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A HOMOTOPY THEORY FOR MAPS
HAVING STRONGLY CONVEXLY
TOTALLY BOUNDED RANGES IN
TOPOLOGICAL VECTOR SPACES

Donal O’Regan

Abstract

This paper presents Leray—Schauder alternatives and a topological
transversality (homotopy) theorem for compact upper semicontinuos
maps having (strongly) convexly totally bounded ranges.

1. Introduction.

In this paper we introduce essential maps and consider two maps F' and G
with F' 2 G (in a natural way) and we discuss the situation that if either of the
maps is essential then the other map will be essential. This seems to be the
first very general theory of homotopy in topological vector spaces (without
additional structure like local convexity). To achieve this we will consider
upper semicontinuous maps having strongly convexly totally bounded ranges
or convexly totally bounded ranges. For some initial results in this direction
see [1, 6] and the references therein.

Let E be a Hausdorff topological vector space. Strongly convexly totally
bounded was considered in the literature (see [4] and the references therein).
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Definition 1.1. A subset K of F is said to be strongly convexly totally
bounded (s.c.t.b. for brevity) if for every neighborhood V' of 0 there exists a
convex subset C' of V' and a finite subset N of E such that K C N + C.

From [4, Proposition 2.2] we have the following result.

Theorem 1.2. If K; and Kgiare two s.c.t.b. subsets of E then K; U Ky,
K1 +K5, aK;y (herea € R), K1, co(Ky) (and soco(K1)) are s.c.t.b. subsets
of E.

The analogue of the Schauder fixed point theorem was established in [5]
(see also [7] for a different proof).

Theorem 1.3. Let X be a nonempty convex subset of a Hausdorff topological
vector space E and ® : X — CK(X) a upper semicontinuous compact map
(here CK(X) denotes the family of nonempty compact convex subsets of X ).
If &(X) is a s.c.t.b. subset of X then ® has a fized point.

Next we discuss a more general notion, namely convexly totally bounded.

Definition 1.4. A subset K of E is said to be convexly totally bounded
(c.t.b. for brevity) if for every neighborhood V of 0 there exists a finite set
{z;: i€ 1} C FE (I finite) and a finite family of convex sets {C; : i € I} with
C; CV foreach i € I and K C Ujey (z; + Cy).

Recall the following results [1, 5].

Theorem 1.5. If a compact set K is c.t.b. then the set [0,1] K is compact
and c.t.b.

Theorem 1.6. Let X be a convex subset of a Hausdorff topological vector
space E and @ : X — CK(X) a upper semicontinuous compact map. If ®(X)
s a c.t.b. subset of X then ® has a fized point.

Every s.c.t.b. set is c.t.b and every c.t.b. set is totally bounded; in locally
convex topological vector spaces these three notions are equivalent [8 pp. 277].
Also note every compact set in a locally convex topological vector space is a
c.t.b. set.

In [4] it was shown that the convex hull of a c.t.b. set does not need to
be c.t.b. However one can modify [4, Proposition 2.2] to obtain the following
result.

Theorem 1.7. If Ky and Ky are two c.t.b. subsets of E then K1 U K5, and
Ky + K5 are c.t.b. subsets of E.

Proof: Let V be a circled closed neighborhood of 0 in E. Now there exists a
finite set {x; : i € Iy} C E, I finite, (respectively, a finite set {y; : i € Iz} C
E, I, finite) and a finite family of convex sets {C; : i € I} (respectively,
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a finite family of convex sets {D; : i € I2}) with C; C V for each ¢ € I
(respectively, D; C V for each i € Iy) and Ky C Usey, (2, + C;) (respectively,
Ky C Uier, (i + D;)). Also since co(C; U{0}) C V and co(D; U{0}) CV
we may assume 0 € C; (i € I;) and 0 € D; (i € I2). Also by adding 0 if
necessaruy we may assume that Iy = I = I so

K, C Uier (SL'Z‘ +Cz) and Ky C Uier (yi —I-Dl)

Note for each i € I and j € I that M; ; = C; + D; is a convex set, it contains
Oz' and Dj (since 0e 01 and 0 € Dj), M@j Q V +V with

Ky + Ko C Uier, jer {(zi +y;) + M ;}
and (since C; € M; ; and D; C M, ;)

K1 UKy CUier jer {(wi Uy;) + M; ;3. O

2. Homotopy Results.

Let E be a Hausdorff topological vector space and U an open subset of
E. We begin by defining the class of maps.

Definition 2.1. We say F € IPTW(U,E) if F : U — CK(E) is a upper

semicontinuous compact map with F(U) a s.c.t.b. subset of E; here U denotes
the closure of U in E.

Definition 2.2. We say F € IPTWyy(U,E) if F € IPTW(U,E) and
x ¢ F(z) for x € OU; here OU denotes the boundary of U in E.

Now we introduce the notion of an essential map.

Definition 2.3. We say F € IPTWyy (U, E) is essential in IPTWay (U, E)
if for every G € IPTWyy (U, E) with Gloy = F|ou there exists a z € U with
z € G(z).

Next we present the notion of homotopy.

Definition 2.4. Let F, G € IPTWyy (U, E). Wesay F = G in IPTWyy (U, E)
if there exists an upper semicontinuous, compact map H : U x [0,1] — CK(FE)
with H(U x [0,1]) a s.c.t.b. subset of E, ¢ H;(z) for any x € U and
t € (0,1) (here Hy(x) = H(x,t)), Hyo=F and H; = G.

Remark 2.5. We note that = in IPTWpy (U, E) is an equivalence rela-
tion. To see this we need only show transitivity. Let F, G, ¥ be maps in
IPTWyy (U, E) with F = G in IPTWyy (U, E) and G = ¥ in IPTWyy (U, E)
i.e.suppose there exists an upper semicontinuous, compact map H : U x
[0,1] = CK(E) (respectively, N : U x [0,1] — CK(E)) with H(U x [0,1])



A HOMOTOPY THEORY 120

(respectively, N(U x [0,1])) a s.c.t.b. subset of E, x ¢ H;(z) (respectively
x ¢ Ny(z)) for x € OU and t € (0,1), Hy = F (respectively, No = G) and
H, = G (respectively, Ny = ¥). Let

H(z,2t), i, 2eU
®(z,t) = { N(z, 2t71 t[ 2[]; 1], zeT.
Note ® : U x [0,1] — CK(E) is a upper semicontinuous compact map with
x ¢ ®(z) for x € OU and t € (0,1) and &g = F and ®; = ¥. Also ®(U x
[0,1]) = K1 U Ky where K; = H(U x [0,1]) and K2 = N(U x [0,1]) and
note K1, Ko are s.c.t.b. subsets of E. Now Theorem 1.2 guarantees that
®(U x [0,1]) = K1 UKy = K; UKj is a s.c.t.b. subset of E.

Next we present a result which will then generate a Leray—Schauder alter-
native and a topological transversality theorem.

Theorem 2.6. Let E be a Hausdorff topological vector space, U an open subset
of E and ' € IPTWyy (U, E). Assume G € IPTWyy (U, E) is essential in
IPTWyy (U, E) and suppose the following holds:

(2.1) { for any 0 € IPTWsy (U, E) with 0|or = Flav

we have G =6 in IPTWyy (U, E).

Then F is essential in IPTWpay (U, E).

Proof: Consider any map 0 € IPTWyy (U, E) with 0|sy = F|oy. We must
show there exists a x € U with = € 0(x). Now (2.1) guarantees that there exists
a upper semicontinuous, compact map H : U x [0,1] — CK(E), H(U x [0,1])
a s.c.t.b. subset of E, © ¢ H;(x) for any x € U and t € (0,1) (here Hy(z) =
H(l‘,t)), Hy = G and Hy; = 0. Let

Q={xeU: z€H(zt) for some t€[0,1]}.

Now Q # 0 (note G is essential in IPTWyy (U, E), Q is closed (since H
is upper semicontinuous) and in in fact Q is compact (since H is compact).
Also note QN AU = () since x ¢ Hy(z) for any z € OU and t € [0,1]. Now
since Hausdorff topological vector spaces are completely regular there exists
a continuous map p : U — [0,1] with p(0U) = 0 and u(Q) = 1. Define
amap R : U — CK(E) by R(z) = H(z,pu(x)) = Hym(x) = H o g(x)
where g : U — U x [0,1] is given by g(x) = (z,u(z)). Note R is a upper
semicontinuous compact map with R|sy = G|ay since if z € OU then R(x) =
H(x,0) = G(x). Also since R(U) C H(U x [0,1]) then R(U) is a s.c.t.b.
subset of E. Thus R € IPTWyy (U, E) with Rlopy = Gloy . Now since
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G is essential in IPTWpy (U, E) then there exists a x
ie. € Hyg(z) = H(z,pu(r)). Thus z € Q so u(x)
x € Hi(x) =6(z). O

€ U with z € R(z)
= 1 and as a result

To establish the topological transversality (homotopy) theorem we must
first prove the following:

{ if FGEIPTW@U(U,E) with F|3U:G|3U

(2.2) then F=G in IPTWyy(U,E).

To see this let H(x,t) = (1 —t)F(z) + tG(z) and note H : U x [0,1] —
CK(E) is a upper semicontinuous compact map (to see the compactness note

Dy = [0,1] F(U) (note D; = f([0,1] x F(U)) where f(o,2) = az for a €

[0,1], z € F((U)) and Dy = [0,1] G(U) are compact so D; + Dy is compact
(see [3, pp. 121]) and as a result H(U x [0,1]) is compact). Also note if
x € OU and t € (0,1) then Hy(x) = (1 —¢) F(z) + tG(x) = F(x) since
Flou = Glou and as a result x ¢ Hy(x) for x € OU and ¢ € (0,1). Finally note
since J; = F(U) and J, = G(U) are s.c.t.b. subsets of E then from Theorem
1.2 we have that ¢o(J; U J3) is a s.c.t.b. subset of E and as a result since
H(U x [0,1]) € @o(J1 U J2) we have that H(U x [0,1]) is a s.c.t.b. subset of
E. Thus since Hy = F and Hy = G we have FF 2 G in IPTWyy (U, E).

Remark 2.7. From (2.2) note in (2.1) since § € IPWTyy (U, E) and 6oy =
Floy then 0 2 F in IPW Tpy (U, E).

Theorem 2.8. Let E be a Hausdorff topological vector space and U an open
subset of E. Suppose F and G are two maps in IPTWay (U, E) with F = G
in IPTWay (U, E). Now F is essential in IPTWay (U, E) if and only if G
is essential in IPTWay (U, E).

Proof: Assume G is essential in IPTWjyy (U, E). We will use Theorem 2.6 to
show F is essential in IPTWpy (U, E). Consider any map § € IPTWyy (U, E)
with 0oy = Flov. Now (2.2) guarantees that § = F in IPTWyy (U, E) and
this together with F' = G in IPTWyy (U, E) guarantees (see Remark 2.5) that
0 = G in IPTWyy (U, E). Thus (2.1) holds so Theorem 2.6 guarantees that
F is essential in ITPTWpy (U, E). A similar argument shows if F is essential
in IPTWyy (U, E) then G is essential in IPTWyy (U, E). O

Next we present an example of an essential maps and then we will give two
general Leray-Schauder alternatives in topological vector spaces.

Theorem 2.9. Let E be a Hausdorff topological vector space, U an open
subset of E and 0 € U. Then the zero map is essential in IPTWyy (U, E).

Proof: Let F(x) = {0} for z € U (i.e. F is the zero map). Consider any map
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0 € IPTWsy (U, E) with 0|sy = Floy = {0}. We must show there exists a
x € U with z € §(z). Let

[ 0(x), x€U
J(z) _{ {0}, z e E\T.

Note J : E — CK(F) is a upper semicontinuous, compact map. Also note

since §(U) is a s.c.t.b. subset of E then J(U) C @ (#(U) U {0}) and Theorem

1.2 guarantee that J(U) is a s.c.t.b. subset of E. Now Theorem 1.3 guarantees
that there exists a ¢ € E with z € J(z). If x € E\U then J(z) = {0}, a
contradiction since 0 € U. Thus ¢ € U and so z € 0(z). O

Next we present a very general Leray—Schauder alternative from Theorem
2.6.

Theorem 2.10. Let E be a Hausdorff topological vector space, U an open
subset of E and F € IPTWay (U, E). Assume G € IPTWyy (U, E) is essen-
tial in IPTWay (U, E) and x ¢ t F(z)+(1—t) G(z) for x € U and t € (0,1).
Then F is essential in IPTWay (U, E) (in particular F has a fived point in
U).

Proof: Let § € IPTWyy (U, E) with 0|oy = Flou. Let H(x,t) =t0(x)+(1—
t) G(z) and the argument after (2.2) guarantees that H : U x [0,1] — CK(E)
is a upper semicontinuous compact map and H(U x [0,1]) is a s.c.t.b. subset
of E. Also note if € OU and t € (0,1) then since f|gy = F|oy we have
H(z,t)=t0(z)+(1—-t)G(x) =t F(x)+(1—t) G(x) so z ¢ Hy(x) forx € 0U
and t € (0,1). Finally note Hy = G and H; = 6 so G = 0 in IPTWyy (U, E)
i.e. (2.1) holds. Thus F is essential in IPTWyy (U, E) from Theorem 2.6. [

Now we combine Theorem 2.9 and Theorem 2.10 to obtain the following
result.

Theorem 2.11. Let E be a Hausdorff topological vector space, U an open
subset of E,0 € U and F € IPTWpyy (U, E) with x ¢ t F(x) for x € OU and
t € (0,1). Then F is essential in IPTWay (U, E) (in particular F has a fized
point in U ).

Proof: Let G be the zero map which we know from Theorem 2.9 is essential
in IPTWyy (U, E). Now apply Theorem 2.10. [

Next we discuss a more general situation. Let F be a Hausdorff topological
vector space and U an open subset of FE.
Definition 2.12. We say F € I(U,E) if F : U — CK(E) is a upper semi-

continuous compact map with F(U) a c.t.b. subset of E.




A HOMOTOPY THEORY 123

Definition 2.13. We say F € Ioy(U,E) if F € I(U,E) and z ¢ F(z) for
x € 0U.

Definition 2.14. We say F € Ioy (U, E) is essential in Ioy (U, E) if for every
G € Iyy(U,E) with Gloy = F|au there exists a x € U with z € G(z).

Definition 2.15. Let F, G € Ioy (U, E). Wesay F = G in Iyy (U, E) if there
exists an upper semicontinuous, compact map H : U x [0,1] — CK(E) with
H(U % [0,1]) a c.t.b. subset of E, x ¢ Hy(x) for any € U and t € (0,1)
(here Hy(z) = H(z,t)), Hy = F and H; = G.

We note that = in Iyy(U, E) is an equivalence relation; the proof is as
in Remark 2.5 where Theorem 1.2 is replaced by Theorem 1.7. The same
reasoning as in Theorem 2.6 (with only the words s.c.t.b. are replaced by
c.t.b.) immediately gives our next result.

Theorem 2.16. Let E be a Hausdorff topological vector space, U an open
subset of E and F' € Ioy(U,E). Assume G € Ioy(U,E) is essential in
Ioy (U, E) and suppose the following holds:

(2.3) { Jor any 0 € Iyy(U,E) with 0|py = Flau

we have G 26 in Iyy(U,E).

Then F is essential in Ioy (U, E).

To establish the topological transversality (homotopy) theorem we must
first prove the following:

(2 4) { if FGe IaU(U, E) with F|3U =G|3U

then F=Z G in IaU(ﬁ,E).

To see this let H(z,t) = (1—t) F(z)+t G(x) and (see the argument after (2.2))
H :Ux|0,1] — CK(FE) is a upper semicontinuous compact map and x ¢ Hy(z)
for z € OU and t € (0,1). Also note F(U) and G(U) are c.t.b. subsets of F

so from Theorem 1.5 we have that D; = [0,1] F(U) and Dy = [0,1] G(U) are
c.t.b. subsets of E and from Theorem 1.7 we have that D; + D5 is a c.t.b.
subset of E and so H(U x [0,1]) is a c.t.b. subset of E. Also Hy = F and
Hi=Gso F=Gin Iyy(U,E).

The same reasoning as in Theorem 2.8 immediately gives our next result.

Theorem 2.17. Let E be a Hausdorff topological vector space and U an open
subset of E. Suppose F and G are two maps in Ioy(U,E) with F = G in
Iov(U,E). Now F is essential in Iyy (U, E) if and only if G is essential in
Isoy (U, E).
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Theorem 2.18. Let E be a Hausdorff topological vector space, U an open
subset of E and 0 € U. Then the zero map is essential in Iy (U, E).

Proof: Let F, § and J be as in Theorem 2.9. and note J : E — CK(E) is a
upper semicontinuous, compact map. Also note since §(U) is a c.t.b. subset of

E then [0,1]0(U) is a c.t.b. subset of E so J(U) is a c.t.b. subset of E. Now
Theorem 1.6 guarantees that there exists a x € F with € J(z). If x € E\U
then J(z) = {0}, a contradiction since 0 € U. Thus z € U and so z € 0(z).
U

The same reasoning as in Theorem 2.10 (with only the words s.c.t.b. are
replaced by c.t.b.) and Theorem 2.11 immediately gives our next results.

Theorem 2.19. Let E be a Hausdorff topological vector space, U an open
subset of E and F € Ioy(U,E). Assume G € Ioy(U,E) is essential in
Ioy(U,E) and x ¢ t F(z) + (1 —t) G(z) for x € OU and t € (0,1). Then F is
essential in Ipy (U, E) (in particular F has a fized point in U ).

Theorem 2.20. Let E be a Hausdorff topological vector space, U an open
subset of £, 0 € U and F' € Ioy(U,E) with x ¢ tF(x) for x € OU and
t € (0,1). Then F is essential in Ipy (U, E) (in particular F' has a fived point
inU).

Many problems which arise naturally in differential and integral inclu-
sion can be formulated in the form z € Fa. A simple example is y”(t) =
—e¥® t €[0,1] with y(0) = y(1) = 0 which models the steady state temper-
ature in a rod with temperature dependent internal heating and note it can
be rewritten in the form

y(t) = /0 G(t,s) e’ ds = Fy(t)

where ( )
t(l—s), 0<t<s<l1
G(t’s)_{ s(1—t), 0<s<t<l.

Homotopy theory is a useful tool to establish whether the fixed point problem
has a solution. The idea is to relate the problem above with the simpler
problem y”(t) = 0, t € [0,1] with y(0) = y(1) = 0 via the family y"(t) =
—Xxev® t€[0,1],0 < A < 1, with y(0) = y(1) = 0 and to apply a homotopy
result. As a result in general to establish existence for differential and integral
inclusions one rewrites the problem as a fixed point problem and set up a family
of problems relating the fixed point problem one is considering with a simpler
problem (whose solution is known). The idea then is to use a homotopy result
(usually a Leray—Schauder alternative or a topological transversality theorem)
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to guarantee a solution to the fixed point problem considered. In the non-
normable setting, say in a locally convex topological vector space setting, the
situation can be more complicated and usually here one uses a Leray—Schauder
alternative or a topological transversality theorem to establish a Furi-Pera
type result (see [2, Chapter 8]) which will then guarantee a solution to the
fixed point problem considered. Our paper is the first theory of homotopy
in topological vector spaces (without additional structure like local convexity)
and our hope is to use this theory to establish an applicable theory of Furi-Pera
type in a general setting.
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