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ABSTRACT
We show that in all infinite-dimensional normed spacesit is possible to construct a
fixed point free continuous map of the unit ball whose measure of noncompactness
isbounded by 2. Moreover, for alarge class of spaces (containing separable spaces,
Hilbert spaces, and £ (S)) even the best possible bound 1 is attained for certain
measures of honcompactness.

Throughout, let X be a normed space, and
B(X)={ze X :|z| <1}, S(X)={zxe X :|z]| =1}

It is well-known that whenever X has infinite dimension, there exists a fixed point free
continuous map of B(X). Using the axiom of choice, this has first been proved in [10].
A more constructive proof has been given in [19]:

Roughly speaking, the idea is to find a closed subset I' of B(X) which is homeo-
morphic to [0,1). By the (scalar-valued!) Tietze-Urysohn extension theorem, one may
then construct a retraction onto I'; the composition of this retraction with a fixed point
free map of [0,1) (via the homeomorphism) gives the desired map. The construction
of T" can in the above situation be carried out by a countable (recursive) application of
Riesz’ lemma—the axiom of choice is not needed in its full generality. More precisely,
the so-called principle of dependent choices (see e.g. [17]) suffices which allows coun-
tably many recursive or nonrecursive choices. Throughout this paper we shall assume
only this axiom in place of the (general) axiom of choice.
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It is an unsolved problem what additional properties a fixed point free map F' of
B(X) can have: Although it is always possible to find even a Lipschitz continuous such
map [5, 20] almost nothing is known about the best possible Lipschitz constant (see
[15] for a summary of known results in this direction; see also [12, 13]). A well-known
fixed point theorem on nonexpanding maps implies that at least in uniformly convex
spaces the Lipschitz constant must be larger than 1 (see e.g. [21, 23] or [15]).

We shall discuss a related question now: What can be said about the best possible
~-Lipschitz constant where v denotes a measure of noncompactness?

More precisely, we are interested in the following measures of noncompactness:

DEFINITION 1. For a set M C X, we define:

1. The Kuratowski measure of noncompactness a(M) is the infimum of all € > 0 such
that M has a finite covering of sets with diameter at most ¢.

2. The Hausdorff measure of noncompactness x g (M) (with respect to a set H C X)
is the infimum of all € > 0 such that M has a finite e-net in H.

3. The lattice measure of noncompactness 3(M) (in literature also called separation
measure of noncompactness) is the supremum of all € > 0 such that M contains a
sequence x, with |z, — x| > € (n # k).

Here, we put inf ) = oo and sup () = 0.
The above measures of noncompactness v € {a, 3, xg} are indeed measures of
noncompactness in the sense of Sadovskii, i. e. they satisfy

v(M) = ~(conv M) (M CHCX, H=rconwH), (1)
see e. g. [1, 4]. Moreover, they are equivalent in the sense that
xx (M) < xu(M) < B(M) <a(M) <2xx(M) (M CHCX).

For v € {a,8,xu} and a map F' : D C X — X, we define [F], as the infimum
(actually minimum) of all L > 0 such that

V(F(M)) < Ly(M) (M C D).

(Put [F], = oo if no such L exists). If F': B(X) — B(X) is Lipschitz continuous with
constant L, it follows that [F], < L. Hence, any fixed point free Lipschitz continuous
map of B(X) provides an estimate to our above question. However, we can do much
better.

It follows from Darbo’s fixed point theorem [6] (and its extension of Sadovskii [24])
that any fixed point free continuous map F': B(X) — B(X) must satisfy [F], > 1 for
v €{a, 3, xx} (if X is a Banach space). Even estimates for the minimal displacement
k(F) = inf{||x — f(z)|| : = € B(X)} are known [14, 22]. For example, it has been
proved in [14] that x(F) < max{l — 1/a(F'),0} in normed spaces.

As a consequence of Darbo’s fixed point theorem, [F], = 1 is the best possible
constant that can be expected for a fixed point free map. We shall see that this constant
is actually achieved for Hilbert spaces and for v = yx when X is either separable or if
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X at least has a geometry which allows a reduction to the separable case. For general
spaces X, we shall find the universal bound [F], < 2.

DEFINITION 2. We say that a normed space X is 6-separated (with respect to a set
H C X), if there is a sequence of pairwise disjoint points e,, € B(X) and (continuous)
paths I',, € B(X) without double points joining e,, with e, 41 such that the following
holds:

1. The paths T',, are pairwise disjoint (up to the end points e,).
2. For any = € H and any ¢ > 0 we have dist(z,T';,) > 6 — ¢ for all except finitely
many n.
In case H = X, we call X strongly 6-separated. If the second condition holds for all
points xz € I := [JTI',,, we say that X is weakly §-separated.
It is clear that any strongly 6-separated space is also weakly 6-separated. The
converse holds up to the factor 2:

Proposition 1

Any weakly 6-separated space is strongly 6 /2-separated.

Proof. Let X be weakly 6-separated, and let I',, denote the corresponding paths.
Let z € X and ¢ > 0 be given. We claim that dist(z,I';,) > §/2 — ¢ for almost all
n. To prove this, it is no loss of generality to assume that dist(z,I',) < §/2 —¢/2
for some n, since otherwise we are done already. Then we find some y € I',, with
lx —yl| < 6/2 —e/2. By assumption, we have dist(y,['y) > 6 — ¢/2 for almost all
k, which implies dist(z,I'y) > (6 —¢/2) — (6/2 — ¢/2) = §/2 — ¢ for almost all k, as
claimed. [J

We intend to prove now that all spaces are weakly 1-separated. A straightforward
attempt to prove this fact is to start with an “almost orthogonal” sequence e,, € S(X)
in the sense that the distance of e,;1 to the linear hull U, of ey,...,e, tends to 1
as n — oo (Riesz’ lemma). Then one might try to connect e, and e,;1 by a line
segment, multiplied by a positive scalar function such that the corresponding path
T, lies in S(X). However, this approach does not provide us sufficient information
on the distance of I',, to e.g. e,_1. For this reason, we disturb the path I',, such
that dist(I',,U,—1) tends to 1 as n — oo: We can do this by combining the proof
of Riesz’ lemma with the following result on a continuous selection of “almost best

approximating” maps:

Lemma 1

If U # 0 is a separable, complete, and convex subset of some normed space
X, then we find for each ¢ > 1 a continuous retraction R : X — U onto U which
additionally satisfies ||z — R(z)|| < cdist(x, U).
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Proof. Let u, € U be dense in U. Choose a sequence ¢, > 0 with } ¢, < co and
> enllun|| < oo. For x € U put R(x) =z, and for x € X \ U put

_ [l — un |
An(2) = ¢, max {0, c st (2, U)

and
R(r) = Zno)tn.
22 An(@)
By our choice of ¢, both series converge (since U is complete). Moreover, A, (z) > 0
if and only if || — u,|| < cdist(z,U). Since u, is dense in U, this implies on the one
hand that the denominator does not vanish. On the other hand, this implies also that
An (@) 2 — up || < Ap(x)edist(x,U), and so

l =

HZA H < ZAZ;”"E )“”” < cdist(z, U).

Since the right-hand side tends to 0 as © — u € AU, the above formula also shows
that R is continuous on QU. The fact that R is continuous on X \ U and that R(z) €
convU = U can be verified by a straightforward calculation. [

The proof of Lemma 1 is a slight modification of a well-known construction (see
e.g. [8, Proof of Proposition 1.1]).

We emphasize that Lemma 1 does not hold for ¢ = 1, i. e. the projection onto an
element of best approximation has no continuous selection, in general. An example may
be given even for X = R3 (with an appropriate norm) and U being a one-dimensional
subspace. The idea of this example is due to G. Dirr (personal communication):

ExAMPLE 1: Consider in X = R3 the sets

{E s g <L a>0 aelL),
P:Br\Br:{0762753)2527536[_ ’ ]}7

and By = —B,. Observe that B, is convex: Indeed, if x = (£,£2,&3) and y =
(m1,m2,m3) belong to B,, and 0 < A < 1 is given, put ¢; = A§; + (1 — A)n;. Since ellipses
are convex, the function f(t) = 2¢?/(1 —t) + (2 satisfies f(£3) < 1 and f(n3) < 1.
By the monotonicity of f on [—1,1), this implies f((3) < 1, and so Az + (1 — Ny =
(¢1,¢2,(3) € By, as claimed.

Now it is easily verified that B = B,UPUB,. is closed, even, convex, and absorbing.
Consequently, we may equip X = R3 with the Minkowski norm || - || corresponding to
B,i.e. B=B(X).

Consider now the subspace U = {(0,0,s) : s € R} and the points z; =
(t,v/1—12,0) with t € [-1,1]. For t < 0, the intersection (x; + B) N U consists of the
single point y; = (0,0,—1): Indeed, if € B is such that z; + z = (0,0,s) € U, we
must have z = (—t, —v/1 — ¢2,s) € B,, because ¢ < 0. Hence, 1%-t*+ (1 —t*) < 1, and

SO (% - 1)152 < 0. In view of t < 0 and s € [—1,1), this is only possible if s = —1.
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We may conclude that y; is the only point satisfying ||z; — y:|| = 1 = dist(z¢, U).
For t > 0 a similar calculation shows that the only point satisfying this relation is
y: = (0,0,1). Now observe that the mapping ¢ — z; defines a continuous path in X,
but the mapping ¢t — y; onto the corresponding points of best approximation in U is
discontinuous at 0 (no matter how y; is chosen for ¢t = 0).

Theorem 1

If a normed space X does not have finite dimension, then it is weakly 1-separated
(and thus strongly 1/2-separated).

Proof. Fix some sequence 1 > ¢, | ). Choose e; € S(X) arbitrary. Now we proceed
recursively: Assume that ey,...,e, € S(X) and I'y,...,T,,—1 € S(X) are already
defined. Let U, denote the linear hull of e1,...,e,. Since X does not have finite
dimension, there is some f,41 € X \ U,. Put ¢, = (1 —¢,)7!, and let R, be a
retraction onto U,,—1 (Up := {0}) with ||z — R, (z)|| < epdist(z,U,—1) (Lemma 1).
Define ¢,,(t) = €y + t(frr1 —en) (0 <t <1) and u,(t) = R(gn(t)). Let T';, € S(X) be
the path
) — )
190 (t) — un (2|

Y (t) (0<t<1),
and put €,11 = Yn+1(1).

The paths I',, (and the points e,) obtained in this way are pairwise disjoint,
since by construction I', N U,, = {e,} and T';, C U,,41 (observe that Uy C Uy C ...).
Moreover, we have dist(T",,,U,—1) > 1—¢,,: Indeed, for any ¢ € [0, 1] and any u € U,,_1
we have

_ lgn(®) = un(t) = llgn(t) — un(t)ull

|’7n(t) - uH
190 () — un ()|l
> dist(gn (), Un—1) > Cfll =1—¢,.
90(8) — un(B)]
Since I';, € U, and Uy € U C ..., we thus have dist(I',,,I'x) > 1 — &, whenever

|n — k| > 1. Hence, we have proved that the two conditions of Definition 2 are satisfied
with 6 =1. 0O

We do not know whether each infinite-dimensional space is even strongly 1-
separated. At least, this is the case for a rather large class of spaces. Let us first
show that this is true for separable spaces:

Theorem 2

If a separable normed space X does not have finite dimension, then it is strongly
1-separated.
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Proof. Since X is separable, there is a sequence U; C U, ... C of finite-dimensional
subspaces of X such that |JU, is dense in X. (For example, if {1, z2,...} is dense in
X, one may let U,, denote the linear hull of z1,...,x,). It is no loss of generality to
assume that dimU,, = n. Let by, bs,... € S(X) be such that U, is the linear hull of
bi,...,b,. Now we define e,, and I';, as in the previous proof with the choice e; = b;
and fp41 = bpy1. Then I'y, has the desired properties: If x € H = X and € > 0 are
given, we find some n and some u € U,, with ||z — u|| < /2. For all k > n+1 we have
dist(u, I'y) > dist(T'y, Uy) > 1 — €, and so dist(z,['y) > 1 —¢/2 — ¢, > 1 — ¢ for all
except finitely many k > n + 1, as claimed. [J

Once we know that separable spaces are strongly 1-separated, we may conclude
that even more spaces are 1-separated:

DEFINITION 3. A normed space X has the separable retraction property, if there is a
separable subspace Y which does not have finite dimension such that for each € > 0
we find a mapping R : X — Y which satisfies

IR(z) - Ryl < (A +e)le—yl+e  (v€X, yeBY)) (2)

and
IR(y) —yl <e  (ye B(Y)). (3)
For example, one may let R be a linear projection of X onto Y with norm 1 (if
such a projection exists).

Corollary 1
Any space X with the separable retraction property is strongly 1-separated.

Proof. Let Y be as in Definition 3. By Theorem 2, the space Y is l-separated. Let
I', € B(Y) € B(X) be the corresponding paths. Given z € X and ¢ > 0, we have
dist(R(z),I',,) > 1—¢ for almost all n, where R denotes the mapping from Definition 3.
Now (2) and (3) imply in view of I';, C B(Y') that

dist(z,T,) > (1 4¢) " 'dist(R(z), R(T',)) — €
> (14 ) dist(R(z),T,) —¢] —e > (1 +e) (1 —2¢) —¢

for almost all n. Since the last term tends to 1 as € | 0, this implies that X is strongly
1-separated. [

The class of spaces X with the separable retraction property is actually rather
large: It contains all separable spaces, but also many other spaces. Before we give
some examples, let us note that the retraction property is inherited by “sufficiently
large” subspaces:

Proposition 2

Let X have the separable retraction property with Y as in Definition 3. If Xqg C X
is some subspace such that Yy = XoNY is dense in Y, then also X, has the separable
retraction property and we may use Yy as the corresponding subspace in Definition 3.

For Xy = X, we find as a special case:
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Lemma 2

If the subspace Y C X has the property of Definition 3, then the closure Y has
this property, too.

Proof. Given ¢ > 0, let R : X — Y be a mapping satisfying (2) and (3). For any

y € B(Y) we find some yo € B(Y) such that |y — yo|| < e. Hence, ||R(y) — R(yo)|| <
€2 4 ¢. This implies

[R(z) — R(y)|| = [[(R(z) — R(yo)) + (R(yo) — R(y))|
<(el(x—y)+ (W —wo)l| + &)+ (2 +¢e) <e|llx—y|| + 3 +¢

and [|R(y) — yll = [(R(y) — R(yo)) + (R(yo) — yo)|| < &® + 2e. Since ¢ > 0 was arbi-
trary, Y has the required property. [

Proof of Proposition 2. Replacing Y by Y (Lemma 2) we may assume that Y is closed.
Given € > 0, let R : X — Y be a mapping satisfying (2) and (3). Let C C Y)
be countable and dense in Yy (and thus Y = C). We define inductively a mapping
p Y — C with the property that ||p(y) —y| < e forally € Y. If ¢1,co,... is an
enumeration of the elements of C', we just map the ball (in Y') with radius € and center
c1 onto c¢q, then all points of the ball with radius € and center ¢ which have not yet
been mapped onto ¢z, and so on.
Let Ry = po R. Then we have for any = € Xy and y € B(Y)) that

[Ro(2) = Ro(y)|| = [[(p(R(2)) — R(z)) + (R(z) — R(y)) + (R(y) — p(R(y))]| < e
+ (elle—yll+2)+e

and also || Ro(y) — yll = [l(p(R(y)) — R(y)) + (R(y) —y)|| < 2. O

EXAMPLE 2: Any infinite-dimensional inner product space X has the separable re-
traction property and we may even use any separable subspace Y C X of infinite
dimension in Definition 3:

Indeed, let X and Y denote the completion of X and Y. The Hilbert space X
has the separable retraction property and we may use Y C X as the corresponding
subspace in Definition 3 (let R : X — Y be the orthogonal projection onto the element
of nearest distance). Hence, the statement follows from Proposition 2.

EXAMPLE 3: Any space X = £,(5) (1 < p < oo) with an infinite (not necessarily
countable!) set S has the separable retraction property: Let Sy C S be countable, and
Y be the subspace of all functions z € X which vanish outside Sy. The mapping R
can be chosen as the projection which puts all components outside Sy to 0.

ExXAMPLE 4: Recall that a Banach space X is called weakly compactly generated (see
e.g. [7, 16]) if there is some weakly compact set K C X whose linear hull is dense in X.
All separable spaces and all reflexive spaces are weakly compactly generated. Using
the axiom of choice, it can be proved that for any weakly compactly generated Banach
space X and any separable Xy C X there is a linear projection R : X — Y with norm
1 onto a separable subspace Y 2 X, see e. g. [2] or [9, Chapter 5, §2, Theorem 3]. This
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result implies that any weakly compactly generated Banach space has the separable
retraction property (if one assumes the axiom of choice).

Using a refinement of the construction from [19] described in the beginning, we
can prove the following result.

We call a set M C X relatively compact if M is compact. Observe that a(M) = 0
does not imply that M is relatively compact, since X need not be complete (but the
converse holds). In this sense, the following statement is even slightly stronger than
one might expect after the first reading;:

Theorem 3

Let X be weakly 61-separated and 6s-separated with respect to some H C X (with
the same paths Ty, ).

Then there is a fixed point free continuous map F : X — B(X) with the following
property: If the image F(M) is not relatively compact, then 3(M) > 6, and xg (M) >
62.

It can additionally be arranged that F(X) is contained in the set I' occurring in
Definition 2.

Proof. Let e, and I',, be as in Definition 2. For each n, we find some ¢,, > 0 such that
dist(T',,T'x) > e (K —n| > 1):

Indeed, let n be fixed. We find a finite (61/3)-net N CTI',, for I',,. For almost all
k we have dist(N,T'y) > 261/3, and so dist(I',,T'x) > 61/3. In particular, the relation
dist(T',,, T'x) < 61/3 holds at most for finitely many k. Since dist(I",,,I'y) > 0 whenever
|k —n| > 1 (because I'), and I'y, are compact and disjoint), we find indeed some ¢,, > 0
with the required properties.

Without loss of generality, we may assume that e, — 0. Then we consider the
“half-open line” T' = |JT',,, and the “shrinking tube” T' = |, {z € X : dist(z,T") < ¢e,}
around I'. Fix some strictly increasing sequence a,, T 1 with a; = 0, and define a scalar
continuous map f : I' — [0,1) such that f : T',, — [an, any1] and f(e,) = ap.

Now we extend f onto the tube T: For x € 9T, we put f(x) = 0. To define f in
the interior of T', we divide T into the chain 7}, = {z € X : dist(z,I',,) < ,}. Observe
that T, Ty = 0 for [n — k| > 1 and T;, N Ty, 41 3 €pt1. On each T, N T}, 1, we use the
Tietze-Urysohn theorem to extend f to a continuous map f : T, N Thy1 — [0, apti]
in such a way that we need not redefine f on some of the sets where it already was
defined. After we have done so, we extend f in a similar manner to a continuous map
f:T, — [0, apn41].

The map f : T — [0,1) obtained in this way has the property that f(7},) C
[0, ant1], fF(Tn) C [@n, @nt1], and f(OT) = 0. Putting f(z) = 0 outside T', we have a
continuous map f : X — [0,1). Now let g : [0,1) — I' be continuous with g(0) = e3
such that the interval [cv,, ay41] is mapped onto T, 2. We claim that F' = g o f has
the required properties:

If x is some point in the image of F', we have x € I', for some n. But then
f(z) € [an, apy1] which implies F(x) € Ty, 42 which is disjoint from I';, 3 x. Hence, F'
has no fixed points.
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Now, let M C X be such that F'(M) is not relatively compact. Then s = sup f(M)
must be 1, because otherwise F'(M) were contained in the compact set g([0, s]). Since
f(Tx) C [0, a+1], we may conclude that M intersects infinitely many T}, say =, €
MﬁTkn where k1 < ko < ....

Given € > 0, we may assume by passing to a subsequence that ¢, < . Hence,
for each z,, we find some y,, € T'y, with ||z, — y,|| < e.

We now define a sequence n; < ng < ... inductively as follows: Put n; = 1. If
ni,...,n; are already defined, our assumption implies that each of the finitely many
relations

Yyn — Yml| = 61— (n=mn1,...,nj)

is satisfied for almost all m. Hence, the relations are even satisfied simultaneously for
almost all indices m. Let m > n; be some index with this property, and put n;; = m.
For the thus defined sequence we have

61 —e< Hyn - ynj+1 H = H(yn - $n) + ((l)n - xnj+1) + (xnj+1 - ynj+1)”
Sed|lzn —zn, |+ (n=mn1,...,05).
Hence, the sequence z; = x,, € M satisfies [|z; — 2| > 61 — 3¢ (j # i), and so

B(M) > 61 — 3e. Since € > 0 was arbitrary, we have 5(M) > 61, as claimed.

The proof of the estimate x (M) > 62 is similar: Given € > 0, let x,, € M NT},,
and y, € I'r, be as above, and N C H be an arbitrary finite set. Our assumption
implies that for each x € N the relation ||z — y,|| > 62 — € holds for almost all n.
Hence, the relation holds for almost all n even simultaneously for all x € N. Fixing
some n with this property, we have

b —e <o —ynll =z = zn) + (2 —yn) | < [lz = 2all +&.

Since x,, € M, the (arbitrary!) finite set N C H can at most be an (62 — 2¢)-net for
M, i.e. xg(M) > b2 —2e. Hence, xg(M) > 6. O

Sometimes one is not only interested in fixed point free continuous maps F' :
B(X) — B(X) but even in such maps with the additional property that F' vanishes
on 0B(X) = S(X). This can easily be achieved:

Proposition 3

Let F : B(X) — B(X) be continuous without fixed points. Then there is a
continuous map G : B(X) — B(X) without fixed points with [G], = [F], (y €
{a, B,xx}) which additionally satisfies G|g(x) = 0.

Proof. A map with the required properties is given by
1 1
S F(20) i ol < 5.

(=1 F () it el > >
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Indeed, let By, = {z € X : [|z| < 4}. Since each 7 is semi-homogeneous (i.e.
Y(AM) = [Ay(M)), it readily follows that [G|p, ,], = [F],, and so [G], > [F],.
For the converse equality, we also use the fact that each ~ is semi-additive, i.e.
v(My U Ms) = max{y(Mi),y(M2)}: Given a set M C B(X) it thus suffices to prove
Y(G(M;)) < [Flyy(M;) (i = 1,2) where My = M N By and My = M \ My, since
G(M) = G(M1) U G(Mz). For i =1, the estimate follows from [G|g, ,| = [F],. For
i =2, we apply (1): Letting

RMsy = {i Z.Z'GMQ},
]

we have y(RM,) < ~(conv(Mz U {0})) = ~v(Mz U {0}) = v(M), and so
(G (Mz)) < y(Eonv(F(RM2) U{0})) < 7(F(RMz)) < [F],v(RMa) < [Flyy(Mz),

as claimed. [J

Let us now summarize the main results:

Corollary 2

If the normed space X does not have finite dimension, then there is a fixed point
free continuous map F : B(X) — B(X) such that [F], <2 (y € {a, 5, xx })-

Moreover, if X is separable or at least has the separable retraction property (De-
finition 3) we even have [F,, < 1.

It may additionally be arranged that F|g(x) = 0.

Proof. By Theorem 1, X is weakly 1-separated; under the additional assumptions,
Theorem 2 resp. Corollary 1 imply that X is even strongly 1-separated. Thus, the first
statements follow from Theorem 3, observing that v(F(M)) < v(I') < y(B(X)) for
each M C X, and that 3(B(X)) < a(B(X)) < 2xx(B(X)) < 2. The final statement
follows from Proposition 3. [J

In Hilbert spaces the best possible value is always achieved:

Theorem 4

If an inner product space X does not have finite dimension, then there exists
a fixed point free continuous map F : B(X) — B(X) with F|gx) = 0 such that
[Fla = [F]g = [Flxx = 1. Moreover,

a(F(M)) < B(M) (M C B(X)). (4)

Proof. Let eq,es,... be an orthonormal system in X, and I',, be given by the path
n(t) = gn(t)/|lgn(t)| (0 <t < 1) where g,,(t) = e, +t(ent1 —ey,). Forany |n — k| > 1
and any t,s € [0,1] the points 7, (t) and ~(s) are orthonormal to each other, and
$0 || (t) — v&(s)|| = v/2. This implies that X is weakly v/2-separated. Moreover,
we have ||v,(t) — vu(s)|| < V2 for each k,n and each t,s € [0,1]. Indeed, writing

Yu(t) = D &je; and Y (s) = >_nje;j, we have &;,m; > 0 and [[(€5);1l, = [[(n;);ll, =1
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(actually, all except at most two of the entries of (§;); and (n;); vanish). In particular,
€;,m; > 0 implies that

70 () — ()| = 1§ — m5);ll, < [[(max{|&;], [n;]});1],
< A& Il [€215 2], - - )l

Since the vector in the last norm is the sum of two vectors which are orthonormal to
each other (in the space £5), its norm is v/2. Hence, ||7,(t) — vk(s)|| < v/2, as claimed.

We thus have proved that |7, (t) —vx(s)|| < V2, and so the diameter of the set
I' =T, is bounded by v/2. In particular, for the map F of Theorem 3, we have

a(F(M)) < o(T) < V2 < B(M)

for each set M C X for which F'(M) is not relatively compact. This estimate proves (4),
and [F], <1 and [F]z <1 follows. To see that [F],, < 1 holds for the same function
F', we observe that by Example 2 the linear hull Y of ey, eo,... can be used to witness
that X has the separable retraction property. Hence, the proof of Corollary 1 shows
that actually the same paths I'), can be used to witness that X is strongly 1-separated,
and so the estimate [F],, <1 follows from Theorem 3.

To see the converse estimate [F], > 1, we can not use Darbo’s fixed point theorem,
since we do not assume that X is complete. However, it is clear from the construction
that F' maps the set M = {e1, ea,...} onto the set M \ My where M, is finite. Hence,
Y(F(M)) =~(M). Since y(M) > 0 (because e.g. B(M) > 0), this implies [F], > 1, as
claimed. [

For X = /5, a much simpler example of a fixed point free continuous function
F : B(ly) — B({y) with [F], = 1 is due to Kakutani [18] (see e.g. [4, Chapter II,
Example 7]): For

o= (£1,6,...) € B(fs) put F(x):( 1—||x||2,§1,§2,...>.

However, as we shall see below, this map does not satisfy the stronger compactness
condition (4).

An example of a fixed point free continuous function F' : B(¢3) — B({2) which
additionally satisfies F'|g(,) = 0 but only the estimate [F], < 2 was presented in [3].

In the space X = cg, the sharp bound [F], = 1 was already obtained in [3].
The latter is even easier to describe than in the Hilbert space case. This is not too
surprising, since one might expect: The “better” the geometry of the space, the harder
it is to find fixed point free functions (recall e. g. that in uniformly convex Banach spaces
no fixed point free nonexpanding function can exist). In this sense it is extremely
surprising that for Hilbert spaces (with the “nicest” geometry), we could construct a
fixed point free function with the best possible bounds. Thus, it is a natural conjecture
that the best possible bound [F], = 1 is actually achieved in every space X (of infinite
dimension). However, it is hard to prove this conjecture, since mappings are very
difficult to describe in general spaces.
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Let us prove the conjecture for the spaces X = ¢,(S5) (and once more for X =
¢p): Note that in particular even in the “worst” space X = ¢ (S) (which might be
considered as the extreme converse of a Hilbert space) the conjecture [F], = 1 thus
holds true.

Theorem 5

Let X be a subspace of some space £,(S) (1 < p < oo) which contains infinitely
many elements with pairwise disjoint support (thus S is infinite but need not necessarily
be countable).

Then there is a fixed point free map F' of B(X) satisfying F|gx) = 0, [F]o =
[Flg = [Flyx =1, and even (4).

Proof. Let e, be a sequence of elements with disjoint support with |e,| = 1. With
these vectors, we may proceed analogously to the proof of Theorem 4. The main
difference is that we now get the estimates ||, (t) — Y& (s)|| = 2'/? for |n — k| > 1 and
7 (t) = Y (s)|| < 2V/P for all n, k, and so a(F(M)) < 21/ < (M) whenever F(M)
is not relatively compact (here, we put 2'/°° := 1). Hence (4) holds which implies
[Flo = [F]s = 1. In the case p < oo, the proof of [F],, =1 is similar as in the proof
of Theorem 4.

In the case p = oo, the equality [F], = 1 follows from [F], = 1 in view of the fact
that a(M) = 2xx (M) for any M C X = {,(S). The latter has been observed e. g. in
[4, Chapter II, Example 2] (for S = N). The argument is simple: If Ay,..., A, C M is
a finite covering of M with diam(A;) < 2e, then {(5(&s +miys))s 11 =1,...,n} C X
provides a finite e-net for M where &; s = inf {&; : (§s)s € Ai} and ;s = sup {&; :
(gs)s € Az} U

We note that Theorem 4 is not a straightforward consequence of Theorem 5 for
p = 2 unless we assume the (uncountable) axiom of choice (since the proof of the
representation theorem X 22 {5(S) for Hilbert spaces X uses the axiom of choice).

The map constructed in the previous proofs (more precisely in the proof of The-
orem 3) is of course not very explicit. At least for p < co, we can give a simpler map
with the same properties (only the proof that the map in the following example has
the required properties is lengthy):

EXAMPLE 5: Let X be a subspace of some £,,(S) (1 < p < co) which contains infinitely
many elements with pairwise disjoint support. To simplify notation we may by an
obvious identification assume that N C S and that X contains the vectors e, where
en = (6sn)s (with the Kronecker symbol 6s,). Choose a sequence «,, T1 with a3 = 0,
and put oy =0 for s € S\ N. For z = (&)s, let f(x) = ||(asés)s||- Put

t— ap

g(t) = €n42 + (en+3 - en+2) (an S t S an+1)

Qpt1 — Qp

and G(t) = g(t)/|lg(t)||. Then F(x) = G(f(z)) maps B(X) continuously into S(X)
and does not have any fixed points. Indeed, if z € F(X), then z = y/|ly|| where
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Yy =en + A(ent1 — ey) for some n and 0 < A < 1 which implies f(x) € [y, @p41], and
so g(f(x)) is linear independent from z. Consequently, F(z) # .

As we have seen in the proof of Theorems 4/5, the range of G (which is the range
of F) has diameter 2'/7, and so a(F (X)) < 2'/P. Moreover, if F(M) is not relatively
compact, then s = sup f(M) must be 1, since otherwise F(M) is contained in the
compact set G([0, s]). We shall prove that sup f(M) = 1 for some M C B(X) in turn
implies xx (M) > x;, (M) > 1 and B(M) > 2'/? which then shows that we actually
have (4) and [Fl, = [F]g = [F]yx = 1 (for the converse estimates [F|, > 1 we may
argue as in the proof of Theorems 4/5).

Indeed, the relation sup f(M) = 1 implies that for each n and each e we find some
x = (&)s € M such that Y-, |&[" >1—e:

Otherwise, we would have for all z = (&) € M that

n [o.¢]
pP <ol S+ Y Il < ot )
k=1 k=n—+1
+(1—ab) Y |Gl <ah+(1-ab)(1-e),
k=n+1

and so f(x)P were bounded by 1 —e(1 — a?) < 1, contradicting sup f(M) =1

Given ¢ > 0, we may thus inductively choose elements x; = (ék))s e M
and indices ny € N with ny < ny < ... such that > o . \g(k)] — ¢ and
S |68 < & Simee S0, 168" < [le]” < 1, this implies

nis1 -1 >1-92 ifj=F,
> Er -
n=ng <€ if Vi 7é k.

Consequently, we have for j £ k that

TLk+1—1
i P k i i p
S 1eR =g =N, e, ) = €8P DI
n=ng
k
1 o | IR (T = A | I

( 1—2¢) 1/p _ 1/p)

(we may assume that ¢ is sufficiently small). We may conclude that for j # k the

relation
nk+1—1 ’I’Lj+1—1
ok —agl2 > > (€8P -0+ DT e — €@ > 2((1 - 20) 17 — g2/
n=ng n=n;

holds. Since the last expression tends to 2 as ¢ — 0, we thus have proved that indeed
B(M) > 21/P,
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The proof that x,, (M) > 1 is similar: If N C X is a finite set, we find for each
e > 0 some n such that for each y = (15)s € N the estimate > ;- |nx|" < e holds.
As we have seen above, we find some = = (&), € M such that 3, [&]" >1—¢e. A
similar calculation as before shows that ||z — y|| > (1 —2¢)'/? —e'/P. Hence, xx (M) >
(1 — 2¢)1/? — £!/P which for € | 0 implies yx (M) > 1, as claimed.

The map F in the previous example has a rather strange property: Any ball
B, ={x € X : ||| <r} with r < 1 is mapped into a relatively compact set. However,
for r = 1 the image has a rather large measure of noncompactness. An inspection of
the proof of Theorem 3 shows that the map F' constructed there has the same property
(since the tube T in the proof becomes “arbitrary small”, and so B, intersects at most
finitely many of the sets T;, which implies sup f(B,) < a, 41 < 1 for some n).

An even simpler example of a fixed point free map with [F], = 1 in X = £,(5)
(1 < p < o0) is given by the map mentioned after Theorem 4:

EXAMPLE 6: With the notation as in Example 5, define a map F': B(X) — B(X) in
the following way: For x = (§)s € X let F(x) = (ns)s where ny = & for s € S\ N,
m = (1 —|lz|)*?, and 5,41 = & (n = 1,2,...). Then F has no fixed points, but
[Fla = [Flpg = [Flyx = 1.

The simpler map F from Example 6 does not satisfy the stronger compactness
condition (4) if p > 1, even for M = B(X): Indeed, since a(B(X)) = 2 for any infinite-
dimensional space X (see e.g. [1, 4]), we evidently have o(F(M)) = a(M) = 2 for this
map. In contrast, 3(M) = 2'/? < 2 for 1 < p < oo by [4, Theorem 3.10 and 3.13].

Let us finally note that our results are related to the measure of solvability intro-
duced in [11]:

Let B, = {z € X : ||z]] < r}. Given F : X — X with F(x) # 0 (z # 0) one
defines

vy (F) = inf {k > 0 : there exists continuous G : B, — Xwith Glsp, =0, [G]o <k,
and F(z) # G(z) for all z € B,(X)}

and calls

v(F) = inf v, (F)

the measure of solvability of F'. This measure is related to the so-called measure of
non-solvability introduced in [25] and has some applications in the spectral theory for
nonlinear operators, see e.g. [3, 11]. The explicit calculation of v(F') even for simple
operators F' is rather complicated. Our above results imply:

Corollary 3

In any infinite-dimensional Banach space X, the identity operator I satisfies 1 <
v(I) < 2. Moreover, we have v(I) = 1 if either X is a Hilbert space or if X is a
(closed) subspace of some £,(S) (1 < p < co) which contains infinitely many elements
with disjoint support.



Fixed point free maps of a closed ball with small measures of noncompactness 115

Proof. The estimate v(I) > 1 for Banach spaces is a consequence of Rothe’s variant of
Darbo’s fixed point theorem (any continuous map G : B, — X with G(0B,.) C B, and
[G]a < 1 has a fixed point; for a proof see e.g. [8, Section 18.1]). For r = 1, we have
v1(I) < 2, since by Corollary 2 we find a function G : By — By with Ggp, =0, [G], < 2
such that I(z) # G(z) for all x € By. Hence, v(I) < v1(I) < 2. Theorem 4 resp. 5
implies analogously that v(I) < vy(I) < 1if X is a Hilbert space resp. X is a subspace
of £,(S) as in the statement. [J

The previous argument shows together with Proposition 3: The earlier mentioned
conjecture that in any infinite-dimensional Banach space X there is a fixed point free
continuous map F' : B(X) — B(X) with [F], < 1isequivalent to the equality v(I) =1
in any infinite-dimensional Banach space.
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