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ABSTRACT. We define and study the properties of a topological degree for ultimately
compact, multivalued vector fields defined on the closures of open subsets of certain locally
convex topological vector spaces. In addition to compact mappings, the class of ultimately
compact mappings includes condensing mappings, generalized condensing mappings,
perturbations of compact mappings by certain Lipschitz-type mappings, and others. Using
this degree we obtain fixed point theorems and mapping theorems.

1. Introduction. The object of this paper is two-fold. First, we develop a degree
theory for ultimately compact vector fields defined on closures of open sets lying
in certain Hausdorff locally convex topological vector spaces. Second, using this
theory, we obtain a number of fixed point theorems and mapping theorems for
ultimately compact mappings.

As we shall show in §3, the class of ultimately compact mappings includes, in
addition to multivalued compact mappings, condensing mappings, generalized
condensing mappings, and, in particular, perturbations of multivalued compact
mappings by certain Lipschitz-type multivalued mappings.

In recent years the Leray-Schauder degree theory for single-valued compact
vector fields has been extended, on the one hand, to single-valued mappings of
more general type (see Vainikko and Sadovskii [35] for ball-condensing vector
fields, Sadovskii [32] for ultimately compact vector fields, Nussbaum [26] for k-
set-contractive vector fields, and others (see [33]), and, on the other hand, to
multivalued compact vector fields by Granas [13], Cellina and Lasota [4], and Ma
(22]).

The degree theory presented in §2 extends and unites the degree results of the
above authors.

Similarly, the classical fixed point theorems of Banach, Schauder, and Tychon-
off have also been extended to more general single-valued mappings (Zabreiko
and Krasnosel'skil [36], Browder [2], Kirk [16], Goéhde [11], Darbo [6], Sadovskii
[32], Nussbaum [26], Furi and Vignoli [9], Petryshyn [29], and others(?)), and to
multivalued mappings (Ky Fan [18], Bohnenblust and Karlin [1], Glicksberg [10],
Granas [14), Ma [22], Cellina and Lasota [4] for compact mappings; Markin [23],
Browder [3] and Reich [31] for multivalued nonexpansive mappings; Himmel-
berg, Porter and Van Vleck [15] and Danes [5] for multivalued condensing-type
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2 W. V. PETRYSHYN AND P. M. FITZPATRICK

mappings; and others(3)). Most of the fixed point theorems of the above
mentioned authors, in addition to some new fixed point results, will be obtained
in §3 from the degree theory presented in §2.

In §4 we extend some mapping theorems of Ma [22] and Granas [13] to
multivalued condensing and k-set-contractive mappings. In particular, we obtain
invariance of domain theorems for the corresponding vector fields.

2. Degree theory for multivalued ultimately compact vector fields. In what
follows we will denote by X a separated locally convex topological vector space,
which has the additional property that for each compact subset A there is a
retraction of X onto To0 A, where by €6 4 we mean the closed convex hull of 4.
If X is metrizable, then, by a theorem of Dugundji [8], X has the latter property
(in fact, every closed convex subset is a retract of X).

If A C X, we let K(4) and CK(A4) denote the families of closed convex and
compact convex subsets of A, respectively. A multivalued mapping T of
D C X - 2% is called upper semicontinuous (u.s.c.) provided that, whenever
x € D and V is an open set containing 7(x), there is an open set U such that
x€Uand, if yeEDN U, then T(y) C V. If 4 C D, then we let T(A)
= U,e4T(x), and denote by 4 and 94 the closure and boundary of 4,
respectively. We recall that a u.s.c. mapping F: D — K(X) is called a compact
vector field if (I — F)(D) is relatively compact.

In this section we will describe a procedure whereby one may utilize the
topological degree defined for multivalued compact vector fields (see Granas [13],
Ma [22], and Cellina and Lasota [4]) in order to define a topological degree for
more general classes of mappings: perturbations of the identity by the so-called
ultimately compact multivalued mappings. This latter class of mappings includes,
in addition to multivalued compact mappings, multivalued contractions, k-set-
contractions, k-ball-contractions, condensing, generalized condensing mappings,
and others, which have been recently studied by a number of authors.

To define the class of ultimately compact multivalued mappings we employ a
construction utilized by Sadovskii [32] in his development of the index theory for
ultimately compact single-valued vector fields.

Let D C X be closed and T: D — K(X) be us.c. We define a transfinite
sequence <K, » by induction as follows. Let Ky = €0 T(D). Suppose a is an
ordinal such that Ky has been defined for 8 < a. If « is an ordinal of the first
kind, let K, = to T(D N K,_,); if a is an ordinal of the second kind, we let
K, = Mg, Ky It is easily verified that the following properties hold for (K, :

(2.1) each K, is closed and convex with K, C Kp fora > .

(2.2) T(K, N D) C K, for each ordinal a.

(%) Other contributions have been made in this area (see [3], [33]); we mention only those directly
related to our results in this paper.
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MULTIVALUED NONCOMPACT MAPPINGS 3

Since the transfinite sequence (K, ) is nonincreasing, there is an ordinal y such
that K, = K,,,, and hence K, = K, for each 8 > y. We define K = K(T, D)
= K,. Then it is clear that T(D N K) C K and, in fact, that

(2.3) wT(DNK)=K.

Definition 2.1. A u.s.c. mapping T: D — K(X), where D is closed, is called
ultimately compact if either K N D = &, where K = K(T,D),orif K N D # &,
then T(D N K) is relatively compact.

Recalling that X is called quasi-complete if every closed bounded subset of X
is complete, we see that when X has this property, then T: D — K(X) is
ultimately compact if and only if either K N D = & or K is compact. In this
case also, our retraction condition on X amounts to the requirement that every
convex compact subset of X be a retract of X.

Lemma 2.1. Let D C X be open with T: D — K(X ) ultimately compact and such
that 0 @ x — T(x) for x € dD. Assume K = K(T,D) is such that K N D # &,
and let p be a retraction of X onto K. Then:

(248) ifx € D and x € T(x), then x € K.

(25)x € Dand x € T(x) if and only if x € p~'(D) and x € T(p(x)).

Proof. (2.4) Let x € D and assume that x € T(x). It is obvious that x € K.
Assume that 7 is an ordinal and x € K} for all 8 < . If 7 is an ordinal of the
first kind, then since K, = t0 T'(K,-; N D) and x € K,_; N D we see that
x € K. If n is an ordinal of the second kind, then since K, = Mg, Kp we see
that x € K,. Thus it follows that x € K, = K.

(2.5) Assume that x € D and x € T(x). Then x € K by (2.4), and so
p(x) = x, so that x € p~!(D) and x € T(p(x)). On the other hand, assume
x € p~Y(D) and x € T(p(x)). Since p is continuous, p(x) € D and, by defini-
tion, p(x) € K. Thus, by (2.3), T(p(x)) C K, so that x € K and x € T(x) with
x € D since x & 9D by assumption.

Definition 2.2. Let D C X be open and let T: D — K(X) be ultimately
compact with 0 & x — T(x) forall x € 3D. If K N D = &, then we define the
degree of I — T on D with respect to 0, deg(I — T,D,0),to be 0.If X N D # &,
then we let p be a retraction of X onto K and define

(2.6) deg(l — T,D,0) = deg.(I — Tp,p™'(D),0),
where the right-hand degree is that defined for compact multivalued vector fields
by Ma [22].

The use of a retraction to define the fixed-point index by means of the Leray-
Schauder degree appears in Browder (Symposia Math. 2 (1969), Theorem 1). In

an unpublished communication, R.D. Nussbaum has shown that one may define
a topological degree for single-valued &-set-contractive vector fields by means of
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4 W. V. PETRYSHYN AND P. M. FITZPATRICK

the Leray-Schauder degree together with a retraction onto K, (see [25], [26] for
the definition of K, ). In Definition 2.2 we are using a similar approach.

It follows from (2.5) that the right-hand side of (2.6) is well defined. We now
wish to show that the left-hand side of (2.6) is well defined; namely, to show that
it is independent of p. To this end we prove the following

Lemma 2.2. Let T, D and K be as in the previous Definition 2.2. Let A C X be
the convex closure of a compact set and assume that A D K, A N D # &,
T(A N D) C A,and T(A N D) is relatively compact. Then, if T is a retraction of
X onto A,

2.7) deg.(I — Tr,7'(D),0) = deg(l — T,D,0).

Proof. We must first show that the left-hand side of (2.7) is well defined.
Clearly T(r(r"(D))) is relatively compact. Let x € 3(r~!(D)). Then, if x
€ T(1(x)), x € 4,50 x € 9D and x € T(x), which is a contradiction.

Now assume that D N K = . Then T has no fixed points, since any fixed
point of T must lie in D N K. We must show that the left-hand side of (2.7) is
zero. If this were not the case, then Tt would have a fixed point in7-!(D). Such
a fixed point would also be a fixed point of T and lie in D, which is a
contradiction.

We now assume that D N K % & and let p be any retraction of X onto K.
Since the fixed point sets of Tr on r~!(D) and Tp on p~!(D) are both contained
in O = p~1(D) N 171(D), we see, by the additivity of degrees over domains, that
it suffices to show that deg(/ — Tp, 0,0) = deg(I — Tr, 0,0).

For x € O and ¢ € [0, 1] define H,(x) = tT(p(x)) + (1 — £)T(7(x)). Then H
is u.s.c. and compact.

We now claim that if x € O and for some ¢ € [0,1], x € H/(x), then
x € T(x) and thus x & 90. So assume that x € O and ¢ € [0, 1] are such that
x € H(x). We note immediately that x € 4 and so 7(x) = x, so that x
€ tT(p(x)) + (1 — 1)T(x), and x € D. Since T(p(x)) and T(x) are in K, and K,
is convex, we see that x € K. Let 7 be an ordinal such that x € K for 8 < 7.
If n is an ordinal of the first kind, then K, =<0 T(K,_, N D). Since x
€ K,.; N D, T(x) C K,.But T(p(x)) C K and since K C K,, with K, convex,
we see that x € K. Now assume that 7 is an ordinal of the second kind; since
K, = Mg, Kp we see that x € K,. This shows that x € K. Consequently
p(x) = x and x € T(x), since T(x) is convex, and hence x € O. Our conclusion
now follows from the invariance under homotopy for multivalued compact
vector fields [22]. Q.E.D.

It follows from the above with 4 = K that our degree is independent of the
particular retraction of X onto K chosen.

Before considering the properties of the degree given by Definition 2.2 we will
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MULTIVALUED NONCOMPACT MAPPINGS 5

show that it is indeed an extension of the degree for compact vector fields defined
and studied in [22].

Proposition 2.1. Let D C X be open and suppose T: D — K(X) is compact with
0 & x — T(x) for each x € 3D. Then

deg.(I — T,D,0) = deg(I — T, D,0).

Proof. If K N D = &, then the degree on the right is zero by definition. The
degree on the left must also be zero, for otherwise T would have a fixed point
which would liein K N D,so KN D # &.

If K N D +# &, then since T(X N D) C T(D), we see that T(K N D) is
compact. Let p be a retraction of X onto K. Such a retraction exists since
K=t T(D NK)=eo T(D N K). Let O = D N p~'(D). It suffices to show
that

deg (I — Tp,0,0) = deg.(I — T, 0,0).

To this end we define for x € O and ¢ € [0, 1]

H(x) = 1T(p(x)) + (1 — HT(x),

and note that H([0,1] xO) is relatively compact. That x & H,(x) for any
t € [0,1] and x € 30 follows from the same argument which has been used in
the proof of Lemma 2.2. Hence, by the invariance under homotopy theorem of
[22], our conclusion follows. Q.E.D.

Theorem 2.1. Let T and D be as in Definition 2.2. Then if deg(I — T, D,0) # 0,
there exists an x € D with x € T(x).

Proof. We have K N D # (. Let p be a retraction of X onto K. Then, by our
hypothesis and Definition 2.2, we see that

degc(l - TP;P_I(D),O) #* 0:

and then there is an x & p~!(D) with x € T(p(x)). Thus x € T(x) by (2.5).
QE.D.

Theorem 2.2. Let D C X be open and let H: [0,11 X D — K(X) be u.s.c., and
such that H(0,1] X D N K’) is relatively compact, where K’ = K(H,[0,1] X D).
Ifx & H(x)forx € 0D and t € (0,1}, then

deg(I — H,,D,0) = deg(I — H,,D,0).

Proof. Let K; = K(H;,D)fori = 0,1.Then K; C K',fori =0, LIfK' N D
=, then K, N D =@ fori =0, 1, and so the conclusion follows. Suppose
now that K’ N D # & and note that we have H(D N K’') C K’ fori = 0, 1.
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6 W. V. PETRYSHYN AND P. M. FITZPATRICK

Let p be a retraction onto K’. Then, by Lemma 2.2, it suffices to show that

(2.8) deg(I — Hyp, p~(D),0) = deg(I — H,p,p~'(D),0).

To this end we define, for ¢t & [0,1] and x € p~'(D), E(x) = H,(p(x)). Then
F is us.c. and F([0,1] X p™"(D)) C H([0,1] X D N K’) and is thus relatively
compact. Furthermore, if x € p~!(D) and x & E(x) for some ¢t € [0, 1], then by
Lemma 2.1 we see that x € D and x € H,(x), so x € D and therefore x does
not lie in dp~}(D). It follows from the homotopy theorem for multivalued
compact vector fields that (2.8) is satisfied. Q.E.D.

Theorem 2.3. Let T and D be as in Definition 2.2. Assume that D = D, U D,,
where D, and D, are open, disjoint, and such that x & T(x) if x € 4D, U 9D,
Then

2.9) deg(I — T,D,0) = deg(I — T, D;,0) + deg(I — T, D,,0).

Proof. Let K = K(T,D), K; = K(T,D,) and K, = K(T,D,). If K; N D,
= K, N D, = &, then T cannot have any fixed points so that the conclusion
follows from Theorem 2.1.

We now consider the case when, say, K} N D, # @ and K; N D, = &. Then
the fixed point set of T in D is contained in D,, and since K; C K, we have
K N D # . Let p be a retraction of X onto K and let 7 be a retraction of X
onto K;. Now K plays the role of 4 in Lemma 2.2 and therefore we have the
relation

deg(I — Tp,p7'(D,),0) = deg(I — Tr,7¥(D,),0) = deg(I — T, D;,0).
We now note that the fixed point set of Tp on p~!(D) is contained in p~!(D,),
and thus, by [22], since
deg(I — Tp,p7'(D,),0) = deg(I — Tp,p~'(D),0),

we see that (2.9) is valid since deg(I — T, D,,0) = 0.

We now consider the case when K} N Dy # Jand K, N D, # J. Letpbea
retraction of X onto K and let p, be a retraction onto K, for i = 1, 2. It follows
from Definition 2.2 and the additivity over domains theorem of [22] that

deg(I — T,D,0) = deg(I — Tp,p~'(D),0)
= deg(I — Tp,p7'(D,),0) + deg(I — Tp,p~'(D,),0)
= deg(I - Tpl,pl—l(Dl)’O) + deg(l - sz,pfl(Dz),O),

the last equality holding since K plays the role of 4 in Lemma 2.2 for
T: D, » K(X) and for T: D, — K(X).

We have shown that (2.9) is valid in all cases. Q.E.D.

We now wish to prove a theorem concerning the topological degree of an odd
ultimately compact mapping defined on a symmetric neighborhood of the origin.
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To this end we first prove a result for odd multivalued compact vector fields, and
for this we will need the following approximation lemma.

Lemma 2.3. Let D C R" be compact and let T: D — K(R") be u.s.c. Assume D
is symmetric and T is odd. Then, given ¢ >> 0, there exists a single-valued continuous
odd mapping f: D — R" such that, whenever x € D, there exists a y € D and
z € T(y) such that |x — y|| < e and || f(x) — z|| <e.

Proof. Let ¢ > 0. For each x € D we may choose 8, > 0 such that if
lx = yl| < 28,, then T(y) C N,(T(x)). Let , = min{8,,d_,,¢} for each x € D.
Then {B(x,r) | x € D} forms an open cover of D. Since D is compact we may
select {x;,...,x,} C D such that {B(x;,) | i = 1,...,m} covers D; we assume
that {x,...,x)} = {-x,...,—x,}.

Let {f;li =1, *+», m} be a partition of unity subordinate to {B(x, reli=1,
s+, m}, and for each /€ {1, «=-, m} let y; € T(x;). For x€D define h(x)=
T2 fi(®)y;, and then let f(x) = 1/2{h(x) — h(- x)}. For convenience let r;=ry,

Let x €D. Choose K€ {1, ***, m} such that |lx —x, |l <r, and r,<r, whenever
I = x;} <r;. Thenif |Ix —xJl <r; forsome i€ {l, <>, m}, we have [lx;—x,[l <
2r,, so T(x) CN(T(x;)), and thus we may choose z; € T(x;) with llz;—y,ll <e.
Let z=Z72, fi(x)z;; then zE€T(x;) and |la(x) -zl <e.

Now —x, =x; for some IE€{],+++,m}, and x; plays the same role with respect
to —x as x, does with respect to x; namely, [I-x—x/||<r, andif [-x—x,| <r,
then r; <r,. Thus we may select w& T(x;) such that [a(—x)— wll <e. It follows
that %{z-w}E€T(x)), Ix ~x,lI<e, and lf(x) - %{z-w}l<e. QE.D.

The previous lemma has been established by Cellina(4) and by C.P. Pixley (in
a paper to appear) without the oddness condition on the mapping. We followed
a variant of the argument of Pixley.

Before we establish a theorem concerning the degree of an odd ultimately
compact mapping, we first obtain, by using Lemma 2.4 and some results of Ma
[22], a corresponding new result for compact vector fields defined on symmetric,
but not necessarily convex, neighborhoods of the origin.

Proposition 2.2, Let O C X be a symmetric neighborhood of 0 € X. Assume that
S: O—K(X) is an odd multivalued compact mapping such that x & S(x) for
x € 30. Then

deg.(I — S,0,0) is odd.

Proof. We first show that {x — S(x)} N A{—x — S(—x)} = Fforx € 30 and
A > 0. If this were not the case, then one could find x € 30, y € S(x),
w € S(—x),and A > 0, with x —y = M—x — w), so

iyt O

(4) The authors were unable to find the paper containing his proof.
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8 W. V. PETRYSHYN AND P. M. FITZPATRICK

But y, —w € S(x), and thus x € S(x), which is a contradiction.

Now, by Lemma 9.4 of [22], a result whose proof does not depend on the
convexity of O, we may find a compact multivalued mapping F, whose range lies
on a finite dimensional subspace Y of X, such that

F(x) = —-F(—x) forx €30 NY)

and such that

deg(I — §,0,0) = deg((I — F) |y,0 N Y,0).
Forx e On Yand: € [0,1], let

H(x) = (1/(1 + D)F(x) = (¢/(1 + ) F(—x).
Now, if x € (0 N Y), and x € H/(x), then

x € (1/(1 + )F(x) + (¢/(1 + ))(-F(—x)) C F(),
which is a contradiction. Thus, since H([0,1] X ON Y) has compact closure,
deg(( — F)y,0 N Y,0) = deg(I - }{F(x) — F(-x)}y,0 N Y,0).

For convenience let T(x) = 3{F(x) — F(-x)} for x € O N Y. Thus T is an odd
multivalued mapping with range which has compact closure and x & T(x) for
xe3¥0onNny)

Since the fixed point set of Ton O N Y is bounded, we may consider an open,
bounded, symmetric neighborhood of 0, call it V, such that the fixed point set is
contained in V. By the additivity over domain of the topological degree of [22],
we see that

deg(I — T,0 N Y,0) = deg(I — T,0 N V,0).
To prove that this degree is odd, it will suffice to show that there exists a single-
valued odd mapping f defined on ¥ N O such that
xetf(x)+(1—-nT(x) forallx €ed0ON V),0<r< L

By Lemma 2.3, for each integer n, we may find a single-valued odd mapping
£: 0 N V- Y, which is a 1/n-approximation of 7. We claim that for some n
we have

x@(-0f(x)+1T(x) forallx €dON¥),0<t <1

Indeed, if this were not the case, then one could find {x,} C 3(0 N V),
{t.} € [0,1], and w, € T(x,) for each n, with x, = (1 — ¢,) f,(x,) + t,w, for each
n. By compactness, we may assume that {t,> = f;, {w,> = wp, and {f(x,))
— yo. Then {x,> = x, and, by the u.s.c. and compactness of T, wy € T(x,). We
now show that y, € T(xg). Indeed, let € > 0. Choose & > 0 such that if
lx = x|l <8, then T(x) C N,,(T(x)). Let m be an integer such that 1/m
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MULTIVALUED NONCOMPACT MAPPINGS 9

< min{8/2,¢/2} and ||x, — xo]| < &/2 if n > m. Let n > m. Then one may
choose y, € O N V such that ||x, — 3| < 1/n < 872, and z, € T(y,) with
”zn _ﬁx(xn)|| < l/n < e/2' Then ”yn - xO” <4, and thus z, € T(yn)
C N,,(T(xp)). Thus f,(x,) € N,(T(xo)) for all n > m, and, since T(x,) is
compact, y, € T(xp). Consequently xo = (1 — #)y, + tows € T(x) and, since
Xy € 3(0 N V), we have a contradiction. Q.E.D.

Theorem 2.4. Let D be a symmetric neighborhood of the origin and T: D — K(X)
be an odd ultimately compact mapping such that x & T(x) for all x € 3D. Then
deg(I — T, D,0) is an odd integer.

Proof. Since 0 € T(0) we see that K N D #* @&. Let j be a retraction of X
onto K. We note that K is a symmetric set, and define p(x) = }{ 5(x) — p(—x)}
for x € X. Then p is an odd retraction of X onto K. It is easy to see that p~1(D)
is symmetric. The mapping Tp is an odd mapping on p~'(D). Thus, by
Proposition 2.2, deg(I — Tp,p~'(D),0) is an odd integer. Q.E.D.

3. Fixed point theorems for various classes of multivalued ultimately compact
mappings. In this section we will utilize the degree theory presented in the
previous section to obtain new, as well as some known, fixed point theorems for
various classes of multivalued mappings.

It is clear that every compact mapping is ultimately compact. Consequently,
the degree theory developed in [4], [13], [22] for multivalued compact vector fields
is subsumed by our degree theory for multivalued ultimately compact vector
fields. We specifically remark that all of the fixed point theorems proven in this
section yield, as special cases, fixed point theorems for multivalued compact
mappings.

As a further example of a family of ultimately compact mappings we consider
the class of generalized condensing mappings, which has been introduced in [21]
in a slightly different fashion for the case of single-valued mappings.

Definition 3.1. Let 7: D C X — K(X) be us.c. Then T is called generalized
condensing provided that whenever @ C D is such that T(Q) C @ and
Q\co T(Q) is relatively compact, then £ is relatively compact.

The following lemma shows that one may deduce the degree theory and fixed
point results for this class of mappings from our previous results. For single-
valued maps similar results were obtained in [32], [21].

Lemma 3.1. Let D be a convex, closed subset of X, and let T: D — K(D) be
generalized condensing. Then T is ultimately compact.

Proof. We know that K = K(T,D) C D and, since @0 T(K N D) = K, we
see that T(K) C K and K\ ©0 T(K) = . Thus K is relatively compact, and
therefore compact since it is closed. Also, T(K) C K, so that T{K) is relatively
compact. Q.E.D.

Theorem 3.1. Let D C X be convex and open and let T: D — K(D) be
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10 W. V. PETRYSHYN AND P. M. FITZPATRICK

ultimately compact with K = K(T,D) # &. Then T has a fixed point in D, and if
no fixed point of T lies in 9D, then D N K # & and deg(I — T,D,0) = 1.

Proof. Assume that T has no fixed points on dD. Then D N K # . Indeed,
assume K C 9D. Let V be a convex neighborhood of the origin such that K C ¥V
and let p be a retraction of X onto K. Consider the mapping Tp, restricted to V.
It is clear that T(p(V')) C K C V, so that Tp has no fixed points on dV. The
mapping Tp |7 is compact and satisfies the Leray-Schauder boundary conditions.
It follows from [22] that Tp has a fixed point in ¥. Thus there exists an x € V
with x € T(p(x)). Then x € K, so that x € T(x). This contradicts the fact that
T has no fixed points on 0D. Thus K N D # &, so we may choose x € K N D.

Let p be a retraction of X onto K and for each x € p~'(D) and ¢ € [0, 1] let
F(x) = tT(p(x)) + (1 = #)x.

If x €3 1(D) and 0 < ¢ < 1 with x € T(p(x)) + (1 — £)xy, then, since
T(p(x)) C K and Kis convex, x € K and thus p(x) = x. It follows that x € 3D
and x = 1z + (1 — 1)xo with x, € D and z € D; this is a contradiction.

It is clear that F([0, 1] X p~!(D)) is relatively compact, so that

deg(I — T,D,0) = deg.(I — x4,07(D),0) = 1. Q.E.D.

Corollary 3.1. Let D C X be convex and open. Assume T: D — K(D) is
ultimately compact, and such that there exists a nonempty subset A of D with
€0 T(A) D A. Then the conclusions of Theorem 3.1 hold.

Proof. In view of Theorem 3.1, it suffices to show that K = K(T,D) # Q.
Recalling the construction of K, we will show that A C K|, for each ordinal a.
Now K, = 6 T(D) D ©o T(4) D A. Assume that n is an ordinal such that
A C Kgwhen 8 < n.If 5 is of the first kind, then K, = €0 T(K,,) D €0 T(4)
D A, by the induction hypotheses. If 7 is of the second kind, then since 4 C Kj
for < a,4 C Mg, Kyg = K,. QE.D.

Corollary 3.2. Let D be an open convex subset of X. Assume that T: D — K(D)
is ultimately compact and that there exists a relatively compact subset A of D with
T(A) C A. Then the conclusions of Theorem 3.1 hold.

Proof. Let C, =T(4 )nAand if C, has been defined let C,,; = T(C,) N 4.
Then C,,; C C, for each n, each C, is compact, so M2, C, = C, # &. The
compactness of A ensures that C, C T(C,). Thus € T(C,) O C,, and the
result follows from the previous corollary. Q.E.D.

Corollary 3.3, Let D be an open convex subset of X, and let T: D — K(D) be a
generalized condensing mapping. Then the conclusion of Theorem 3.1 holds.

Proof. Let x, € D. Define 4 = U2, T"(xy), where T%(xy) = xo and 7! (x,)
= T(T"(x,)). Then T(4) C A and A\co T(A)C {x,}. Thus, by the definition of
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generalized condensing, A4 is relatively compact. Our result now follows from
Corollary 3.2. Q.E.D.

In order to show that our degree is applicable to the study of multivalued
contractions, k-set-contractions, k-ball-contractions, and condensing mappings,
which have recently been extensively studied, we first introduce the following
notions.

Definition 3.2. Let C be a lattice with a minimal element which we denote by
zero, 0. A mapping ®: 2X — C is called a measure of noncompactness if for any
D C X and B C X it satisfies the following properties:

(3.1) &0 D) = &(D).

(3.2) ®(D) = 0 if and only if D is precompact.

(3.3) (D U B) = max{®(D), ®(B)}.

It follows immediately that if D C B, then ®(D) < ®(B).

In analogy with the single-valued case [32], we now define in terms of & the
generalized notion of a condensing mapping.

Definition 3.3. Let ® be a measure of noncompactness in X and let T: D
— K(X) be us.c. Then T is said to be ®-condensing if ®(T(R)) > ®(Q) for all
€ C D such that Q is not relatively compact. In case C is also linearly ordered,
the above condition reduces to the requirement that ®(7(Q)) < &) for each
€ C D which is not relatively compact.

We now show that the degree theory developed in §2 is applicable to this
general class of d-condensing mappings.

Lemma 3.2, Let D C X be closed and let T: D — K(X) be ®-condensing. If
either (a) D is convex and T(D) C D or (b) T: D — CK(X), then T is ultimately
compact.

Proof. Let K = K(T, D). If K = @, there is nothing to prove. Assume that
K # . We first consider the case (a): T(D) C D. Then €0 T(K) = K. There-
fore, since ®(K) = ®(co(T(K))) = H(T(K)), K is relatively compact. Thus K,
being closed, is compact and, since T(K) C K, T(K) is relatively compact.

Now assume T(x) is compact for each x € D. Since &6 T(D N K) = K, we
have

O(T(D N K)) = ®©o(T(D N K))) = ®K) > D N K)

and hence D N K is relatively compact. Thus D N K is compact and, since 7 is
u.s.c. and compact-valued, 7(D N K) is compact. Q.E.D.

Let us note that every ®-condensing mapping is generalized condensing and
that if T: D — K(X) is ®-condensing then every precompact subset of D is
relatively compact.

For later use we need the following

Lemma 3.3. Let D C X be open and suppose H: [0,1] X D — K(X) is u.s.c. and
such that for each @ C D, with @ not compact, we have ®(H([0,1] X 2)) * ®(Q).
Then, if K = K(H,[0,1]X D)and D N K # &, H([0,11X D N K) is compact if
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12 W. V. PETRYSHYN AND P. M. FITZPATRICK

either (a) D is convex and H([0,1] X D) C D, or (b) H(t,x) € CK(X) for each
x € Dandt € [0,1].

Proof. We know that co H([0,1] X D N K) = K and therefore
®H([0,1]XD N K))=dEo H{0,1] XD N K)) = &K) > ®D N K)

so that D N K is relatively compact. Thus D N K is compact. If (a) holds,
then K =D N K and so H({0,1]X D N K) is compact. If (b) holds, then
H is a us.c., has compact values, and [0,1]X D N K is compact; hence,
H{{0,1] X D N K) is compact. Q.E.D.

~ As we have just shown, if T: D - K(X) is ®-condensing and either T(x) is
compact for each x € D or T(D) C D, then T is ultimately compact. A trivial
example shows that it is not always true that a ®-condensing mapping is
ultimately compact; let xo € X, let D = {x,}, and let T(x,) = X. Then T is ®-
condensing with respect to any measure of noncompactness, K(7, D) = X, and
T(D N K(T,D)) = X.

Theorem 3.2. Let D C X be a neighborhood of the origin, and let T: D
— CK(X) be a O-condensing mapping such that

(3.4 AN Tx)=Q ifx€dDand A 2 1.
Then deg(I — T,D,0) = 1 and thus T has a fixed point in D.

Proof. For x € D and ¢ € [0,1] let E(x) = ¢T(x). Let @ C D. Suppose that
Q is not relatively compact and ®(F([0, 1] X Q)) > (). Then, since F([0,1]
x Q) c e (T(R) U {0}), 2(F(0,1] x 2)) < ®(E(T(2) U {0})) = T(L)).
Hence &(T(2)) > &(2) and Q is not relatively compact, which is a contradic-
tion. It follows from Lemma 3.3 that F([0,1]X D N K) is compact for K
= K(F,[0,1] X D). Our hypothesis (3.4) clearly implies that x ¢ F(x) for
x € 9D and ¢ € [0,1)]. Thus, by Theorem 2.2, we have

deg(I — T,D,0) = deg(1,D,0) = 1. Q.E.D.

Corollary 34. Let D be a convex neighborhood of the origin, and assume
T: D — CK(X) is ®-condensing and such that T(0D) C D. Then T has a fixed
point.

Proof. If x € T(x) for some x € 0D, the result is proven. Assume that
{Ax} N T(x) # & for x € 3D and A > 1. Then Ax € D and consequently
x € D, a contradiction. Thus T satisfies (3.4) and so it has a fixed point. Q.E.D.

Remark 3.1. It follows from Theorem 3.1 and Lemma 3.2 that if in Corollary
3.4 we assume that T(D) C D, then one need not require that 7(x) be compact
for each x in D.

Remark 3.2. In case X is a Banach space and T is single-valued, Theorem 3.2
was proven in Petryshyn [28] and some of its special cases in [9], [25], [33], while
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for a multivalued compact mapping with D = B(0,r) it was proven in Granas
[14). For a multivalued compact mapping acting in a general X, the theorem was
proven in [22].

In the case that the lattice C in Definition 3.3 has the property that for each
¢ € Cand A € RwithA > 0 thereis defined an elementAc € Cwith1 -¢ = ¢,
the measure of noncompactness ®: 2X — C will be called positively homogeneous
if for each @ C X and A € R with A # 0 we have ®(AQ) = |A|®(2).

Theorem 3.3. Let D C X be a symmetric neighborhood of the origin. Let
T: D — CK(X) be ®-condensing with respect to a positively homogeneous measure
of noncompactness ® and such that

BS) x-TOINAx-T(-x)}=@ forx €D and 0 <A< L.
Then deg(I — T, D,0) is an odd integer, so that T has a fixed point.
Proof. For x € D and ¢t € [0, 1], we define

F(x) = (/1 + ))T(x) — (¢/(1 + )T(—x).

Suppose € C D is such that ®(Q) < ®(F([0,1] X 2)). Now F([0,1] X 2)
C wof{T(@) U (-T(-2))}, so that ®(F(0,1] x 2)) < max{®(T(Q)),
®(T(-2))}. But &(Q) = ®(Q U (-2)) and max{®(T(Q)), D(T(-L))} < H(T(Q
U (—2))). Hence we have (2 U (—Q)) < &(T(Q U (-2))),andso & U (-Q)
is relatively compact, which implies that  is relatively compact. Thus, by Lemma
3.3, F((0,1] X K N D) is compact, where K = K(F,[0,1] X D). We now show
that x & E(x) for x € 3D, 0 <t < 1. Indeed, if x € 3D and x € (I/(1
+ ))T(x) — (¢/(1 + 1))T(—x) for some ¢t € [0, 1], then one would have

1 t 1 t
RS T Al ekl Sl par
and so we could choose z € T(x) and w € T(—x) with x — z = t(—x — w),
which is a contradiction of our hypothesis. From the homotopy invariance
theorem and the fact that ${T(x) — T(—x)} is odd, it follows from Theorem 2.4
that deg(/ — T, D,0) is an odd integer. Q.E.D.

Remark 3.3. In case T is single-valued the above result appears in [32], [33],
while for a compact multivalued map it was proven in [14] for X a Banach space
and D = B(0,r) and in [22] for a convex D and general X.

We shall now define the class of so-called k-®-contractive mappings which, as
we shall see later, contains k-set-contractions, k-ball-contractions, and other
mappings as its subclasses, and which have been recently widely studied (see [25],
[30], [33)).

Definition 3.4. Let ®: 2¥ — C be a measure of noncompactness, where we
additionally assume that C is such that for each ¢ € Cand A € RwithA > 0
there is defined an element Ac € C. A u.s.c. mapping T: D — CK(X)is called a
k-®-contraction if ®(T(Q)) < k®(2) for each & C D and some k > 0.

T(-x)
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14 W. V. PETRYSHYN AND P. M. FITZPATRICK

Lemma 34. Let ®:2X > R* ={r € R,t > 0} U {0} be a measure of non-
compactness and suppose that T: D — CK(X) is a k-®-contraction, 0 < k < 1,
with ®(T(D)) € R. Then T is ®-condensing if either X is quasi-complete or D is
complete.

Proof. Assume that @ C D is not relatively compact and that ®(7(Q))
> ®(R). Then, since either D is complete or X is quasi-complete, $(2) # 0, and
since ®(T(D)) € R we have ®(Q) € R. But k®(Q) > H(T(Q)) > ®(Q) and
0 < k < 1. This is a contradiction and hence T is ®-condensing.

Remark 3.4. In view of Lemma 3.4, Theorems 3.2 and 3.3 are valid for k-®-
contractions, 0 < k < 1, when X is either quasi-complete or D is complete and
when ®: 2X¥ — R* is a measure of noncompactness. Note that @ is not assumed
to be positively homogeneous.

Theorem 3.4. Let ®: 2X — R* be a positively homogeneous measure of noncom-
pactness. Let D C X be a neighborhood of the origin and assume that either D is
complete or that X is quasi-complete. Let T: D — CK(X) be a 1-®-contraction
such that T(D) is bounded in X and ®(T(D)) € R. Furthermore, assume that
whenever {x,} C D andy, € T(x,) for each n are such that x, — y, = 0asn — oo,
then there is an x in D with x € T(x). Then, if T satisfies (3.4), T has a fixed point.

Proof. Let {A,} C (0,1) with (A,> — 1. For each n let T, = A, T. Then, since
® is positively homogeneous, 7, is a A,-®-contraction with &(Z,(D))€ R and
thus ®-condensing, by Lemma 3.4, with 7,(x) compact for each x € D. We see
that 7, satisfies (3.4). Hence, by Theorem 3.2, there exists x, € T,(x,) for each n.
Thus we may select y, € T(x,) such that {x, — A,5,> = 0 and, since {y,} is
bounded and A, = 1, {x, — 3> = A\, — 1Dy, = 0 as » — o0. Hence, by our
condition, there is an x € Dsuch that x € T(x), i.e., T has a fixed point.
QED.

Remark 3.5. In case T is single-valued, X a Banach space, and & is the set- or ball-
measure of noncompaciness (see the definition below), Theorem 3.4 reduces to
the fixed point theorem of Petryshyn [29].

The notion of measure of noncompactness defined by properties (3.1), (3.2),
and (3.3) first appeared in Sadovskii [32}, who extracted this concept from the set-
measure of noncompactness introduced by Kuratowski [17] and the ball-measure
of noncompactness introduced in [12]. The two latter concepts were defined in
metric spaces and the set C was the directed set R* = {r € R|r > 0} U {c0},
with the usual ordering. We will consider these concepts for separated locally
convex spaces.

Assume { p, | @ € A} is a family of seminorms which defines the topology on
X. Given a € 4 and © C X, we define x, () = inf{e > 0| there exists
{X1,%35 0.0, x,) © X with @ C UL {y | pu(x; —y) <)}, and 7,(Q) = inf{d
> 0| 2 can be contained in the union of a finite number of sets, each of which
has p,-diameter less that &}.
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We now let C = {¢: 4 > R*} and, if ¢,y € C, we define ¢ < ¢ if ¢(a)
< Yla) forall @ € 4; if A € R, A > 0, and ¢ € C we define A by (Ad)(a)
= A¢(a) for & € A. The zero element of C is defined by 0(a) = 0 for all a € 4,
and (max{¢,¢})(a) = max{p(a),y(a)} for all @ € A. Now define x: 2¥ — C by
x®)e) = x,(R) and v:2*¥ - C by v(®)(a) = v,(2) for each « € 4 and
QcCX

In a locally convex topological vector space the x-measure of noncompactness
was first introduced by Sadovskii [32], while we introduce the y-measure of
noncompactness here, since the latter is more convenient for studying Lipschitz-
type maps defined on proper subsets of X. Both of these measures are natural
extensions of notions studied in Banach and metric spaces in [17}, [12], [26], [6],
and the proof that they satisfy (3.1), (3.2) and (3.3) follows in the same manner
as in the Banach space case. We note that a set D C X is bounded in the
topological vector space sense if and only if y,(D) or x,(D) are finite for each
a € A, while D is precompact if and only if v,(D) = x,(D) = 0 for each
a« € A. Furthermore, x(A2) = |Alx(Q) and x(€, + 2,) < x(2) + x(2,) for all
A € Rand ©, and &, in X. Similar properties also hold for the measure v.

We note that a mapping T: D — K(X) is x-condensing provided that whenever
@ C D, with Q not relatively compact, there is an « € 4 such that (x(T(2)))(«)
< (x(2))(a). Similarly for y-condensing.

Lemma 3.5. Let T: D — CK(X) be a k-®-contraction, 0 < k < 1, where either
® = x or ® = v. Then, if T(D) is bounded in the topological vector space sense, T
is ®-condensing provided that either X is quasi-complete or D is complete.

Proof. Let @ C D with € not relatively compact. Assume that &(7(Q))
> O(R). Since L is not relatively compact, and hence not precompact since D is
complete or X is quasi-complete, we may choose & € 4 with (®(R))(a) > 0.
Now (®())(a) < ®(T(2)){(a) < o0, since T(D) is bounded. Furthermore, we
have 0 < (®(2))(a) < O(T(2))(a) < k(®(R))(a) < oo, and this is clearly a
contradiction. Q.E.D.

We remark that when X is metrizable with metric d, then we may, as in [17],
[12], define a set-measure of noncompactness vy, and a ball-measure of noncom-
pactness x; which assume values in R* and which are known to possess most
properties of y and x except for the homogeneity property. We add in passing
that when X is metrizable, then we see from Lemma 3.4 that if T: D — CK(X)
is either x, - or y;-k-contraction and T(D) is bounded in the metric, then T is
condensing when 0 < k£ < 1.

In view of Lemmas 3.4 and 3.5, Theorems 3.2 and 3.3 are valid for k-®-
contractions, 0 < k < 1, when either X is quasi-complete or D is complete,
T(D) is bounded in the appropriate sense, and @ is either y, x, ¥y, Or Xz
Furthermore, Theorem 3.4 is also valid for the case when @ is either y or x.

We add in passing that besides the set- and ball-measures of noncompactness
defined on 2%, where X is a metric space, one can also define for certain spaces
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other measures of noncompactness whose ranges lie in R*. We state two
examples (for others see [32]).

If X = C([a,b]) we define ®: 2X — R* as follows: ®(R) = +0 if @ C X is
unbounded, while if  is bounded we let

®(Q) = limq Sup{max{|f(s) - f()| | t,s € [a,bL|s — ¢] <8} .
-0  seq

If X = I’(a,b]) we define ®:2X — R* as follows: ®(R) = +oo0 if Q is
unbounded, while if £ is bounded we let

1
Q) = lim Sup{ Sup (fb If@) — f@e + T)I”dt) /P} }
-0 e Logr<s \Va

The former measures of noncompactness have been studied by Sadovskii,
Nussbaum, and others.

In what follows we say that F: X — K(X) is homogeneous if F(tx) = tF(x) for
x € Xandt € R.

We now extend to condensing mappings the result of Lasota and Opial [20]
obtained by them for multivalued compact mappings.

Theorem 3.5. Let X be a Banach space and let G, F: X — K(X') be condensing
with respect to ®, where ® = x; or ® = y, withd = || ||, on each bounded subset
of X. Assume also that F is homogeneous and that x € F(x) only if x = 0. Suppose
that there exists an a > 0 such that G(x) C F(x) + B(0,a) for each x € X. Then
G has a fixed point.

Proof. We may choose 8 > 0 such that [|x —y|| > B if ||x]| =1 and y
€ F(x). Indeed, if this were not the case, then one could select {x,} C 3B(0,1)
for each n with ||x, — y,l| < 1/n for some y, € F(x,).

Now, {xn} - {yn} + {X,, —yn} and thus (I>({x,,}) < q)({yn}) + Q({"‘:n - yn})
< O({y,}) < ®({x,}), unless {x,} is relatively compact. Thus some subsequence
{Xn> = Xo € 0B and xy € F(x,), which is a contradiction. We choose s € R
with s8 > a. Then, if [|x|| = s and y € F(x), we have

llx — yll = slix/s — y/s|l > sB > a,

since y/s € F(x/s).
Define the homotopy H: [0, 1] X B(0,s) — K(X) by

H/(x) = F(x) + t(G(x) = F(x)) = (1 = ) F(x) + tG(x)

for 0 <t < 1, x € B(0,s). Now, if @ C B(0,s), we see that ®(H([0, 1] X 2))
< ®(o(F(Q) U G(R))) < ®(Q), unless © is compact. Thus, by Lemma 3.3,
H([0,11x D N K) is compact, where K = K(H,[0,1] X D). Since {t(y —2) | 0
<t < 1,y € G(x),z € F(x)} C B(0,a), while {x — z | x € 3B(0,5),z € F(x)}
N B(0,a) = &, we see that x & H,(x) for x € 3B(0,s) and ¢ € [0,1]. Thus
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deg(I — F, B(0,s),0) = deg(I — G, B(0,5),0) and, since F is odd, the left-hand
degree is nonzero, so G has a fixed point. Q.E.D.

We now briefly consider fixed point results for ultimately compact mappings
defined on sets which need not have nonnull interiors.

Theorem 3.6. Let D C X be closed and convex with T: D — K(X) ultimately
compact and such that T(D) C D. Then, if K(T,D) # O, T has a fixed point.

Proof. Let ¥ be a convex neighborhood of the origin such that ¥ O K, and let
p be a retraction of X onto K. Since K(Tp,V) D K(T,D) # &, it follows from
Theorem 3.1 that Tp has a fixed point in ¥, so T has a fixed point in D. Q.E.D.

Corollary 3.5. Let D C X be closed and convex with T: D — K(X) generalized
condensing and such that T(D) C D. Then T has a fixed point.

Proof. T is ultimately compact. By the arguments used in the proofs of
Corollaries 3.1, 3.2, and 3.3, we see that K = K(T,D) # &. Q.E.D.

Remark 3.6. Since every ®-condensing mapping is generalized condensing,
and, in a quasi-complete space, every k-®-contraction, with 0 < k < 1, &: 2%
— R* and with ®(T(D)) € R is ®-condensing, a result corresponding to the
above corollary is valid for these mappings. It is also clear that a result
corresponding to Theorem 3.4 for 1-®-contractions is valid for self-mappings
defined on a closed convex set.

Remark 3.7. After the results of the paper were obtained we received a reprint
[31] from S. Reich in which Corollary 3.5 has been obtained for x-condensing
mappings satisfying the so-called inward condition, by use of different arguments.

Remark 3.8. Under the additional condition that 7{(D) is bounded, Corollary
3.5 was established for x-condensing mappings in [15]. In case T is single-valued,
Theorem 3.6 and Corollary 3.5 were first established in Sadovskii [32].

We recall that if X is a metric space with metric 4, then on CK(X) we may
define a metric, the Hausdorff metric, denoted by @*, and defined by

* = : .
d*(4,B) maX{fgg jnf d(x.y), sup inf d(x,y)}-

We shall call a mapping T: D C X — CK(X) contractive if X has a metric 4 and
if there exists a k € (0, 1) such that

dX(T(x), T(»)) < kd(x,y) forallx,y € D;
the mapping will be called nonexpansive if for each x, y € D we have

a*(T(x), T(y)) < d(x,).

Finally, the mapping T will be called completely continuous if whenever {x,} C D,
{x,> = xo € D (— denotes convergence in the weak topology), and y, € T(x,)
for all n, then <,) has a subsequence which converges strongly to y, € T(x,).
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We shall say that the Banach space X satisfies the condition of Opial (see [27])
. if whenever {x,} C X and {x,> — x;, then lim inf||x, — x|| > lim inf||x, — x|
for all x # x; All uniformly convex Banach spaces with weakly continuous
duality mappings have this property; in particular, Hilbert spaces and /, spaces
with p > 1 have this property.
We recall that a mapping S: D C X — K(X) is called demiclosed if whenever
{x,} € D and {x,) — x, with y, € S(x,) for each n such that {y,» — y,, then
Yo € S(x).

Lemma 3.6. Let X be a Fréchet space. Let D C X be bounded, closed,and convex.
Assume that T: D — CK(D) is such that there exists a k € (0, 1) with

d*(T(x), T(y)) < kd(x,y) for all x,y € D.
Then T is ultimately compact and K = K(T,D) # .

Proof. Let C, = T(D), and if C, has been defined let C,,, = T(C,). Each C,
is nonnull, closed, and C,,; C C, C D for each n. Let ¢ > 0 be such that
0<ki=k+e<l.

We claim that if C, can be covered by a finite number of balls of radius r,
whose centers lie in C,, then C,,; can be covered by a finite number of balls of
radius k’r whose centers lie in C,,,. Indeed, assume that {x,,...,x,} C C, are
such that C, C U™, B(x;,r). Since each T(x;) is compact, we may, for each i,
select { ¥} C T(x;) and such that T(x) C U,_/"B(y},re/2). Then yi
€ Cpppfori € {l,...,m}j €{l,...,m(i)}. Now, lety € T(C,) = C,.. Then
one can find z € T(C,) with d(z,y) < re/2, and z € T(x) for some x € C,.
Now we can choose i € {1,...,m} with d(x,x;) < r, and thus some w € T(x;)
with d(w,z) < kr. Select j € {1,...,m(i)} such that d(w,yi) < re/2. Then it is
clear that d(y,y!) < k'r. Thus C,,y C U, ;B(y,k’r), and the claim is justified.

Let C, be covered by a finite number of balls of radius 8. Then, if 5, = (k’)"B,
we see that C, can be covered by a finite number of balls of radius 7. Now, letting
z, € C, for each n, it is clear that we may choose a subsequence of {z,) which
converges to some z;. Then zy € C,, for each n, and so C, = ML C, # &. It
is clear that T(C,) C C,. Moreover, T(C,) = C,. Indeed, let x, € C,. Then
for each n one may select y, € C, and x, € T(y,) with d(x,,x,) < 1/n. As
before, some subsequence of {y,»> converges to some element y, € C, and, by
us.c. of T, xo € T(yp). Thus T(C,) = C,; since C, C K(T,D), we have
K(T,D) # @.

We now show that K is compact, and thus T is ultimately compact. If X is not
compact, then ey = inf{a > 0 | K can be covered by a finite number of balls of
radius a, centered in K} > 0. Let ¢ > 0 be such that k'(ap + €) + ¢ < ay, and
choose {x,...,x,} C K, with K C U, B(x;,ay + ¢). By the argument used at
the beginning of this proof, we may cover T(K) by a finite number of balls of
radius k'(ag + €), with centers in T(K) C K. Since K is convex we can cover
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€0 T(K) = K by a finite number of balls, centered in X, of radius k'(ag + €) + &.
This contradicts the definition of @ Thus K is compact. Q.E.D.

In view of Lemma 3.6, Theorem 3.6 implies the validity of the following two
known fixed point theorems which we mention here as an indication of the
generality of Theorem 3.6.

Corollary 3.6. Let X and D be as in Lemma 3.6. If T: D - CK(D) is a
multivalued contractive mapping, then T has a fixed point in D.

Corollary 3.7. Let X be a Banach space which satisfies the condition of Opial. Let
D be a convex weakly compact subset of X, with T: D — CK(D) nonexpansive.
Then T has a fixed point.

Proof. Let z, € D and let A, = 1 — 1/n for each n. Define T,: D — CK(D) by
T,(x) = A, T(x) + (1 = A,)zo. Then T, satisfies the hypothesis of Corollary 3.6
and thus there is an x, € D with x, € T,(x,). Now we may assume {x,» — xg
€ D, and letting x, = A,y, + (1 — A,)z;, where y, € T(x,), we have {x, — ,>
— 0. But, as has been shown in [19], I — T is demiclosed and thus T has a fixed
point. Q.E.D.

Lemma 3.7. Let X be a Fréchet space. Assume T: X — CK(X) is such that there
isak € (0,1) with

dXT(x), T(»)) < kd(x,y) for all x,y € X.

Then T is k-ball-contraction on bounded sets in X.

Proof. Let @ C X be bounded with x(Q) =r > 0. Let ¢ > 0. Choose
{x15...5x,} C X with  C U~B(x;,r + €). For each i €{l,...,n} choose
{ ¥/} with T(x) C U B( yi,¢€). Then it is clear that

T(Q) C U{'=1{U;QB(yj’f,k(r +¢) + ¢)}.

Thus X(T(2)) < k(r + €) + e. Since € was arbitrary x(T(2)) < kx(2). Q.E.D.

Remark 3.9. For a multivalued contractive mapping T, with contraction
constant k < 1 defined on a proper subset D of X, we are unable to show that T
is condensing with respect to x. In fact, such a result has not been proven for
single-valued T (it seems to us that the proof of Theorem 2.3 in [32] is in error
since there is no guarantee that the centers of the balls defining x(D) lie in D).
However, it is not difficult to see that contractions (in fact, the slightly more
general type of contractions defined in [32] by means of seminorms on X) are
condensing with respect to v if either T is single-valued or k < 1.

It follows that if S: X — CK(X) is contractive and C: D — CK(X) is
compact, where D is closed and bounded, then T = S + C: D — CK(X) is a k-
ball-contraction providing X is a Banach space and || || = 4.
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Corollary 3.8. Let X be a Banach space with D a bounded (in the metric)
neighborhood of 0 € X. Let S: X — CK(X) be a contraction and C: D — CK(X)
compact. Then, if T = S + C satisfies either (3.4) or (3.5) on 9D, T has a fixed
point.

Proof. From our previous results we see that T: D — CK(X) is x,condensing.
The result now follows from Theorems 3.1 and 3.2. Q.E.D.

Remark 3.10. In case X is a Hilbert space and D = B(x,, r), then Corollary 3.8
remains valid for S only defined on D since, by composing § with the radial
retraction, which, by the results of de Figueiredo and Karlowitz [7] is nonexpan-
sive, we see that S can be extended to a contraction on all of X. We add in
passing that even in the latter case the above corollary appears to be new. In case
the contraction constant k satisfies k < 1, then one may show the contraction is
a 2k-yrcontraction, and thus condensing with respect to y,, even if it is defined
only on a proper subset of X. Using the preceding results and Theorem 3.2 we
obtain the following corollary which includes, as special cases, some known fixed
point theorems.

Corollary 3.9. Let X be a Banach space which satisfies the condition of Opial, and
suppose D C X is compact in the weak topology with O € int D. Assume C: D
— CK(X) is completely continuous, and S: X = CK(X) is nonexpansive. Let
T = S+ C: D - CK(X) and assume T satisfies (3.4) on dD. Then T has a fixed
point.

Proof. For each nlet T, = A, S + A, C, where A, = 1 — 1/n. Then 7, satisfies
the conditions of Corollary 3.8 and hence for each n there is some x, € D with
x, € T,(x,). Choose y, € S(x,)and z, € C(x,) with x,, = A,(y, + z,). We may
assume that {z,> —> zp, {x,> — X;, and thus z, € C(x;). Then <{x, — y,> = z,
since (A,»> — 1 and, since I — § is demiclosed (see [19]), z, € x; — S(x;). Thus
xo € T(xy). Q.E.D.

Remark 3.11. Corollary 3.6 is valid under weaker assumptions than those
presented. Markin [23], and Nadler [24] proved the result without the convexity
of D or the assumption that each 7(x) is compact and convex. Under the
assumption that X is a Hilbert space and T is defined on all of X, Corollary 3.7
was proven in Markin [23]. When X is a reflexive Banach space having a strictly
convex dual and a weakly continuous duality mapping and T is defined on all of
X, Corollary 3.7 was obtained by Browder [3]. In its present form Corollary 3.7
was obtained by Lami Dozo [19]. When X is a Banach space with a complete
projection scheme and C is single-valued, Corollary 3.9 was proven by Lami
Dozo [19]. When C = 0, Corollary 3.9 was proven by Reich [31].

4. Mapping theorems. This final section is devoted to the derivation of some
mapping theorems for condensing mappings and k-®-contractions, which, in
particular, will include some known results for compact mappings.

To prove an invariance of domain theorem for perturbations of the identity by
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k-®-contractions and ®-condensing mappings we will need the following.

Lemma 4.1. Let X be metrizable with D C X open and let T- D — CK(X ) be ®-
condensing with respect to the measure of noncompactness ®, where ® = x or y.
Assume x & T(x) for x € 0D. Then there exists a convex neighborhood of the
origin V such that if S: D — CK(X) is condensing with respect to ® and S(x)
C T(x) + V for all x € 3D, then deg(I — T, D,0) = deg(l — S, D,0).

Proof. We can find a convex neighborhood V of 0 such that {x — T(x)} N V
= @ if x € 3D. Indeed, if this were not the case, then, letting {W, | n € N} be
a monotonically decreasing basis of convex neighborhoods of 0, one can select,
for each n, y, € W, x, € 9D, and 2, € T(x,) with y, = x, — z,. Therefore

O((x,}) < (1)) + 0((z.})

and, since {y,> = 0, ®({5}) = 0. Thus ¥({x,}) < &({z,}) < ®(T({x,})), and it
follows that {x, } is relatively compact. So assume <{x,» — x,. Then x, € 9D and
xo € T(xp), which is a contradiction.

Let S: D —» CK(X) be ®-condensing and such that §(x) C T(x) + V for each
x € 3D. Define H:[0,1]XD - CK(X) by H(x) = T(x) + t(S(x) — T(x))
= (1 — OT(x) + tS(x). Then, arguing as in Theorem 3.5, we see that, if
K = K(H,[0,1] X D), then H([0,1]X D N K) is compact. If x € H(x) for
x € 9D, then {x — T(x)} N {t(S(x) — T(x))} # &, so that {x ~ T(x)} N V
% (J, which is a contradiction. It follows that

deg(I — S, D,0) = deg(I — T,D,0). Q.E.D.

Theorem 4.1. Assume X is a Banach space. Let D C X be open and let
T: D - K(X) be k-®-contractive, 0 < k < 1, with respect to a measure of
noncompactness ®, where ® = x or ® = y. Assume that for each x € D there is a
convex, symmetric about x, neighborhood of x, V,, with ¥, C D and such that if
»,w € W and x —{y — ) €V, then I~ T)y) N (I = T)(w) = &. Then
(I — T)(D) is open.

Proof. Let y, € (I — T)(D) and choose x; € D such that yy € (xo — T(x,)).
Let T: ¥, — xo = K(X) be defined by T'(x) = T(x + xo) + yo = xo for x € ¥,
— xo. Then T: ¥, — xo — K(X) is condensing and 0 € (I — T)(0). Let y, w
€ K, — xo be such that —{y —w} € 3(¥, — xo). Then y + xo and w + x,
and in addition we have

xo = {(y + x0) — (w + xo)} € 3¥,.
Therefore,

(I=T)y+x) 0 (I =T)w+x) =0,

and hence
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I-TYy)n(I-T)w) =2

From the preceding remarks it is clear that we may assume that x, = y, = 0.

We will now verify that deg(/ — T, ¥,0) # 0. For x € ¥ and ¢ € [0, 1], we
define H(x) = T(x/(1 + £)) — T(—tx/(1 + 1)). We know, by a lemma of Nuss-
baum [26] for single-valued mappings which carries over to multivalued map-
pings, that for each @ C 7 we have

O(H([0,1] x )) < k2(Q),

and hence H([0,1]X ¥}, N K) is relatively compact, where K = K(H,[0,1]
X V). To show that x & H/(x) for x € 8% and ¢ € [0, 1], we assume the
contrary. Then, for some x € 3}; and ¢ € [0, 1], we have

1 x —t —tx
{1 o {5 -r(e9) o
and since x/(1 + £) + tx/(1 + £) € 9¥, we obtain a contradiction. Since H; is
odd, it follows from Theorems 2.2 and 2.4 that deg(I — H;, ¥;,0) # 0. It follows
from Theorem 2.1 and Lemma 4.1 that we can find a neighborhood W of the
origin with deg(I — Hy — y, ¥,0) # Oforeachy € W.Thus W C (I — T)(K).
Q.E.D.

Following Ma [22] we call a mapping S: D C X — X locally nonopposite if for
each x; € D there is a convex, symmetric neighborhood ¥; of the origin such
that xo + ¥ C D and for all x € xp + 3V, we have A(xy — x) & S(x) — S(xp)
for A> 0.

Theorem 4.2. Suppose X is metrizable. Let D C X be open and assume
I — T: D — CK(X) is locally nonopposite with T ®-condensing, where ® = vy or x.
Then (I — T)(D) is open.

Proof. Let z € (I — T)(D) and choose xo € D with z € xo — T(xp). Let ¥
be a neighborhood corresponding to x, in the definition of locally nonopposite.
For x € xo+ ¥ and ¢ € [0,1] we let H,(x) = (1 — )xp + t{T(x) + z}. It is
clear that x &€ H,(x) for x € x, + 3V, because I — T is locally nonopposite.
Furthermore, from Lemma 3.3 and Theorem 2.2 we have

deg(I — T — z,xy + ¥;,0) = deg(l — xg,% + %,0) = L.
Thus, from Lemma 4.1, z € int(/ — T)(D). Q.E.D.
Corollary 4.1. Assume X is a Banach space and T: X — 2% satisfies either the
hypothesis of Theorem 4.1 or of Theorem 4.2 with respect to a measure of
noncompactness ®, where ® = x or y. Suppose also that when {x, is a sequence in

X such that {x, — y,> = z, where y, € T(x,) for each n, then {x,} is bounded. Then
(I - T)(X) =X.
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Proof. Since (I — T)(X) is open, it will suffice to show that (I — T)(X) is
closed. Indeed, let <{z,> be a sequence such that {z,} C (I - T)(X) and
{z,» —> z. For each n, let z, € x, — T(x,). Then {x,» is bounded. Now,

O((x,)) < O((z,}) + ¥{x, — z.}) < O({T(x,)}),

and therefore {x,} is relatively compact. Assuming <{x,> — x, it follows that
z € x — T(x). Thus (I — T)(X) is closed. Q.E.D.

Remark 4.1. It is easy to see that if in the previous corollary T(X) is assumed
to be bounded, then (I — T)"'(D) is bounded when D is precompact.

Remark 4.2. In case T is compact, an examination of our proofs show that
Lemma 4.1, Theorems 4.1 and 4.2, and Corollary 4.1 are valid without the
assumption that X is metrizable or complete.

Theorem 4.3. Let X be a Banach space, and let D C X be open and bounded.
Suppose T: D — CK(X) is ®-condensing, where ® = y or ® = x. Assume also
that deg(I — T,D,0) # 0. Then, foreachy € X,y 5 0, thereis a X > 0 such that
Ay € x — T(x) for some x € dD.

Proof. Assume the conclusion is false. Then thereisay € X,y # 0, such that
(MIA>0NUI-T)3oD)=@. Let B>0, and define H:[0,1]xX D
— CK(X) by H,(x) = T(x) + tBy. Then x & H,(x) for x € 9D and ¢ € [0, 1],
so that deg(I — T — By, D,0) # 0. Thus, there is some x € D with By € x
— T(x). Since B > 0 was arbitrary we see that (/ — T )(D) is unbounded, which
is a contradiction. Q.E.D.

Corollary 4.2. Assume X is a Banach space. Let D be a bounded, symmetric
neighborhood of the origin in X, and assume M is a proper subspace of X. Then there
does not exist an odd ®-condensing mapping T: D — CK(X) such that (I ~ T)(D)
C M\{0}, where ® = yor ® = x.

Proof. The result follows immediately from the previous theorem and Theorem
24. QE.D.

Corollary 4.3. Assume X is a Banach space. Let D be a bounded symmetric
neighborhood of the origin in X. Assume M is a proper subspace of X with
(I — TY(D)C M\{0}, where T is ®-condensing with ® = y or ® = x. Then, for
some x € 3D, {x — T(x)} N {—x — T(~x)} # &.

Proof. Assume the conclusion is false. Then, letting S(x) = 1T (x) — 1T(—x)
for x € D, we see that S is ®-condensing, S is odd, and (I — S)(D) C M — {0}.
This contradicts the previous corollary. Q.E.D.

Remark 4.3. Theorems 4.1, 4.2 and Corollary 4.1 have been established in [22]
for T compact, without the assumption of metrizability on X. A result related to
Theorem 4.3 has been obtained in [22], where X is assumed to be a general space,
T is compact, D is not necessarily bounded, but is convex and symmetric, and
the conclusion holds only for y € 9 D.
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