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Abstract

The purpose of this paper is to present a fixed point theory for multivalued H™ -contractions from the following per-
spectives: existence/uniqueness of the fixed and strict fixed points, data dependence of the fixed point set, sequence of mul-
tivalued operators and fixed points, Ulam-Hyers stability of a multivalued fixed point equation, well-posedness of the fixed
point problem, limit shadowing property for a multivalued operator, set-to-set operatorial equations and fractal operator theory.
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1. Introduction
Let (X, d) be a metric space and P(X) be the set of all subsets of X. We denote
P(X) :={Y e P(X) | Y #0},
Poi(X) :={Y € P(X) | Yis closed },
Pp,c1(X) :={Y € P(X) | Y is bounded and closed },
Pep (X) :={Y € P(X) | Y is compact }.
By B(x, ) and respectively B(x, ) we will denote the open and respectively the closed ball centered at

x € X with radius r > 0.
The following (generalized) functionals are used in the main sections of the paper.

1. The gap functional generated by d:
Dy : P(X) x P(X) = Ry U{oc}, Dg(A,B) =inf{d(a,b) |a € A,be B}
2. The diameter generalized functional:

5:P(X) x P(X) = Ry U{oo}, &(A,B) =sup{d(a,b)lac A,be B}
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3. The excess generalized functional:
Pa: P(X) x P(X) = Ry U{oo}, pa(A,B) =sup{Dala,B)la € A}.
4. The Hausdorff-Pompeiu generalized functional:
Ha : P(X) x P(X) = Ry U{oo}, Ha(A,B) =max{pa(A,B),pa(B,A)}.

5. The Pompeiu generalized functional:

HY : P(X) x P(X) = Ry U{oo}, HJ(A,B):= %{pd(A,B) +pa(B,A)L

We will avoid the subscript 4 when we work with just one metric d on X.

Let (X, d) be a metric space. If T : X — P(X) is a multivalued operator, then x € X is called fixed point
for T if and only if x € T(x). We denote by Fy the fixed point set of T and by (SF)7 the set of all strict
fixed points of T, i.e., elements x € X such that T(x) = {x}.

Concerning the Pompeiu functional H* defined above, we have several properties.

Lemma 1.1 ([13]). The following conclusions take place:
(@) HY is a metric on Py 1(X);

(b) HT is a generalized metric (in the sense that it can take also infinite values) on Py (X).
Using the Pompeiu type functional HT, the following notion was introduced in [13], see also [12].

Definition 1.2 ([13]). Let (X,d) be a metric space. A multivalued mapping T : X — Py 1(X) is called
H*-contraction with constant «, if

1. there exists a fixed real number «, 0 < o < 1 such that for every x,y € X
H (T(x), T(y)) < ad(x,y);
2. for every x € X,y € T(x) and for every € > 0 there exists z in T(y) such that
d(y,z) <H(T(x), T(y)) +e.

Remark 1.3. Let (X,d) be a metric space. A multivalued mapping T : X — P.((X) is called (H", «)-Lipschitz
if « > 0 and

HT(T(x), T(y)) < ad(x,y), Vx,yeX.
If 0 < & < 1, then T is called a multivalued (H*, &)-contraction.

The purpose of this paper is to study different properties of the Pompeiu functional H* and of the
multivalued operators satisfying a Lipschitz condition with respect to H*. The connections with some
continuity notions for multivalued operators are also given. The second purpose of this paper is to
extend the results given in [13], by presenting several properties of the fixed point set of multivalued
HT-contractions. Several other fixed point results and applications of it will be also given.

2. Properties of the Pompeiu type functional

Concerning the functional H" defined above, we have some nice properties.
Lemma 2.1 ([13]). We have the following relations:

1

(i.e., Hand H™ are strong equivalent metrics).
Proposition 2.2 ([13]). Let (X, || - ||) be a normed linear space. For any A (real or complex), A, B € Py c1(X)

1. HY(AA,AB) = A[HT (A, B);
2. HF(A+a,B+a) =H*(A,B).
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Theorem 2.3 ([13]). If a,b € X and A, B € Py, c1(X), then the following relations hold:

L. d(a,b) = H*" ({a},{b});
2. A C S(B,11),B C S(A, 1) = H" (A, B) < v where r = 1312,

Theorem 2.4 ([13]). If the metric space (X, d) is complete, then (Pcp(X), H), (Py,c1(X), H") and (Pci(X), HT)
are complete too.

The following concept was introduced by Nadler jr. as follows.

Definition 2.5. Let (X,d) be a metric space. A mapping T : X — P.1(X) is called a multivalued o-
contraction if & € (0,1) and
H(T(x), T(y)) < ad(x,y), Vx,y € X

Notice that any multivalued x-contraction is an (H*, «)-contraction, but the reverse implication does
not hold.

We will now introduce a similar concept. For this purpose, we recall now the concept of (strong)
comparison function.

Definition 2.6. A mapping ¢ : Ry — R, is said to be a comparison function if it is increasing and
e*(t) = 0, as k — +o0.

As a consequence, we also have ¢(t) < t, for each t > 0, ¢(0) =0 and ¢ is continuous in 0.

Definition 2.7. A mapping ¢ : R, — R is said to be a strong comparison function if it is a comparison

o0
function and Z @*(t) < oo, for any t > 0.
k=0

With respect to the Pompeiu type functional H*, we define the following concept.

Definition 2.8. Let (X, d) be a metric space. Then, the multivalued operator T : X — Py, ¢1(X) is called a
@-contraction w.r.t. HT, if

1. ¢ : R4 — Ry is a strong comparison function;
2. for all x,y € X, we have that
HT(T(x), T(y)) < e(d(x,y)).

In particular, if ¢ : R — R4 is defined by ¢(t) := kt (for some k € [0,1[), then ¢ is a strong
comparison function and the multivalued operator T is an (H", k)-contraction.
We recall now some useful concepts in the theory of multivalued operators.

Definition 2.9 (see, for example, [1, 14]). Let (X, d) be a metric space and T : X — Py ¢1(X). Then, T is
called upper semi-continuous (briefly u.s.c.) in x € X, if for any open subset U of X with F(x) C U, there
exists 11 > 0 such that T(B(x;n)) € U. T is u.s.c. on X if it is u.s.c. in each x € X.

Definition 2.10 ([1, 14]). Let (X, d) be a metric space and T : X — Py, ¢1(X). Then T is called lower semi-

continuous (briefly l.s.c.) in x € X, if for all (xn)nen+ C X such that li_r>n xn = x and for all y € T(x),
n o0

there exists a sequence (Yn)nen+ C X such that y,, € T(xy), for all n € IN* and 1i_r>n Yn =Y. Tisls.c. on
n o0
X if itis L.s.c. in each x € X.

Definition 2.11 ([1, 14]). Let (X, d) be a metric space. T : X — Py ¢1(x) is called H-upper semi-continuous
in xg € X (H-u.s.c.) respectively H-lower semi-continuous (H-l.s.c.), if for each sequence (xn)nen C X
such that

im xn = %o,
n—oo

we have
lim p(T(xn), T(x0)) =0, respectively li_r>n p(T(xp), T(xn)) =0.
n o0

n—o00
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It is well-known that if T is u.s.c. in x € X, then T is H-u.s.c. in x € X, while if T is H-L.s.c. inx € X
implies that T is Ls.c. in x € X.

Definition 2.12 ([1, 14]). Let (X, d) be a metric space and T : X — P(X). Then T is said to be with closed
graph, if for each x € X and for all (xn)nen+ C X such that

Iim x, =x,
n—,oo

and for all (yn)nen+ C X with yn, € T(xn), for all n € IN* and

lim yn =y,

n—oo
we have y € T(x).
Some properties of a multivalued (H", o)-Lipschitz operators are given now.

Theorem 2.13. Let (X, d) be a metric space and T : X — Py c1(X) be (H*, «)-Lipschitz. Then

1. T has closed graph in X x X;

2. TisH—1ls.c.on X;

3. TisH—u.s.c.on X;

4. If, additionally T has compact values, then T is L.s.c.

Proof.
(1) Let (xn,yn) C X x X such that (xn,yn) 4 (x,y), when n — oo and yn € T(xn), for all n € IN. It

follows that

D(y, T(x)) < d(y,yn) + D(yn, T(x))
< d(y,yn) + H(T(xn), T(x))
< d(y,yn) +2HT (T(xn), T(x))
< d(y,yn) +2kd(xn,x), neN.

Let us consider n — oo and we obtain

D(y, T(x)) 0=y e T(x) =T(x).
(2) Let x € X such that x,, — x. We have

H(T(x), T(xn))
“HH(T(x), T(xn))
k-d(x,xn) — 0.

NN

In conclusion, T is H-l.s.c. on X.

(3) Using the relation

p(T(xn), T(x)) < H(T(xn), T(x))
HT (T(xn), T(x))

k-d(x,xn) — 0,

NN IN

2.
2
we obtain that T is H-u.s.c. on X.

(4) The conclusion follows by the fact that any H-l.s.c. multivalued operator with compact values is l.s.c.
(see [11]). O]

Lemma 2.14. Let (X, d) be a metric space and T : X — Py (X) such that
HY(T(x), T(y)) <d(xy), ¥xyeX, x#y.

Then T is u.s.c. on X.
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Proof. Let Z C Y be a closed set. We will prove that T~ (Z) is closed in X. Let x € T—(Z)\ T~ (Z) and
(xn)nen C X such that x, — x, when n — oo, xn # x, foralln € N and x,, € T~ (Z), foralln € N. It
follows T(xn) NH # 0, for all n € N. Let (yn)nen € T(xn)NZ, n € N. Then

D(yn, T(x)) < Ha(T(xn), T(x)) < 2H™ (T(xn), T(x)) < 2d(xn,x).
If n — oo we get that

lim D(yn, T(x)) =0.

n—,oo
But
D(yn, T(x)) = ilrlfr d(yn,y) = d(yn,x,), (using the compactness of the set T(x)).
ye

When n — oo we have d(yn, x;l) — 0. Because (x;l)n@N C T(x), we obtain that there exists a subsequence
(X;Lk)keN which converges to an element X € T(x). Then

d(yn,, x) < d(ynk,x;lk) + d(x;lk,i) when k — co.

Hence, y;k —xeT(x), n— oo.
Because (U;Lk)kelN C Zand Zis closed, we obtain that X € Z. So T(x) N Z # (), which implies x € T~ (Z),

a contradiction. In conclusion, T—(Z) = T~ (Z) and hence T~ (Z) is closed in X. O

3. MWP operators and multivalued «-contractions w.r.t. H™
The following concepts appeared in [15].

Definition 3.1. Let (X, d) be a metric space. Then, T : X — P(X) is called a multivalued weakly Picard
operator (briefly MWP operator) if for each x € X and each y € T(x) there exists a sequence (xn)nen in X
such that:

1. xo=%, x1 =y;

2. Xni1 € T(xn), foralln € IN;

3. the sequence (xn)nenN is convergent and its limit is a fixed point of T.

Definition 3.2. Let (X, d) be a metric space and T : X — P(X) be an MWP operator. Then we define the
multivalued operator T* : Graph(T) — P(Fy) by the formula T*(x,y) = {z € Fy| there exists a sequence
of successive approximations of T starting from (x,y) that converges to z}.

Definition 3.3. Let (X, d) be a metric space and T : X — P(X) an MWP operator. Then T is said to be a
c-multivalued weakly Picard operator (briefly c-MWP operator) if and only if there exists a selection t*°
of T* such that

d(x, t*(x,y)) < cd(x,y), V(x,y) € Graph(T).
We recall now the notion of multivalued Picard operator.

Definition 3.4. Let (X, d) be a complete metric space and T : X — P(X). By definition, T is called a
multivalued Picard operator (briefly MP operator) if and only if

1. (SF)T = FT = {X*};
2. T (x) Lt {x*} as n — oo, for each x € X.

Recall that, by definition, for (An)nen € Pci(X), we will write Ay, M A* asn — oo if and only if
H(A,,A*) — 0 as n — oco. Notice also that

An A% € Poi(X) asn — oo if and only if Ap "5 A* € Pey(X) as n — oo.
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The purpose of this section is to study some properties of the fixed point set of H*-contraction with
constant « from the MWP operator theory point of view.
We will start by presenting some auxiliary results.

Lemma 3.5 (see, for example, [14]). Let (X, d) be a metric space and A,B € P.1(X). Suppose that there exists
n > 0 such that for each a € A there exists b € B such that d(a,b) < n and for each b € B there exists a € A
such that d(a,b) <n. Then H(A,B) <n.

Lemma 3.6 ([14]). Let (X,d) be a metric space, A, B € P(X) and q > 1. Then, for every a € A there exists b € B
such that d(a,b) < qH(A, B).

Lemma 3.7 ([11]). Let (X,d) be a metric space and A, B € P, (X). Then for every a € A there exists b € B such
that d(a,b) < H(A, B).

Lemma 3.8 ([16]). Let (X, d) be a metric space. If A, B € P(X) and € > 0 then for every a € A there exists b € B
such that
d(a,b) < H(A,B) +e.

Lemma 3.9. Let (X, d) be a metric space, A,B € Pc1(X) and e > 0. f HT (A, B) < ¢, then

1. forall a € A there exists b € B such that d(a,b) < ¢; or
2. forall b € B there exists a € A such that d(a,b) < e.

Proof. Suppose, by reductio ad absurdum, that
(i) there exists ag € A, for all b € B such that d(ag, b) > ¢;
(ii) there exists by € B, for all a € A such that d(a, by) > ¢.
Then, taking infyep in (i) and infye A in (ii), we obtain D(ap, B) > €. Since p(A,B) > D(ayg, B), we get
P(A,B) > e
On the other hand, we also have D(bg, A) > ¢. Since p(B, A) > D(bg, A), we get
p(B,A) > e.

Adding the above relations and then dividing by 2, we obtain H" (A, B) > ¢, which is a contradiction
with HT (A, B) < e. -

Lemma 3.10 (Cauchy, see [17]). Let (an)nen and (bn)nen be two sequences of non-negative real numbers, such
that

n—-+oo

“+o00
Z ax < +oo, and lim b, =0.
k=0
Then,
n—oo

n
lim Z an,kbk =0.
=0

Theorem 3.11. Let (X, d) be a complete metric space and T : X — Po1(X) be a multivalued H* -contraction with
constant . Then we have

(i) Fr # 0.

1
(i) Tisa 1 -MWP operator.

— X



I. Coroian, J. Nonlinear Sci. Appl., 10 (2017), 6084-6101 6090

(iii) Let S : X — Pc1(X) be an HT -contraction with constant oc and v > 0 such that H (S(x), T(x)) < n, for each
2.
x € X. Then H*(F,Fr) < — .
1—«
(iv) Let Tn : X — Pai(X),n € N be a sequence of multivalued H'-contraction with constant « such that

Ta(x) Fj T(x) as 1 — oo, uniformly with respect to x € X. Then, Fr, Fg Frasn — oo.
If, additionally T(x) € Py (X) for each x € X, then we also have

(v) (Ulam-Hyers stability of the inclusion x € T(x)) Let € > 0 and x € X be such that D(x, T(x)) < €. Then
€

there exists x* € Fy such that d(x,x*) < 1 .
-

(vi) The fractal operator T Pep (X) = Pep(X), T(Y) = U T(x) is a 2x-contraction.
x€Y

(vii) If, additionally, o« € [0,%[, then Fy+ = {A}} and T™(x) ]i; A% as n — oo, for each x € X. Moreover,
Fr C A%, Fy is compact and
AT = U T (x), VxeFr.
nelN*

Proof.

(i) Let € > 0 be given. Let x9 € X be arbitrary. Fix an element x; € T(xg). From the definition of
H ™ -contraction with constant « it follows that we can choose x, € T(x;) such that

d(x1,%2) < H*(T(xo), T(x1)) + €.
In general, if x,, is chosen, then we choose x,, 1 € T(xy ) such that
d(xn, Xn+1) < H(T(xn-1), T(xn)) + €.
Suppose H* (T(xn—1), T(xn)) > 0 for each n € IN* (if not, i.e., if there is k € IN* such that
H (T(x-1), T(xx)) =0,
then xy € T(xx_1) = T(xy) is a fixed point for T and we are done). Let 1 < q < % and set
en = (q = DH"(T(xn-1), T(xn)).
Then, from the above relation it follows that
d(xn, Xn+1) < gHT(T(xn-1), T(xn)).
Thus, if we set 3 := qx < 1, we have
d(xn, xnt+1) < qHT (T(xn-1), T(xn)) < qad(xn—1,%n) = Bd(xn—1,%n),
for all n € IN. Repeating the same argument n-times we get a sequence of successive approximations for
T starting from (xg,x1) € Graph(T) such that, for each n € IN, we have
d(xn, Xn+1) < B™d(x0,%1)-

Then,

1—-pP . *

1_[5 d(X(),Xl), vn € N7, P E IN*. (31)
This implies that the sequence (x)nen is Cauchy and hence convergent in (X, d) to some x* € X. Notice
that, by the contraction condition, we immediately get that Graph(T) is closed in X x X. Hence x* € F.

d(xn/ Xn+p ) < Bn
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(ii) By (3.1), letting p — oo, we get that
1
d(xn/ X*) < Bnid(x()/xl)/ vn e N*.

1=

For n =1 we get

d(Xlr X*) < ]__r.})Bd(XO/ Xl)'

Then
d 1<d d ) < ! d( ) = ! d( )
(x0,x") < dlxo,x1) + d(x1,x") < T—pdox) = g 2dxoxa).
Letting q “\, 1 we get that for each (xo, x1) € Graph(T), there exists x* := t>(xo,x1) € Fr such that
1
d(xo, t%(x0,%1)) < fd(xolxl),
-

1
proving that T is a 1 -multivalued weakly Picard operator.

(iii) Let xg € S(xo) and q > 1. Then, by Lemma 3.6, there exists x; € T(xg) such that
d(xo,x1) < qH(S(x0), T(x0)) < 2qHT (S(x0), T(x0)) < 2qn.

Then, by (ii) and the above relation, we have proved that for each x¢ € Fs there exists t*°(xg, x1) € Fr such

that

1 1
d(xo, t™(x0,%1)) < =——d(x0,x1) < —— 2qn.
11—« 11—«

Now Lemma 3.5 tells us that

2
p(Fs,Fr) < ~an (3.2)
11—«

By a similar procedure we can prove that for each yo € T(yo) there exists y; € S(yo) such that

d(yo, y1) < qH(T(yo), S(yo)) < 2qHT(T(yo), S(yo)) < 2qn.
Thus, we have proved that for each yg € Fr there exists s*°(yp,y1) € Fs such that

1
o0 < —2qn.
d(yo, s™ (Yo, y1)) < 7—_24m

Again, Lemma 3.5 gives that
2qn
p(Fs, Fr) < T o (3.3)
—o
Adding (3.2) and (3.3), and then dividing by 2, we get

2
H* (Fs, Fr) < T o qncx, Vg > 1.

Letting q ™\, 1, we get the conclusion.
(iv) Let € > 0 be given and choose N, € N such that for n > N, we have

supH (Th(x), T(x)) <€, m>Ne.
xeX

Then, from (iii), we have

2
H* (Fr,, Fr) < ﬁ, for allm > Ng.

H+
Thus, Fr, = Frasn — oo.
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(v) Let € > 0 and x € X be such that D(x, T(x)) < e. Then, since T(x) is compact, there exists y € T(x)
such that d(x,y) < e. By the proof of (i), we have that

1
d(X, too(xly)) g md(xzy)

€
Since x* 1= t*(x,y) € Fr, we get the conclusion d(x, x*) < —

(vi) By the contraction condition with respect to H*, one obtains (see Theorem 2.13) that the operator T is
H-u.s.c. Since T(x) is compact, for each x € X, we obtain that T is upper semicontinuous. Thus T is u.s.c.

We will prove now that

H*(T(A), T(B)) < 2aH™ (A, B).

For this purpose, let u € T(A). Then there exists a € A such that u € T(a). From Lemma 3.7 there exists
b € T(B) such that
d(a/b) g Hd(A/ B)

Since
D(u, T(B)) < D(w, T(b)) < p(T(a), T(b)),

taking sup,, (), We get

Adding the above relations and then dividing by 2, we get
H™(T(A), T(B)) < H"(T(a), T(b)).

Thus,
H(T(A),T(B)) < 2H™(T(A), T(B)) < 2ad(a, b) < 2aH(A,B), VA, B € P¢p(X).

(vii) By (vi) it follows that T is a self-contraction (with constant 2 < 1) on the complete metric space
(Pcp(X), H). By the contraction principle, we obtain that

F+ ={AT}and T (A) Lt AT, asn — oo, foreach A € Py (X).

As a consequence of Lemma 2.1, we also get that T (A) Hy A% asn — oo, for each A € Pcp(X). In

particular, if A := {x}, we get that T™(x) = T (x) H—; A% as n — +oo, for each x € X. Let x € Fr be

arbitrary. Then x € T(x) C T>(x) € --- € T™(x) C ---. Hence x € T™(x), for each n € IN*. Moreover,
ngrﬂooT (x) = U T™(x). By (vi), we immediately get that AT = U T™(x). Hence
neN* nelN*

Frc |J T =Af.
neN*

Since Fr is closed subset of the compact A%, it follows that Fr is compact, too. O

Some new conclusions with respect to the fixed point and the strict fixed point sets are given in our
next result.

Theorem 3.12. Let (X, d) be a complete metric space and T : X — Pc(X) be a multivalued (H™, o)-contraction
with (SF) # (0. Then, the following assertions hold:
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(@) (SF)r = {x"}.
If additionally, « € [0, %[, then
(ii) Fr = (SF)1 = (SFrn) = {x*}, for n € N*.
(i) T™(x) H—; {x*}as n — oo, for each x € X.
(iv) Let S : X — Pc1(X) be a multivalued operator such that Fs # () and suppose there exists > 0 such that
HY(S(x), T(x)) <n, ¥xeX.

Then

H*(Fs, Fr) < .
(Fs,F1) < 754

(v) (Well-posedness of the fixed point problem w.r.t. to HT) If (xn)neN is a sequence in X such that
HT (xn, T(xn)) = 0asn — oo,
then xn 4 asn — oo.
(vi) (Limit shadowing property of the multivalued operator) If (Yn)nenN is a sequence in X such that
D(yYn+1, T(yn)) = 0 as n — oo,

then there exists a sequence (xn)nen C X of successive approximations for T, such that d(xn,yn) — 0 as
n — oo.

Proof.

(i) Let x* € (SF)t1. Notice first that (SF)t = {x*}. Indeed, if z € (SF)7 with z # x*, then 0 < d(x*,z) =
HT(T(x*), T(z)) < ad(x*,z), which is a contradiction. Thus (SF)1 = {x*}.

(ii) Suppose that y € Fr. Then,

d(y,x") =D(y, T(x"))
(T(y), T(x™))
(T(y), T(x™))
H (T(y), T(x)
ad(y,x").

NN NN
T ©

NN

Hence, y = x* and Fy C (SF)7. Since (SF)T C Fr, we get that (SF)1 = Fr.
Notice now that x* € (SF)1n, for each n € IN*. Consider y € (SF)1n, for arbitrary n € IN*. Then

d(x*,y) = H(T™(x*), T™(y))
< 2aH(TM (%), TV y)
< (20)?H(T™2(x*), T 2(y))

< (20)™d(x", y).

Thus, y = x* and hence (SF)} = {x*}.
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(iii) Let x € X be arbitrarily chosen. Then we have

HT (T (x),x7) = H (T (x), T (x™))
S H(T™(x), T (x"))
< (20)H(T™ (%), T (x%))

< (200)™d(x,x*) — 0 as n — oco.

(iv) Lety € Fs. Then

NN NN

Thus, d(y,x*) <

1 —T]Zoc' The conclusion follows by the relations

2n
H* (Fs, Fr) < sup d(y,x*) < :
yeFs | ed

(v) Let (xn)nen be a sequence in X such that H* (xn, T(xn)) — 0 as n — oco. Then,

d(xn,x*) < D(xn, T(xn)) + Ha(T(xn), T(x™))
< Ha(xn, T(xn)) +2HF (T(xn), T(x*))
< 2H  (x1, T(xn)) + 2kd (xn, x*).
Then
d(xn,x*) < ﬁHﬂxn,T(xn)) —0asn — oo.

(vi) Let (yn)nen be a sequence in X such that
D(yn+1, T(yn)) = 0asn — oo.
Then, there exists un € T(yn),n € IN such that
d(Yn+1,un) — 0asn — oo.

We shall prove that d(yn,x*) = 0 as n — oo.
We successively have

T

(x*, T(yn)) + D(Yn+1, T(yn))
H+(X*, T(yn)) + D(Yn+1, T(yn))
xd(x*, Yyn) + D(Yn+1, T(yn))

d(x*, Ynt1)

INCINCIN N
NN

< (20)™d(x*, yo) + (20)™D(y, T(yo)) + - + D(Ynt1, T(yn))

By Lemma 3.10, the right hand side tends to 0 as n — oo. Thus, d(x*,yn4+1) — 0 as n — oo.

x2ad(x", Yyn—1) + D(Yn, T(Yn—1))] + D(Yn+1, T(yn))
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On the other hand, by the fact that T is an MWP operator, we know that there exists a sequence
(xn)nen of successive approximations for T starting from arbitrary (xp,x;) € Graph(T) which converges
to a fixed point x* € X of the operator T. Since the fixed point is unique, we get that d(xn,x*) — 0 as
n — oo. Hence, for such a sequence (xn)n € IN, we have

dyn, xn) < dlyn, x*) +d(x*,xn) — 0, asn — co. O

Remark 3.13. Similar results can be given for the case of multivalued ¢-contraction w.r.t. H. The results
of this type can be viewed as generalizations of some theorems given in [7].

We now give an application of the above results to the continuous dependence of the solution set for a
Cauchy problem associated to a differential inclusion, with respect to the initial condition. The existence
of a solution to the initial value problem

x(t) € T(t,x(1)),
{ X(0) — b, (3.4)

was proved by Filippov [3] and Castaing [2] under certain conditions on T.

In [10], Markin proved a stability theorem on the set of solutions to (3.4) using the L2 norm, while Lim
[9] proved a stability result in terms of the Hausdorff-Pompeiu functional. We will prove now a similar
theorem using the sup norm and the Pompeiu functional generated by it.

We recall first the concept of solution.

Definition 3.14. Let D = [0,a] x R™ and T : D — P(R™) be a continuous operator. Then, a mapping
x : [0,a] — R™ is said to be a solution of the differential inclusion (3.4), if x is an absolutely continuous
mapping and x'(t) € T(t,x(t)), a.e. on [0, a].

Let B be an origin-centered closed ball in R™ and P, (B) endowed with the H metric generated by
the Euclidean norm || - [| of R™. Let C[0, a] be the set of the continuous maps of [0, a] into R™ with the sup
norm || - [[c.

Assume that T is a continuous map of [0, a] x B into P, (B) satisfying, for some k > 0, the condition

HT(T(t,u), T(t,v)) < kllu—vl|lc, Vtel0,a], u,veB.
For b € B, we will denote S(b) the set of solutions of (3.4) on [0, al. S(b) is nonempty and compact, by [3]
and [2].
Theorem 3.15. If the following conditions hold:
1. T:[0,a] x B = Py (B) is continuous;
2. there exists k > 0 such that
HT(T(t,uw), T(t,v) < klu—vllc, Vtel0,al, Vu,veBCR™Y;
3. 2ka < 1,
then S(b) is continuous from B into the family of nonempty compact subsets of C[0, a] equipped with the H* metric.
Proof. Suppose by, — bg. For x € C[0, a], define

t
F(b,x) ={y €10,a]:y(t) =0 —i—J z(s)ds, z(s) € T(s,x(s))}.
0
Let Fr(x) = F(bn,x), n =0,1,2,---. Since Fo(x) = by —bg + Fn(x) it is obvious that F,,(x) converges
uniformly to Fo(x). Fn(x) is compact convex for each x and n. Given any pair x1,x2 € C[0,a] and
y1 € F(b,xq1), let

t

yi(t)=D> +J0 r1(s)ds, T1(s) € T(s,x1(s)).
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Define r;(s) to be the point in T(s, x2(s)) nearest to r1(s), i.e., 12 € T(s,x2(s)) and
lIr1(s) —r2(s)ll = min{|[r1 (s) — zl| [z € T(s, x2(s))}-

It follows from the measurability of 1 (s) and the continuity of T(s,x;(s)) and the nearest point projection
that r,(s) is measurable.
Setting

t
a(t) = b +j ra(s)ds, Ta(s) € T(s,xa(s)),

we have
lly2 —yall < . llri(s) —72(s)llds

- "Oa min{|[r1(s) —z||, z € T(s,x2(s))}

= U"Oa D||'H (T‘l(s),T(S,XQ(S)))dS

ra

N

Hd(T(s,xl(s)),T(s,xz(s)))ds
JO

< [ 2 (Tl 109, Tis (51 ) ds < 2k [ s ()=l
JO 0

< 2kallx; —x2oflc.

Thus F,, are A-contraction with A = 2ka < 1.
+ +
By (iv) of Theorem 3.11, F(Ty) N F(Tp) i.e., S(bn) N S(byg). O

More generally, we have the following result.

Theorem 3.16. For eachn =0,1,2,---, let T, be a continuous map of [0, a] x B into C(B) satisfying, for some
k > 0, the condition
H™ (Ta(t,u), Tn(t,v)) < kllu—vlle, Vtel[0,a], Yu,veB.

Assume that T, — Ty uniformly on [0, a] x B. Foreachb € Bandn =0,1,2,---. Let Sy, (b) be the set of solutions
of
x(t) € Tu(t,x(t)),
x(0) =b.
If 2ka < 1 and by, — bg in B, then Sy (bn) — So(bo).
Proof. Let by, — bg. For x,, € C[0, a, define

t

F(b,xn) ={yn € [0,al : yn(t) = b+L zn(s)ds, zn(s) € Tn(s,x(s))}.

Let Fi(xn) = F(bn,xn), n =10,1,2,---. Since Fo(x) = by, — by + Fn(x) it is obvious that F,,(x) converges
uniformly to Fo(x). Fy(x) is compact convex for each x,, and n.

Given any pair xg),xg) € C[0,a] and yg) € F(b,xg)), let

t
v = b+J0 rD(s), v (s) € Tuls,x P (s))ds.

Define rg)(s) to be the point in Ty (s, xg) (s)) nearest to rg) (s), i.e., rg) € Tn(s,xg) (s)) and

I (s) = 72 ()] = min{|[rL (s) — zall zn € T (s, 12 (s))}.

It follows from the measurability of 13(11 ) (s) and the continuity of T, (s, %2 (s)) and the nearest point pro-
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jection that rﬁf ) (s) is measurable.

Setting
t

yE%w=b+j1§%wm,1&%@6Tﬂaﬁ?@n
0

we have ) ) ) ,
y? —y' V) < 2kalx ) —xPc.

Thus F,, are A-contraction with A = 2ka < 1.
+ +
By (iv) of Theorem 3.11, we have F(T,) = F(Tp), i.e., Sn(bn) = Sn(bo). 0

Next, an application to Ulam-Hyers stability of the inclusion x € T(x) ((v) of Theorem 3.11) is given.
The notion of Ulam-Hyers stability for a differential inclusion is defined as follows.

Definition 3.17. Let
x' e T(t,x(t)), tel0,al, (3.5)

and T : [0,a] x R™ — Pq(R™) be a continuous operator. We say that (3.5) is Ulam-Hyers stable if for
any € > 0, any y € C[0, a] and any e-solution of (3.5) (which means that

t
D(u(t)y(0) + | Tisy(s)as) <e, e,

there exists a solution x* of (3.5) and ¢ > 0 such that [[x* —y|| < c - €.

Definition 3.18. Let F : [0, a] — P.1(R™) be a measurable multivalued operator. If L!([0, a], R™) denotes
the set of all measurable and integrable mappings from [0, a] to R™, then Sf will denote the set of all
integrable selections of F, i.e.,

Sp:={f € L1([0, a], R™)|f(t) € F(t), a.e. t €0, al}.

Remark 3.19. In particular, if x : [0,a] — R™ and T : [0,a] x R™ — P{(IR™), then the set of all integrable
selections of T will be denoted by

Stix()) =1f € L([0,al, R™) | f(t) € T(t,x(t)) a.e. t € [0, al}.
Theorem 3.20. Let us consider the inclusion (3.5). We assume:
(@ T:[0,a] x R™ — Py (IR™) is a continuous, measurable and integrably bounded multivalued operator.

(b) There exists L > O such that

HY(T(t,w1), T(t, u2)) < L —wall, V(t,w), (t,u2) € [0,al x R™

Then the differential inclusion (3.5) with initial condition x(0) = x° has at least one solution. Moreover the
differential inclusion (3.5) is Ulam-Hyers stable.

Proof. Let us define U : C[0, a] — P(C[0,a]), w — Ux and Ux(t) :=b + f; T(s,x(s))ds, t € [0, a]. We notice
that, since T is u.s.c., (3.5) is equivalent with the fixed point problem

x € Ux. (3.6)
We will show that the fixed point problem (3.6) is Ulam-Hyers stable.
Let y,z € Cla, b] and vy € Ux. Then vy € C[0, a] and
t

uy(t) € x(0) + L T(s,x(s))ds a.e. on [0, al.
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It follows that there is a mapping ky € St(.y(.)) such that
t

uy(t) = x(0) —i—L kx(s)ds a.e. on [0, al.

Since
HT(T(t,x(1), T(t,y(t))) < Llx(t) —y(t)l,

one obtains that there exists w € T(t,y(t)) such that
[lex (£) =Wl < H(T(t,x(t)), T(t,y(t))) < 2HF(T(t,x(t)), T(t,y(t))) < 2LIx(t) —y(t)]l.
Thus the multivalued operator G defined by G(t) = T, (t) UK(t) (where Ty(t) = T(t,y(t)) and
K(t) ={w [ [fkx(t) —wll < 2LIx(t) —y(t)Il},

has nonempty values and is measurable.
Let k, be a measurable selection for G (which exists by Kuratowski and Ryll Nardzewski’s selection
theorem). Then ky (t) € T(t,y(t)) and

[k (t) —ky (B)I| < 2LIIx(t) —y(t)ll, a.e. on [0, al.
Define u; = x(0) + f(t) ky(s)ds. It follows that u; € Uy and

t

s (8) — wa (]l < JO k() — Ky (s)]lds
< 2Lj IIe(s) —y(s)llds
0

t
0

t
< 2Lk —ylls J ev(s=a) g
0

< ieT(s_“)llx —ylls
~ T .

Here || - [|g denotes the Bielecki-type norm on C[0, al. Finally, we have that

2L
Il —usllg < YHX—UHB-

From this and the analogous inequality obtained by interchanging the roles x and y and adding them and
then dividing by 2 we get that

2L
H™ (Ux, Uy) < 7||x—y||3, vx,y € C[0, al.

Taking t > 2L, it follows that U is multivalued (H™, o)-contraction. O

4. Continuation results for multivalued (H™", «)-contractions

In this section, we present a local result and a continuation result for a special kind of multivalued
(H*, a)-contractions. Following Kirk and Shahzad ([6]), we will replace the second condition of the
Definition 1.2:
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(x) forevery x € X,y € T(x) and for every € > 0 there exists z in T(y) such that
d(y,z) <H"(T(x), T(y)) +¢,
with the following one:

(xx) for every x € X and every y € T(x) we have that
D(y, T(y)) <H(T(x), T(y)).

Notice that (xx) implies (*). Moreover if we consider the following condition:

(x xx) for every € > 0, for every x € X, y € T(x) there exists z in T(y) such that

d(y,z) <HT(T(x), T(y)) +e.

Then it is easy to see that («x) is equivalent with (x* ). In this last case, we also notice that for each
x € X and every y € T(x) we have p(T(x), T(y)) < HT(T(x),T(y)). As a consequence, p(T(x), T(y)) <
p(T(y), T(x)) and so

HY(T(x), T(y)) < p(T(y), T(x)), vxeX, yeT(x).

Homotopy results for multivalued operators of contractive types are well-known in the literature, see
[4, 5, 8]. This approach is applied in all cases on a local fixed point theorem. The first result of this section
is the following local fixed point theorem.

Theorem 4.1. Let (X,d) be a complete metric space, xo € X, v > 0 and T : B(xo, 1) — Pc1(X) is a multivalued
operator. We suppose that:

(i) T is a multivalued (H*, «)-contraction, i.e., « €]0,1[ and

HY(T(x), T(y)) < ad(x,y), Yx,y€X;

(i) for every x € X and every y € T(x) we have that D(y, T(y)) < H(T(x), T(y));
(iii) D(xg, T(x0)) < (1 — o).
Then, there exists x* € B(xq, 1) such that x* € T(x*).

Proof. Notice first that, by (iii), we can find an element x; € T(xg) such that d(xp,x1) < (1 — «)r. Clearly
x1 € B(xg, ). Now, for arbitrary € > 0, by (ii) and (i), it follows that we can choose x, € T(x1) such that

d(x1,x2) < D(x1, T(x1)) + € <H(T(x0), T(x1)) + € < awd(xg, x1) + €.
If we take € := «[(1 — &)r — d(xo,x1)] > 0, then we get that
d(xq,%x2) < (1 —x)r.

Moreover d(xp,xg) < d(xg,x1) + d(x1,%2) < (1 —o)r+ (1 — x)r = (1 —o2)r, proving that x, € B(xo, 7).
Using this procedure (taking at each step k > 2, for the construction of xy, the value of € as
ex i= o[ 2(1 — o)t — d(xk_2, %K _1)]), We obtain a sequence (xn)nen having the properties:

(1) d(xg,xn) < (1 —a™)r, for each n € N* (i.e., x, € B(xg, 1), for each n € N*);
(2) xn41 € T(xn), for each n € IN;

(B) d(xn,xn41) < «™(1—a)r, for each n € IN.
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Then, by (3), we get that the sequence (xn )nen is Cauchy in (X, d) and hence it converges in (X, d) to some
x* € B(xo, 7). By Theorem 2.13, we have that T : B(xo, 1) = Pc1(X) has closed graph, thus we immediately
get, by (2), that x* € T(x*) as n — oo.

O

Theorem 4.2. Let (X, d) be a complete metric space. Let U be an open subset of (X, d). Let G : U x [0,1] — P(X)
be a multivalued operator such that the following conditions are satisfied:

1. x # G(x,t) for each x € 0B and each t € [0, 1];
2. there exists o € [0, 1] such that for each t € [0,1] and each x,y € U we have

HT(G(x, 1), G(y, 1)) < ad(x,y);
3. there exists a continuous increasing function ¢ : [0,1] — R such that
HT(G(x,t),G(x,s)) < [b(t) —d(s)], Vt,sel0,1], t#s, Vxel;
4. G:Ux[0,1] = P((X,d)) is closed.
Then G(-,0) has a fixed point if and only if G(-,1) has a fixed point.

Proof. Let us consider the set Q = {(t,x) € [0,1] x U : x € G(x,t)}. Clearly Q # 0, since (0,z) € Q where
z € G(z,0). On Q we define the partial order

(t,x) < (s,y) ifand only if t <s and d(x,y) < ——(d(s) — d(t)).

Let P be a totally ordered subset of Q. Define t* = sup{t: (t,x) € P}.
Taking a sequence {(tn, xn )} in P such that

(tn, Xn) < (thi1,Xns1) and t, — t" asn — oo.
We have
2
1-«
Thus, {xn,} is a Cauchy sequence, and hence converges to some x € (. Since x5, € G(xn, tn), n € N* and
G is closed, we have x* € G(x*,t*). Thus (t*,x*) € Q.
Since P is totally ordered we get (t,x) < (t*,x*) for each (t,x) € P. That means that (t*,x*) is a bound

of P. It follows from Zorn’s Lemma that Q admits a maximal element (tg, xo) € Q.
To complete the proof, we have to show that ty = 1. Suppose this is false. Then, we can choose r > 0

d(xm, xn) < (b(tm) —P(tn)), form>n, mne N*.

- 2
and t € (tp, 1] such that B(xg,r) and 1 := m(d)(t) — ¢(tg)). It follows that
D(XOI G(XOI t)) g p(G(XO/ tO)/ G(XO/ t))

< H(G(xo, to), G(xo, 1))

< 2H"(G(x0, to), G(xo, 1))

< o(t) —d(to) = (1 — o).
Since B(xp, ) C U, the multivalued operator G(-,t) : B(xo,7) — Pc1(X) satisfies, for all t € [0,1] the
assumptions of Theorem 4.1. Hence, for all t € [0, 1], there exists x € B(xo, 1) such that x € G(x,t). Thus

(t,x) € Q.

Since d(xg,x) < T (d(t) — d(to)) we immediately get (to,xo) < (t,x). This is a contradiction

T 1-«
with the maximality of (to, o).
Conversely, if G(-,1) has a fixed point, then putting t := 1 —t and using the first part of the proof we

get the conclusion. 0
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