theorem. O O

Conclusion

We close this paper with recalling that a new class of generalized equilibrium
problems is formulated. It turns out that many esteemed problems in optimization
are included and unified. Explicit and implicit consequences are also deduced and
studied. Ultimately and most importantly, our results enlarge the validity support
of the approximation models for several generalized equilibrium problems.
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ABSTRACT. The study of coupled fixed points of nonlinear operators, which was intro-
duced about three decades ago, got a boost in 2006 when Bhaskar and Lakshmikantham
(2006) studied the coupled fixed points of some contractive maps in partially ordered
metric spaces and applied it to solve some first order ordinary differential equations with
periodic boundary problems. Since then, coupled fixed points theorems have been proved
by several authors for certain contractive maps in both partially ordered and cone metric
spaces. The study of coupled fixed point, previously limited to quasi-contractive maps, was
recently extended to asymptotically nonexpansive mappings in uniformly convex Banach
spaces by Olaoluwa, Olaleru and Chang (2013). In this paper, their results (demiclosed
principle and existence result) are extended to asymptotically nonexpansive maps in the
intermediate sense in a wider class of spaces. The study naturally opens up new areas
of research on the study of coupled fixed points of different classes of pseudocontractive
maps.

KEYWORDS : Coupled fixed point; Asymptotically nonexpansive; Uniformly convex Ba-
nach spaces.
AMS Subject Classification: 47H10, 47TH09

1. INTRODUCTION

The notion of coupled fixed point was introduced by Guo and Lakshmikantham
[13] in 1987. Of recent, Gnana-Bhaskar and Lakshmikantham [2] introduced the
concept of mixed monotone property for contractive operators of the form F' :
X x X — X satisfying

d(F(z,y), F(u,v)) < Jd(z,u) +d(y,v)], k <1,

N |

where (X, d) is a partially ordered metric space. Their results encompassed some
coupled fixed point theorems and their applications to proving the existence and
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uniqueness of the solution for a periodic boundary value problem. Ever since, many
authors have established many results on coupled fixed points of quasi-contractive
maps in different contexts and spaces (see e.g. [9], [19], [1], [L6])-
Results on fixed points of nonexpansive mappings and pseudocontractive mappings
abound in literature. The mean ergodic theorem for contractions in uniformly con-
vex Banach spaces was proved in [3] while the authors in [4] introduced the convex
approximation property of a space, proved that contractions satisfy an inequality
analogue to the Zarantonello inequality (see [22]) and then studied the asymptotic
behavior of contractions.
Given a nonempty subset K of a real linear normed space X, a self-mapping
T : K — K is said to be nonexpansive if the inequality |7z —Ty|| < |z —y|| holds
for all z,y € K. Many more general classes of mappings have been considered,
including the class of asymptotically nonexpansive mappings introduced by Goebel
and Kirk [12], defined by the relation |77z — T"y|| < knllz —y|| Vn > 1 Vz,y € K,
where the sequence {k,} C [1,00) converges to 1 as n — oco. Bruck, Kuczumow
and Reich [5] introduced the definition of an asymptotically nonexpansive mapping
in the intermediate sense (which is more general than an asymptotically nonexpan-
sive map) as a continuous mapping T : K — K such that

limsup sup (||[T"x —T"y|| — |l —y|) <0 (1.1)

n—oo z,yeK
for any bounded subset K € C. It has been proved by Kirk [15] that asymptoti-
cally nonexpansive mappings in the intermediate sense in a nonempty closed convex
bounded subset of a space with characteristic of convexity €y(X) less than one, have
a fixed point.

Recall that the modulus of convexity of X is the function ¢ : [0,2] — [0, 1] defined
by

. 1
(0 =int {1 3lle+ul 0y € X, ol Iyl <1, ool > ef

and the number e3(X) = sup{e : d(¢) = 0} is called the characteristic of convex-
ity of X [11]. Spaces with characteristic of convexity less than one (eo(X) < 1)
are known to be uniformly non-square (see [11]) hence reflexive [14]. Also if X is
uniformly convex [8] if d(e) > 0 whenever € > 0; hence €(X) = 0. Thus spaces
with characteristic of convexity less than one, are a super-class of uniformly convex
spaces.

Yang et al. [21] proved the demiclosedness principle for the same class of asymp-
totically nonexpansive mappings in the intermediate sense using Lemma 2.2 given
in [106].

Recently, Olaoluwa et al. [18] extended —for the first time— the theory of cou-
pled fixed points to pseudo-contractive-type mappings defined on a product space
(algebraic product) by defining asymptotically nonexpansive maps in the context,
and studying their asymptotic behaviour, the demiclosedness property and the con-
ditions of existence of their coupled fixed points. Our interest and main purpose is
to extend their results to asymptotically nonexpansive mappings in the intermedi-
ate sense defined in a product space.

We now recall the definitions, in product spaces, of nonexpansive maps and asymp-
totically nonexpansive maps as introduced by Olaoluwa et al. [18] and introduce in
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the same context, asymptotically nonexpansive mappings in the intermediate sense.

Let K be a nonempty bounded subet of a real normed linear space X.

Definition 1.1. [18] A mapping T : K x K — K is said to be nonexpansive if

1T (2, y) = T(uw, )|l < Slllz = ull + ly = vll] Va,y,u,v € X. (1.2)

N =

Definition 1.2. [18] A mapping T : K x K — K is said to be asymptotically
nonexpansive if there exists a sequence {k,} C [1,00) with lim,,_ . k, = 1 such
that

kn
17" (2, y) = T"(w,0)[| < S llle —ul +lly - ol Vn 21 V2, y,u,v € X, (1.3)

where the sequence {T"} is defined as follows:

To(x7y) =T
{ T4 (2, y) = T(T™(z,y), T"(y,x)) n > 0. (1.4)

The following definition is introduced as an extension of asymptotically nonex-
pansive mappings in the intermediate sense in product spaces:

Definition 1.3. T : K x K — K is said to be asymptotically nonexpansive in the
intermediate sense if it is continuous and the following inequality holds:
limsup sup (|77 (z,5) — T"(u,0)| — llo —ull — Jy— o) <0 (L5)
n—oo z,yeK
Remark 1.4. The sequence {T™(z,y)} can be written as the sequence {z,} defined
(see [1]) as follows:
To =5 Yo=Y
Tp+1 = T(xruyn)a n 2 0 (16)
Yn+1 = T(yn,l’n), n > 0.

2. Demiclosedness principle

In [7], Chang et al. recalled the definition the definition of demi-closed maps at
the origin as follows:

Definition 2.1. [7] Let X be a real Banach space and K be a closed subset of X. A
mapping T : K — K is said to be demi-closed at the origin if, for any sequence
{z,} in K, the conditions x,, — ¢ weakly and Tz,, — 0 strongly, imply T'q¢ = 0.

The definition of demi-closed mappings in product spaces can be proposed from
the previous definition as follows:

Definition 2.2. [18] Let X be a real Banach space and K be a closed subset of K.
A mapping T : K x K — K is said to be demi-closed at the origin if, for any
sequence {(Z,,y,)} in K x K, the conditions x, — q1, yn —> ¢2 weakly and
F(zn,yn) — 0, F(yn, ) — 0 strongly imply F(q1,q2) = F(g2,q1) = 0.

In order to establish the demiclosedness principle for asymptotically nonexpan-
sive mappings in the intermediate sense defined in a product space, it is important
to estimate the difference between T* (327 | Ai(zi,y:)) and Y1 N T*(x;,y;) for
Ae A (z1,11), s (T, yn) € K x K and k > 1.

Here A" 1 = {XA= (A, -~ ,Ay): \; >0and >I" | A\; = 1}. The following lemmas
are useful.
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Lemma 2.3. Let E be a uniformly convex Banach space and K be a nonempty
closed bounded convex subset of E. For € > 0, there exists an integer N, > 1 and
d2,c > 0 such that if £ > N, x1,22,y1,y2 € K and

oy — z2ll + llyr = ol = 21T (21,51) — TH(22,92)|| < b2.c,
then
IT* (A1 (21, 51) + Ao (22, 92)) = MT (@1, 91) = A T* (@2, 92)[| < €
for all A = (A1, A2) € AL

Proof. Let § be the modulus of uniform convexity of X and define d : R™ — R*
by

1t
5/ d(s)ds, 0<t<?2
dpy =4 "7
1
d2) + 55(2)(t -2), t>2.
It is well known (e.g. see [3],[10]) that d is strictly increasing, continuous, convex,

satisfying d(0) = 0 and
2)\1)\2d(||u—v||) <1- ||)\1u+)\2v|| (2.1)
for all A = (A1, A2) € Al, and u,v € X such that [Jul| <1 and [jv] < 1.
D e
For € > 0, choose 7, > 0 and —~d~! e
2 Dy

(1.5), there exists an integer N, > 1 (depending on K) such that if k > N,

) < € and put 3 = min{n., Dx}. By

2||Tk(;c,y) — Tk(u,v)H — |l —ul| = |ly — v|| < d2, for all x,y,u,v € K.
Let k > N, and let (z1,y1), (22,y2) € K x K with
21 — zall + llyr — w2l = 2T (21, 51) — T*(22,52)|| < b2

It suffices to show Lemma 2.3 in the case of 0 < A\, Ay < 1. Put

=2 [Tk($2ay2) - T\ (z1,01) + >\2(9027y2))]
A(llz1 — 22| + [[yr — yall + 62,)

and

v =2 |:Tk()‘1(xlay1) + Xo(22,92)) — Tk@h?h)]
A2 ([|z1 — 22| + |ly1 — yall + d2,¢) '

We have |lu]| <1, ||v|| <1 and

Tk($2,y2) —Tk(xl,yl) }
MU+ v = 2 . 2.2
' ? {931 — 2ol + lly1 — w2l + 02, (22)
Since 1 — v — 2 {MTk(ﬂ?h Y1) + X T (22, y2) — TF (A (21, 91) + Aa(a, y2)):| and
MAz([lz1 — 22| + [ly1 — y2l| + d2,¢)

1 1 1
7)\1)\2(”‘%1 — LL'QH + ||y1 — y2|| +(5276) < —- *(2DK +DK) < 1, we have by (2.1)
DK DK 4
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and (2.2) that

2
d (1)1( H/\1Tk($17y1) + )\2Tk<{1;27y2) — Tk()\l(l'l,yl) + )\2(.’1]2,y2))||>

1
< poAde (llon = 22l + [y = yoll + 62.¢) d(flu — vl])
K

T (z9,y2)—T" (z1,
< DilK)\l)\Q(Hxl — 2| + [ly1 — w2l + 02,e) - 2)\})\2 {1 - 2Nwl_(g;z”yj)uyl_;:ﬁfgl?)’ﬂe}
1

= o5z = z2ll + ly1 — w2l = 201T* (22, y2) — T*(21, 1)l + d2,0)
2Dk

202.c _ 026 o Me

< .
— 2Dk D = Dg

d(t)

Here we have used the fact that ¢ — == is strictly increasing; t; < to = d(ttll) <

M) with ty = 2 [\ T (@1, 51) + AT (w2, y2) — T*(Ai (21, 1) + Ao (22, 52))|| and
to = ||lu—wv].
Consequently, from the choice of 7., we obtain

D
1T O (1, )+ a2 y2)) =M T 1, y1) =AeT (. o) | < 7 (B ) < O

Lemma 2.4. Let E be a uniformly convex Banach space and K be a nonempty
closed bounded convex subset of E. For each € > 0 and each integer n > 2, there
exists an integer N, > 1 and 0, > 0 (where N, is independent of n) such that if
k> Néa (‘Tlayl)a ($2,y2), R (xnayn) € K x K and if

i — 25l + llyi — yill = 201T% (i, vi) — TH(xj,95) || < Gne

for 1 <i,5 <mn, then

Tk (i: i, yi)> - i NT* (4, i)
=1 =1

for all A = (A1, Aa, ..., \,) € A™7L

<€

Proof. Let € > 0 and let n > 2 be an arbitrary integer. Choose an integer N, > 1
in Lemma 2.3. We shall construct 4, (n = 2,3,...) inductively. Let d2, be
as in Lemma 2.3. Suppose that all J,. are constructed for ¢ = 2,3,...,p. Let
¢ =min{150 ¢, 5} and put 6,41 = min{dy ., €'}.

Let A € AP, (z1,y1), .-, (Tpy1,Yps1) € K x K, k> N, and

i = 25l + lys = w5l = 207" (s, 93) = T* (25, 95)l < Opsr.e

for 1 <i,j5<p+1.
The case Ap+1 = 1 1is trivial and so we assume Ap41 # 1. Put for j =1,2,...,p and
i=1,2,...,p+1,

Ui\ 4 zj Tpp1 . Aj
( ,Uj >_(1 )‘P+1)< y] >+/\P+1( yp-‘,—l )7 /’(‘J 17}\p+17

;) z; b . ) T(zi,y;)
AT e (50w (1) (2 ).
( vj ) ( pH)( Yj > pH( Ypir ) Yi T(yi, i)

~o

We have:
p+1 . p ws p+1 2z p o
— Yi — ' — Y; ! j
7 Vi K3 J
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Therefore:

HTk (Zf:ll Az(%ﬂz)) - Zf;l )‘iTk(xiayi)

= HTk (23?:1 Mj(uj’vj)) -2y

< | (0 ma ) ) = S0y T g 0)| + S0, sl T (g, 07) = ).
(2.3)

Since [|lz; — zp11ll + [1y; — Ypr1ll = 20T (25, 95) — T*(@pr1, Ypr)| < Op,e < d2.er,
we have by Lemma 2.3:

Juf — T*(uj,vy)|| = ”(1; Ap+ )T (g, 05) + Ap a1 T (uj,v5)
=TP((1 = Ap1)(25,95) + Apr1(@pt1, Y1)l
< €,
[0 = T*(vj,u5)l = ||(1k— Aot )T (v, u5) + Apa TF (v, uy)
=T ((1 - /\p+1)(yj7$j) + >‘p+1(yp+1>xp+1))”
< €,
lwj —will + llv; — vl = lluf = wll = [[v; — v

= (1= Xps1) {llzg — il + Nlyy — will = 1T* (25, 5) — T (o, )|

=1 T*(y;, 5) — T*(yi, 1) ||}

(1 Ay 4 s = il 4l = wll = 207 (25 95) = T, )
p+ 9

o My =gl 4l = 2l = 20T (g, 25) = Ty )| }
2

1) e O .
<= ap) {22 4 2 (1ot <

2
forall 1 <j,1<p.
Therefore we obtain by the triangle inequality:

g — wi|| + vy — orl] = 1 T*(uz, v5) = TF(ug, v0) | = [|T% (v, u5) = TF (v, w) |
< g —wll + flvg — vl = [Juf — wil| = [0} — v
+uf = TH(ug, v5) || + [Juj — T (g, vr) |

o = T*(vj,us) || + llv] — T (v, w)|

IN

! 1
He S 5617

€
’2
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for 1 < 4,1 < p. Since

u; — wll + [lv; — vl = 1T%(uz, v5) = TF(ug, v0) | = 175 (v, u5) = TF (v, w) |
= 3 {lluj — wll + [lv; — vl = 2/|T*(uj, v;) = T*(u, v0)| }
+3 {llv; —ull + lluy — wll = 2|T*(vy,u;) — T*(vi, w)|| }

1
< 551775’
then [Ju; — w| + [Jv; — vl = 21T (uj,v;) — T*(ug, v))|| < 6 .. Thus by inductive

assumption and (2.3), the desired conclusion holds. O

The following Lemma shows that the positive number d,, . in Lemma 2.4 can be
chosen independently of n.

Lemma 2.5. Let E be a uniformly convex Banach space, K be a nonempty closed
bounded convex subset of E. For every ¢ > 0 and every integer n > 2, there exist
an integer N > 1 and . > 0 (where both N, and J. are independent of n) such
that if & > N, (z1,y1), (2,92)s -« -, (Tn,yn) € K x K and if

s = 1| + [lys = yill = 20 T* (@i, 9:) = T* (2, 95)|| < 6
for 1 <i,j <mn, then
n

Tk (Z )\i(wi,yi)> - ZTk(ﬂfi,yi)

i=1

<e€

for all A € An—1L,

Proof. Fix € > 0 and an integer n > 2 arbitrarily. Denote by Nj . the integer N 4
in Lemma 2.4. By (1.5) there is an integer Ny > 1 such that if & > Ny, then we
have

2Tk (z,y) — T*(u,v)|| — ||z — u| — ly — v < i for all z,y,u,v € K (2.4)

Put N, = max{Ny ¢, Na}. Let 0, (n =2,3,...) be positive numbers determined
in Lemma 2.4. Since X is uniformly convex, X is B-convex (see [1]) and since the
product of B-convex spaces is also B-convex (see [10]), X3 is B-convex, hence has
the convex approximation property (C.A.P.) (see [1]) so we can choose an integer
p = p(€) > 1 (independent of n) such that coM C co,M + By X Bejg x B4 for
all subsets M C X3 whose diameters are uniformly bounded, where B, is the open
sphere centered at the origin and with r as radius, coM is the convex hall of M and

p
copM = {ZtiXi; te AP X € M foralli € {1,...,p}, p fixed } .
i=1
Put . = 0y . Let k> Ne, (21,91),- -+, (Tn,yn) € K x K and

i = x| + llye = yill = 21T* (@i, 93) = T* (@, )| < 6 (1 <i,5 <n).

Consider M = {[z;,v;, T*(xi,v:)] € X® :i = 1,2,--- ,n}. Note that there exists
7 > 0 (independent from k and n) such that sup(, , .yen [[(2, 9, 2)[[xs < 7.
Then for each A € A™~1, there exist u € AP~! and iy, ,i, € {1,--- ,n} such that

n P n p

€ €
E Nii — E HiTi; < Z, E )\iyi — E H5Yi; < Z, and
i=1 j=1 i=1 j=1
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€
ZAT T, Yi) ZUT(zzjayzj) <Z'
=1
By (2.4) and the choice of §. we have

QHTk = 1)\(xwy1))7Tk( j=1Hj xz7ayz )H

sz 1)‘xz_Z§:1 HjLi; ‘Zz 1 zZ/z_Z?:l 1Y || + 1 < % <€

and

HTk ( j=1 Nj(xij,yij)> =3 T (i, i) ‘ <c.
Therefore
T (20 Ml we)) = Sry T (. s) |
<[ (o ) = T (S o ) |
+HTk< j= 1”]'(951']»%]-)) - jzl,uJT (xzﬂylj)

Hzp L 1T (i ;) — Z}Ll NT* (i, i)
< €.

O

Lemma 2.5 is an extension of Lemma 1.5 of Yang et al. [21] to asymptotically
nonexpansive maps in the intermediate sense defined on product spaces. From
Lemma 2.5, we can now state the following theorem which is likewise an extension
of their Lemma 1.6:

Theorem 2.1. (Demiclosedness Principle): Let X be a real uniformly convex Banach
space and K a nonempty bounded closed convex subset of X. Let T: K x K — K
be a mapping which is asymptotically nonexpansive in the intermediate sense. If
{z,} and {y,} are sequences in K converging weakly to z* and y* and if

lim (limsup ||z, — T*(@n, ya)|]) = 0
k—> 00 n

lim (limsup ||yn — T%(yn, x,)||) = 0
k—s o0 n

then p; — T is demiclosed at zero, i.e., for each sequences {z,},{y,} € K, if they
converge weakly to x* € K and y* € K respectively and {x, — T(z,,yn)} and
{Yn — T(yn,xn)} converge strongly to 0, then x* = T'(z*,y*) and y* = T(y*, z*).

Proof. The sequences {z,} and {y,} are bounded so there exists r > 0 such that
{zn},{yn} C C := K N B,, where B, is the closed ball in X with center 0 and
radius . So C is a nonempty bounded closed convex subset in K. Let us prove
that T%(z*,y*) — 2* and T*(y*,z*) — y*.

For € > 0, choose an integer Ny (€) such that if k¥ > Nj(¢), then

2|7, y) — TH(u )|l = llo — ull = [ly — ]| < £ for (z,y),(u,v) € C x C and
limsup,, ||z, — Tk(wna Yn) | + limsup,, [lyn — Tk(ymxn)” < i(s%

Thus there exists nc,; such that ||z, — T* (2, yn) || + |yn — T*(yn, 2n)|| < $0¢/5 for
n = Nek.

Set ¢ = min{}d¢, £}. Then we have Ny(¢') > 1. Let Ny(€) = max{Ne, Ny(e), N1(€)}
and let j > Ny(e). Since {z,} and {y,} converge weakly to z* and y*, by
Mazur’s theorem, for each positive integer n > 1, there exist convex combinations
A =AM g and B, = S Ay, with A > 0 and AN = 1
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such that ||A, — 2*|| — 0 and || B, — y*|| — 0 as n — 0.
Since

||xi+n - Tk(xiJrna yiJrn)”

[ Yitn — Tk(xiJrnvyiJrn)H
g = TH(@jns Yjn) |
+Yj4n — Tk(yj+n-xj+n)”

Hxl-‘rz - xj-i-nll + ||yi-&-7lzc - yj-i-nll
_”T ($i+n7yi+n) =T (mj+nayj+n)||
~NT*(Witns Tin) = TH(Yjrns Tjn) |

IN
IN
DN | =

il

and

HIHZ — Tjpnll + ||yz‘+r;C — Yjtnll
_HT (l‘i—i-nvyi-‘rn) =T (xj-l-nayj-‘rn)n =
—||Tk(yz‘+m an) - Tk(yj+7’b? $j+n)||

[”xz-f—n - xj-‘rn” + |Yign — yj-i—n”]

”Tk(xi-i-na Yitn) — Tk(xj+n7 Yj+n)l| < 15

5 %itn = Yinll + |Zign — zjnll] (= 2°9%
IT*(Yitn Titn) = TH(Yjins Tjgn) |

| | i

we therefore have
[Zitn = Zjanll + 1Yitn = Yienll = 20T (@itns Yirn) — T (@jms Yjan) || < 0ess
for 1 <4,5 <m(n); by Lemma 2.5, we have

T*(An, Bo) = 3 AT (440, yi40)|| <
=1

m(n)

Tk(BmAn) - Z )‘z('n)Tk(yHnaan) <

i=1

(18 e)

There is Ly, > 1 such that [[A, —2*| + [|B, —y*|| < £ forall n > Ly .

Since z*,y* € K,

IT*(z,y*) —a*[| < [IT™(2*,y*) — T*(An, By

m(n)
i=1
m(n)
+ Z MY (T* (@i, Yign) = Tipn)|| + A — 27|
i=1

< €

for n > Li. and k > Na(e). Thus ||T*(z*,y*) — 2*|| < € for k > Na(e) and so
|T*(z*,y*) — 2*|| — 0 as k —> oo. Similarly, ||T%(y*, z*) —y*|| — 0 as k — co.
By the continuity of T', we have

¥ = lim TF Yz y*) = lim T(T*(z*,y*), T"(y*, z%)) = T(z*,y")
k—> 00 k—s00
y* = lim TF(y* 2*) = lim T(T*(y*, "), T*(z*,y*)) = T(y*, z*)
k—> 00 k—> 00
This completes the proof. O
Theorem 2.1 extends Theorem 2.1 of Olaoluwa et al. [18] to asymptotically nonex-

pansive maps in the intermediate sense defined on a product space.



34 J. NONLINEAR ANAL. OPTIM. VOL. 9(1) (2018)

3. Existence of coupled fixed points

The following theorem relative to the existence of coupled fixed points of asymp-
totically nonexpansive maps in the intermediate sense extends the results of Kirk
[15] to product spaces. The spaces considered have a characteristic of convexity less
than one. Thus the result remain valid for uniformly convex Banach spaces and
consequently generalize Theorem 3.1 of Olaoluwa et al. [18] on existence of cou-
pled fixed points of asymptotically nonexpansive maps in uniformly convex Banach
spaces.

Theorem 3.1. Let X be a Banach space for which eg = ¢p(X) < 1 and let K C X be
nonempty, bounded, closed and convex. Suppose T : K x K — K is asymptotically
nonexpansive in the intermediate sense. Then T has a fixed point in K x K.

Proof. Let (z,y) € K x K be fixed. Define the set R(z,y) as follows:

R(z,y)={p€eR/Ik, eN : (K xK)[) B(T'(x,y),p) x B(T"(y, ), p)

5 _®

Nl

where B(z,r) is the open sphere in X, of center x and radius r. K is bounded, so,
if Dk := diamK (diameter of K), Di € R(z,y), hence R(z,y) # 0. Let p* be the
g.lb. of R(z,y).

For any € > 0, define the sets Cc = Up—; (Nic), B (T"(z,y), p* +¢€)) and
De=Up; (N2 B(T(y,2),p* +€)). The sets Cc and D, are nonempty, bounded
and convex hence by the reflexivity of X the closures C, and D, are weakly compact
and C =(.o(CcNK) #0and D = o(D.NK) # 0.

Let (u,v) € C x D and let d(u,v) = limsup,__, ||u — T (u,v)|| + [[v — T (v,u)||.
Suppose p*(z,y) = 0. Then T"(x,y) — w and T"™(y,z) — v as n — co. Let
7 > 0 and using (1.5), choose L such that i > L implies

sup 2T (u,0) = T (2, 8)[| = [lu = 2|] = lo = ¢]]] <
(u,v),(z,t) EKXK

n.

Wl =

Given ¢ > L, since T"(z,y) — uw and T™(y,x) — v, there exists > ¢ such that
1T (2, y) — ull + [T (y, 2) — v|| < g0 and [T (2,y) — ull + [T (y, 2) — v[| < 5.
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Thus if i > L,
lu = T*(w, )| + [lv = T* (v, u)]|

< flu =Tyl + T (2, y) = T'(w,0)]| + o = T' (2, 9)]| + 1T (2, y) = T (w, )]
< =T @, y) | + [T (u,0) = TH T, 9), Ty, )| = Ju— T, )|

z,y)|
FHlu =T (@, y) | + v = Ty, )| + [T (v,u) = THT " (y, =), T (z,y))
—[lv = T (y, 2)[| + [[v = T (y, z)|

<2
_377

b RITH T4 ,), T () = T, 0)| = u = T g)] — o — T (9, )]
b [T T4 2), T, 9) = T (0, w)| = u = T )]~ o — T (g, )]

2 ) )
< g7+ sup 20T (u, v) = T* (2, )| = [Ju = 2l = [lv = t]]

<1.
This proves that T™(u,v) — u and T"(v,u) — v as n — 00, that is, d(u,v) = 0.
But d(u,v) = 0 implies TV (u,v) — u and TV (v,u) — v as i — co and with
the continuity of TV this yields TV (u,v) = u and T" (v, u) = v. Thus, as i — oo,

T(u,v) =T (TN (u,v), TV (v,u)) = TV (u,v) — u

T(v,u) =T (TN (v,u), TV (u,v)) = TV (v,u) — v

so T(u,v) = w and T(v,u) = v.
Now we assume that p*(z,y) > 0 and d(u,v) > 0. In fact, we may assume this for
any x,y,u,v € K.
Let € > 0, ¢ < d(u,v). By definition of p* there exists an integer N* such that if
i > N* then

lu =T*(z, )| + lo = T*(y, 2)[ < p" + ¢, (3.1)
and by (1.5) there exists N** such that if ¢ > N** then

sup [2]|7" (u,v) = T*(z, )] — [lu — 2|l = lv — t]] <.
Select j so that j > N** and so that
|u — T (u,v) +v — T (v,u)|| > d(u,v) — . (3.2)
Thus if i — j > N**,
177 (u, v) = T (2, y) | + 177 (v, w) — T*(y, )|

=T (u,v) = T(T" (2,y), T (y,2)) | = lu =T (@, y)|| + |lu = T (2, y)]|
77 (v, u) =TT (y, ), T (@, y)l| = llo =T (y, )| + [l = T (y, 2|

= 5 {20177 (u,v) =TT (2, ), T (y, )| = lu = T (2, y)|| = [lo = T (y, )| }
+3 {2177 (v, u) = THT (y,2), T (2, )| = flu = T (2, y)l| = v = T (y, 2) |}
Fllu =T (2, y)[| + o =T (y, )|

<

+ o+ () =2e+p*,

NG e
DN ™
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1 . .
Letting m = i[u + T (u,v) + v+ T7(v,u)], by (3.3) we have:

s (d(u,v) -

i i € * . % .
I — T (z,y) — T (g, )]l < (1 . ))<p 20, i3 N4

By the minimality of p* this implies that

(825 o

Letting e — 0, p ( ( )) p*. This implies that 1 — ¢ (%) >1and
d(u,v)

< €¢9. Hence

(y,2)|

d(ua U) < €0d(9€7 y) (34)
Also notice that |lu — 2| + [lv — y[| < d(z,y) + po(z,y) < 2d(z,y).
Fix (xg,y0) € K x K and define the sequence {(z,,yn)} for all n € N by

Tnt+1 = u(xn, yn)
Yn+1 = U(y'mxn)a

where u(z,,y,) is obtained from x,, and y, in the same manner as u(x,y) from z
and y.

If for any n we have p(x,,y,) = 0 and p(y,, z,) = 0 then, as seen above,
T(Tn+1,Ynt1) = Tpt1 and T(Ynt1, Tnt1) = Ynt1. Otherwise, by 3.4 we have
lZne1 — ol + lynt1 — ynll < 2d(@n,yn) < 2€™d(zg,yo) and since ey < 1, {x,}
and {y,} are Cauchy sequences. Therefore there exists (x,y) € K x K such that
Tp, — x and ¥y, — y as n — oo. Also:

|z =Tz, y)l| + ly — T*(y, )| A _
<z —znll + lzn = T (@0, y) | + 1T (@0, yn) — T (2, y)||
Hy = ynll + lyn = T (Yo, z) || + 1T (Yn, 20) — T*(y, )|
<z =zl + ly = yull + |20 — T (20, yn) |
Hyn = Ty, @) | + 20 — [ + llyn — ¥l
+3 21T (@0, yn) — Tz, w) | = 20 — 2] = llyn — yll]
+3 20T (yns 2n) = Ty, 2)|| = |0 — Il = lyn — yll]

hence ¢ (d L U)) 0. It follows from the definition of ¢y that

d(u,v) < egp*(z,y) and letting d(z,y) = limsup,__, . || —T"(z, y)
we have pg(z) < d(zx,y) so

Thus
d(z,y) = limsup |z — T"(z,y)|| + lly — T"(y, 2)||
11— 00
< limsup?[”x — Zpll + |y — ynll]

i—>00 ) )

+h‘msup[Hxn =T (@n, yo)ll + [[yn — T (yns zn) ]
11— 00 . .

+ limsup[sup 2[|T*(z, y) — T*(w, v)|| — [z — u| = [ly — v|]
i—>00 T,y

< d(@n,yn) + 2|7 = znll + ly = ynll

Since x, — x, Yy, — y and d(z,,y,) — 0 as n —> oo, this implies that
d(z,y) = 0. But as seen before, it implies that T'(x,y) =« and T(y,x) = y. O
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ABSTRACT. We will apply a new method to generalize some fixed point theorems for
a special class of contractive type mappings in complete b-metric spaces. We also discuss
about the existence of a unique fixed point for a family of self mappings. Our results
enable us to generalize some known fixed point theorems in the literature. Finally, we
present some applications of our results.
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1. INTRODUCTION AND PRELIMINARIES

Let (X, d) be a metric space and T be a self mapping on X. The function T is
said to be a contraction on X if there is some 0 < r < 1 such that

d(T(2), T(y)) < rd(z,y) (2.y € X). (L1)

A celebrated result due to Banach [3] states that every contraction function on a
complete metric space has a unique fixed point. The Banach contraction mapping
principle is considered to be the core of many extended fixed point theorems (see.
e. g [6,8, 10, 14, 18, 20, 21, 22]).

Despite these important features, Banach fixed point theorem suffers from one
serious drawback - the contractive condition (1.1) forces T' to be continuous on the
entire space X. It was then naturally to ask if there exist contractive conditions
which do not imply the continuity of 7". This was answered in the affirmative by
R. Kannan [13] in 1968, who proved a fixed point theorem which extends Banach’s
theorem to mappings that need not be continuous, by considering instead of (1.1)
the next condition:

d(T(z),T(y)) <r{d(z,T(z)) +d(y,T(y))} for some 0<r < % and all z,y € X.
(1.2)

* Corresponding author.
Email address : alinejad__z@Qyahoo.com, mirmostafaei@um.ac.ir.
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Kannan’s theorem has been generalized by some authors [16, 17]. In particular, G.
Hardy and T. Rogers [12] proved the following results:

THEOREM 1.1. [12, Theorem 1] Let X be a complete metric space with metric
d, and let T : X — X be a function with the following property:

d(T(x),T(y)) < ad(z,T(x))+bd(y, T(y)) +cd(z,T(y) +e d(y, T(z)) + f d(@,y),
(1.3)
where 0 < a,b,c,e, f <1l anda+b+c+e+ f <1. ThenT has a unique fixed point.

THEOREM 1.2. [12, Theorem 2] Let (X, d) be a complete metric space, a,b, c, e, f
be monotonically decreasing functions from [0,00) to [0,1), and let the sum of these
five functions be less than 1. Suppose T : X — X satisfies condition (1.3) with
a=a(d(z,y)), -, f = fldx,y)) for all z,y € X. Then T has a unique fixed point.

The above results were extended for some metric-like spaces (see e.g. [, 15, 19]).
The following generalization of a metric is due to S. Czerwik [7]:

DEFINITION 1.3. Let X be a space and d : X x X — [0,00) be a function
such that for each x,y and z in X,

(i) d(z,y) =0 if and only if x =y,

(i) d(z,y) = d(y, ),
(iii) for each € > 0, if d(z,y) < € and d(y, z) < ¢, then d(z,z) < 2¢.

Then d is called a b-metric on X. It is easy to verify that the condition (iii) is

equivalent to the following (see e. g. [7, Lemma 1]).
(iv) For each € > 0 and z,y,z € X, if d(z,y) < € and d(y,z) < e, then
d(z,z) < 2e.

Clearly, every metric space is a b-metric space. However, the converse is not true
in general.

EXAMPLE 1.4. Let X = {1,2,3}. Define a symmetric function d : X x X —
[0,00) by

d(1,1) = d(2,2) = d(3,3) =0, d(1,2) =3, d(2,3) =2, d(1,3) = 6.

It is easy to verify that (iv) holds, hence (X, d) is a b-metric space but it is not a
metric space, since d(1,3) < d(1,2) + d(2, 3).

In order to prove some fixed point theorems of Banach type for b-metric spaces,
S. Czerwik [7] replaced (iv) by the following weaker condition:

d(x,y) < 2d(z,2) +2d(2,y) (z,y,2 € X). (1.4)
The following example shows that (1.4) is strictly weaker than (iv).
EXAMPLE 1.5. Let X =R and define d: X x X — [0,00) by
d(z,y) =z —y|> (v,y €R).

Then for e = 1, we have d(1,0) = ¢, d(0,—1) = ¢ but d(1,—1) = 4 £ 2¢ = 2. Hence
(iv) is not true. However, it is easy to verify that (1.4) holds.

Following [7], a few mathematicians investigated the existence of fixed points for
self-mappings on special kind of b-metrics X; i. e. the triangle inequality is replaced
by

d(@,y) < k(d(z,2) +d(z,9)) (2,92 € X),

for some k > 1 (see e. g. [2, 4, 5, 22]).



GENERALIZED CONTRACTIVE MAPPINGS 41

In this paper, we will assume that our b-metric space satisfies (iv). We will show
that Frink’s lemma and the inequality (iv) enable us to improve some known fixed
point theorems. More precisely, we will establish Theorems 1.1 and 1.2 for b-metric
spaces, which improves some results in [7] and [16]. We also discuss about the
existence of a unique fixed point for a family of self mappings on b-metric spaces.

2. REsULTS
In order to state main results of this paper, we need to the following result.

LEMMA 2.1. ( see [9] or [11]). Suppose d : X x X — [0,00) satisfies the
following condition.:

Foranye >0 and x,y,z € X, if d(z,y) < e and d(y, z) < &, then d(z,z) < 2e.
Then the function p: X x X — [0,00), defined by

plx,y) = mf{ Zd(wi,l,xi); wheren € Nyzg =z and x,, = y}7 ((x,y) € XXX),
i=1
(2.1)
has the following properties:

(i) p(z,2) < p(z,y) + p(y, 2), for all z,y,z € X.
(ii) W < p(z,y) < d(z,y) for all z,y € X. Further, p is symmetric (i.e.

p(z,y) = p(y,)) if d is.
Now, we are ready to state one of the main results of this paper.

THEOREM 2.2. Let (X,d) be a b-metric space and T be a self-mapping on X
such that for all x,y € X

d(T(x),T(y)) < ad(z,T(x)+bd(y,T(y)) +cd(z,T(y)) +e d(y, T(z)) + f d(z,y),

(2.2)
where a,b,c,e, f are nonnegative, a + b+ 2(c+e) + f < 1. Then T has a unique
fized point.

Proof. We first show that T" has at most one fixed point. Let z*, y* be fixed points
of T. We have

dz*,y") = d(T(z"),T(y"))

ad(z*,T(z*) +bd(y*,T(y*)) + cdy*, T(z*)) + e d(a*,T(y*)) + f d(=*,y")
= (ct+e+f)d@",y).

Hence z* = y*. By symmetry, it follows from (2.2) that

d(T(z),T(y)) <ad(y,T(y))+bd(z,T(z))+cd(y,T(z))+ed(z,T(y))+f d

IN

,Y),
(2.3)
for all z,y € X. By (2.2) and (2.3), we have

d(T(x),T(y)) < = ;r b [d(z,T(x))+ d(y, T(y))]+ [d(2,T(y))+ d(y, T(x))]+f d(z,y)

for all z,y € X. Let a = “7“’, f = <€ and put y = T'(z), then we have
d(T(J:), Tz(x)) < a[d(m, T(x)) + d(T(JZ), TQ(.T))] + 6[d(m, T2(JZ)) + d(T($), T(J:))]

c+e

+ fd(z,T(x))
= (a+f)d(z,T(z)) +a d(T(z), T*(z)) + B8 d(z, T?(z))
< (a+28+f)d(z,T(2)) + (a+28) d(T(z), T*(z)) (z € X).
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Let r = % Then 0 < r < 1, since a + b+ 2(c+e) + f < 1. By the above

inequality
d(T(z), T*(z)) < rd(z,T(z)) (z € X).
By induction, it follows that for all n € N,
d(T"(z), T" " (2)) < r"d(z,T(z)) (z € X). (2.4)
Take some arbitrary point ¢y € X and define
21 = T(20), 22 = T(21), -, 20 = T(@n_1), ..
By (2.4), we have
d(xna mn—&-l) S Tnd(m(); xl)'

According to Lemma 2.1, there is a metric p on X such that d(w’y) < p(z,y) <
d(x,y) for all z,y € X. For each m > n, we have

d(xnaxm) S 40(337“ xm) S 4 Z p(l’i-s-lyxi)

m—1
< 4 Z d(xiz1,x;)

4r™d(xo, 1)
< 4d(w1,20) ZT #’

i=n
which tends to zero as n tends to infinity. Hence {z,} is a Cauchy sequence in
complete b-metric space (X, d). Therefore, {x,} is convergent to some z* € X. For
each n € N, we have

d(z*, T(z*)) < 2d(T" (o), T(x%)) + 2d(T" (o), 2*)
< 2a d(T™(zo), T" " (20)) + 2b d(2*, T(2*)) + 2¢ d(T™(z0), T(z*))
+(2e +2) d(T™" (o), 2*) +2f d(T"(x0),z*)
< 2a d(T™(zo), T (20)) +2b d(z*, T (")) + 4c d(T"(x0), z*)

+4c d(T(z*),z*) + (2e +2) d(T" (o), 2*) + 2f d(T"(x0),z*).
By taking limit as n tends to infinity, it follows that
d(z*, T(z*)) < (2b+ 4e) d(z*, T (z™)). (2.5)
By symmetry,
d(z*,T(z*)) < (2a + 4e) d(z*, T(x")). (2.6)
It follows from (2.5) and (2.6) that
d(z*,T(z*)) < %[(Qb +4c) d(z*,T(z*)) + (2a + 4e) d(z*,T(z*))] (2.7)
(a+b+2(c+e)) da*,T(z*)).

In view of (2.7) and the fact that a +b+2(c+e) < 1 — f, we have T(z*) = x*.
U

In the following result, we will show that under certain condition, if T': X — X
satisfies (2.2) on a complete subset, not necessarily on the entire space, then T" has
a unique fixed point.
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COROLLARY 2.3. Let T be a self mapping on a b-metric space (X,d). LetY
be a complete subset of X such that T(Y) CY and for each x,y €Y,

d(T(2), T(y)) < a d(z, T(2))+b d(y, T(y)) +c d(z, T(y)) +e d(y, T(x)) + f d(z,y
(2.
where a,b,c,e, f are nonnegative and a + b+ 2(c+e)+ f < 1. If for each z,w €
with z # w,

~—

~

d(T(z), T(w)) < d(T(2),2) + d(T(w),w) + d(z,w),
then T has a unique fized point on X.

Proof. By Theorem 2.2, T|y : Y — Y has a fixed point y* € Y. Let 2* € X be
another fixed point of 7" on X. Then we have

d(z*,y*) = d(T(ac*),T(y*)) < d(T(a:*),x*) + d(T(y*),y*) +d(z*,y*) = d(z*,y").

This contradiction shows that T': X — X has a unique fixed point. O

Reich’s theorem [16] for b-metric spaces follows immediately from Theorem 2.2:
COROLLARY 2.4. Let (X,d) be a complete b-metric space and T : X — X
satisfy

d(T(x),T(y)) < ad(z,T(x))+bd(y,T(y)+ f dlz,y) (z,y € X),

where a,b and f are nonnegative and a + b+ f < 1. Then T has a unique fixed
point.

In the following, we use our main result to show that under certain circumstances
a family of self-mappings has a unique common fixed point.

COROLLARY 2.5. Let (X,d) be a complete b-metric space and F be a family of
self mappings on X such that for each T, S € F and x,y € X,

d(T(x), S(y)) < ad(z, T(x))+bd(y,S(y)) +cd(z,S(y) +e d(y, T(x)) + f d(z,y),

(2.9)
where a, b, c, e, f are nonnegative and a+b+2(c+e)+ f < 1. Then F has a unique
common fized point.

Proof. Assume that T' € F. By putting S = T in (2.9) and applying Theorem 2.2,
we conclude T has a unique fixed point. So every element of F has a unique fixed
point. Now we show that all elements of F have a common unique fixed point. Let
S,T € F and let z* and y* be fixed points of T" and S respectively. Then

d(z*,y") = d(T(z"),S(y"))
< ad(@*,T(x*) +bd(y*,Sy")) +cd(a*,S(y")) +edy* T(z"))
+fdz",y") = (c+e+ f)dlz",y").
Since ¢+ e + f < 1, we have z* = y*. O

In 1995, S. Czerwick proved the following result which is a generalization one of
the main results in [13, 23]:

THEOREM 2.6. [7, Theorem 3] Let a : (0,00) —> (0, 1) be a decreasing function.
Let (X,d) be a complete b-metric space and let T : X — X satisfy

d(T(x),T(y)) < a(d(z,y))[d(z, T(2)) +d(y, T(y))] (= #y;2,y € X).
Then T has a unique fized point x* and lim,__, d(T”(;v), x*) =0 for each x € X.
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Here we will prove Theorem 1.2 for b-metric spaces under some extra conditions.
This result also generalizes Theorem 2.6.

THEOREM 2.7. Let (X,d) be a complete b-metric space, a,b,c,e, f be mono-
tonically decreasing functions from (0,00) to [0,1) such that a(t) + b(t) + 2(c(t) +
e(t)) + f(t) < 1, 2(c(t) +e(t)) +4f(t) < 1 for each t € (0,00) and f(ty) > 0 for
some to € (0,00). Suppose that T : X — X satisfies
d(T(2), T(y)) < alt) d(z,T(x)) +b(t) d(y, T(y)) +c(t) d(z,T(y))  (2.10)
+e(t) d(y, T(x)) + f(t) d(z,y),

where t = d(z,y) and x,y € X with x #vy. Then T has a unique fized point.

Proof. The proof is divided into several steps:

Step 1. T has at most one fixed point.
Let z*, y* be fixed points of T'. If x* # y*, then

d(z”,y") d(T ("), T(y"))

ad(z*,T(z*) +bd(y", T(y*)) +cd(y*,T(z*)) +ed(z*,T(y*)) + f d(z*,y")
(c+e+ f)d",y") <dx",y"),

W*here a = a(d(x*,y*)),...j = f(d(z*,y*)). This is a contradiction. Hence

T =y*

IN

Step 2. There exists a monotone decreasing function r : (0,00) — [0,1) such
that for t = d(x,T(x)) #0,
d(T?(z), T(2)) < r(t)d(z,T(z)) (z € X). (2.11)
By symmetry, it follows from (2.10) that for a = a(d(z,y)), b = b(d(z,y)), ¢ =
c(d(z,y)), e =e(d(z,y)) and f = f(d(x,y)), we have
d(T(x),T(y)) <ad(y,T(y))+bd(z,T(z))+cd(y,T(z))+ed(z,T(y))+f d((:QC,lyQ)),

where z,y € X and z # y. By (2.10) and (2.3), for the same a,b,c,e and f, we

have
4(T(@), T(y) < 20

2

c+e

[d(z,T(x))+d(y,T(y))]+

[d(x, T(y))+ d(y, T'(2))]+f d(x,y)
(2.13)
for all z,y € X with x # y. Fix some z € X, then for ¢t = d(z,T(x)) # 0,

a(t) = 7‘1“);}’(”, B(t) = 7C(t)'ge(t), we have

d(T(x), T*(x)) a()[d(z, T(x)) +d(T(z), T*(x))] + B)[d(z, T*(x)) + d(T(x), T(x))]
(t)d(z, T(x))

= (a f@) d(z,T(x)) + a(t) d(T(a:),Tz(:c)) + B(t) d(x,Tz(:c))

+28() + f(1) d(z, T(x)) + (a(t) +25(1)) d(T(2), T*(z)) (2 € X).

. Then r is monotonically decreasing and (2.11) holds.

+ IA
~

(t
(aft
_a(®)+28()+f(t

Let r(t) = S-S0

)+
)

IN

Step 3. For each x € X, lim;,, 00 d(T"(z), T" " (z)) = 0.
Let z € X, n € Nand t = d(T" ' (z),T"(x)). If T"~*(z) = T"(x), then the claim
is proved. So we may assume that ¢ £ 0. By step 2, we have

d(T™(z), T" ™ (2)) < r(t)d(T" H(z), T™(z)) < d(T" (z), T"(z)).
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Therefore {d(T™**(z), T"(z))} is a decreasing sequence. Let lim,, o d(T" " (z),T"(z)) =
p. If p > 0, then for each n € N, we have d(T”“(m),T”(m)) > p. Since r is mono-
tone deceasing,

(T (2), T"(x)) < r(p)d(T"(2),T" " (2)) < --- < r"(p)d(z, T(2)).
Since the right hand side of the above inequality tends to zero as n — oo, we have
. n+1 mn _
ngnmd(T (z), T"(z)) = 0.
This contradiction shows that p = 0.

Step 4. For each x € X, {T"(x)} converges and x* = lim,,_, o, T™(x) is the
fixed point of T.

Let a(t) = a(tHb , B(t) = +e(t) , t € (0,00). By our assumption,
4p(t )+4f( ) = (C(t)+ e(t)) +4f(t) <1 (t€(0,00)).
Therefore we can define

_a(t)+28()+2f(t _a(t)+28()+4f(t
Vl(t) = W and ’YQ(t) = W for ¢ € (0700)

Suppose that ¢ > 0 and x € X. Choose ng € N so that for each n,m > nyg,

d(T"(z), T" () <m1n{g 275( )}

Let n,m > ng and z € X and t = d(T"'(z), T (2)). f T""}(z) = T™ (),

) =
then d(T"(z),T™(x)) = 0. So that we may assume that ¢ # 0. By (1.4) and (2.13),
we have

d(T"(x), T™(x))
O[d(T" (@), T () +d(T™ (), T™ (2))]

BT (@), T™ (2)) +d(T™ " (@), T" ()] + f(t) (T (), T ()

a(t)[d(T" (z), T (x)) + d(T™ (), T™(x))

+B(t) [2d(T"H (2), T™(2)) + 4d(T™ (z), T™( )

+F(t) [Qd(T” Y2), T"(x)) + 4 d(T"(2), T

It follows that

d(T"(2),T™ (x)) < v

If d(Tm Y (z), T™ () >

IN
=

IN
4

]
) +2d4(T7 " (), T™ ()]
(2)) +4d(T™ (@), T (@)

%, then
AT (@), T"(@) < n(SAT" @), 777 @) +2()d(T7 (@), T (@)
< §+%:5. (2.14)
Let d(T" !(z),T™ (z)) < £, then

d(T™(z), T™(z)) < 2d(T™(z),T" "(z)) +4d(T" " (2), T™ "(z)) + 2d(T™(z), T™ ' (z))
2d(T" (), T™ 1(x))+48+2d(Tm( z), T™ (z)) (2.15)
< Z + % + Z =e.

It follows from (2.14) and (2.15) that {T"(x)} is a Cauchy sequence in (X, d). Hence
z* = lim,, o T" () exists. So that for some ny € N, d(T" (), z*) < to provided
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that n > ny. If T 1(x) = 2* for infinity many n, then T"(z*) = Tx* for infinity
many n. It follows that T'(z*) = z*. Therefore, we can assume that 7" 1(x) # z*
for all n € N. Let t,, = d(T""!(z),z*) for all n € N. We have

d(z*,T(z")) 2d(z*, T"(x)) + 2d(T" (), T(z*))

2d(z*, T"(2)) + 2a(ty)[d(z*, T (")) + d(T"(z), T" " (2))]

+2B(tn)[2d(T" (), %) + 2d(2*, T(z*)) + d(2*, T"(z))]

+2f(tn)d(T" " (2),2*) (n€N).

For each n > ny, we have

20(tn) + 4B(tn) = alta) + bltn) + 2(c(t) + e(t)) < 1 — F(ta) < 1 f(t):

Therefore

d(z*,T(z"))

IN A

IN

(20(tn) + 4B(tn))d(z*, T (x*)) + 4d(z*, T" ()
+2d(T" (), T H(x)) + 6d(T" ' (z),2*)
[1— f(to)]d(2", T(z")) + 4d(2", T"(2))
+2d(T" (), T" () + 6d(T" " (2),2*).
By taking limit as n — oo, we see that
d(z*,T(z*)) < [1— f(to)]d(a*, T(*)).
Since 1 — f(tp) < 1, we have T'(z*) = z*. O

IN

The following result is a special case of Theorem 2.7, which is also a generalization
of Theorem 2.6.

COROLLARY 2.8. Let a,v : (0,00) — [0,1) be two decreasing function with
20(t) +v(t) <1 and y(t) < % for allt > 0. Let (X,d) be a complete b-metric space
and let T : X — X satisfy

d(T(x), T(y)) < a(d(z,y))[d(z, T(x))+d(y, T(y)) +y(d(@,y)d(z,y) (z #y;z,y € X),

where 7y is non-zero function. Then T has a unique fized point x* and lim,, d(T"(ac)7 x*) =
0 for each x € X.

Proof. Put a(t) = a(t) = b(t), ¢(t) = e(t) = 0 and v(¢t) = f(¢) for all t > 0 in
Theorem 2.7. U

The following example shows that the above result is a genuine extension of
Theorem 2.6.

EXAMPLE 2.9. Let X = {t1,2,%3} and d : X x X — [0,00) be a symmetric
function with d(z,z) = 0 for all z € X,

7
d(t17t2) = 1, d(t27t3) = ]. and d(tg,tl) = 3

It is easy to see that (X, d) is a complete b-metric space. Since d(t1,t3) £ d(t1,t2)+
d(ta,t3), d is not a metric. Define T': X — X by
T(t1) = ta, T(t2) =ts, T(ts) = t3.

Let o = £ and 7 = 5. Then 20 + v < 1,

d(t1,T(t1)) = d(t1,t2) = gv d(t2, T(t2)) = d(ta,t3) = 1 and d(t3, T(t3)) = 0.
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Therefore

d(T(x), T(y)) < ald(z, T(@)) +d(y, T(y)] +vd(z,y), (¢ #y;z,y € X).

It follows from Corollary 2.8 that T has a unique fixed point. However, Theorem
2.6 can’t be used, since

A(T(12), (1) > 5 [dltr, T()) + d(ts, T(05))].

Conclusion. In this article, we establish some generalizations of Hardy-
Rogers’s theorem in complete b-metric space. The above consequences improve
some known fixed point theorems in complete b-metric space and enable us to
obtain new outcome . By our results, we can also conclude the existence of unique
fixed point in some spaces which are not metric
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ABSTRACT. This paper considers a linear damped wave equation with dynamic bouandary
conditions where two feedback terms have a delay. In bounded domain, we first estab-
lish the question of well-posedness and uniqueness of the solution for the initial-boundary
value problem, using semigroup arguments in [13, 14, 29]. Next, by introducing suitable
Lyapunov functionals, exponential stability estimates are obtained under conditions on
the delay terms.

KEYWORDS: Damped wave equation; delay feedback; stabilization; semigroup formu-
lation.
AMS Subject Classification: Primary 35B40, 35L.05; Secondary 93D15.

1. INTRODUCTION

It is well known that the PDEs with time delay have been much studied during
the last years and their results is by now rather developed. See [5, 7, 1, 26, 24, 32, 31]

In the classical theory of delayed wave equations, several main parts are joined in
a fruitful way, it is very remarkable that the damped wave equation with two delays
occupies a similar position and arise in many applied problems, when it comes to
boundary conditions.

Dynamic boundary conditions arise in many physical applications, in particular
they occur in elastic models. These conditions appear in modelling dynamic vibra-
tions of linear viscoelastic rods and beams which have attached tip masses at their
free ends. See [2, 4, 6, 22, 10].

* Corresponding author.
Email address : zitsala@yahoo.fr (Salah Zitouni), abd__ardjouni@yahoo.fr (Abdelouaheb Ardjouni), khaledzen-
nir2@yahoo.com (Khaled Zennir), rrachida_ 2000Qyahoo.fr (Rachida Amiar).
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In this paper, we consider n-dimensional wave equation with strong damping
and boundary conditions when two terms acting on the boundary are delayed in
the following problem

W — Au—alAu =0 inQxRT, (1.1)
u=0 onTlyxRT, (1.2)
pu'” + M = —ku/(z,t — 1) — kot/(x,t — 72) on Iy X RT, (1.3)

u(z,0) = uo( ), v (z,0) =wui(z) in (1.4)
u' = fo inTy x (—max(71(0),72(0)),0), (1.5)

where 2 C R" is an open bounded set with boundary I' of class C2. We assume
that T is divided into two parts 'y and I'y; i.e., T =ToUT, with Ty NT; = 0 and
measly # 0.

The vector v(z) denotes the outer unit normal vector to the point z € T and
% is the normal derivative. Moreover, 7; = 7;(¢), i = 1,2 is the time delay, p, a, k
are real numbers, with g > 0,a > 0, and the initial datum (ug, u1, fo) belongs to a
suitable space.

We define the energy of system (1.1)—(1.5) as

1 t
t) == f/{u'Q + |Vu*}dr + €—1/ / A0y (2, 5)dDds
2 Q 2 t—r JI'y

¢
+£—2/ / 6’\(57t)u’2(z,5)dfds+ﬁ/ u'dr, (1.6)
2 t—1o JI' 2 I
where &;, A are suitable positive constants.
To motivate our work, let us mention the major work [25], when the authors

studied well-posedness and exponential stability of the problem (1.1)—(1.5) with
structural damping and boundary delay in both cases ;x > 0 and p = 0 in a bounded
and smooth domain, where k3 = 0. The analogous problem with boundary feedback
has been introduced and studied by Xu, Yung, Li [31] in one-space dimension using
a fine spectral analysis and in higher space dimension by the authors [26]. The case
of time-varying delay has been already studied in [28] in one space dimension and
in general dimension, with a possibly degenerate delay, in [27]. Both these papers
deal with boundary feedback.

When 7(t) = 72(t) = 0 (in absence of delays), it is well-known that the above
problem is exponentially stable. See in this direction [3, 19, , 15, 17, 16,

, 23, 8, 30, 10]. When g = 0,k = 0, in presence of a Constant delay, and the
condition (1.3) is substituted by

ou

5, = ~hu(a,t 1), T1x (0,+00),

the system becomes unstable for arbitrarily small delays (see [6]).

The above model without delay (e.g. 7 = 0) has been proposed in one di-
mension by Pellicer and Sola-Morales [30] as an alternative model for the classical
spring-mass damper system. In both cases, no rates of convergence are proved. In
dimension higher than 1, we refer to Gerbi and Said-Houari [10] where a nonlinear
boundary feedback is even considered and the exponential growth of the energy is
proved if the initial data are large enough. A different problem with a dynamic
boundary condition (without delay), motivated by the study of flows of gas in a
channel with porous walls, is analyzed in [8] where exponential decay is proved.
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2. ASSUMPTIONS

We assume, on the time-delay functions, that there exist positive constants
To,To, T, T such that

0 < 70<nn <7, Vt>0, (2.1)
0 < <7, Vt>O.
1\/[OI‘GOV€1"7 we assuime
7 € W2>([0,T]), VT >0,i=1,2, (2.3)
max{7{,7p} <d <1, Vt>0,

where d is the positive constant.
Under (2.3)-(2.4) we will prove that an exponential stability result holds under
a suitable assumption between the coefficients a and k1, k.
Let C* be a Poincaré’s type constant defined as the smallest positive constant
such that
[v|2dT" < c*/ IVo?dz, Vv e Hp (), (2.5)
Iy Q
where, as usual,
H (Q)={ue H'(Q):u=0 onTp}.
We will give a well-posedness result under the assumption
*
\L’% < g ke = max{ki, k2 }. (2.6)
We omit the space variable x of u(z,t), u/(z,t) and for simplicity reason denote
u(z,t) = uw and u/(z,t) = v/, when no confusion arises. The constants ¢ used
throughout this paper are positive generic constants which may be different in
various occurrences also the functions considered are all real valued, here v’ =

du(t)/dt and v’ = d*u(t)/dt>.

3. EXISTENCE OF SOLUTION

First as in [26] we introduce the new variables
2(z,p,t) = u(x,t—m1p) inTy x (0,1) x (0,+00), (3.1)
w(x,p,t) = u(x,t—71p) inTy x(0,1) x (0, +00).
Then we have
12 (@, p,t) + 2,(z,p,t) = 0 inQ2x(0,1) x (0,+00), (3.3)
row'(z, p,t) + wy(z, p,t) = 0 inQx(0,1) x (0,400). (3.4)

Therefore problem (1.1)—(1.5) is equivalent to

u' —Au—alAu' =0 in Q x (0,+00), (3.5)
T2 (z,p,t) + (1 —71(p)zp(z,p,t) =0 in Ty x (0,1) x (0, +00), (3.6)
Tow' (x, p,t) + (1 —19p)z,(x, p,t) =0 in Ty x (0,1) x (0, +00), (3.7
u=0 onTyx (0,400), (3.8)
pu” = —a(%ful) —kiz(x,1,t) — kow(x,1,t) on Ty x (0,+00), (3.9)
z(z,0,t) = w(z,0,t) = on Ty x (0,00), (3.10)
u(z,0) = up(x) and «/(z,0) = uy(x) in Q, (3.11)
z(z, p,0) = fo(xz,—pm(0)) inTy x (0,1), (3.12)
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w(z, p,0) = fo(x,—p72(0)) in Ty x (0,1). (3.13)
Let us denote
U= (U’7 ul7 ’)/’U,I, Z, w)T7
where « is the trace operator on I';. Then problem (1.1)—(1.5) equivalent to
U = (v, 2 w')’

= (u/, Au+ alu/, —p (PO ko (1) ks, 1, ), T Te0emly g

T1 P To

Therefore, problem (1.1)-(1.5) can be rewritten as
U' = A(t)U,
U(0) = (uo, u1,y1us, fo(, — - 71), fol, — - 72)) ", (3.14)
where A(t) is defined by
A(t)(u,v,v1, 2, w)T"

- (v, Au+ av), —p (w +k12(-, 1) + kow(-, 1)) , Tl/g)(’z)_lzm Téi?(’z)_lwp)T ,
with domain of A(t) given by

D(A(t)) (3.15)

= {(w,v,00,2,0)" € B} (@) x L2(Q) x LA(T)

x (L*(I'; x (0,1)))® x L*(T'; x (0,1)),

utav € E (A, L2(Q)), 299 c12(Py) v = vy = 2(-,0) = w(-0) on rl}

is independent of the time t, i.e.,
D(A(t)) = D(A(0)), t>0. (3.16)

where
E(A L2(Q) ={ue H'(Q): Auc L*(Q)}.
For a function u € E(A,L*(Q)), 9% belongs to H~1/%(I';) and the next Green
Ou

formula
/ VuVqdr = —/ Augdzr + (—;q
Q Q 31/

is valid (see [11]), where (;-)p, means the duality pairing between H~1/2(I';) and
HY2(Iy). i
Let us introduce a Hilbert space H defined by
H = H} (Q) x L*(Q) x L*(T'1) x (L*(T'y x (0,1)))?,

equipped with the standard inner product

>F13 VQ € H%O(Q)v (317)

<(U’a v, V1, Zaw)T7 (’EL,’Z},’Z}l, gvﬁ)T>f[

_ /Q (Vu(@)Va(e) + v(2)5(z)}dz
o [ w@nidr+an o [ [ e pdpdr

+ &ama () /F /0 w (z, p)w (x, p) dpdl. (3.18)

Remark 3.1. The time varying operator A(t) is an unbounded in H.
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The next theorem is our main tool to prove well-posedness results, its proof is
similar in [13].
Theorem 3.1. Assume that
(i) D(A(0)) is a dense subset of H,
(ii) D(A(t)) = D(A(0)) for allt >0, 3
(iii) for allt € [0,T], A(t) generates a strongly continuous semigroup on H and
the family A = {A(t) : t € [0, T} is stable with stability constants C and m
independent of t (i.e. the semigroup (S¢(s))s>0 generated by A(t) satisfies
IS:(s)ull g < Ce™||ul| g, for allu € H and s >0),
(iv) 0t A belongs to L ([0,T), B(D(A(0)), H)), the space of equivalent classes
of essentially bozmded, strongly measurable functions from [Q, T) into the
set B(D(A(0)), H) of bounded operators from D(A(0)) into H.
Then, problem (3.14) has a unique solution U € C([0,T], D(A(0))) N C([0,T], H)
for any initial datum in D(A(0)).
Let & and & are a positive constants such that
|| a ||

<& <
1—-d C* 1—-d

, fori=1,2. (3.19)

i

In order to deduce a well-posedness result, we define on H the time dependent inner
product

<(U7U7’U1asz)T7(ﬂ76761’2’w)T>t
= /Q {Vu(z)Vi(z) + v(z)d(z) }dx
+u /F o () () dT

1

1
+ &oma (t) / / w (z, p) W (z, p) dpdl. (3.20)
r, Jo
and using Theorem 3.1.

Theorem 3.2. Assume that (2.1)-(2.4) and (2.6) hold. Then for any initial da-
tum Uy € H there exists a unique solution U € C([0,400), H) of problem (3.14).
Moreover, if Uy € D(A(0)), then

U € C([0,400), D(A(0))) N C*([0, +00), H).
We need to check assumptions of Theorem 3.1 for problem (3.14).
Lemma 3.2. D(A(0)) is dense in H.
Proof. Let (f,g,91,h1,hs)” € H be orthogonal to all elements of D(A(0)), that is,
0= ((u,v,v1,2,w)", (f, 9,91, 1, h2)T>g

_ /Q {(Vu(@)V f(x) + v(x)g(z) }do
—I—/F ’Ulgldr‘i'/r /0 Z(xap)hl(xap)dpdr



54 J. NONLINEAR ANAL. OPTIM. VOL. 9(1) (2018)

/ / w(x, p)ha(z, p)dpdl
Iy
V(u,v,v1,z,w)T € D(A(

Takingu =v =0 (then v1 =0),z=0andw € D(I';x(0,1)). As(0,0,0,0,w)”

D(A(0)), we obtain
1
/ / w(, p)ha(x, p)dpdl’ = 0.
Iy Jo

Since D(I'; x (0,1)) is dense in L?*(T'; x (0,1)), we deduce that hy = 0.
In the same way, by taking v = v = 0 (then v; = 0), w = 0and z € D(I'y x(0, 1)).
As (0,0,0, 2,007 € D(A(0)), we obtain

// (z, p)hi(z, p)dpdl’ = 0.
I

Since D(T'; x (0,1)) is dense in L?(I'; x (0,1)), we deduce that h; = 0. Also for
u=z=w=0and v e D(Q) (then v; = 0) we see that g = 0. Therefore, for u = 0,
z =0 and w = 0, we deduce also

/ glvldf = 0, V’Ul S D(Fl),
I'y

and so g1 = 0.
The above orthogonality condition is then reduced to

= / VuV fdz, ¥(u,v,v1,2,w)" € D(A(0)).
Q
By restricting ourselves to v = z = w = 0, we obtain

/ Vu(z)V f(z)dz = 0, ¥(u,0,0,0,0)" € D(A(0)).
Q

b

But we easily see that (u,0,0,0,0)7 € D(A(0)) if and only if u € E(A, L?(2)) N

Hi, (Q). This set is dense in Hf (Q) (equipped with the inner product (., DHL ()
0

thus we conclude that f = 0. g

Lemma 3.3. Let ® = (u,v,v1,z,w)7, then
d(F0+70) ) |4
19]], < [[®]loe TR v s e (0, T, (3.21)
where d is a positive constant.

Proof. For all s,t € [0,T], we have

To+70)

o2 — @ 2e(Fm )l

= (1_6(W)t‘5) </(Vu( )? + v? )da:+u/ dF)
+6 (nl) —n(eH) [ / (2. p)dpdT
+ () = ol HR ) /F/ (2. p)dpdr

We notice that

e(d(:%tg[)))lt 5| > 1
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Moreover
(M)ufﬂ
Ti(t) — Ti(s)e\ 7070 <0,
and
d(Fo+70) \ |4
) = ma(s)elF) T <o,
for some d > 0.
Indeed,
m1(t) = 11(s) + 7 (a)(t - s),
and
To(t) = 72(s) + 2(b)(t — 5),

where a,b € (s,t), and thus,

71(t) Iri(a)l,,
m(s) b 71(s) £ = l,
(t) IO,
Ta(8) = Ta(8) i |

T1(8) - To
To(t) < 1+i|t—s| < e%ufs\’
Ta(8) 7o
thus
T (t) AGFo+7T0) \ |4
L Se( 7070 )‘t 5‘7
71(s)
and
() (M)l
m2(s) ~

This complete the proof.

55

O

Lemma 3.4. Under condition (3.19), the operator A(t) = A(t)—r(t)I is dissipative,

and
4 A1) € 1(10, 7], BID(A0)), /),

where

VPO +T | V) +1
= T

Proof. Taking U = (u,v,v1,z,w)T € D(A(t)). Then, for a fixed t,

(AU, Uy = /Q{Vv(:z:)Vu(a:) +v(z)A(u(z) + av(z)) Hdx
~a [ [ a=rwnsteew pdpr

& / 1 / (1 — (O)p)wp . phw(z, p)dpdl

ov

— /F1 <8(u—|—av)<x) + k1z(x, 1) + kow(z, 1)) v(x)dr.

(3.22)
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By Green’s formula,

(AU, Uy = —Ic/F z(z, Do(z)dl’ — a/Q |Vo(x)|2dz
—6 [ [ 0= Ozt )zt p)dpr

1
— & /F /0 (1—=7"(t) p)w, (z,p)w (z, p) dpd. (3.23)

Integrating by parts in p and p we obtain
1
[ szt o = s ndpar
I'y

/Fl / 355" — H(8)p)dpdD

_n(t

/F /0 2%(x, p)dpdl + % g {22(x,1)(1 — 71 (t)) — 2% (2,0)}dT,  (3.24)

/F1 /1% (z, p)w (z, p) (1 — 75 (t)) dpdl
/r/ 35, (@) (L= (1)dpdl

= 7-2 / / l' ,0 deF + {w2 (557 1) (1 _ 7-2/ (t)) _ w2 ($70)} dr.
T

(3.25)
Iy
Therefore, from (3.23), (3.24) and (3.25),

(AU, U )y

= — zZ\xr vlx — K9 wlx, vlx —a v\r 2 X

=ty [l @ ks [ e Do@ar —a [ 9o
§ &1 2
-5 [ Eena o) - 2o - & 1 /P/ Z2(z, p)dpdD
&

627'2

5 Fl{w (z,1)(1 — 75(t)) — w?(x,0)}dl’ — /Fl/ (z, p)dpdl’

:—kl/F z(x,l)v(:c)dF—l@/F w(x, L)v(z)dl
2 _ é z2 T _7_/

~a [ 1vo@Par - 5 [ 200w

&2 &1 2 617'1
—2/F1w(x1)(1—7'2())dF—|—2/U(xdF /Fl/ (z, p)dpdl
§2

_’_7/ (x)dl — 527—2 / / (2, p)dpdl .
2 T,

Using Cauchy-Schwarz’s and Poincaré’s inequalities, a trace estimate, it follows that
(A()U,U):

a |k|C* §1 a k| C* §2 2
< [(5- B o)+ (5- B &0 [ muwPa
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_ <£1(1_d)_§|m>/ 2?(x,1)dT

2 I,
k
- <522 (1—d)— L2|\/1 — d> / w? (2, 1) dT + k(t)(U,U),, (3.26)
Iy
where
1
oo CEO DY @0+
K =
27‘1 (t) 27’2 (t)
then, from (3.19),
(AU, Uy < k(t)(U,U)4. (3.27)
Moreover,
iy — O A0 + 1)s
27 (t) (T2 + 1)2 271 ()2
Bt O ) +1):
2y (8) (T2 (t) +1)2 279(t)2 ’
is bounded on [0, 7] for all T' > 0 (by (2.1) and (2.3) and we have
d
—A(t)U
A1)
— (0,0,0, (W7 (t)p = T{(I;) (ri(t)p—1) - 5 (W) 72(t)p — Té(t2 (ra(t)p — 1) w,)T
T1 (t) T2 (t)
(3.28)
with T{/(t)ﬁ(t)p;?;;z)(ﬁ(t)p_l) and T(‘/’/(t)m(t)p;;(ét()i)(Té(t)pfl) are bounded on [0,7].
Thus
d -~ .
the space of equivalence classes of essentially bounded, strongly measurable func-
tions from [0, T] into B(D(A(0)), H). O

Lemma 3.5. For fized t > 0 and X > 0, the operator \I — A(t) is surjective.

Proof. Let (f,g,91,h1,he)T € H, we seek U = (u,v,v1,2z,w)T € D(A(t)) solution
of
()‘I - A(t))(uvuvvhsz)T = (fag7glah17h2)T7

that is verifying

Au—v = f,
A —A(u+av) =g,
0
Mop 4+ pt ((ua—l—/av) (x) + k12 (z,1) + kow (x, 1)> =91, (3.30)

AW

Az + ) zp = hq,

L
\w 1 T2 (t)p b= h2-
T2 (t)

Suppose that we have found u with the appropriate regularity. Then
v=Au—f, (3.31)
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and we can determine z,w. Indeed, by (3.15),
z(z,0) = v(x), forxeTly, (3.32)
and, from (3.30),
1—7i(t)p
(1)
Then, by (3.32) and (3.33), we obtain

Az(z, p) + zp(x,p) = hi(x,p), forxzely, pe(0,1). (3.33)

p
2(z, p) = v(x)e ) 4 Tl(t)e_)‘p“(t)/ hi(x,0)e* ™V do,
0
if 7{(¢t) =0, and

AT}Q) In(1—7/
z(z,p) =v(z)e 1® (1=71(t)p)

I 6>\ :ix; ln(l—T{(t)p) /p hl(x, O;)Tl (t) e_A:%EZ; ln(l—T{ (t)a)da7
0o 1—m(t)o
otherwise. From (3.31),
_ —Ap71(t) _ —Ap71(t)
(@, p) = Au(x)e fx)e
p
+ 71 (t)e @) / hy(z,0)er ™ D dg, (3.34)
0
on Ty x (0,1).
If 71(t) = 0, and
I 11— I 11—t
Z(I,p) — )\U(I)BAT%G)I (1 1(t)p) _ f(x)e)‘ri(t) 1 (1 1(t)p)
n 6)\ :%23 In(1—71(t)p) /p hy (QZ, O;)Tl (t) ef)\:ﬁ:; ln(lf'r{(t)a)da’ (335)
o l=Ti(t)o

on I'y x (0,1) otherwise.
In particular, if 7{(¢) = 0,

2(z,1) = Mu(z)e WO 4 20(zx), =z €Ty, (3.36)
with 29 € L?(I';) defined by

1
zo(z) = —f(x)e A ® 4 7'1(25)67)\71(25)/ hi(z,0)e* ™ Wdo, zely,  (3.37)
0

and, if 7{(t) # 0,

XT}i(t)ln _7_/
z(z,1) = Au(z)e 1™ (=7 (1)

with 29 € L?(I'1) defined by

AT}imln —7!
zo(z) = —f(x)e 1 =n®

+20(z), zely, (3.38)

L) 11— 1 AT 11— (Do
4 e 1<t>>/ hl(x,o,)n(t)e A m(=r{() , (3.39)
o 1-=7{(t)o
Now we will determine w, again by (3.15),

L-7()p

Aw (z,p) + @)

Wp (x,p) = hs (.%‘,p) )

then

p
w(z, p) = v(z)e 20 4 Tg(t)e_)"”’“(t)/ ho(x,0)er = dg,
0
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if 75(¢t) = 0, and
)\L(,t)ln -7
(e, p) = v(z)e E mA-THO)
I e/\ 128 1[1(1—7’2/ (t)p) /p hg (iE, 0)’7’2 (t) e—)\% ln(l—Té(t)a)
o 1-7(t)e

do,

otherwise. From (3.31),
w(z, p) = Au(z)e =0 — f(g)e=rrm=®)

p
+ Tg(t)ef)‘p”(t)/ ha(x,0)e* 2V do, (3.40)
0
if 75(¢t) =0, and
A3 In(1-75(t)p) AL In(1—-75(t)p)
w(z,p) = Au(z)e =2 — fx)e" 2®

/\TQ(t) ln(lfTé (t)p) /p hg (CC, 0)7’2 (t) 67)\:2722 ln(lfTé(t)o)dO_ (3 41)
0

+e T4 (t)
1—7i(t)o

on I'y x (0,1) otherwise.
In particular, if 74(t) = 0,

w(z,1) = Au(z)e 2O fwg(z), = ely, (3.42)
with wy € L?(I'y) defined by

1
wo(x) = — f(x)e 22O 4 1y(t)e 2 / ho(x,0)e*™Wdo,  zely, (3.43)
0

and, if 75(t) # 0,

T2 1 (1—r
w(z, 1) = Mu(z)e B0 7O

with wg € L?(T';) defined by

A2 (17
wo(w) = —f()e 4o MY

N ex:zgj; In(1—74(t)) /1 ho(z,0)7a(t) eiA:ZE:; In(1—74(t)o)
o 1=m7(t)o

for x € I'y. Then, we have to find u. In view of the equation

+wo(z), =z €Ty, (3.44)

do, (3.45)

A —A(u+av) =g,

we set s = u + av and look at s. Now according to (3.31), we may write

v=Au—f=As— f— dav,
or equivalently
— - (3.46)
T 1’ 14aa '
Hence once s will be found, we will get v by (3.46) and then u by u = s — av, or
equivalently

v

1 a
1 + )\as + 14+ Xa
By (3.46) and (3.30), the function s satisfies
)\2
1+ Xa s
with the boundary conditions

f (3.47)

u

—As=g+ [ in Q, (3.48)

1+ Xa

s=0 on I, (3.49)
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as well as (at least formally)
Jds
o
which becomes due to (3.46), (3.47), (3.36), (3.38), (3.40) and the requirement that
v1 = yv on I'y:

Bs _ Mke O 4 kyem 0 4 i)

= pg1 — pIvy — ki12(-,1) — kow(-,1) on T'y,

2 l r 3.50
ov 14+ Xa shboon b (8:50)
where
M — krae= 210 — kyqe=rm2(*)
l=pg + Gl 2 )f*klzofk&wo on I'y,
1+ Xa
if 7{(t) = 75(t) = 0, before 71 (¢) # 0 and 74(t) # 0 we obtain
AT® — T?(t) n(l—745
s _ Ak OO e TR (3.51)
ov 1+ Xa b '
where
AT -7 (1) A28 07 1)
- A — kiae ~T1® U — koae T2 :
= ,U,gl+ (,U ! 2 f*klz()*kgwo on Fl.

14+ Aa
From (3.48), integrating by parts, and using (3.49), (3.50), (3.51) we find the vari-
ational problem

A2 Mk1e™ 1 4 kge™ A7 A
/( sq+Vs-Vq)dx+/ (kre + ac s )squ
Q

14 Aa I 1+ Xa
A
= /Q(g—F T )\af)qu—l— g lgdU' Vq € Hp (), (3.52)
1
if 7{(t) = 75(t) = 0, before 71(t) # 0 and 75(t) # 0 we obtain
AL In(1-7]) -2 In(1-74)
A2 AMkie "7 Vot koe T2 + )
. d dl’
/Q(1+>\a8q4rvs Va) x+/r1 1+ Aa o
A ~
= /Q(g +1 n )\af)qu + g lgdl' Vq € Hp, (Q). (3.53)
If 74 (t) = 0 and 75(¢) # 0 we have
_ -2 In(1-73)
A2 ME1e™ T 4 kge 72 2+ u)
- d dr
/Q(1+)\asq+Vs Vq)ac—k/r1 W sq
A ~
= /Q(g + T )\af)qda: + g lgdl' Vq € Hp (). (3.54)
1
Otherwise, we get
A In(1—79) _
A2 Akie 71 Vo ke T2 4 p)
. r
/§2(1+/\asq+vs Vq)d:c—i—/Fl T a sqd
by ~
= /Q(ng g )\af)qd:r +/F lgdl' Vq ¢ H%U(Q), (3.55)
1

As the left-hand side of (3.52), (3.53), (3.54), (3.55) is coercive on H} (), the
Lax-Milgram lemma guarantees the existence and uniqueness of a solution s €
H%O (Q) of (3.52), (3.53), (3.54), (3.55).
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If we consider ¢ € D(Q) in (3.52), (3.53), we have that s solves (3.48) in D’(Q)
and thus s = u + av € E(A, L*(Q)).
Using Green’s formula (3.17) in (3.52) and using (3.48), we obtain

AE1e™2T 4 kge ™22 4 p) Os
T = T
/Fl 1+ ha sdl + (5 ian = | ladl

leading to (3.50) and then to the third equation of (3.30) due to the definition of [
and the relations between u, v and s. We find the same result if 7/(¢) #0, i = 1, 2.

In conclusion, we have found (u,v, vy, z,w)? € D(A), which verifies (3.30), and
thus AI — A(t) is surjective for some A > 0 and ¢ > 0. Again as x(t) > 0, this proves
that

M — A(t) = (A + k()] — A(t) is surjective, (3.56)
for any A > 0 and ¢t > 0. ]
Proof. (of Theorem 3.2) Then, (3.21), (3.27) and (3.56) imply that the family A=
{A(t) : t € [0,T]} is a stable family of generators in H with stability constants

independent of t. Therefore, all assumptions of Theorem 3.1 are satisfied by (3.16),
Lemmad.2— Lemma3.5, and thus, the problem

U = AU,
U = U,

has a unique solution U € C([0, +00), D(A(0)))NC ([0, +00), H) for Uy € D(A(0)).
The requested solution is then given by

U(t) = elo #)sfr ().
This concludes the proof. O
4. STABILITY RESULT

Now, we show that problem (1.1)—(1.5) is uniformly exponentially stable under
the assumption

a _ C*|k|
- > . 4.1
57 g (4.1)
We fix &;, (given in (1.6)) such that
|| a LI
<& < — ,i=1,2. 4.2
Vi—d ST ia (42)
Moreover, the parameter A (given in (1.6)) is fixed to satisfy
.1 || 1 k[ }
A<m — |log ———|, = 4.3
{2 o =) e g )

We start with giving an explicit formula for the derivative of the energy.

Lemma 4.1. Assume (2.1)-(2.4) and (4.1). Then, for any regular solution of
problem (1.1)-(1.5) the energy is decreasing and, for a suitable positive constant C,
we have

E'(t) < -C {/ V') da + /rl u?(z,t — 7 ())dl + /F1 u'? (z,t — 13 () dr}

-C / / (=092 (z, s)dT'ds + / Dy (2, 5) dTds § .
t—ri(t) JT1 t=m2(t) /I

(1.4)
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Proof. Differentiating (1.6), we obtain

/{u' "+VuVu}dx+§1+£2/ u’QdF+u/ "u" dl
I T

1

1 — 1—74
fl 7-1) / e—)\n /2(1‘ +_ T1)dF 52( 7-2) / e_>‘7'2u'2(x,t _ TQ)dF

7)\51/ / A=9)4/2 (g, s)dTds — 52/ / A=9)y/2(z, s)dTds,
Fl 1—‘1

and then, applying Green’s formula,

E’(t):/au’Au’dx—i—/ u’%df‘
Q I 31/

M/ An(0yf2 (3,1 — 7y (1)) dT

—/\51/ / A=9)y/2(z, s)dTds
t Tl I

7/\572/ / e N2 (1) ) dFds+u/ u'u"drl. (4.5)
2 Jimty Iy I

Integrating once more by parts and using the boundary conditions we obtain

12
F'(t) = —a/ ’Vu k:l/ w'u'(z,t — 1 (t))dD
Q 't

s /F o (2,8 (2,1 — 73 (£)) dT

SSOSRO) [ e

07O [ s gy o) ar

t
e[ [ oems
2 r, 2 t—71(t) JT

- )\5—2/ / e M0y (2, 5) dDds. (4.6)
2 t*‘l‘g(t) I

Applying Cauchy-Schwarz’s and Poincaré’s inequalities, a trace estimate and recall-
ing the assumptions (2.1)—(2.4), we obtain

E'(t) < —a/ |Vu'|2dx+w/ u?dl
Q 2 n,

k| 2 Ikl 2
+ o= | WP+ == | w”dl
2 1 — Fl - Fl
LI ‘F/ —71) dr+‘ |\/7 u?(t — 75)dl
I

— 5—1(1 —dy)e _H/ u?(z,t —71)dl — %2(1 —dy)e ™ u?(x,t — 75)dl
Iy

I



EXISTENCE AND STABILITY OF A DAMPED WAVE EQUATION 63

t t
DG [ [ aras - [ [ et sards
t—T11 1 t—T2 1
a |k‘|0* fl / /
_ (o IMCr
< (5o 50) [ vurtas

_(3_25‘10;_ C*)/Vu| dz
_<6—Arfl(1 d) - k'ﬁ) /F 2(z,t — y)dl

_(e—v@(l_ 0 — k'ﬁ)/ 2(z,t — rpdl

2
—/\51/ / A=9)y/2(z, s)dTds — A 52/ / A=9)y/2(z, s)dTds.
t—7 JI'1 'y
Therefore, (4.4) immediately follows recalling (4.2) and (4.3). O

We will use an appropriate Lyapunov functional. For this purpose, let us define
the Lyapunov functional

Fit)=E(t)+¢ {/ wu'dx + ,u/ uu’dl“} , (4.7)
Q I
where ¢ is a positive small constant that we will choose later on.

Remark 4.2. From Poincaré’s inequality, it is easy to verify that the functional F’
is equivalent to the energy FE, that is, for € small enough, there exist two positive
constant €1, &9 such that

e1F(t) < E(t) < eyF(t), Vt>0. (4.8)

Lemma 4.3. For any regular solution (u,z,w) of problem (1.1)-(1.5), we have

d {/ wu dxdtJru/ uu'df}
i .

<C {/ (Vo) do + / u?(z,t — 7 (t))dl + / u? (z,t — 15 (1)) dF}
Q F] 1—‘1
1
- 7/ |Vu|?d, (4.9)
2 Ja
for a suitable positive constant C.

Proof. Differentiating and integrating by parts we have
d
—/ wu'dr = / u?dx —|—/ w(Au + aAu')dz
dt Jo Q Q

:/u’2dx—/ |Vu|2dx—a/Vu~Vu'dx
Q Q Q

O(u + au’)
+ /1“1 u(t)T(t)dF. (4.10)

From (4.10), using the boundary condition on I'y, we obtain

i { s f
— uw' dr + p uw' dl’
dt{sz r

:/ulzdaz—l—/u(Au—&—aAu')dm—i—u/ u'QdF—i—u/ wu dl
Q Q ry Iy
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z/u’zdx—/ |Vu|2dx—a/ Vu - Vu'dz
) Q Q

—kl/ u(t)u’(t—rl(t))dF—kg/ w(t) ! (t— 7 (t))dF+u/ W2d. (4.11)

Iy I
We can conclude by using Young’s, Poincaré’s inequalities and a trace estimate. [J

Now we can deduce our last result.

Theorem 4.1. Assume (2.1)-(2.4) and (4.1). Then there exist positive constants
Cy,Cy such that for any solution of problem (1.1)-(1.5),

F(t) < C1F(0)e” 2t vt >0. (4.12)

Proof. From Lemma 4.3, taking ¢ sufficiently small in the definition of the Lyapunov
functional F', we have

9 < —C’{/Q|Vu’|2dx+/rl u’Q(x,t—Tl(t))dm+/Fl u? (zt - 7 (t))dx}

t t
e, e*/\(t*ﬁ/ u?(x,s)dlds — C e”\(t’s)/ u'*(x, s)dlds
( 'y (t) I

t—71 t—To

t)
€ 2
-5 [ [Vuldz, (4.13)
2 Ja
for a suitable positive constant C'. Poincaré’s inequality implying

/|u’|2dac—|—/ |u’\243g0;/ v da,
Q Ty Q

for some C} > 0, we obtain

d
aF(t) < -C'E(t), (4.14)
for a suitable positive constant C”. (4.8) permits us to conclude our result. U
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ABSTRACT. The current paper is concerned with the controllability of impulsive neutral
stochastic delay partial functional integro-differential equations with Poisson jumps in
Hilbert spaces. Sufficient conditions are established using the theory of resolvent operators
developed by Grimmer [Resolvent operators for integral equations in Banach spaces, Trans.
Amer. Math. Soc., 273(1982):333-349] combined with a fixed point approach for achieving
the required result. An example is presented to illustrate the application of the obtained
results.

KEYWORDS: Controllability, Resolvent operators, Cp-semigroup, impulsive integrod-
ifferential equations, fixed point theory.
AMS Subject Classification: 34A37; 93B05; 93E03; 60H20; 34K50

1. INTRODUCTION

The theory of semigroups of bounded linear operators is closely related to solv-
ing differential and integrodifferential equations in Banach spaces. In recent years,
this theory has been applied to a large class of nonlinear differential equations in
Banach spaces. Using the method of semigroups, various types of solutions to semi-
linear evolution equations have been discussed by Pazy [22]. Various evolutionary
processes from fields as diverse as physics, population dynamics, aeronautics, eco-
nomics and engineering are characterized by the fact that they undergo abrupt
changes of state at certain moments of time between intervals of continuous evolu-
tion. Because the duration of these changes are often negligible compared to the

* Mamadou Abdoul DIOP .
Email address : azizmanesn@outlook.fr, betekorahafizl1@yahoo.fr, ogouyandjou@imsp-uac.org, mamadou-
abdoul.diop@ugb.edu.sn.
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total duration of the process, such changes can be reasonably well approximated as
being instantaneous changes of state, or in the form of impulses. These processes
can be more suitably modeled by impulsive differential equations, which allow for
discontinuities in the evolution of the state.

The development of the theory of functional differential equations with infinite de-
lay heavily depends on a choice of a phase space. In fact, various phase spaces have
been considered and each different phase space requires a separate development of
the theory [13]. The common space is the phase space B proposed by Hale and Kato
in [12], which is widely applied in functional differential equations with infinite de-
lay. However, this phase space is not correct for the impulsive case. Generally, the
theory of impulsive functional differential equations or inclusions is based on the
phase space defined later (see [15]).

In many cases, deterministic models often fluctuate due to noise, which is random
or at least appears to be so. Therefore, we must move from deterministic problems
to stochastic ones. Taking the disturbances into account, the theory of differential
inclusions has been generalized to stochastic functional differential inclusions (see
[7, 6] and the references therein). The existence, uniqueness, stability, controlla-
bility and other quantitative and qualitative properties of solutions of stochastic
evolution equations or inclusions have recently received a lot of attention (see [14]
and the references therein). As one of the fundamental concepts in mathematical
control theory, controllability plays an important role both in deterministic and
stochastic control theory. Roughly speaking, controllability generally means that
it is possible to steer a dynamical control system from an arbitrary initial state
to an arbitrary final state using the set of admissible controls. The controllability
of nonlinear stochastic systems in infinite dimensional spaces has been extensively
studied by several authors, see [21] and the references therein. Recently, Park,
Balachandran, and Arthi [19] investigated the controllability of impulsive neutral
integro-differential systems with infinite delay in Banach spaces using Schauder-type
fixed point theorem. Arthi and Balachandran [2] established the controllability of
damped second-order impulsive neutral functional differential systems with infinite
delay by means of the Sadovskii fixed point theorem combined with a noncompact
condition on the cosine family of operators. Very recently, also using Sadovski’s
fixed point theorem, Muthukumar and Rajivganthi [18] proved sufficient conditions
for the approximate controllability of fractional order neutral stochastic integro-
differential systems with nonlocal conditions and infinite delay.

Motivated by the previously mentioned works, in this paper, we will extend some
such results of mild solution for the following neutral stochastic partial functional
integrodifferential equations with infinite delay and Poisson jumps.
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d {x(t) —g (t,xt,/ot al(t,s,xs)d8>] = {A {x(t) —g (t,xt,/ot al(t,s,xs)dsﬂ

s

+f (t,mt,fg Jg(t,s,ms)ds)] dt + {/OtB(tfs)[x(s) _g (sm/o 01(5,T,m7)d7)]ds] dt

+Cu(t)dt + /t o(t,s,xs)dw(s) + / y(t, z(t=),v)dN(dt,dv), tx #t € J:=[0,T],
—oo p1¢

Ax(ty) = Ix(ze,,), k={1,---,m}=:1,m,

z(8) — @@y, Ty, + e, )(8) = p(s) € L2(, B), for a.e s € Jy := (—00,0],

(1.1)
where 0 < t] < to < -+ < t, < T,n € N;z(-) is a stochastic process taking
values in a real separable Hilbert space H, A : D(A) C H — H is the infinitesimal
generator of a strongly continuous semigroup on H, (B(t)):>0is a family of closed
linear operator on Hhaving the same domain D(B) which contains the domain of
A. The history x; : Jo — H, 2+(0) = z(t+0) for t > 0, belongs to the phase space B,
which will be described in Section 2. Assume that the mappings f,g: J x Bx H —
H,o:JxJxB—LY0;: IxJxB—MH,i=1,2,I;:B—Hk=1,m,q: B" = B,
and v : J x H x 44 — H are appropriate functions to be specified later. The control
function u(-) takes values in L?(J,U) of admissible control functions for a separable
Hilbert space U and C is a bounded linear operator from U into H. Furthermore, let
0=ty <ty < <tm <tmse1 =T be prefixed points, and Ax(t;) = x(tg) —a(ty,)
represents the jump of the function z at time ¢ with I, determining the size of the
jump, where z(t;7) and x(¢;,) represent the right and left limits of z(t) at t =
respectively. The initial data ¢(t) = {¢(t) : —oo <t < 0} is an Fp-measurable B-
valued random variables independent of the Wiener process {w(t)} and the Poisson
point process p(-) with a finite second moment.

The aim of our paper is to study the controllability of nonlocal impulsive neutral
stochastic functional integrodifferential equations with infinite delay and Poisson
jumps in Hilbert spaces. The main techniques used here include the Banach con-
traction principle and techniques based on the use of a strongly continuous family
of operators R(t);t > 0 defined on the Hilbert space H and called their resolvent
(the precise definition will be given below). The resolvent operator is similar to
semigroup operator for abstract diferential equations in Banach spaces.

The structure of this paper is as follows: in Section 2, we briefly present some
basic notations, preliminaries, and assumptions. The main results in Section 3 are
devoted to study the controllability for the system (1.1) with their proofs. An
example is given in Section 4 to illustrate the theory.

2. PRELIMINARIES

In this section, we briefly recall some basic definitions and results for stochastic
equations in infinite dimensions. For more details on this section, we refer the reader
to Da Prato and Zabcezyk (1992)[24] and Protter (2004)[25]. Let (H, || - ||m, (-, - )m)
and (K, || - ||k, (-, -)x) denote two real separable Hilbert spaces, with their vectors,
norms, and their inner products, respectively. We denote by L£(K;H) the set of all
linear bounded operators from K into H, which is equipped with the usual operator
norm || - ||. In this paper, we use the symbol || - || to denote norms of operators
regardless of the spaces potentially involved when no confusion possibly arises.
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2.1. Basic preliminaries on the stochastic integration and the abstract
phase space. Let (Q,F,F = {F;};>0, P) be a complete filtered probability space
satisfying the usual condition (i.e. it is right continuous and Fy contains all P-null
sets). Let w = (w(t))i>0 be a Q-Wiener process defined on the probability space
(Q, F,F, P) with the covariance operator Q such that Tr(Q) < co. We assume that
there exists a complete orthonormal system {ej}r>1 in K, a bounded sequence of
nonnegative real numbers \; such that Qe = Ager, K = 1,2,---, and a sequence
of independent Brownian motions {f}x>1 such that

(w(t),e)x = Y VArler, e)xBr(t), e€K,t>0.
k=1

Let £J = £5(Q'/?K;H) be the space of all Hilbert-Schmidt operators from Q/2K
into H with the inner product (W,qﬁ)cg = Tr[PQo¢*]|, where ¢* is the adjoint of
the operator ¢. Let p = p(t),t € D, (the domain of p(t)) be a stationary F-
Poisson point process taking its value in a measurable space (4, B(4l)) with a o-finite
intensity measure A(dv) by N(dt, dv) the Poisson counting measure associated with
p, that is,

Nt = > Tu(p(s));
seDy,s<t
for any measurable set 4l € B(K—{0}), which denotes the Borel o-field of (K—{0}).
Let
N(dt,dv) = N(dt,dv) — \(dv)dt,
be the compensated Poisson measure that is independent of w(t). Denote by P?(J x
i1 H) the space of all predictable mappings v : J x &t — H for which

t
/ / Elly(t,0) A (dv)dt < oo.
0 )1

We may then define the H-valued stochastic integral fot Ju y(t,v)N(dt,dv), which
is a centered square integrable martingale. For the construction of this kind of
integral, we can refer to Protter [25].

The collection of all strongly measurable, square-integrable H-valued random
variables, denoted by L2(€,H), is a Banach space equipped with norm ||z||z, =
(E||z]|?)Y/2. Let C(J, L2(€2,H)) be the Banach space of all continuous maps from .J
to L2(Q, H), satisfying the condition sup,¢ ; E||z(¢)||* < co. An important subspace
is given by £9(Q,H) = {f € L2(Q,H) : fis Fo — measurable}. Further, let

L5(0,T;H) ={g:J xQ— H: gis F — progressively measurable and

B ( [ latoar) < oo

Since the system (1.1) has impulsive effects, the phase space used in Balasubrama-
niam and Ntouyas [5] and Park et al. [21] cannot be applied to these systems. So,
we need to introduce an abstract phase space B, as follows:

Assume that [ : Jy — (0,+00) is a continuous function with [y = fJo I(t)dt < 0.
For any a > 0, we define

B:= {w s Jo — H : (E[4(8)]|*)/?is a bounded and measurable function on [—a, 0]

an S su 21/25 0 .
d/Jozm b (El|%(0)]2)"2ds < }

0€([s,0]
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If B is endowed with the norm

[wls= [ sup (Elo6)]) ds, voe B
Jo 96[5,0]
then, it is clear that (B, || - ||g) is a Banach space (Hino, Murakami, & Naito, 1991).
Let Jr = (—o0,T]. We consider the space
Br = {x: Jp — H such that x; € C(Jy,H)and there exist z(; ) and z(t;) with

x(tl;) 293(%)795(0) _(I(«Tt17-Tt27"' ' x,) = €B, k= 17m}7

)
where 1z, is the restriction of x to Jy = (¢x, tk+1], & = 1, m. Set ||- ||z be a seminorm
in Br defined by

[zl = llells + S}élJ)(EIIﬂU(S)||2)1/2> € Br.

Now, recall the following useful lemma that appeared in Chang [9]
Lemma 2.1. (Chang, [9]) Assume that x € Br, then for t € J,x, € B. Moreover,
L(E|z(t)*)? < llzells < llzolls + 1o sup (Ela(s)|*)"/>.

s€[0,t]

2.2. Partial integrodifferential equation in Banach space. In the present
section we recall some definitions, notations and properties needed in what fol-
lows. Let Z;and Zy be Banach spaces. We denote by L£(Z1,Z3) the Banch space
of bounded linear operators from Z; into Zs endowed with the operator norm
and we abbreviate this notation to £(Z;) when Z; = Zs.

In what follows, H will denote a Banach space, A and B(t) are closed linear
operators on H. Y represents the Banach space D(A), the domain of operator A,
equiped with the graph norm

lylly = [lAy[ + [ly[| for yeY.

The notation C([0,+00);Y") stands for the space of all continuous function from
[0,4+00) into Y. We then consider the following Cauchy problem

{ v (t) = Av(t) + fg B(t — s)v(s)ds for t >0,
o

O):Uo € H. (21)

Definition 2.2. ([11]) A resolvent operator of Eq.(2.1) is a bounded linear operator
valued function R(t) € L(H) for ¢ > 0, satisfying the following propreties:
(i) R(0)=I and || R(t)|| < NeP! for some constant N and 3.
(ii) For each x € H, R(t)x is strongly continuous for ¢ > 0.
(iii) For z € Y, R(.)x € C*([0,+00); H) N C([0,+00);Y) and

’

R (t)r = AR(t)x + /t B(t — s)xds
0

¢
= R(t)Ax —|—/ R(t — s)xzds for ¢>0.
0

For additional details on resolvent operators, we refer the reader to [11, 10]. The
resolvent operator plays an important role to study the existence of solutions and to
establish a variation of constants for non-linear systems. For this reason, we need
to know when the linear system(2.1) possesses a resolvent operator. Theorem 2.1
below provides a satisfactory answer to this problem.

In what follows we suppose the following assumptions:
(H1) A is the infinitesimal generator of a Cy— semigroup (7'(¢))>0 on H



72 J. NONLINEAR ANAL. OPTIM. VOL. 9(1) (2018)

(H2) For all t > 0, B(t) is a closed linear operator fromD(A) to H, and B(t) €
L(Y,H).For any y € Y,the mapt — B(¢)yis bounded, differentiable and the de-
rivative ¢t — B (t)y is bounded uniformly continuous on R*.

Theorem 2.1. ([11]) Assume that hypotheses (H1) and (H2) hold. Then the Eq.
(2.1) admits a resolvent operator (R(t))¢>o.

In the sequel, we recall some results on the existence of solutions for the following
integro-differentiel equation

{ v (t)= +f0 (t —s)v(s)ds + q(t) for t >0,

U(O)—vo € H. 22)

whereq : [0, +oo[— H is continuous function.
Definition 2.3. A continuous function v : [0,+00) — H is said to be a strict
solution of the Eq.(2.2) if

(i) v e C([0,+00); H) N C([0, +00); ),

(ii) v satisfies Eq.(2.2) for ¢ > 0.
Remark 2.4. From this definition we deduce that v(t) € D(A), and the function
B(t — s)v(s) is integrable, for all t > 0 and s € [0, +00).

Theorem 2.2. ([11]) Assume that hypotheses (H1) and (H2) hold. If v is a strict
solution of the Eq.(2.2), then the following variation of constant formula holds

o(t) = R(t)vo + /O Rt — 8)g(s)ds for > 0. (2.3)

Accordingly, we can establish the following definiton.

Definition 2.5. A function v : [0, +00) — H is called mild solution of the Eq.(2.2),
for vg € H, if v satisfies the variation of constants formula (2.3).

The next theorem provides sufficient conditions ensuring the regularity of solu-
tions of the Eq.(2.2).

Theorem 2.3. Let ¢ € C([0,+00); H) and v be defined by (2.3). If vy € D(A),
then v is a strict solution of the Eq.(2.2).

Now, we give the definition of mild solution for (1.1).

Definition 2.6. An F;-adapted cadlag stochastic process = : Jp — H is called a
mild solution of (1.1) on Jp if (0) —g(xt,, Tey, - -+, 24, )(0) = 29 = ¢ € B, satisfying
©,q € L3(Q, H); is such that the following conditions hold:

(i) {z¢:t € J} is a B-valued stochastic process;

(ii) For arbitrary ¢ € J, z(t) satisfies the following integral equation:

w(t) = R@)xo+q(@e,, @50 21,)(0) = 9(0,20,0)] + g (t,wu /Ot ou(t, 8>$s)d8>
+ /t R(t — s)Cu(s)ds + /ot R(t—s)f (&m& /Os 02(5,£7m7)d7> ds
+ / R(t—s / o(s, T,z )dw(r)ds + /075 R(t — S)/u'y(t x(t—),v)N(dt, dv)

+ R(t — $)I(x¢,), and (2.4)

O<tp<t
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(iii) Am(tk) = Ik(xtk),k: = l,m.

Definition 2.7. The system (1.1) is said to be controllable on the interval Jp, if
for every initial stochastic process ¢ € B defined on Jy and y; € H; there exists a
stochastic control u € L?(J,U) which is adapted to the filtration {F;}cs such that
the solution z(-) of the system (1.1) satisfies (T) = y;, where y; and T are the
preassigned terminal state and time, respectively.

To prove our main results, we shall impose the following assumptions.

(H3) There exists positive constants Mg and M, such that for allt,s € J,z,y €
B

IR < Mas

t 2

Ey/wmnww—mWawus < My le -yl
0

(H4) The function g : J x B x H — H is continuous and there exists a positive
constant M, such that for all t € J, x1, 22 € B,y1,y2 € L2(Q2, H)

Ellg(t,z1,51) — g(t, 22, y2)|1* < My(l|lz1 — z2|5 + Ellyr — v2l?).

(H5) For each (t,s) € J x J, the function o9 : J x J x B — H is continuous and
there exists a positive constant M,, such that for all t,s € J,z,y € B

t 2
lﬂ/ww@w—@m&mw < M, e - I
0

(H6) The function f : J x B x H — H is continuous and there exists a positive
constant My such that for all ¢ € J,z1, 22 € B,y1,y2 € L2(2, H)

E|lf(t21,91) = f(t 22,1 < My(lor — 22E + Ellyr — gel*).

(H7) The functions Iy, k € C(B,H),k = 1,m and there exist positive constants
My, and M, such that for all x,y € B

k
E|Ix(2)]* < Mp,;
E||Zx(z) = In(y)|I* < M, ||z — yl5.
(H8) For each ¢ € B, h(t) = lim. o fEc o(t,s,p)dw(s) exists and continuous.
Further, there exists a positive constant M}, such that

E[lh(t)]* < M.

(H9) The function o : J x J x B — L(K,H) is continuous and there exists
positive constants M, M, such that for all s,t € J and z,y € B

E||0(t,s,x)||ig < My;
Ello(t,5,2) — o(t, 5,0)|2 < Mollz -yl

(H10) The function ¢ : B — B is continuous and there exist positive constants
Mg, M, such that for all z,y € B,t € Jy

Ellg(@t,, @y, 22, )OI < My;
E||Q(xt1)xt2; ey Z‘tn)(t) - q(ytl,ytz, "'7ytn)(t)”2 < ﬁq||$ _ y||%
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(H11) The linear operator W : L2(J,U) — L?(Q, H) defined by

Wu = /JR(T — 5)Cu(s)ds

has an induced inverse W ~! which takes values in L2(J,U)/Ker W (see
Carimichel & Quinn, 1984) and there exist two positive constants M¢ and
My such that

|C> < Mc and  |[WH> < M.

(H12) The function v : J x Hx 4l — H is a Borel measurable function and satisfies
the Lipschitz continuity condition, the linear growth condition, and there
exists positive constants M., M, such that for any =,y € L£5(0,T;H), t € J

(] fresroeress) (] [t npuan)

t
< M,E / (1 + [l2()|12)ds;

B ([ [ Intt.ats-)0) =265 )@
e[ w(t,w(s—),w—7<t,y<s—>,v>||ﬁA<dv>d) T8 [ o) - u(o)ls

3. MAIN RESULTS

In this section, we shall investigate the controllability of nonlocal impulsive neu-
tral stochastic functional integro-differential equations with infinite delay and Pois-
son jumps in Hilbert spaces.

The main result of this section is the following theorem.

Theorem 3.1. Assume that the assumptions (H1)-(H12) hold. If 2 < 1 and
© < 1, then the system (1.1) is controllable on Jr, where

= .= 28(1 + 7T My M) [2l0 (My(1 4 2M,,) + T>MpM;(1 + 2M,,)) + TQMW(:*] +7M,
© := {84I3T* McMw ME M, + 1215(1 + TT* Mc MMy ) [My(1 + M,,)

_ TM,C N
+ T*MgrM;(1+ M,,) + T*MrM,Tr(Q) + 2l§ mMpg Z Mlk_] } .
k=1

Proof. Using the assumption (H9), for an arbitrary function z(-), we define the
control process

T
Uz(t) = Wil {xl - R(T)[’JZO + Q(xtla e 7xtn) - g(Oax()aO)} - g(T7 :L‘T’/() Ul(Ta S,l’s)dS)
R(T — s)f(s,zs, /03 o9(s, 7,2, )dT)ds — /0 R(T — s)[h(s) + /OS o(s, 7,2 )dw(T)]ds
_/O R(T — s)/uv(t,:c(t—)7 v)N(dt, dv) Z R(T —t1) Ik(xtk)} (t) (3.1)

0<tr<T

Let’s put (1.1) into a fixed point problem. Consider the operator II : By — Br
defined by

Mx(t) = xo + x4y, -+ e,) (), t € Jo;
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Mz(t) = R(t)[xo + q(zey, -+ -, 24, )(0) — g(0,20,0)] + ¢ (t,xt,/o o1 (t, s,a:s)ds>

R
/ R(t — s)Cul (s)ds + R t—s)f (s xé,/ oo (s, T, xT)d7'> ds
0

/Rt—s { o) + /OSU(S,T,xT)dw(T)} ds—f—/OtR(t—s)/ufy(tx(t—),v)lv(dt,dv)

R(t — tk)Ik(xtk) for a.et € J.
0<tp<t

In what follows, we shall show that using the control ul(-), the operator II has
a fixed point, which is then a mild solution for system (1.1).

Clearly, Iz(T) = y1.
For ¢ € B, we define ¢ by

5(t) = 20 + ey, Tayo o2, ) (1) AL E o,
v R(B)[xo + q(xt,, 2eyy -+ 01, )(0)] ift € .

then @(t) € Br. Set z(t) = z(t) + ¢(¢), t € Jr.
It is easy to see that z satisfies (2.4) if and only if z satisfies zyp = 0 and

t t
Z(t) = _R(t)g<0’ Zo, O) =+ g(ta 2t + ¢t7 / o1 (t’ S, %2s + @b)ds) + / R(t - S)OUZ+¢(3)d5
0 0
R t—s)f(s,zs+ gos,/ o2(8, T, zr + @ )dT)ds
0

/Rt—s /U(STZT—H,DT Ydw(T)]ds + Z (t = ti) Ik (2t, + Pr,.)

O<tp<t
+/0 R(ts)/u’y(t,z( )+¢(t—),v)N(dt,dv), teJ,

where uZTJr@(t) is obtained from (3.1) by replacing x; = 2z + ¢;
Let BY = {y € Br : yo = 0 € B}. For any y € BJ., we have

1yl = llyolls + 816113(E\|y(8)ll2)1/2 = Slelg(Elly(S)llz)l/Q,

and thus (B}, || - ||7) is a Banach space. Set B, = {y € B} : ||y||3 < r} for some
r >0, then B, C BY. is uniformly bounded, and for u € B,., by Lemma 2.1, we have

lze + @ells - < 2(ll2ll5 + |2 l)

< 4(3 sup (Ellz(s)l* + ll2oll + 15 sup (E[S(s)I* + lIoll5)
s€[0,t] s€[0,t]

AL5 (r + 2MR[Ell0(0)]|* + My) + 4ll2l5 (3-2)

r*.

Consider the map II: B} — BY defined by Ilz(t) = 0, for ¢ € Jy and

IN

t t
HZ(t) = _R(t)g(O’ Zo, 0) + g(t7 ze + ¢t,/0 a1 (ta S, 2s + Qbé)ds) + 0 R(t - S)CUZT+¢(3)CZ5
R 5) S5+ B [ ol 72+ B
0

/Rt—s /O’(STZ-,—-i—gOwa )]ds + Z (t = ti) k(2 + Pr)

0<trp<t
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t
4 R(t—s)/y(t,z(t—)+¢(t—),v)N(dt,dv), ted.

0 o«

Obviously, the operator IT has a fixed point which is equivalent to prove that II
has a fixed point. Note that, by our assumptions, we infer that all the functions
involved in the operator are continuous, therefore II is continuous.

Let z,z € B%. From (3.1), by our assumptions, Hélder’s inequality, the Doob
martingale inequality, and the Burkholder-Davis-Gundy inequality for pure jump
stochastic integral in Hilbert space (see Luo & Liu, 2008, [17]), Lemma 2.1, and in
view of (3.2), for t € J, we obtain the following estimates.

Efuzyql?

< TMw {E||z1||* + 3Mg|[||lzo||* + My + Cs] + 2My([2 + 2M,, Jr* +2C1) + Co

AT Mp(M([1 + 2M,,|r* + 2C5) + C4) + 2Mp(Mj, + tTr(Q)M,) + T2M, C(1 + =)

13
+mMRZMIk} =L,
k=1

Elluly (1) = uZys (0
< 12 Myw {2MpMy + My(1 + M,,) + T*MpM(1+ M,y,) + T° MpM,Tr(Q)
TM,C

- 203

+mMp Z My, } SuBIEHz(t) —zZ(t)|?
h—1 se

where C > 0 is a positive constant and

Cy:=T sup O'%(T,S,O), Cy = sup Hg(t7570)”27
(r,s)eJxJ (t,s)eJxB

C3:=T sup o3(r,s,0), Cy:=sup|f(t0,0)|>
(r,s)eJxJ teJ

Lemma 3.2. Under the assumptions of Theorem 3.1, there exists r > 0 such that

(B,) C B,.

Proof. If this property is false, then for each 7 > 0, there exists a function 2"(+) € By,
but II(2") ¢ B, i.e. |II(2")(¢)||> > r for some t € J. However, by our assumptions,
Holder’s inequality and the Burkholder—Davis—Gundy inequality, we have

r < E|IL(=") (1)
< T[2My([1+2My,]Jr* +2C1) 4+ Co + MrCy + 2T° Mp[(M{[1 + 2M,,]r* + 2C3) + C4]

+ T2MRMoS + 2T2Ma(My + TTr(Q)My) + TM,C(1+ ) + mM My,
0

k=1
*% 2 2 TQM’YC’ *
<M+ 7(1+ T2 My Mc) |2 (My(1 + 2M,,) + T*MrM;(1 + 2M,,)) + 7|
0
+ TMyr* (3.3)

where

M** =7 (201 + Co(1 + Mpg) + 2T2Mg[2C3 + C4] + mMpg Z M1k>
k=1
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+ 49T My MrMc (||21]]* + 3M..[||zo||* + My + Co] + 2M,Cy + Cy + 2T Mg[2C5 + C4]
+2Mp (M), + TM,Tr(Q)) + T*M,C +mMp Y M1k> (3.4)
k=1
Dividing both sides of (3.3) by r and noting that

= 45 (r + 2MRE[0(0)]” + M,) + 4|15
—> 00, T — X

and taking the limit as r — 0o, we obtain 1 < = which contradicts our assumption.
Thus, for some positive number r,II(B,.) C B,.. This completes the proof of Lemma
3.2. (]

Lemma 3.3. Under the assumptions of Theorem 3.1, 11 : B% — BY. is a contraction
mapping.

Proof. Let z,z € B%. Then, by our assumptions, Holder’s inequality, Burkholder-
Davis-Gundy’s inequality, Lemma 2.1, and since ||z]|% = 0 and ||Z||% = 0, for each
t € J, we see that

E||(I1z)(t) — (T12) (1)
TM,C
202

<14 {Mg(l + M,,) +T*MpMi(1+ M,,) + T MrM,Tr(Q) +

m
+mMp Y M;, } supE|[=(t) = Z()|1* + TT* MrMoEl|uZ (1) — ul (1)
b1 sE
< {BAFT* Mc My M7 M, + 1413 (1 + TT* Mc Mg My)
TM,C

212

X lMg(l + My,) + T*MpM; (14 M,,)T*MpM,Tr(Q) +

mMg Mfk] } ilelgEIIZ(t) -z

k=1
Taking the supremum over t, we obtain
I(TL2)(t) - (L2)(t)l[F < Ol|= — 27

By our assumption, we conclude that II is a contraction on B%. Thus, we have
completed the proof of Lemma 3.3. O

On the other hand, by Banach fixed point theorem, there exists a unique fixed
point z(-) € BY such that (IIz)(¢) = x(t). This fixed point is then the mild solution
of the system (1.1). Clearly, 2(T) = (Ilz)(T) = y;. Thus, the system (1.1) is
controllable on Jp. The proof for Theorem 3.1 is thus complete. (]

Now, let us consider a special case for the system (1.1).
If y(t,z(t—),v) = 0, the system (1.1) becomes the following nonlocal impulsive
neutral stochastic functional integrodifferential equations with infinite delay without
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Poisson jumps

d [w(t) g <m / t alu,s,ms)ds)} - {A [w(t) g <m / t alu,s,xs)ds)]
ny (t,xt, Jioat,s, xs)ds)] dt + [/Ot Bt —s)z(s) — g (s, s, /0 o1(s, T, mm)m] dt

+Cu(t)dt + /t o(t,s,xs)dw(s) ty #t € J :=[0,T],

Ax(ty) = Ix(ze,,), k={1,---,m}=:1,m,

,Tt,) =xo =@ € B, for a.e s € Jy:=(—00,0],

x(O) - q(xtl s Ligy "
(3.5)

Corollary 3.4. Assume that all assumptions of Theorem 3.1 hold except that (H12)
and 2,0 replaced by 2,0 such that

i= 2413 (1 + 6T* Mp Mg My )[My(1 + 2M,,) + T2 MM (1 + M,,)] + 6 M,

[1]>

and
© := {72057 Mc My Mp M, + 1215 (1 + 67 Mo Mg Myy)

X Mg(]. + Mgl) + T2MRMf(]. + Mo‘g) +T3MRMUT7”(Q) + mMRZM[k] }
k=1

IfZ <1 and © < 1, then the system (3.5) is controllable on Jr.

4. APPLICATION

In this section, the established previous results are applied to study the control-
lability of the stochastic nonlinear wave equation with infinite delay and Poisson
jumps. Specifically, we consider the following controllability of nonlocal impulsive
neutral stochastic functional integrodifferential equations with infinite delay and

Poisson jumps of the form:



CONTROLLABILITY OF A IMPULSIVE INTEGRO-DIFFERENTIAL EQUATIONS... 79

82

— 5 0 =61 (tate-re. [ ot s u(s - )is) | a

w[ [ re=9[us.0 - 61 (bt =0 [ attsuts = 0as) | +oteruto) ar
" {gl <t,y<t -re). | gt s y(s T,f))dsﬂ dt

—|—/ 0(s — t)y(t,&)ds(s) —|—/ y(t — E)uN(dt,dv) for t, #t e J €0,

— 00 1t

ty

Ay(tk)(f):/ et — $)y(s,E)ds, k= {1l .m}=T.m, €c[0,7],

—00

(0,8) =y(t,m) =0, te

e /0 i€, O(t, ¢ = o(t,6), tedo, €€ 0],
=1

(4.1)
where,y : RT — Ris a continuous function and 3(¢) is a standard one-
dimensional Wiener process in H, defined on a stochastic basis (Q,F, P); i =
{fvelR:0< r <aa>0h0<t <ty < - <t, <T,n el
0 =t < t1 < - <ty < tymy1 < T are prefixed numbers, and ¢ € B.
Let p = p(t),t € D, be a K-valued o-finite stationary Poisson point process
(independent of S(t)) on a complete probability space with the usual condition
(Q, F, (Ft)is0, P). Let N(ds,dv) := N(ds,dv) — \(dv)ds, with the characteristic
measure A(dv) on 4 € B(K — {0}). Assume that

/HUQ)\(dv) < 00.

To rewrite (4.1) into the abstract from of (1.1), we consider the space H = L2([0, 7])
with the norm || - ||. Let e, () := \/gsin né,n=1,2,3,... denote the completed or-

thogonal basics in H and B(t) = > 0" | vV AuBn(t)en,t > 0, > 0, where {53,,(¢)}n>0
are one-dimensional standard Brownian motions mutuallyi ndependent on a usual
complete probability space (Q, F, (Fi)i>o0, P).

Defined A : H — H by A = 2, with domain D(A) = H([0,]) N H([0, 7]),
where
HE([0,7]) = {w € L3([0,7]),w(0) = w(mw) = 0} and H2([0, 7]) = {w € L*([0,7]) :
Ge., G2 € L2(0, 7).
Then,

Az = in2<x,en>en, x € D(A), (4.2)

n=1
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It is well known that A is the infinitesimal generator of a strongly continuous semi-
group on H; thus, (H1) is true.
Let T : D(A) C H — H be the operator defined by I'(t)(z) = B(t)Az for t > 0 and
z € D(A).

Now, we give a special B-space. Let [(s) = €2%,s < 0, then [y = fJo l(s)ds = 3
and define

[vla= [ e sup EuE)|)ds, Ve s
Jo 0€e[s,0]

It follows from Hino et al. [13] that (B, || - ||g) is a Banach space. Additionally, we
assume that the following conditions hold:

(1) Let C € L(R,H) be defined as
Cu(§) =b(&u, 0<&<m, weR, b¢)e L(0,7])
(2) The linear operator W : L?(J,U) — H defined by

Wu = /JR(T — $5)b(&)u(s)ds

is a bounded linear operator but not necessarily one-to-one. Let KerW =
{u € L2(J,U) : Wu = 0} be null space of W and [KerW]* be its orthog-
onal complement in L2(J,U). Let W* : [KerW]+ — Range(W) be the
restriction of W to [KerW]+, W* is necessarily one-to-one operator. The
inverse mapping theorem says that (WW*)~! is bounded since [KerW]* and
Range(W)are Banach spaces. Since the inverse operator W~! is bounded
and takes values in L?(J,U)/KerW, the assumption (H11) is satisfied.
(3) The functions p; : [0, 7] x [0, 7] — H are C2-functions, for each i = 1, n.

(4) The function 14(#) > 0 is continuous in | — oo, 0] satisfying
0 0 2\ 2
/ v3(0)do < oo, </ (U}((S))) ds) < 00.
—o00 —c0 S

(5) ba,bs : R — R are continuous, and

1
0 2 3
(/ (bs(s)) ds) < oo.
—oo U5
(6) The functions by : R — Ris continuous and b; : R — R, i = 1, 3are con-

tinuous and there exist continuous functions r; : R = R,j = 1,2, 3,4 such
that

Tl(t)r2(5)|y|; (t? 571‘73/) € R4’
r3(t)ra(s)lyl;  (t,s,2,y) € RY,

|61(ta S, xay)|

<
|B3(ta S,I,y)| <

1 1
. 7 0 r2(s))? 2 7 0 ra(s))? 2
with L% = (f_oo ( 7((3))) ds) <o, Li= (f_oo ( ?((S))) ds) < 0.

1

(7) The functions d; € C(R,R),and L;, = (f_ooo cl?(s)cls)§ < 0o, where i =

1,---,m are finite.
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Let  ¢(0)(§) = ¢(0,6),(0,£) € J x B, with ¢(0)z = ¢(6,2), (0,z) € Jo x [0,7].
Let y(t)(§) = y(t,€).9, f : IXxBxH—=H,0:JxJxB— LY, vy:JxHxU— H,
and Iy : B — H, k = 1, m be the operators defined by

Ul(tasa¢)(7—) = g(t’$7¢(0,7—))a
olt, o, / or(t,s,0)ds)(r) = Gt é(6.7), / o(t, 5, 6(0.€))ds),

_ /_O (6 de+// $(1, €)dlds,

02(t,3a¢>(7) = gl(tvsv¢(0>£))a
f<t7¢a/0 UQ(taS7¢)ds>(T) = gl(tv(b(evg)a/o gg(t,S,d)((g,f))dS),

0
:/ byt 5, €, 6(s,€))ds

/ / ()b3(s,1, €, ¢(1,€))dlds,

J(tvsa¢)(T) = S_t ) )a
Yt ¢(7),v) = o(T)v,

0

HEo© = [ die-s)s0)es
Moreover, if I' is bounded and C* function such that I’ " is bounded and uniformly

continuous, then (H2) is satisfied and hence, by Theorem 2.1, Eq. (1.1) has a

resolvent operator (R(t))¢>o on H.

Thus it is easy to show that conditions (4) and (5) implies that g satisfies conditions

in (H4), in fact for any ¢y, g2 € B,y1,y2 € L2(Q, L([0,7])), we have

Ellg(t, ¢1,91) — g(t. b2, y2)[I* < My(l|lw1 — 225 + Ellyn — 2|,
where
My = [yg + Tllballoc7]*-
Similary we can verify that other assumptions are satisfied and therefore, by The-
orem 3.1, we can conclude that the system (4.1) is controllable on Jr.

5. CONCLUSION

This paper has studied the controllability of a new class of impulsive nonlocal
delayed stochastic functional integrodifferential equations of neutral type, driven by
a Wiener process and Poisson jumps. Clearly, using the stocastic analysis theory,
the resolvent operator theory in the sense of Grimmer, combinated with the Ba-
nach fixed point theory, we established the conditions for the controllability of the
aforementioned system. Finally, we give an application to illustrate the obtained
results.

There are two direct issues which require further study. We will study the con-
ditions for the approximate controllability of the system (1.1). Also, we will inves-
tigate the optimal controls problems for the nonlocal integro-differential system.
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